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Abstract: Nanocomposites of SmFeOs/YFeOs (1:0, 0.8:0.2, 0.6:0.4, 0.4:0.6, 0.2:0.8, and 0:1) with
different molar proportions were prepared by the sol-gel method. The material’s properties were
characterized by various test methods, such as scanning-electron microscopy (SEM) and X-ray
photoelectron-diffraction spectrometry (XPS). The gas-sensing characteristics of the sensor were tested
in darkness and under illumination using monochromatic light with various selected wavelengths.
The test results show that the SmFeO3/YFeOj; sensor with the molar ratio of 0.4:0.6 had the highest
gas response to volatile organic compound (VOC) gases and that the optimum operating temperature
was lower (120 °C). The light illumination improved the sensor’s sensitivity to gas. Under the
370-nanometer light illumination, the sensor’s responses to 30 ppm of ethanol, acetone, and methanol
gases were 163.59, 134.02, and 111.637, respectively, which were 1.35, 1.28, and 1.59 times higher,
respectively, than those without light. The high gas sensitivity of the sensor was mainly due to
the adsorption of oxygen on the material’s surface and the formation of a p—p heterojunction. The
SmFeOj3/YFeOs sensor, which can respond to different VOC gases, can be used to detect the safety
of unknown environments and provide a timely warning of the presence of dangerous gases in
working environments.

Keywords: heterojunction; gas sensor; light illumination; volatile organic compound; sensing
characteristics; sensing mechanism

1. Introduction

As society develops, increasing attention is paid to the harmful effects of VOC to
the human body and the environment. Ethanol, acetone, methanol, and formaldehyde
are all volatile organic compound gases. The impact of these gases on the human body
has a negative effect on the respiratory system, and can even cause cancer, threatening
human life [1-3]. Therefore, the preparation of sensors that can effectively detect VOC gases
has received extensive attention. Semiconductor materials [4-12] are the most common
gas-sensing materials due to their excellent physical and chemical properties. The detection
of harmful gases by the semiconductor detector was shown by the resistance change of the
sensor. Semiconductors such as WOj3 [13], ZnO [14], and LaFeOs [15], have been widely
investigated as sensor materials for detecting various gases. In semiconductor materials,
perovskite-type oxides of ABO3 have been widely studied [16-28]. There are many chemical
elements to choose from for cations at the A and B positions in ABO3;. Compared with
traditional oxide-gas-sensing materials, perovskite materials are more stable, so they are
expected to exhibit unique advantages in gas sensors.

As typical p-type-semiconductor perovskite materials, SmFeO3 nanomaterials have
attracted wide attention, and have high sensitivity to various VOC gases [29-31]. How-
ever, pure SmFeO; has some disadvantages, such as its high operating temperature and
low response value. There are many ways to improve the gas-sensing performance of
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pure SmFeOj3 perovskite sensors, such as by doping it with a noble metal [32-36]. The
combination of these materials can overcome the shortages of pure metal materials and
produce sensor materials with higher performance levels. In recent years, increasing
attention has been paid in research to materials with heterojunction interfaces. Li et al.
prepared a Co-Fe,O3/SmFeO3 p—n-heterojunction composite using the sol-gel method
with molecular imprinting technology, and the sensor’s response to 5 ppm of methanol gas
was 19.7 at 155 °C [37]. Zakie et al. synthesized a SmFeO3/ZnO nanocomposite by the
thermal treatment method, and the SmFeO3/ZnO nanocomposite’s sensor had a response
of 45 to 10 ppm acetone at 350 °C [38]. These previous studies proved that the construction
of a heterojunction can improve the gas-sensing characteristics of sensors. However, it is
still important to find sensor materials with lower operating temperatures, faster response
speeds, and higher response value.

In this paper, we combined another YFeOj3 rare-earth perovskite nanomaterial with
SmFeOj; to prepare SmFeO3/YFeOs (0.8:0.2, 0.6:0.4, 0.4:0.6, and 0.2:0.8) nanomaterials with
a heterojunction interface and different molar ratios. The characteristics of the sensitivity
of the sensor to VOC gases were studied in the dark and under multi-wavelength-light
illumination. The test results show that the SmFeO3/YFeO3; composite sensor had a higher
gas-sensing performance than the pure SmFeO; and YFeOs sensors, and the optimal
operating temperature of the sensor was 120 °C. The multi-wavelength-light illumination
improved the sensor’s response to the VOC gases. In addition, we also discuss the gas-
sensing response mechanism of the SmFeO3 / YFeOs sensor.

2. Materials and Methods
2.1. Preparation of Nanomaterials

The SmFeO3/YFeO; (e:f) nanomaterials with a heterojunction interface were prepared
using the sol-gel method. In our previous research [39,40], we successfully prepared
SmFeOs and YFeO3 nanomaterials with different annealing temperatures (500-900 °C)
using the sol-gel method. Previous studies proved that when the annealing temperature
was 700 °C, SmFeO3 and YFeO3 nanomaterial sensors had the best gas-sensing properties.
Consequently, we mixed the SmFeO; and YFeO3; nanomaterials (700 °C) according to
different molar ratios (0.8:0.2, 0.6:0.4, 0.4:0.6, and 0.2:0.8), and then ground and fully mixed
them. The mixture was annealed at 700 °C for 3 h and then ground again. Finally, the
SmFeO3/YFeOj; (e:f) nanomaterials with a heterojunction interface were obtained.

2.2. Materials Characterization

Using X-ray diffraction (XRD; 40 KV, 40 mA, Bruker D8 Advanced, Bruker Group,
Billerca, MA, USA) with CuK«x radiation, we measured the structural characteristics of
the nanopowders. The microscopic morphology of the sample was observed by scanning-
electron microscopy (SEM). The elemental composition and valence state of the samples
were observed with an X-ray photoelectron-diffraction spectrometer (XPS; Thermo Scien-
tific Escalab 250Xi, Thermo Fisher Scientific, Inc., Waltham, MA, USA). The ultraviolet—
visible (UV-Vis) absorption spectra of the powder samples were tested by a UV-Vis—-NIR
spectrometer (UV-Vis-NIR, Cary 5000, Agilent, Palo Alto, CA, USA).

2.3. Fabrication and Measurement of Gas Sensors

The SmFeO3/YFeOj3 (e:f) powder samples were mixed with a small amount of deion-
ized water and ground into a paste. Next, they were coated on the 1.5 X 1-millimeter planar
electrode to prepare the planar-electrode sensors. In our previous research [39,40], we used
the same planar electrode. One side was the material coating surface, with two platinum
electrodes (for measurement), and the other side was the heating layer, with two platinum
electrodes (for heating). After the preparation, the sensor was placed on a 200 °C aging
table and heated for 48 h to improve its stability.

We used the gas-sensitivity-test system produced by Zhengzhou Weisheng company
(WS-30A, Weisheng Electronics Co., Ltd., Zhengzhou, China) to test the performance of the
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fabricated gas sensor. The system reflects the characteristics of the gas sensor by measuring
the voltage of the load resistance in series with the gas sensor. The sensor’s response is
defined as S = Rg/R,, where Rg and R, are the resistance of the sensor in target gas and in
the air, respectively. The response time is the time it takes for the resistance to increase to
90% of the change. The recovery time is the time taken to reduce the sensor resistance to

10% of the change.

3. Results
3.1. Nanomaterial Characterization

Figure 1 shows the XRD patterns of the SmFeO3/YFeO; (e:f) nanomaterials. The XRD
pattern provides the crystallinity information of the nanostructures of the powder materials.
The YFeOs3; sample was a hexagonal lattice structure (PDF#48-0529) [41-45]. The peaks of the
YFeOj3 in Figure 1 mainly correspond to the (100), (101), (102), (104), (110), (106), and (114)
crystal planes. The SmFeO3 sample had an orthogonal lattice structure (PDF#39-1490) [46—4§],
and the XRD diffraction peaks in the figure correspond to the (101), (111), (200), (121),
(002), (210), (220), (022), (131), (202), (040), (212), (311), (321), (240), (042), (331), and (242)
crystal planes. In the XRD spectra of the SmFeO3/YFeO3; nanocomposite materials with
the ratios of 0.2:0.8, 0.4:0.6, 0.6:0.4, and 0.8:0.2, the characteristic peaks of the SmFeO3 and
YFeO3 materials appeared at the same time, which signifies the coexistence of SmFeO3 and
YFeOs in the SmFeO3/YFeO3 composites. With the increase in the proportion of the YFeO3
material, the relative intensity of the (102) diffraction peak of the YFeOs at 33.2° increased
gradually, while the (121) diffraction peak of the SmFeO3 at 32.7° decreased gradually.
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Figure 1. The X-ray diffraction patterns of SmFeO3/YFeOs (e:f) powder nanomaterials.

Figure 2 shows the SEM spectra of the SmFeO3 /YFeOj3 (e:f) nanomaterials. The particle
sizes were spherical below 100 nm, and some particles were elliptical after aggregation.
When the mixing ratio of the two materials was different, the particle-size distribution of
the materials also changed. The average particle sizes of the SmFeO3/YFeO; (1:0, 0.8:0.2,
0.6:0.4, 0.4:0.6, 0.2:0.8, and 0:1) nanomaterials were 34.8, 42.1, 41.8, 38, 23.55, and 20.55 nm,
respectively. The average particle size first increased and then decreased.
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Figure 2. The SEM images of SmFeO3 / YFeO; (e:f) nanomaterials: (a) 1:0, (b) 0.8:0.2, (c) 0.6:0.4, (d) 0.4:0.6,
(e) 0.2:0.8, and (f) 0:1.

Figure 3 shows the XPS spectra of the SmFeO3/YFeO; (e:f) nanomaterials. The

SmFeO3/YFeO3; nanomaterials mainly contained the characteristic peaks of Sm, Fe, Y,
O, and C, without other impurity peaks, as shown in Figure 3a. It can be seen that the
characteristic peaks of the Sm and Y elements changed significantly with the proportion of
the materials. It is further proven that we successfully prepared SmFeOj3/YFeO3 nanocom-
posite materials with different proportions. The Sm 3d spectra of the SmFeO3;/YFeO3
were divided into 3d3,, (1110.2 eV) and 3d5,, (1083.2 eV) [46], as shown in Figure 3b. The
peaks of Fe 2p at 724.5 &+ 0.5 eV and 711 £ 0.2 eV corresponded to 2p;/, and 2p3,, [35],
respectively, as shown in Figure 3c. Figure 3d shows the XPS spectra of the Y 3d, which
were divided into two peaks of 3ds,, (158.8 eV) and 3d5,, (156.8 eV) [49].
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Figure 3. The XPS characterization of SmFeO3/YFeOs (e:f) nanomaterials: (a) overall spectra, (b) Sm
3d, (c) Fe 2p, and (d) Y 3d.
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Figure 4 shows the O 1s spectra analysis of the SmFeO3/YFeO3 nanomaterial. The
XPS spectra of the O 1s were divided into three peaks, which correspond to three kinds
of oxygen specification [50]. One corresponded to the lattice oxygen (529.4 &+ 0.2 eV),
one corresponded to the adsorbed oxygen (531.3 + 0.5 eV), and one corresponded to
the oxygen in the carbonate (532.5 & 0.5 eV). The lattice oxygen and the oxygen in the
carbonate did not react with the gas and had no effect on the carrier concentration on the
material surface, so they did not affect the sensor performance. The adsorbed oxygen on the
material surface reacted with the test gas, increasing the concentration of hole carriers, thus
improving the response value of the sensor to the gas. The adsorbed oxygen contents on
the surface of the SmFeQO3/YFeOjs (e:f) nanomaterials were 28.19%, 31.34%, 37.58%, 39.94%,
32.15%, and 31.87% for the SmFeO3/YFeO3; nanomaterials with the proportions of 1:0,
0.8:0.2, 0.6:0.4, 0.4:0.6, 0.2:0.8, and 0:1, respectively. The changing trend is shown in Figure 5.
The adsorbed oxygen content first increased and then decreased with the increase in the
proportion of YFeOs, and the adsorbed oxygen content of the SmFeO3/YFeO3 (0.4:0.6)
material was the highest.
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Figure 4. High-resolution XPS spectra of O 1s in SmFeO3/YFeO3; nanomaterials: (a) SmFeO3,
(b) 0.8:0.2, (c) 0.6:0.4, (d) 0.4:0.6, (e) 0.2:0.8, and (f) YFeO3.
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3.2. Gas-Sensing Characteristics

In semiconductor gas sensors, the working temperature has a great influence on the
gas-sensing characteristics. We tested the gas-sensitivity response of the SmFeO3/YFeO3
(1:0, 0.8:0.2, 0.6:0.4, 0.4:0.6, 0.2:0.8, and 0:1) sensors to ethanol, acetone, methanol, and
formaldehyde gases in the dark at 100-150 °C, as shown in Figure 6. The response values
of the SmFeO3/YFeO; (e:f) sensors to the four gases had similar trends with temperature.
With the increase in the working temperature, the response value first increased and then
decreased, reaching the maximum value at 120 °C, with the exception of the optimal
temperature of the YFeO3 sensor, which was 110 °C. The reason for this trend was that,
with the increase in the working temperature, the test gas overcame the energy barrier
and encouraged the oxidation and reduction reaction on the material surface, so the
sensor’s response value increased. However, the high operating temperature caused the
gas-desorption efficiency on the material surface to be greater than the adsorption efficiency,
so the sensor’s response value decreased. The sensor with the highest response value at
120 °C was SmFeO3/YFeOj3 (0.4:0.6). The response values of the SmFeO3/YFeOs3 (0.4:0.6)
sensor to 30 ppm of ethanol, acetone, methanol, and formaldehyde were 120.76, 104.65,
70.43, and 9.21, respectively.
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Figure 6. Response curves of the SmFeO3/YFeOj3 (e:f) sensor to VOC gases in the dark with tempera-
ture: (a) ethanol, (b) acetone, (c) methanol, and (d) formaldehyde.

Figure 7 shows the curves of the SmFeO3;/YFeOj3 (0.4:0.6) sensor’s response value
to VOC gases with the operating temperature under multi-wavelength (470, 420, and
370 nm) light illumination. It can be seen that under the light illumination, the response
value of the sensor first increased and then decreased with the change in the operating
temperature at 100-150 °C. The optimum operating temperature was 120 °C. Compared
with the darkness, we did not measure the change in the optimal operating temperature
under light illumination. The temperature interval during the test was 10 °C due to the
limitations of the equipment. The light-excitation energy within the wavelength range of the
available light source was insufficient to cause visible temperature changes. At 120 °C, the
SmFeO3/YFeO3 (0.4:0.6) sensor’s response values to 30 ppm of ethanol, acetone, methanol,
and formaldehyde under 370 nm of light illumination were 163.59, 134.02, 111.637, and
18.60, respectively, which were 1.35, 1.28, 1.59, and 2.02 times, respectively, those in the
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dark. Therefore, it was confirmed that the multi-wavelength light illumination improved
the response value of the sensor.
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Figure 7. Response curves of the SmFeO3;/YFeO;3 (0.4:0.6) sensor to VOC gases under multi-
wavelength light illumination with temperature: (a) ethanol, (b) acetone, (c¢) methanol, and
(d) formaldehyde.

The repeatability of the sensor was an important parameter in the reliability of the
sensor in use. A verified sensor would be expected achieve similar results for multiple
tests in the same environment. The detection results of the SmFeQO3/YFeOj5 (0.4:0.6) sensor
for three gases at 120 °C were repeated under 370 nm of light illumination, as shown in
Figure 8. The SmFeO3/YFeOj3 (0.4:0.6) sensor displayed good repeatability with VOC gases.

200 cthanol —— acctone 370 nm
——methanol 120 °C
& 150} ﬁ !\J P‘} N
o r' & E &5 £ & E A
= LA FORRY (B {
g w0l N TR BT ) B
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ol % § i\‘ §

1400 2100 2800
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Figure 8. Repeatability test of sensitivity of the SmFeO3/YFeO; (0.4:0.6) sensor to VOC gases in
5 cycles under 370 nm of light illumination.

We also tested the response/recovery time of the SmFeO3/YFeO3 (0.4:0.6) sensor
under light illumination, as shown in Figure 9. Before the sensor contacted the target
gas, the resistance was stable, and the log of R was about 6.55 (). After the target gas
was introduced, the sensor’s resistance increased, conforming to the characteristic of the
p-type semiconductor material. However, due to the different gas characteristics, the
response/recovery time of the sensor to the different gases varied greatly. Under the
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370-nanometer light illumination, the response/recovery times of the SmFeO3/YFeO3
(0.4:0.6) sensor to 30 ppm of ethanol, acetone, methanol, and formaldehyde were 37/129 s,
166/228 s, 69/94 s, and 83/237 s, respectively. The fastest response of the sensor was to
the ethanol gas, and the slowest response was to the acetone gas. The combination of the
response value and the response/recovery time can be used as a parameter index to judge
gas during the application of sensors.
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Figure 9. Response/recovery time of the SmFeO3 /YFeO; (0.4:0.6) sensor to VOC gases under 370 nm
of light illumination: (a) ethanol, (b) acetone, (c) methanol, and (d) formaldehyde.

Figure 10 shows the dynamic-response curve and change curve of the SmFeO3/YFeO3
(0.4:0.6) sensor’s response to VOC gases at 120 °C with the change in concentration. When
the concentrations of the ethanol, acetone, and methanol gases increased from 10 ppm
to 50 ppm, the response value of the SmFeO3/YFeOs; (0.4:0.6) sensor increased gradually.
After several cycles, the resistance of the SmFeOs/YFeO; (0.4:0.6) sensor recovered to
a level close to that in the air, as shown in Figure 10a—c. As can be seen from Figure 10d,
the SmFeO3/YFeO; (0.4:0.6) sensor’s response value increased with the gas concentration
at 10-50 ppm. As shown in Figure 10e, we tested the linear relationship between the re-
sponse value of the SmFeOs /YFeO3 (0.4:0.6) sensor and the gas concentration (0.5-10 ppm).
The SmFeO3/YFeOj3; (0.4:0.6) sensor demonstrated a good linear relationship with the
three gases at low concentrations. The slopes of the linear relationship between the sensor
and the concentrations of the three gases were 7.765, 5.126, and 2.833. According to the
linear relationship, the detection limit of the sensor for the ethanol, acetone, and methanol
gases can be calculated as 0.38, 0.42, and 0.67ppm, respectively. Therefore, the sensor has
not only a high response value but also a low detection limit.

At an optimum operating temperature of 120 °C, the gas-sensing characteristics of the
SmFeOs/YFeOs (0.4:0.6) sensor under 370 nm of light illumination were tested at different
humidity levels, as shown in Figure 11. Figure 11a shows that the SmFeO3/YFeOs (0.4:0.6)
sensor’s dynamic-response curve to 30 ppm of the ethanol gas gradually decreased with
the increase in humidity. When the humidity decreased from 30% RH to 80% RH, the
response value of the sensor decreased by about 20%. Under different humidity conditions,
the resistance of the SmFeQO3/YFeOj3 (0.4:0.6) sensor recovered to close to the initial value
after the gas desorption. The variation curves of the SmFeOs3/YFeOs (0.4:0.6) sensor’s
response to the ethanol, acetone, and methanol gases with relative humidity are shown
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in Figure 11b, and it can be seen that the response value decreased with the increase in
relative humidity. The relative humidity in the air is high in summer, so the measurement
results of the sensor were low during this season.
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Figure 10. The dynamic-response curve of the SmFeO3;/YFeOj; (0.4:0.6) sensor to (a) ethanol,
(b) acetone, and (c) methanol gases with different gas concentrations; (d) change curves of the
SmFeO3/YFeOj3 (0.4:0.6) sensor’s response with concentration at 120 °C; (e) the linear-fit curves of
the gas responses for SmFeO3 / YFeOs (0.4:0.6) sensor.

200
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Figure 11. (a) Dynamic-response curve under different humidity levels of the SmFeO3 / YFeOj3 (0.4:0.6)
sensor for ethanol gas; (b) variation curves with humidity of the SmFeO3 /YFeOj3 (0.4:0.6) sensor for
VOC gases under 370 nm of light illumination.

The power parameters of the light sources were set by adjusting the corresponding
voltage on the LED light-source device. Figure 12 shows the dynamic-response curves
of the SmFeO3/YFeOj3 (0.4:0.6) sensor to the VOC gases (ethanol, acetone, methanol, and
formaldehyde) under multi-wavelength light illumination (with different optical powers)
at 120 °C. Under the same wavelength of light illumination, the greater the optical power
(30, 50, and 98 mW), the higher the response value of the SmFeO3/YFeOj3 (0.4:0.6) sensor.
When the optical power was the same, the shorter the wavelength of the light source (470,
420, and 370 nm), the higher the response value of the SmFeO3/YFeOj3 (0.4:0.6) sensor.
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Figure 12. Dynamic-response curves under different optical powers of the SmFeO3;/YFeO3
(0.4:0.6) sensor for VOC gases under multi-wavelength light illumination: (a) ethanol, (b) acetone,
(c) methanol, and (d) formaldehyde.

Figure 13a shows the response histogram of the SmFeO3/YFeOj3 (0.4:0.6) sensor to the
VOC gases at 120 °C under 370 nm of light illumination. The response value of the sensor
to 30 ppm ethanol was the highest. Although the sensor’s response values to the acetone
and methanol gases were lower than those for the ethanol, the response values were still
high. Therefore, the SmFeO3/YFeOs3 (0.4:0.6) sensor can detect various gases. Figure 13b
shows the stability-test curves of the SmFeO3/YFeOj3 (0.4:0.6) sensor for the VOC gases at
120 °C under 370 nm of light illumination over 35 days. The value of the SmFeO3;/YFeOs
(0.4:0.6) sensor’s response to the VOC gases changed little and had good stability.

(a)200 (b) 200
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(98 mW) ey
~. 150 120 °C ~ 150 r———o—
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= = —
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Figure 13. (a) Response histogram of the SmFeO3/YFeOs (0.4:0.6) sensor for VOC gases at 120 °C;
(b) stability curves of the SmFeO3/YFeOs (0.4:0.6) sensor for VOC gases at 120 °C within 35 days.

Table 1 shows a comparison of the gas-sensing characteristics between the SmFeO3/
YFeOs (0.4:0.6) sensor and other sensors. It can be seen that the optimal operating tem-

perature of the SmFeO3;/YFeO3 (0.4:0.6) sensor was lower and the gas-response value
was higher.



Chemosensors 2023, 11, 187

110f15

Table 1. Comparison of gas-sensing performance between SmFeOj3/YFeOj3 (0.4:0.6) sensor and other

perovskite sensors.

Materials Gas Tem. (°C) Con. (ppm) Res. Refs.
NdFeO; ethanol 250 100 150 [16]
LagggBag 2 FeOs3 ethanol 200 100 79.3 [51]
Au-LaFeOs ethanol 200 100 44 [52]
SmFeO3 acetone 210 1 5.92 [29]
Pd-SmFeO3 acetone 220 1 10.73 [32]
SmFeO3/ZnO acetone 350 10 45 [38]
YFeOs3 acetone 110 30 128.1 [40]
DyFeOs acetone 190 2 3.81 [53]
PrFeOs acetone 180 10 6 [54]
Sm-PrFeOj3 acetone 270 50 4494 [55]
Co-Fe;03/SmFeOs3 methanol 155 5 19.7 [37]
SmFeOj3 methanol 120 30 26.41 [39]
SmFeO3/YFeO; ethanol 120 30 163.593 this work
SmFeO3/YFeO3 acetone 120 30 134.023 this work
SmFeQO3/YFeO3 methanol 120 30 111.637 this work

This kind of planar-electrode sensor has a small size, low optimal working temperature,
high response value, and good stability, and detects various VOC gases. In the future,
it will be possible to use them in portable or wearable gas sensors, which can detect the
environment and warn users about the occurrence of dangerous gases in a timely manner.

3.3. Mechanism Discussion

We studied the light-absorption ability of SmFeO3, YFeO3, and SmFeO3/YFeO3 com-
posite materials with different molar-mass ratios by UV-visible absorption spectroscopy, as
shown in Figure 14a. As demonstrated in to Figure 14a, we obtained the (ahv)>~(hv) curves
of the SmFeO3, and YFeO3 samples, which are shown in Figure 14b. After the calculation,
the band energies of the SmFeO3; and YFeO3; materials were 2.009 and 1.837 eV, respectively.
The calculation formula is as follows:

ahv = A(hv — Eg)'/? (1)

where A is a constant, hv is the photon energy, E; is the band-gap energy of the material,
and a is the absorbance.

—_
o
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Figure 14. (a) The UV-visible absorption spectrum of SmFeQO3/YFeOj3 (e:f) powder samples; (b) the
(ahv)2—(hv) curves of SmFeO3 and YFeOs powder samples.

The photon energies of the light sources with the wavelengths of 470, 420, and 370 nm
were 2.638, 2.952, and 3.351 eV, respectively. The photon energies of the light sources with
different wavelengths were higher than the band energies of the SmFeO3, YFeOj3, and
nanomaterials with heterogeneous interfaces. Therefore, the light illumination caused the
electronic transition on the material surface. The electronic transit to a higher energy level
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improved the conductivity and reduced the resistance. Photoexcitation produces photo-
generated electrons and holes, which can react with oxygen to produce more adsorbed
oxygen ions, so the sensor reacts with more gases to improve its performance. Therefore,
the light illumination improved the response of the SmFeO3;/YFeOs3 sensor due to the
photoelectric effect.

The gas-sensing mechanism of the SmFeO3/YFeO; (e:f) sensor under light illumina-
tion can be explained by the depletion layer and p—p heterojunction. In the SmFeO3/YFeOs
(e:f) nanomaterials, a p—p-heterojunction interface formed between the SmFeO3 and YFeO3
materials. The charge transfer led to a change in the barrier height. The p—p heterojunctions
on the SmFeO3/YFeOjs interface acted as tunable resistors, resulting in differences in the
sensor’s resistance at different temperatures.

O2 (gas) = O2 (ads) (2)

O2 adsyte” = 027 (ads) 3)

02 (ads)te” — 207 (ads) )

CoH50H (306 +60 ™ (aas) — 2COp+3H,O+6¢ ™ )
CH3COCH;3 (40 +80 ™ (aqs) — 3CO,+3H,0+8¢~ ©)
CH30H (306 +30 ™ (aas) — COp+2H, 043¢~ @)

The SmFeO; and YFeO3; materials are p-type semiconductors. After the contact
between the two semiconductors, since the Fermi energy level of the SmFeO3 was higher
than that of the YFeQj;, the electrons flowed from the conduction band of the SmFeO3
to the conduction band of the YFeO3 material, resulting in the formation of energy-band
bending [56-58] and a depletion layer, until the Fermi energy level reached the equilibrium
state, as shown in Figure 15a. Under the light illumination, photo-generated electrons and
holes were generated in the p—p heterojunction. At the same time, the built-in electric field
generated between the heterojunctions inhibited the recombination of photo-generated
electron-hole pairs. Therefore, there were more photo-generated electrons and holes on the
surface of the material, which were able to react with oxygen to generate more adsorbed
oxygen ions.

vAy vAg
(a) nAir by (b) InVOCs Iy
e e ey e e il
CB = CB 3
5 B
€ € e e e Ohie e ceeee
2.01eV o g CB 201 eV 8% » CB
1.84 eV eV
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p-SmFeO; p-YFeO, p-SmFeO, p-YFeO,

Figure 15. Schematic diagram of the energy band of the SmFeO3/YFeO3 composite material (a) in air
and (b) VOC gases.

When the SmFeOs/YFeO3; nanomaterials were exposed to air, the oxygen molecules
in the air made full contact with the materials’ surfaces, capturing electrons in the materials’
conduction bands to form oxygen ions, as shown in Formulas (2)-(4). Due to the presence
of the electron-depletion layer, the sensor’s resistance in the air was relatively low.

When the SmFeO3/YFeOs sensors were in contact with the VOC gases, the gas
molecules reacted with the oxygen ions and released electrons, as shown in Formulas (5)—(7).
The electrons combated the holes in the materials, and the presence of electron-hole pairs
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reduced the hole density in the nanocomposites and broke the dynamic-carrier balance
between the SmFeO3; and YFeO3 materials. The hole transfer of the SmFeO3; and YFeOs
further reduced the thickness of the electron-depletion layer on the SmFeO; surface, so the
resistance of the SmFeO3/YFeOj3 sensor increased, as shown in Figure 15b. The dynamic-
response curves of the resistance (Figure 9) of the SmFeO3/YFeO3 sensor to the VOC gases
show that the sensor’s resistance increased after its contact with the VOC gases, confirming
the reliability of the sensing mechanism above.

4. Conclusions

In this study, SmFeO3;/YFeO; (e:f) nanocomposite materials with different propor-
tions were prepared using the sol-gel method. A planar electrode measuring 1.5 X 1 mm
was used to prepare the small-size planar-electrode sensor. The optimal working tem-
perature of the SmFeO3;/YFeOj3 (e:f) planar-electrode sensor was 120 °C. Additionally,
multi-wavelength light illumination improved the gas sensitivity of the sensor. Under
the 370-nanometer light illumination, the values of the responses of the SmFeOs/YFeOs
(0.4:0.6) sensor to 30 ppm of the ethanol, acetone, methanol, and formaldehyde gases were
163.59, 134.02, 111.637, and 18.60, respectively, which were 1.35, 1.28, 1.59, and 2.02 times,
respectively, those found in the dark. In addition, the gas-sensing mechanism of the sensor
was explained by analyzing the p—p heterojunction. This planar-electrode sensor, with its
small size, low operating temperature, and high gas-sensitivity-response value, has major
potential for future use a portable gas sensor to detect VOC gases and warn users about
potential dangers in unknown environments.
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