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Abstract: Since the increase in the emission of various Volatiles Organic Compounds, gas and
formaldehyde gas have had a harmful effect on the human body, and gas sensors that can measure
those gases were fabricated in this study. After Pt coating was performed on the alumina substrate, Zn
seed layers were fabricated. Nanostructures were formed through sonochemical synthesis by varying
the ratio of ZnO and TiO2. Thereafter, the reactivity and recovery properties were compared and
evaluated according to the concentrations of formaldehyde and toluene gas. The ZnO(99%)-TiO2(1%)
gas sensor showed meaningful selectivity of about 40% or more at a concentration ranging from 5
to 20 ppm (high concentration) of formaldehyde and toluene gas, and showed a low selectivity of
about 5% or more for a concentration ranging from 0.1 to 1 ppm (low concentration) of formaldehyde
and toluene gas. This sensor can be optimized to have a meaningful selectivity of formaldehyde gas
compared to other Volatiles Organic Compounds gases by optimizing the ZnO-TiO2 nanostructure.
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1. Introduction

Since the Industrial Revolution, economic growth around the world has developed
remarkably, and Korea has also achieved much economic growth. As a result, not only
industrial development but also improvement of life such as food, clothing, and shelter
followed. Old residential areas were remodeled, and new buildings were built on empty
land. However, various compounds that are volatilized or generated from preservatives,
paints, and building materials used inside and outside during the construction process
quickly pollute the indoor air and cause harmful reactions to the human body. A gas sensor
that can detect toxic gas is needed [1–4].

Among many types of toxic gases, Volatiles Organic Compounds gas is emitted the
most during the first 6 months after a building is constructed and contains carcinogens.
At this time, the most representative carcinogen and the cause of sick house syndrome
is formaldehyde gas, which is easily volatilized into the atmosphere and has a harmful
effect. In the measurement of volatile organic compound gases, it is difficult for humans to
distinguish them, such as odors, so it is necessary to develop a sensor and a system that
can measure these gases, and many studies are being conducted [5–8].

Depending on the type of gas sensor, it is possible to measure various toxic or explosive
gases. As such, there are various types depending on their use and principle. Generally,
depending on the sensing method, these include the semiconductor gas sensor (p-type
semiconductor sensor, n-type semiconductor sensor), the electrochemical gas sensor, the
thermal conduction gas sensor, and the infrared absorption scattering type, which is
classified as a gas sensor, etc. [9–11].
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The semiconductor gas sensor, which has been actively researched recently, measures
the reactivity by changing the conductivity of metal oxides (ZnO, SnO, WO3, TiO2, etc.).
In the case of ZnO, the general lattice constants are a = 3.250 Å, c = 5.206 Å, and the value
of c/a is 1.60, which is slightly smaller than the ideal Wurtzite structure ratio of 1.633.
In addition, ZnO is a material with a wide band gap (band gap energy of 3.37 eV) and
has excellent thermal and chemical stability, high exciton binding energy (60 meV), and
unique electrical and photoelectric properties. Since ZnO has a higher exciton binding
energy than thermal energy (26 meV) at room temperature, it can be said to be the most
suitable material for a UV laser device. Research on the optical properties of ZnO is mainly
conducted through photoluminescence studies using a He-Cd laser (λ = 325 nm) or electron
beam. Generally, ZnO has two main emission peaks. One is the near band-edge emission
peak in the ultraviolet region around 380 nm due to the free exciton emission of ZnO, and
the other is the deep level emission in the visible region due to defects mainly found in the
region around 500~700 nm. This is caused by exciton recombination of ZnO and internal
defects such as oxygen vacancy, Zn interstitial, and Zn vacancy. Due to these characteristics,
the generally used ZnO-based gas sensor shows high stability and sensitivity at high
temperatures and is widely used because it uses low-cost raw materials and is suitable for
miniaturization [12–16].

There are various methods for synthesizing nanostructures, which are generally di-
vided into vapor phase synthesis (chemical vapor deposition, organometallic chemical
vapor deposition, pulsed laser deposition, etc.) and liquid phase synthesis (hydrothermal
synthesis, ultrasonic chemical synthesis, etc.) [17–20]. In this study, the nanostructure of
ZnO-TiO2 was synthesized through sonochemical synthesis. The advantages of the sono-
chemical synthesis method are the room temperature, the atmospheric pressure process,
simple equipment, economical process, short reaction time, and high yield, and the disad-
vantage is the lack of information about the metal oxide substrate. Sonochemical synthesis
proceeds through the cavitation effect. The cavitation effect occurs when ultrasonic waves
pass through a medium. When ultrasonic waves pass through a medium, compression and
expansion are repeated. That is, when ultrasonic waves pass through a liquid, the distance
between liquid molecules as a medium repeat expansion and contraction by cycles of com-
pression and expansion of ultrasonic waves. Due to the expansion and contraction, a large
negative pressure is applied to the liquid, so that the distance between the liquid molecules
becomes larger than the critical distance, and the bonds between the molecules are broken
and empty spaces are created. A cavitation bubble is created by the empty space, and
the cavitation bubble grows by the vaporized gas from the liquid while compressing and
expanding repeatedly. The cavitation bubble that has grown to an unstable size collapses
and releases energy [21].

At this time, it is generated and grown by pressure in the process of expansion, and
when it exceeds the grain boundary size, it collapses in the process of compression.

In this study, a sensor part and a heater part were fabricated on both sides of an
alumina substrate, a Pt and Zn seed layer was placed on the sensor part, and a ZnO- TiO2-
based nanostructure sensor was fabricated by adjusting the ratio of ZnO and TiO2 using
an ultrasonic chemical synthesis method. The prepared ZnO-TiO2 gas sensor was tested
for sensitivity to formaldehyde gas according to the sensor operating temperature and
reaction gas concentration, and the sensitivity at specific concentrations of formaldehyde
and toluene gas was compared and observed. Through this, we investigated the differences
and advantages and disadvantages of each sensor.

2. Materials and Methods
2.1. Sensor Fabrication

Au was coated on the front part of the 3.78 mm × 4.5 mm × 0.3 mm sensor, and Pt
was coated on the rear part of the heater part. The configuration diagram of the sensor
board is shown in Figure 1.
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Figure 1. Schematic diagram of the entire sensor board.

2.2. ZnO-TiO2 Composite Gas Sensor Nanostructure Fabrication

The ZnO-TiO2 gas sensor was fabricated as follows, based on the ZnO gas sensor
fabricated through the conventional sonochemical synthesis method (Figure 2). Three
processes were performed: pre-processing, sonochemical synthesis, and post-processing.
In the pre-treatment process, Pt was deposited on the front side of the alumina substrate
by using an ion coating machine for 20 mA, 60 s, and then, using sputtering equipment,
power: 50 W, working pressure: 3 mtorr, Ar: 40 sccm, deposition time: 15 min. It was
deposited to a thickness of 1000 Å and annealed at 600 ◦C for 1 h to form ZnO seeds on the
deposited Zn layer. For sonochemical synthesis, two solutions of titanium isopropoxide
solution (Titanium isopropoxide in 100 mL of isopropanol) and zinc acetate solution (2.2 g
Zinc acetate to 12 mL of deionized water) were mixed and stirred for about 10 min. At this
time, aqueous solutions of ZnO(90%)-TiO2(10%), ZnO(95%)-TiO2(5%), ZnO(99%)-TiO2(1%),
and ZnO(100%)-TiO2(0%) were prepared (Table 1). After that, the sensor was fixed in the
prepared aqueous solution and ultrasonicated for 15 min (pulse on 4 s-off 5 s). After that,
50 mL of NaOH (1.355 mol/L) were slowly added and the same ultrasonic treatment was
performed for 20 min [22,23]. After the sonication was finished, the washing was carried
out carefully to remove foreign substances, and then as a treatment process, annealing was
performed at 450 ◦C for 2 h. After the post-processing process was completed, the gas
sensor connected the heater part and the electrode part to the measuring equipment.
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The ultrasonic device used in this study was a 750 W model (Sonic&Materials Inc.,
Newtown, CT, USA), the size of the tip of the ultrasonic device was 1/2 inch, and the
ultrasonic frequency was 20 kHz.

2.3. Sensitivity Measurement of Gas Sensors

The measuring equipment used in this experiment consisted of power supply, Mass
Flow Controller (MFC), Data Acquisition board (DAQ), test chamber, air gas, and target gas.
To measure the reactivity and recovery of the sensor, the electrode part and the heater part
were combined in the test chamber. After that, the temperature (250 ◦C) of the sensor was
set by applying a constant voltage through the power supply. When voltage was applied,
air gas was injected for 1 to 2 h to stabilize the sensor temperature to make the environment
of the test chamber an air condition. After that, target gas was injected into the stabilized
test chamber, and the amount of change measured in Data Acquisition board (DAQ) was
observed through a program made with LABVIEW.

The sensitivity value was calculated as follows. The sensor resistance value (Ra) in the
air condition and the sensor resistance value (Rg) changed in the target gas condition were
calculated as the rate of change with respect to the sensor resistance value (Ra) in the air
condition [24,25].

S(%) = ((Rg − Ra)/(Ra)) * 100 (1)

Figure 3 shows the experimental process to evaluate the sensitivity and recovery
characteristics of the sensor. Before measuring the sensitivity, apply a voltage suitable for
the temperature of 250 ◦C and then stabilize it in air condition for 1~2 h. Reactivity was
measured by introducing target gas for 5 min, and recovery was measured by introducing
air gas for 10 min.
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Figure 3. Gas sensor sensitivity evaluation in progress.

2.4. Characteristics and Principles of Gas Sensors

In this study, a semiconductor gas sensor was fabricated based on ZnO-TiO2. In a
semiconductor gas sensor, when a specific gas contacts the surface of the metal oxide,
the electrical resistance value changes. Since the gas sensor operates by heating through
the application of a voltage, the semiconductor material used must be stable at a high
temperature.

The sensing principle of the semiconductor gas sensor uses non-stoichiometry, which
is a characteristic of semiconductors. There are three types of defects in crystal imperfection:
interstitial, vacancy, and substitutional imperfections. Interstitial refers to the presence of
extra atoms between the lattices, vacancy refers to the absence of atoms at some positions,
and substitutional refers to the substitution of atoms with valences different from those of
the constituents.

The metal oxide used in this study contained oxygen vacancies (Vo), that is, it lacked
some oxygen atoms, corresponding to vacancies. When thermal energy is applied, an
oxygen vacancy exhibits n-type semiconductor characteristics in which electrons move
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beyond the conduction band (Ec) and react. The number and mobility of electrons that
cross the conduction band vary with applied temperature, affecting the amount of ad-
sorption and desorption of gas by changing the electrical conductivity. This phenomenon
shows the sensitivity and resilience of the semiconductor gas sensor to a specific gas. The
detection process of Volatile Organic Compounds reacting on the surface of the metal oxide
semiconductor gas sensor is as follows [26]:

O2(gas) ↔ O2(ads)

O2(ads) + e− ↔ O2
−(ads)

O−(ads) + e− ↔ O2−(ads)

O2(ads) + 2e− ↔ 2O−(ads)

The organic compound gas undergoes an oxidation reaction on the surface of the
sensing film, and as a result, the depletion layer formed by the adsorption of oxygen
(O−, O2−) on the surface of the metal oxide semiconductor is reduced, resulting in an
increase in electrical conductivity. Therefore, the sensitivity of the semiconductor sensor is
determined by the amount of negatively charged adsorbed oxygen (O−, O2−) adsorbed
on the surface of the metal oxide semiconductor. There are many electrons that can move
freely when thermal energy is applied in the particles of metal oxide. When oxygen gas is
adsorbed here, free electrons are captured by the oxygen gas on the surface of the particle.
Then, a potential barrier is formed at the particle interface of the metal acid solution, and
the electrical conductivity between the particles is lowered. Since reducing or combustible
gases are oxidized in contact with oxygen gas, the presence of these gases removes oxygen
gas adsorbed on the surface of ZnO, and free electrons captured by oxygen gas enter
the ZnO particles, lowering the potential barrier, thereby reducing the electric potential
between particles, and thus increasing conductivity. That is, the adsorption and desorption
of oxygen gas determines the sensitivity characteristics of the sensor. Since the specific
surface area of the metal oxide needs to be changed in order to change the amount of
oxygen adsorption, the contact with the gas is changed according to the nanostructure of
each manufactured sensor, and thus the response characteristics can be changed.

3. Results and Discussion
3.1. Structural Analysis of ZnO-TiO2 Composite Gas Sensor
3.1.1. Surface Analysis of ZnO-TiO2 Composite Gas Sensor Using FE-First

The surface of the ZnO(90%)-TiO2(10%) gas sensor fabricated through sonochemical
synthesis was analyzed by FE-SEM (Field Emission Scanning Electron Microscopy, Hitachi,
SU8230, Japan).

ZnO(90%)-TiO2(10%), ZnO(95%)-TiO2(5%), ZnO(99%)-TiO2(1%), and ZnO(100%)-
TiO2(0%) (in Figure 4) was produced with an energy amount of about 30,000 J of ultrasonic
treatment, and ZnO (in Figure 5) was a surface made using zinc nitrate hydrate. The
amount of energy of ultrasonic treatment was 50,000 J and 200,000 J, respectively. In the
case of the ZnO surface using zinc nitrate hydrate, it can be confirmed that nanostructures
in the form of particles were formed when sonicated with an energy of 50,000 J, and
nanostructures in the form of rods were formed when sonicated with an energy of 200,000 J.
On the other hand, in the case of ZnO-TiO2 with a small amount of energy of 30,000 J
applied during ultrasonic treatment, particle, thorn, and rods were found to be complex
regardless of the ratio of ZnO-TiO2. As the ratio of TiO2 is lower, the particle shape is
reduced, and the thorn and rods shape are increased. The sonochemical synthesis method
used in this experiment can form various nanostructures on the surface with less energy
than the previous sonochemical synthesis method using zinc nitrate hydrate.
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3.1.2. Component Analysis of ZnO-TiO2 Composite Gas Sensor Using XRD

Figure 6 shows the composition and structure of a ZnO-TiO2 composite gas sensor made
through sonochemical synthesis through X-ray diffractometer (Panalytical, Empyrean, UK).
The growth plane directions of ZnO were measured to be (100), (002), (103), (200), and (110),
(002), (121), and (311) for TiO2. Although there was a difference in the size of the peaks in
the four samples, it was confirmed that they showed a similar growth direction.

3.2. Evaluation of Sensitivity Characteristics of ZnO-TiO2 Composite Gas Sensor Schemes
3.2.1. Evaluation of Sensitivity and Recovery According to the Ratio of TiO2 to
Formaldehyde Gas

Figures 7 and 8 shows Sample A (ZnO(90%)-TiO2(10%)), Sample B (ZnO(95%)-TiO2
(5%)), Sample C (ZnO(99%)-TiO2(1%)), and Sample D (ZnO(100%)-TiO2(0%)) at high con-
centrations (5, 10, 20 ppm) and at low concentrations (0.1, 0.5, 1 ppm) show the sensitivity
and recovery. In all four samples, the lower the concentration of the target gas (formalde-
hyde gas), the lower the sensitivity. In the case of Sample A, at 20 ppm, it showed a
sensitivity of about 70%, but at 5 and 10 ppm, it showed a sensitivity of about 30% or less.
At 0.1, 0.5, and 1 ppm, the sensitivity value was about 10% or less. In the case of Sample B,
it showed a sensitivity of about 90% at 20 ppm, and a sensitivity of 70–80% at 5 and 10 ppm.
At 0.5 and 1 ppm, the sensitivity value was about 30%, and at 0.1 ppm, the sensitivity value
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was about 10%. Compared to Sample A, Sample B showed a higher overall sensitivity
value, and the sensitivity difference between 0.5, 1 ppm, and 0.1 ppm was shown at low
concentrations. In the case of Sample C, sensitivity values such as those of Sample B are
shown at 5, 10, and 20 ppm. However, it has a sensitivity value of about 30% at 1 ppm,
about 20% at 0.5 ppm, and about 10% at 0.1 ppm, and the sensitivity difference gradually
appears at low concentrations, unlike samples A and B. In the case of Sample D, sensitivity
values of about 80% were exhibited at 20 ppm, and sensitivity values of about 60% and 70%
were exhibited at 5 and 10 ppm. At 0.1, 0.5, and 1 ppm, similar sensitivity values to those
of Sample C were shown, but at lower concentrations than Sample C, the sensitivity values
were about 10% higher or higher.

At high concentrations (5, 10, 20 ppm), all four samples showed a similar pattern,
but only Sample A showed low sensitivity at 5 and 10 ppm. At low concentrations (0.1,
0.5, 1 ppm), it can be clearly seen that the sensitivity of samples C and D decreased
as the concentration decreased, so it can be said that it is suitable for differentiating by
concentration. Therefore, it is advantageous to select samples C and D to have selectivity
for each concentration of formaldehyde gas in all concentration ranges (Figure 9).

After injecting the target gas for 5 min, air gas was introduced for 10 min to observe
the recovery. As a result, it was confirmed that all samples exhibited about 100% recovery
during the 10 min injection time. As a result of calculating the response time and recovery
time of each sample, it was shown in Table 2 that, at high concentrations (5 to 20 ppm), sam-
ple B and C sensors showed fast response time and recovery times. At low concentrations
(0.1~1 ppm), the Sample C sensor showed a fast response time and recovery time.
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Figure 9. Sensitivity characteristics by concentration of formaldehyde gas of gas sensor by TiO2 ratio.

Table 2. Summary of sensor characteristics for formaldehyde gas by sensor.

Sensor Type Formaldehyde (ppm) Sensitivity(%) Response Time (s) Recovery Time(s)

ZnO(90%)-TiO2(10%)

20 63.9 150 250

10 30.5 200 285

5 27.7 150 290

1 10.8 135 110

0.5 10.1 120 110

0.1 9.8 125 110

ZnO(95%)-TiO2(5%)

20 89.1 30 300

10 80.1 70 305

5 77.1 75 310

1 23.4 100 265

0.5 20.5 155 310

0.1 10.8 160 320
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Table 2. Cont.

Sensor Type Formaldehyde (ppm) Sensitivity(%) Response Time (s) Recovery Time(s)

ZnO(99%)-TiO2(1%)

20 88.9 35 440

10 83.8 55 320

5 79.8 95 320

1 32.9 100 280

0.5 20.7 105 310

0.1 13.5 105 330

ZnO(100%)-TiO2(0%)

20 86.6 50 300

10 76.3 75 345

5 64.6 105 385

1 44.1 150 390

0.5 32.6 170 390

0.1 22.7 180 395

3.2.2. Comparison of the Difference in Sensitivity and Recovery According to the Ratio of
TiO2 to Formaldehyde Gas and Toluene Gas

Figures 10 and 11 shows Sample A (ZnO(90%)-TiO2(10%)), Sample B (ZnO(95%)-
TiO2(5%)), Sample C (ZnO(99%)-TiO2(1%)), and Sample D (ZnO(100%)-TiO2(0%)) at
20 ppm and 0.1 ppm, showing the sensitivity and recovery. In the case of Sample A,
at 20 ppm, a sensitivity value of about 20% higher in formaldehyde gas than in toluene
gas, and a sensitivity value of about 3% higher at 0.1 ppm. In the case of Sample B, at
20 ppm, the sensitivity value was about 40% higher in the formaldehyde gas than in the
toluene gas, and the sensitivity value was about 4% higher in the 0.1 ppm. In the case of
Sample C, at 20 ppm, it showed a similar pattern to that of Sample B, and at 0.1 ppm, it
showed about 5% higher sensitivity. In the case of Sample D, a sensitivity value of about
15% higher in formaldehyde gas than in toluene gas, and a sensitivity value of about 2–3%
higher in 0.1 ppm.
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Figure 10. Sensitivity and recovery characteristics according to concentration (20 ppm) of formalde-
hyde and toluene gas of ZnO-TiO2 gas sensor. (a) ZnO(90%)-TiO2 (10%) (b) ZnO (95%)-TiO2 (5%)
(c) ZnO(99%)-TiO2 (1%) (d) ZnO (100%)-TiO2 (0%).
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Figure 11. Sensitivity and recovery characteristics according to concentration (0.1 ppm) of formalde-
hyde and toluene gas of ZnO-TiO2 gas sensor. (a) ZnO(90%)-TiO2(10%) (b) ZnO(95%)-TiO2(5%)
(c) ZnO(99%)-TiO2(1%) (d) ZnO(100%)-TiO2(0%).

Samples B and C showed selectivity for formaldehyde gas and toluene gas at both
20 ppm and 0.1 ppm. It was confirmed that the sensitivity difference was high even at
20 ppm, and the sensitivity difference was higher than that of samples A and D, even at
0.1 ppm (Figure 12).
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by TiO2 ratio (a) 20 ppm (b) 0.1 ppm.

After injecting the target gas for 5 min, air gas was introduced for 10 min to observe
the recovery. As a result, it was confirmed that all samples exhibited about 100% recovery
during the 10 min injection time.

4. Conclusions

In this study, a gas sensor was manufactured by synthesizing TiO2 with ZnO. At this
time, the ratio of TiO2 was 10%, 5%, 1%, and 0%, and the sensor sensitivity to formaldehyde
gas was compared. In addition, by comparing the sensitivity characteristics for formalde-
hyde and toluene gas, it was confirmed which ZnO-TiO2 gas sensor is more suitable.

1. At high concentrations of formaldehyde gas (20, 10, 5 ppm), samples A, B, C, and D
all showed similar patterns, and the lower the concentration, the lower the sensitivity.
However, in Sample A, at 10 ppm and 5 ppm, aa sensitivity which was about 20–30%
lower than the other samples was measured.

2. At low concentrations of formaldehyde gas (1, 0.5, 0.1 ppm), the lower the concentra-
tion in samples C and D, the lower the sensitivity. Since this has selectivity for each
formaldehyde gas concentration, samples C and D are more suitable as gas sensors
than samples A and B in low concentration discrimination.
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3. When compared at 20 ppm of formaldehyde and toluene gas, the difference in sensi-
tivity between samples A and D was about 15–20%, and the difference in sensitivity
between samples B and C was about 40% or more. Samples B and C have selectiv-
ity for formaldehyde and toluene gas at 20 ppm standard and are more suitable as
gas sensors.

4. When compared at 0.1 ppm of formaldehyde and toluene gas, samples B and C
showed a sensitivity difference of about 5% or more, and samples A and D showed
almost no difference in sensitivity. Samples B and C have selectivity for formaldehyde
and toluene gas at 0.1 ppm standard and are more suitable as gas sensors.

5. When both the detection characteristics by formaldehyde gas concentration and
the detection characteristics when comparing formaldehyde and toluene gas are
considered, Sample C (ZnO(99%)-TiO2(1%)) showed the difference in sensitivity for
each condition and showed the selectivity. When investigating the characteristics, it
was confirmed that it is more suitable as a gas sensor than other samples.

As a result, the sensitivity was approximately 80 to 90% for high concentrations
(5 to 20 ppm) of formaldehyde gas and approximately 20 to 30% for low concentrations
(0.1 to 1 ppm). Compared to conventional ZnO nanostructured gas sensors, it exhibited
high sensitivity even at low operating temperatures. In addition, it showed high sensitivity
compared to other complex gas sensors. (Table 3.) It was confirmed that the reactivity
was improved by appropriately controlling the ratio of ZnO and TiO2 and that it had
selectivity according to the concentration. Likewise, it was confirmed to have selectivity to
formaldehyde and toluene gas. Through these results, the possibility of a sensor having
selectivity for a specific gas was confirmed. By adding various materials such as WO3
and SnO2 as well as ZnO and TiO2 in appropriate proportions, it was concluded that it
would be possible to manufacture a sensor with improved sensitivity and selectivity to
formaldehyde gas and other Volatiles Organic Compounds gases. The long-term stability
characteristics and deterioration process of the sensor material due to corrosion by volatile
substances will be evaluated through future research [27–29].

Table 3. Formaldehyde gas sensitivity of ZnO-based gas sensor and TiO2 gas sensor with different
morphologies.

Sensor Temperature (◦C) Formaldehyde (ppm) Sensitivity Ref.

SnO2(95%)-ZnO(5%) 350 1 35 [30]

Ag doped TiO2 360 200 3.7 [31]

Shuttle-like ZnO nano/microrods 400 10 24.8 [31]

Nanoparticle-assembled ZnO
mico-octahedrons 400 1 22.7 [31]

ZnO nanotetrapods 320 5 ~8 [31]

ZnO(99%)-TiO2(1%) 250 1 32.9
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