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ABSTRACT

Herein, a controlled porous structure for photoactive gas sensors was fabricated using the gas-flow thermal
evaporation and atomic layer deposition method. To control the porosity of the SnO3 matrix, Ar was introduced
to the chamber to adjust the pressure from 0.1 to 1 Torr during thermal evaporation. Furthermore, nanoscale
TiO; layers were conformally deposited on the surface of porous SnO, by atomic layer deposition as a selective
active layer for HCHO. As a result, the sensor deposited at a pressure of 0.2 Torr showed high sensitivity and a
relatively fast response than other deposition pressures owing to the optimized porosity and better electron
transport. The nanoporous structure of SnO3 showed a high response rate of 56.7% when exposed to CO with a
concentration of 50 ppm and a low detection limit of 1 ppm. The introduction of a TiO; layer on the nanoporous
SnO; allowed selective response to HCHO with a response rate of 20% at 10 ppm when the oxidation level of the
target gas was well aligned with the state of reactive oxygen of materials under UV irradiation. Furthermore, the
sensing capabilities of the SnO, and SnO,@TiO, heterostructures, such as the response rate and response time,
were assessed at different deposition pressures. Our results clearly show that the matching of energy levels
between the redox energy of the target gas and the conduction band of the materials plays an important role in
selectively detecting the target gas in photoactive gas sensors; therefore, we propose a rational design rule to

enhance the selectivity for various target gases.

1. Introduction

Chemiresistive gas sensors have been widely studied for practical
applications such as public safety, indoor and industrial air monitoring,
and environmental diagnostics [1]. For practical applications of gas
sensors, it is necessary to monitor the concentration of each gas and
distinguish the type of gas from an alarm to the user [2]. In the past few
decades, metal oxide semiconductors, such as SnO», [3,4] TiO,, [5,6]
ZnO, [7,8] WO3 [9,10] and CeO; [11] have been widely investigated for
gas sensing of various toxic gases. Metal oxide semiconductor-based gas
sensors are known to offer advantages such as high response, good
stability, and rapid response toward target gases with low cost and easy
fabrication methods. Nonetheless, high-temperature operation over
200 °C, which is required to generate oxygen species for reaction with
the target gas in metal oxides, still limits the wide applications of gas
sensors [12]. The high operating temperature of conventional gas
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sensors induces instability and a short lifetime resulting from the change
in grain size and microstructure, and it also results in high power con-
sumption and long warm-up time [13]. Recently, several studies have
attempted to reduce the operating temperature and working power of
metal oxide-based gas sensors using novel metal doping structures
[14-16], core/shell morphologies [17], manufactured electrostatic
fields [18], and controlled the micro/nano size of metal oxide to in-
crease the active area of target gases [19,20]. Among these methods,
photoactive gas sensors, which take the advantage of UV irradiation to
generate reactive oxygen species, have been considered as a promising
and alternative way to enhance sensing properties with low operation
temperature and power consumption [20-22]. Because the
electron-hole pair produced under UV irradiation produces reactive
oxygen species on the surface of the semiconductor, the photoactive gas
sensor can be operated near room temperature and achieve a short
warm-up time. Many research efforts have concentrated on the enlarged
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active surface area for higher sensitivity and the combination of material
synthesis to achieve gas selectivity [23-26]. Most fabrication methods,
however, have taken advantage of solution-based methods, which retain
organic surfactants and binder residues during the synthesis processes,
thereby reducing the active surface area and reducing the response to
gas. Furthermore, depending on the selection of materials,
solution-based fabrication and surface modification of porous structures
are limited; hence, a more reliable fabrication method for porous het-
erostructures is required to achieve high sensitivity and versatility to
various target gases.

In this study, a highly porous heterostructure of SnO, for sensing
carbon monoxide (CO) and SnO; @TiO; for sensing formaldehyde
(HCHO) was demonstrated by gas-flow thermal evaporation and atomic
layer deposition (ALD). By changing the deposition pressure with Ar gas
flow from 0.1 to 1 Torr during thermal evaporation, the porosity of SnO5
was controlled, and the consequential gas-sensing properties with
operating pressures were compared at room temperature (27 °C).
Therefore, at an Ar pressure of 0.2 Torr, the porous structure shows the
best performance for gas-sensing properties, such as high response rate
and time to CO gas, with a concentration range of 50-1 ppm, owing to
the trade-off between the active surface area and charge transport. The
introduction of a conformal TiO, layer, which is known as the redox
energy of HCHO, has been shown to result in the specific sensing of
HCHO, maintaining the performance of gas-sensing properties. The
stability of our sensors was also investigated under various humid
conditions and the injection of other gases.

2. Experimental method
2.1. Preparation of highly porous SnOy and SnO,@TiO2 gas sensors

The SnO, films were prepared using a modified gas-flow thermal
evaporation system of chamber-type (ULTEC) with different vapor
pressures from 0.1 to 1 Torr to control the porosity, as reported previ-
ously [27]. Tin monoxide (SnO) granules (0.2 g, 99.995% pure, LTS
Research Laboratories, Inc., USA) were used as source material. The
evaporation was carried out in a turbo pump vacuum system operated at
5 x 107° Torr of vacuum pressure, which was filled with Ar gas up to
constant pressures of 0.1, 0.2, 0.5, and 1 Torr with a flow of 100 sccm.
During the deposition process, the substrate was maintained at 23 °C
using a cooling system. After deposition, the substrates were annealed in
a tube furnace at 700 °C under an air atmosphere for 1 h to convert to the
SnO; crystallite structure [28-30]. The TiO4 layers were deposited on
the porous SnO; sensor by an ALD system using titanium tetraisoprop-
oxide (TTIP) (UP Chemical Co. Ltd., Korea) and deionized (DI) water as
the precursor and reactant, respectively. The stage temperature was
maintained at 300 °C, and 200 ALD sequence cycles were performed to
deposit a 2 nm TiO, layer.

2.2. Characterization of SnOz and SnO2;@TiO2 sensors

X-ray diffraction (XRD) patterns of the porous SnO; thin films pre-
pared at different deposition pressure conditions were analyzed using an
X'Pert PRO MPD (PANalytical, NLD) with Cu Ka radiation in the range of
260 = 20-60° at a scanning rate of 5°/min, and the patterns were indexed
with standard data (JCPDS file. 41-1445). The microstructure and
morphology of SnO3 and SnO, @TiO, were also investigated using field
emission scanning electron microscopy (FE-SEM) images using a JSM-
7100 F microscope (JEOL, USA) operating at 30 kV. Samples for trans-
mission electron microscopy (TEM) were prepared by dispersing the
powders in ethanol and depositing a few drops of the dispersion solution
on a carbon grid. TEM images were obtained at 200 kV using a Tecnai G2
F20 microscope (FEI, NLD).
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2.3. Gas-sensing measurement

The interdigitated electrodes for photoactive gas sensors were
patterned with dimensions of length and width of 4 and 10 um,
respectively, on a 300-nm thick SigN4/Si wafer. As electrode materials,
50-nm-thick Ti and 200-nm-thick Pt were successively deposited. Highly
porous SnO; and SnO,@TiO, morphologies were deposited on the as-
fabricated interdigitated Pt electrode by thermal evaporation at
different Ar vapor pressures. A 275-nm UV-LED array (SeoulVIOSYS)
was used to measure the gas-sensing properties at room temperature
(27 °C). We estimated the gas-sensing properties of SnO5 and SnO,@-
TiO4 to CO and HCHO gases under UV irradiation with a light intensity
of 150 and 50 uW/cm?, respectively. Gas sensing under UV light acti-
vation was measured using a source meter (Keithley 2636A) at a con-
stant voltage. We measured the resistance change of photoactive gas
sensors when exposed to CO gas at concentrations of 2, 5, 10, 30, and 50
ppm and HCHO gas at concentrations of 0.1, 0.5, 1, 3, 5, and 10 ppm.
Moreover, we estimated the gas-sensing behaviors of SnO, and
SnO,@TiO, porous structures at various humidities (35%, 50%, and
80%), which were controlled by introducing deionized water vapor
through a bubble system mixing dried gas. We calculated the response of
the gas sensors using the equation [(Ra-Rg)/Ra x 100%], where R, is the
resistance of the sensor in air and Ry is the targeted gas [14]. The
response time was obtained using the time required to achieve 90% from
10% of the total resistance change upon adsorption.

3. Result and discussion
3.1. Characterization and CO sensing properties of porous SnOz sensor

Highly porous SnO3 and SnO2@TiO- heterostructures were obtained
by the gas-flow thermal evaporation and ALD methods with control over
the porosity for the selective detection of CO and HCHO gas, respectively
(Fig. 1). The introduction of Ar gas with a pressure range of 0.1-1 Torr
induces the loss of kinetic energy and the coalition of evaporated atoms,
thus allowing for a controlled porous structure [27,31]. Furthermore,
the conformal coating on the porous structure by ALD enables the sur-
face of materials to selectively respond to specific gases. The scanning
electron micrograph (SEM) images show that the size of the porous
structure decreases with increasing Ar pressure from 0.1 to 1 Torr, while
the thin film of SnO; is well deposited under a high vacuum (Fig. 2). The
cross-sectional image also shows that the controlled porous structure is
uniformly deposited on the substrate. The XRD patterns of the
as-synthesized porous SnO, were indexed in good agreement with the
standard JCPDS card 41-1445 with a tetragonal structure (Fig. S1) [32,
33]. The corresponding active surface areas of porous SnO, deposited at
0.1, 0.2, 0.5, and 1 Torr were measured using Brunauer-Emmett-Teller
(BET) analysis as 50.1, 63.9, 68.9, and 71.6 m?/ g, respectively. (Fig. S2)
These results show that the controlled porous SnO; has a large specific
surface area and abundant nanosized pore interface structure. The
increased surface area with processing pressure is mainly because of
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Fig. 1. Schematic of photoactive gas sensors based on the porous SnO, and
SnO,@TiO, structure by gas-flow thermal evaporation deposition and atomic
layer deposition.
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Fig. 2. FE-SEM images of porous SnO, surface with different thermal evaporation deposition pressure: (a) high vacuum, (b) 0.1 Torr (0.1Sn0), (c) 0.2 Torr (0.2Sn0),
(d) 0.5 Torr (0.5Sn0) and (e) 1 Torr (1SnO) (inset: cross-sectional images of porous SnO, on substrate, 100 k magnification).

lower kinetic energy of evaporated atom leading to form the smaller
particle size as reported previously [27]. High-magnification trans-
mission electron microscopy (TEM) images show that a particular
structure is formed with a size less than 20 nm regardless of the depo-
sition pressure, which indicates that the deposition pressure mainly af-
fects the density of SnOg, thereby changing the porous structure
(Fig. S3).

The photoactive gas-sensing properties of the as-synthesized highly
porous SnO; structure at different Ar pressures of 0.1 (0.1Sn0O), 0.2
(0.2Sn0), 0.5 (0.5Sn0), and 1 Torr (1SnO) were estimated at different
concentrations of carbon monoxide (CO) from 50 to 2 ppm under UV
irradiation with UV-LED at room temperature (Fig. 3). The effect of UV
light intensity on the response to CO gas (30 ppm) is estimated with
porous SnO; deposited at Ar pressure of 0.2 Torr and light intensity of
10-300 pW/cm? (Fig. S4). Although increasing light intensity leads to a
higher response owing to more exciton generation, the difference in
response between 150 and 300 pW/cm? is less than 5%; thus, the
optimal light intensity is set as 150 pW/cm? for CO gas detection
considering the sensitivity and power consumption. The dense film of
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SnO, deposited at high vacuum showed less than 10% resistance change
upon exposure to 50 ppm of CO. The responses of 0.1SnO, 0.2SnO,
0.5Sn0 and 1Sn0 to 50 ppm of CO gas were measured as 37.3%, 56.7%,
26.9% and 29.8%, respectively. The dense SnO5 sensor showed response
change of less than 3% at CO concentration of 2 ppm; however, 0.2SnO
showed a resistance change of 18%, which was six times higher than that
of the dense SnO; structure. This result indicates that the porous
structure is advantageous for the detection of the target gas because of
its large active surface area. Note that 0.2SnO shows the best response
rate, that is, 56.7% and 18% to 50 and 2 ppm of CO, respectively, despite
the lower porosity compared to 0.5SnO and 1SnO. This result indicates
that there is trade-off of porous structure between electron transport and
large surface area that plays an important role in gas-sensing properties.
As shown in Fig. 3, 0.2Sn0 displays a magnitude resistance of the order
of 10%, which is two orders of magnitude lower than that of 0.5Sn0O and
1SnO. In a highly porous structure with a lower resistance, such as
0.5Sn0 and 1SnO0, it is difficult to transfer electrons during CO oxidation
because of the long electron pathway to the electrode. Furthermore, the
defect generated on the surface acts as trapping for electron transport,
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Fig. 3. (a) Transient response of porous SnO, gas sensor with different CO gas concentrations from 50 to 2 ppm with various pressure conditions and (b) response

properties of porous SnO, sensor under UV-LED light (150 uW/cm?).
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thus resulting in a lower sensitivity and response rate.

3.2. Characterization and HCHO sensing properties of SnO2@TiO2
sensors

To selectively detect HCHO gases, a thin layer of TiO, was con-
formally deposited on the porous SnO2 matrix because the TiO2 band
level was well aligned with the redox energy level of formaldehyde
(HCHO). Fig. 4 shows the microstructure of the as-obtained SnO5 tem-
plates, which maintain highly porous structures after 200 ALD cycles for
the deposition of TiO2 (Fig. S5(c)). The elemental distribution of Ti in
the images obtained from energy-dispersive X-ray spectroscopy clearly
shows the TiO5 are well deposited to the bottom of the pore structure.
High resolution TEM images exhibit that TiO; layer are well coated on
the surface of SnO, with a thickness range of 2.2-2.4 nm. (Fig. S6)
Electron energy loss spectroscopy (EELS) analysis also revealed that Ti
uniformly covered the region with Sn and O elements distributed
throughout the entire region, indicating that the TiO, layer is con-
formally coated on the surface of the porous SnO; structure with a
thickness of ~2 nm (Fig. 5). The gas-sensing properties of the SnO,@-
TiO4 heterostructure to HCHO were assessed at room temperature under
UV irradiation. As shown in Fig. 6, the photoactive gas sensor based on
SnO,@TiO3 heterostructure on the porous SnO; deposited at the pres-
sure at different Ar pressure of 0.1 (0.1TiO), 0.2 (0.2TiO), 0.5 (0.5TiO),
and 1 Torr (1TiO) displays well assigned sensing property to HCHO and
good linearity with a concentration range of 10-0.1 ppm. While the
dense film of SnO,@TiO, deposited under high vacuum conditions
displays a low detection response of up to 20% to 10 ppm and 3.2% to
0.1 ppm, the controlled pressure of SnO;@TiO; sensors showed a better
response rate (more than 10% to 0.1 ppm)), although 0.5TiO and 1TiO
showed a higher response to HCHO; the response and recovery times
were slower than those of the other samples, such as 0.1TiO and 0.2TiO,
due to slow charge transport. In Fig. 6, 0.2TiO shows not only a faster
recovery time but also a higher response rate at a low concentration of
HCHO, i.e., less than 1 ppm compared to 0.1TiO, which shows a higher
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response rate in the concentration range of 0.3, indicating that it is an
appropriate structure for gas sensors in terms of response rate, lower
detection limit, and fast response/recovery time.

3.3. Sensing properties and selectivity of SnO2 and SnO,@TiO2 sensors

The sensing response of the 0.2SnO and 0.2TiO sensors dependent on
the concentrations of CO and HCHO gas are assessed under UV irradi-
ation, respectively. (Fig. 7(a) and (b)) The sensing signal of both sensors
shows the tendency to increase gradually at low concentration, then be
saturated at higher concentration of target gases. This concentration-
dependent change of resistance could be fitted by R~ versus C?
based on Langmuir isotherm adsorption method, where R is the response
and C is the CO and HCHO concentrations, respectively, which suggest
the surface adsorption capacity of target gases by quantity of active
surface area [34]. The plots of 0.2SnO and 0.2TiO sensors reveal
approximately linear fitting of R™! versus C~! (Fig. 7(c) and (d)). Other
SnO and TiO sensors fabricated under various deposition pressure also
exhibited the linear relationship between R™! and C! in same range of
target gases (Fig. S7). The lowest detection limit of SnO and TiO sensors
are also evaluated in range of 1-50 ppm of CO and 0.1-10 ppm of HCHO
(Fig. S8). As a result, the 0.2SnO sensor displays 12% of response to
1 ppm of CO, the 0.2TiO sensor display 3.2% of response in 0.1 ppm of
HCHO which is sufficient to detect the threshold limit of indoor air
quality, up to 35 ppm of CO and 0.3 ppm of HCHO, respectively. We also
summarized previously reported sensors to CO and HCHO gas based on
various nanostructures with different operating power in Table 1.
Considering the working temperature and sensing performance, our
sensor was attractive to practical application with easy and
cost-effective fabrication method.

The effect of humidity on the photoactive gas-sensing capability of
Sn0O; and SnO,@TiO; to CO and HCHO gas was also investigated under
humidity conditions of 35%, 50%, and 80% (Fig. 8). As the relative
humidity (RH) increased, it was observed that the resistance of both
SnO, and SnO,@TiO5 sensor decreased because the water molecules

Fig. 4. FE-SEM images of SnO,@TiO, surface prepared with different deposition pressure: (a) high vacuum, (b) 0.1 Torr (0.1TiO), (c) 0.2 Torr (0.2TiO), (d) 0.5 Torr
(0.5Ti0), and (e) 1 Torr (1TiO) (inset: cross-sectional images of porous SnO,@TiO, on substrate, 100k magnification).
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Fig. 5. Scanning transmission electron microscopy image of SnO,@TiO, heterostructure and energy-dispersive spectroscopy mapping of O, Sn, Ti elements.
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Fig. 6. (a) Transient response of porous SnO,@TiO, gas sensor to different HCHO gas concentrations from 10 ppm to 0.1 ppm with various pressure conditions and

(b) response (%) of porous SnO,@TiO; sensor under UV-LED light (50 pW/CmZ).

could be absorbed on the surface of the sensor, thereby forming a hy-
droxyl group donating electrons on the surface [35-37]. The response
rate of the porous SnO; sensor to CO gas decreased from approximately
34%, 9% and 5% in dry air to 35% and 80% in RH conditions (Fig. 8(a)
and (b)). The SnO,@TiO, heterostructure sensors also showed a
decrease in response rate to HCHO gas from 46%, 15%, and 9% in dry air
to 35% and 80% in RH (Fig. 8(c) and (d)). This is attributed to the
adsorbed water molecules under humid conditions, reducing the active
surface area for the gas oxidation reaction [38,39]. Notably, the
response and recovery times are dramatically enhanced: the response
time is improved from 810 s in dry air to 8 s for CO gas and from 144 s to
12 s for HCHO gas, owing to better charge transport and plenty of hy-
droxyl radicals formed under UV, which is known as an oxidant to CO
and HCHO. Despite the lower response rate in humid conditions, the
improvement in response and recovery time in humid conditions will be
beneficial to the application of photoactive gas sensors when used with

moisture and temperature sensors. The selective gas sensing under dark
condition are also compared with 0.2SnO and 0.2TiO sensors to CO and
HCHO, respectively. (Fig. S9) In dark condition, the 0.2SnO sensor
display 3.7% of R to 30 ppm of CO gas while 0.2TiO do not exhibit the
change of resistance. Moreover, the 0.2TiO sensor also displays 2.1% of
R, resistance of 0.2SnO was not changed under the flow of 10 ppm
HCHO gas. This result indicates not only that light illumination is
required to higher sensitivity to the target gas but also that gas selective
response is maintained under dark condition.

The selectivity of the photoactive gas sensor based on SnO; and
SnO,@TiO, was also evaluated using ammonia (NH3) and acetone
(C3HgO) in addition to CO and HCHO (Fig. 9). The responses of SnO, and
SnO,@TiO; sensors were measured at 35% RH and exposed to 10 ppm
of each gas. The porous SnO, sensor showed a response of ~10.0% to
10 ppm of CO gas, while the responses to HCHO, NHg, and C3HgO were
1.5%, 2.6%, and 1.6%, respectively. In contrast, the SnOy @TiO, sensor
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Fig. 7. The response of (a) 0.2Sn0 in range of 2-50 ppm of CO gas and (b) 0.2TiO sensor in range of 0.1-10 ppm of HCHO gas, respectively. The linear fitting of 1/R
versus 1/C of (c) 0.2SnO and (d) 0.2TiO sensor followed Langmuir isotherm adsorption method, respectively.

Table 1

Performance of various metal oxide-based gas sensors for CO or HCHO detection.
Materials Structure Target gas T (°C) or Voltage (V) uv Concentration (ppm) Ra/Rg LOD (ppm) Ref.
Sn0O, Nanosheet HCHO 200 °C - 100 79.5 1 [48]
Zn,Sn04/Sn0, Hierarchical octahedral-like HCHO 200 °C - 100 60 2 [49]
Sn03/Zn0O Heterostructure HCHO - uv 10 30 0.1 [50]
TiO2/Sn0, Nanosphere HCHO - uv 10 20 0.1 [51]
Au-Sn0Oy/Zn0O Nanowire Co 20V - 50 1.6 0.1 [52]
Pt-SnO, Nanoneedle Cco 250 °C - 100 23.2 1 [53]
Ni doped SnO, Nanocomposite cO 280 °C - 300 25.1 1 [54]
Au-WS, Nanoflake Cco 2V - 50 1.4 1 [55]
SnO, Nanocomposite Cco - uv 50 56.7 0.1 This work
SnO,@TiO, Heterostructure HCHO - uv 10 32.7 1 This work

exhibited a 15.1% response to HCHO, whereas the responses to CO, NH3,
and C3HgO were 3.5%, 2.8%, and 1.5%, respectively, thereby achieving
specificity to HCHO. The selective detection of CO and HCHO in the
SnO; and SnO,@TiO, sensors was compared with the concentration of
the target gas in detail (Fig. S10). This result indicates that the oxidation
energy levels of HCHO and CO gas are well-matched with the adsorbed
oxygen energy levels of TiO, and SnO,, respectively, thus inducing se-
lective oxidation of specific gases.

The absorption and reaction, including oxidation and reduction of
gas molecules on the surface of the material, significantly impact the
response and selectivity of gas sensors. Conventional resistor-type sen-
sors require a specific temperature range depending on the material to
generate a special type of ionized oxygen, such as O and Oy, for the
oxidation of the target gas [40,41]. In photoactive gas sensors, UV
irradiation replaces high-temperature activation to generate excitons
and react with adsorbed oxygen and hydroxyl groups [42-44]. In this
study, the selective detection of each gas is attributed to different types
of reactive oxygen species, as well as the matching energy level between
the oxidation of gas and the conduction band. To detect CO, the

adsorbed oxygen and hydroxyl groups are converted to O” under UV
irradiation on the surface of SnO,. This reactive oxygen level on the
surface of SnO, is well-matched with the oxidation energy level of CO.
Therefore, the reactive oxygen species O™ oxidizes CO to COg, thus
generating electrons and reducing the resistance of the sensor [45]
(Fig. 10(a)). The detailed reaction is as follows:

CO (gas) + O (ads, SnO3) (hv) — CO; (gas) + € (@D)]

In contrast, the adsorbed oxygen species on the surface of TiO; are
converted to Oy” by excitons generated under UV irradiation. The redox
energy level of HCHO, which is higher than the conduction band of
Sn0O,, matches well with the conduction band of TiOy (Fig. 10(b)).
Therefore, the reactive oxygen on the TiO; oxidize HCHO and generate
electron back in TiOs, under UV irradiation [46,47] like below equation:

HCHO (gas) + O; (ads, TiO;) (hv) — CO; + HyO + ¢ 2)

Notably, the SnO,@TiO; heterostructure exhibits a faster response
time to HCHO than SnO; to CO. Because the heterojunction between
TiO2 and SnO; promotes charge transfer due to the equilibrium of the
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Fig. 10. The sensing mechanism of (a) SnO, and (b) SnO,@TiO,, sensors. The different types of ionized oxygen species adsorbed on the surface selectively oxidize CO

and HCHO gas.

Fermi level, the transport of charge carriers generated by reaction with
the target gas is enhanced in SnO>,@TiO», which is in good agreement
with the lower resistance after ALD deposition.

4. Conclusion

In summary, highly porous SnO; and SnO>@TiO; sensors were suc-
cessfully synthesized by facile Ar flow thermal evaporation and ALD for
photoactive gas sensor applications. The obtained SnOj is controlled in
pore and ligament sizes with the Ar flow pressure during thermal
evaporation, and a conformal SnO,@TiO; heterostructure is achieved
by the ALD process. The photoactive gas-sensing properties of the
porous SnO; and SnO,@TiO4 heterostructures were investigated for CO
and HCHO gas under UV irradiation at room temperature (27 °C). The
SnO,- and SnO»,@TiOy-based photoactive gas sensor exhibited a good
response to CO in the range of 2-50 ppm and HCHO in the range of
0.1-10 ppm, respectively, at room temperature, as well as selective
detection of CO and HCHO. The existence of a TiO2 layer with a con-
duction band that is well-matched with the redox energy level of HCHO
enables the porous SnOs structure not only to selectively detect HCHO
but also to enhance the response time by promoting charge transport.
Moreover, the effects of the humid conditions and other gases, such as
NH; and C3HgO, were investigated for reliable gas sensors. This finding
demonstrates the possibility of achieving high sensitivity and gas
selectivity in photoactive gas sensors operating at room temperature to
mitigate the drawbacks of resistor-type gas sensors at high temperatures.
Moreover, our results provide a method for manufacturing a photoactive
gas sensor that can be applied to various target gases along with a wide
range of materials available in our process.
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