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During the detection of industrial hazardous gases, like formaldehyde (HCHO), the selectivity is still a challenging
issue. Herein, an alternative HCHO chemosensor that based on the tin oxide nanoparticles is proposed, which
was obtained through a facile hydrothermal method. Gas sensing performances showed that the optimal working
temperature located at only 180 °C, the response value of 79 via 50 ppm HCHO was much higher than that of 35
at 230 °C. However, the compromised test temperature was selected as 230 °C, taking into account the faster
response/recovery speeds than 180 °C, named 20/23versus 53/60 s, respectively. The response (35) of the SnO2

nanoparticles-based sensor to 50 ppm of HCHO is about 400% higher than that of bulk SnO2 sensor (9), especially
when the gas concentration is 1 ppm, SnO2 nanoparticles also has a higher sensitivity which may possibly result
from more exposed active sites and small size effect for nanoparticles than for bulk ones. The gas sensor based on
SnO2 nanoparticles can be utilized as a promising candidate for practical low-temperature detectors of HCHO due
to its higher gas response, excellent response–recovery properties, and perfect selectivity.

Introduction
Formaldehyde is a typical toxic gas in indoor air pollution,

which is often used in the manufacture of building plywood,

paint, and other decorative building materials [1, 2, 3]. Besides,

it is considered as a typical toxic chemical substance in envi-

ronmental monitoring and assessment, which endangers the

health and safety of humans and other creatures [4, 5, 6].

The most common symptoms associated with formaldehyde

exposure include eye, nose, and throat irritation, which occurs

when the air concentration is about 0.4–1 (ppm). High levels of

formaldehyde can even cause damage to the central nervous

system, blood, and immune system [7]. Therefore, it needs

real-time and effective formaldehyde monitoring methods to

prevent it from exceeding the dangerous threshold. Up to

now, many approaches have been applied to detect HCHO,

including spectrophotometry, gas chromatography, high-

performance liquid chromatography, polarography, and fluorim-

eter [8, 9, 10, 11, 12]. However, further practical applications are

limited by expensive instruments and time-consuming operation.

Semiconductor gas sensors have been confirmed as a reliable

candidate for HCHO detection. Many researchers have done

work on formaldehyde sensors based on different metal oxide

materials, such as shuttle-like ZnO nano/microrods [13, 14], Pd

nanoparticle-decorated hollow SnO2 nanofibers, and In2O3

hetero-nanofibers [15, 16].

Tin dioxide (SnO2) is a typical n-type semiconductor mate-

rial with a wide band gap of 3.6 eV. Nano-sized SnO2 has been

widely used in photocatalysis, solar cells, conductive transpar-

ent glass, and harmful gas detection [17, 18, 19, 20].

Semiconductor SnO2 has been widely used in the detection

of combustible and toxic gases such as alcohol [21], acetone

[22], butanone [23], and H2S [24]. Recently, SnO2 (SnO2 nano-

wires [25], SnO2 nanosheets [26, 27], SnO2 nanoflowers [28,

29]) with different micro/nanostructures were synthesized

and applied in the field of gas sensing. The sensing mechanism

of SnO2 mainly belongs to the surface-control gas reaction with

the target gas molecules reacting with adsorbed oxygen on the

surface [30]. It is determined by a lot of factors such as grain

size, surface states, and oxygen adsorption quantities [31]. As

the nanoparticles become smaller, the specific surface area of
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the nanomaterials increases significantly, and the surface

atomic ratio increases rapidly which can be in better contact

with gases. Because the valences of the atoms on the surface

of the nano atom are usually unsaturation, a lot of dangling

bonds will be formed on the surface, that is, lots of unpaired

electrons exist that are easy to bind more oxygen molecules

on the surface, so that the nanoparticles possess high surface

activity for the gas sensing reaction.

Currently, researchers remain committed to research how

to detect HCHO with high selectivity at relatively lower work-

ing temperature. In this paper,to give the classic gas-sensing

material a deeper insight between the structure and perfor-

mance, fine SnO2 nanoparticles were synthesized using a sim-

ple hydrothermal method. The as-prepared SnO2 nanoparticles

sensor showed excellent gas-sensing properties toward HCHO.

The sensor exhibits the highest response (79) to 50 ppm of

HCHO at 180 °C, has good selectivity for HCHO at a test tem-

perature of 230 °C, and also has good response at low concen-

tration, making it to be a promising candidate for practical

detectors for HCHO.

Results and Discussion
The phase purity and crystal structure of the as-synthesized

SnO2 nanoparticles and nanorods were investigated by X-ray

diffraction (XRD). Figure 1(b) illustrates the typical diffraction

patterns of (a) bulk SnO2 and (b) SnO2 nanoparticles. All the

peaks can be well indexed to the cassiterite SnO2 (PDF.

41-1445, a = b = 4.738 Å, c = 3.187 Å), space group P42/mnm

(136) [32, 33]. No characteristic peaks were observed for

other impurities, demonstrating the high purity of the

as-synthesized SnO2 nanoparticles and bulk SnO2.

Figure 2 shows the SEM image of SnO2 nanoparticles and

bulk SnO2. From Figs. 2(a) and 2(b), it can be seen that the

products are nanoparticles mixed with tiny nanosheets (red cir-

cle). The nanoparticles and nanosheets agglomerate due to the

small size. Figures 2(c) and 2(d) show the SEM images of bulk

SnO2. From Fig. 2(c), we can see that the bulk SnO2 are large

and nonuniform in size, and some of them are broken. It can

be clearly seen from Fig. 2(d) that the sample is formed by the

small nano-sized particles and the particles are closely packed

without void. Figure 3 shows the TEM images of SnO2 nano-

particles. From Figs. 3(a)–3(c), it can be seen that the product

is nanoparticles which mixed with a few nanosheets (red cir-

cle). The size of small nanoparticles is not more than 20 nm.

The HRTEM [Fig. 3(d)] of nanoparticles displays clear lattice

fringes with the spacing of 0.336 and 0.265 nm, which can be

attributed to the (110) and (101) lattice planes of SnO2. The

size of the two samples is quite different, so the specific surface

area of the material was calculated by the BET (Brunauer–

Emmett–Teller) method. As shown in Fig. 4, the BET surface

area of SnO2 nanoparticles (42.5 m2/g) is greater than bulk

SnO2 (31.1 m
2/g). Therefore, we suspect that the performance

of the gas-sensing properties of SnO2 nanoparticles would bet-

ter than SnO2 nanorods due to a larger specific surface area.

The optical properties of a semiconductor are related to

both intrinsic and extrinsic effects. The photoluminescence

(PL) spectrum is a suitable technique to determine the crystal-

line quality and the presence of impurities in the materials

as well as exciton fine structures [34]. PL spectrum of the

SnO2 nanoparticles and bulk SnO2 were measured using Xe

laser (325 nm) as an excitation source [Fig. 5(a)]. Both samples

display blue-green light emission peak from 430 to 490 m

and yellow-blue light emission peak near 560 nm. The blue-

green light luminescence from the as-synthesized SnO2 nano-

particles and bulk SnO2 can be attributed to oxygen-related

defects that have been introduced during growth. To further

prove the existence of oxygen vacancy, X-ray photoelectron

spectroscopy (XPS) characterization has provided; Fig. 5(b)

shows the survey date of SnO2 nanoparticles and bulk SnO2.

And in Fig. 5(c), O 1s core-level XPS spectrum of SnO2 nano-

particles and bulk SnO2: one peak at 530.21 eV is deemed as

the lattice oxygen (OL) from Sn–O–Sn, while the other one

located at 531.15 eV should be attributed to oxygen vacancy

Figure 1: (a) Schematic diagram of the sensor structure and (b) XRD of (a) bulk SnO2 and (b) SnO2 nanoparticles.

Article

▪
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch
▪

Vo
lu
m
e
35
▪

Is
su
e
16
▪

Au
g
28
,2
02
0
▪

w
w
w
.m
rs
.o
rg
/jm

r

© Materials Research Society 2020 cambridge.org/JMR 2209

http://www.mrs.org/jmr
http://www.cambridge.org/JMR


Figure 2: SEM images of (a and b)
SnO2 nanoparticles and (c and d)
bulk SnO2.

Figure 3: (a–c) TEM and (d) HRTEM
images of SnO2 nanoparticles.
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(OV) [35, 36]. The OV/OL ratio in SnO2 nanoparticles is 48:52,

which is much higher than that in bulk SnO2 (28:72). This

result further explains the formation of OV on SnO2

nanoparticles. The negative shifting of 0.2 eV can be seen

from the binding energy of Sn 3d5/2 (487.36 eV) and Sn 3d3/2
(495.71 eV) in the SnO2 nanoparticles in comparison to Sn

Figure 4: N2 adsorption–desorption isotherm with the BJH pore-size distribution of (a) SnO2 nanoparticles and (b) bulk SnO2.

Figure 5: (a) Photoluminescence spectra of (a) SnO2 nanoparticles and (b) bulk SnO2 at room temperature, λex = 325 nm; (b) the survey spectra of the samples; (c)
the XPS spectra of O 1s for SnO2 nanoparticles and bulk SnO2; and (d) the Sn core level (3d ) of the samples.
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3d5/2 (487.16 eV) and Sn 3d3/2 (495.51 eV) in the bulk SnO2

[Fig. 5(d)] [27]. Defects at metal oxide surfaces are believed to

significantly influence the surface properties, such as heteroge-

neous catalysis, corrosion inhibition, and gas sensing [37]. The

existence of oxygen vacancies may result in the adsorptions of

oxygen, and then enhance the gas response of the sensor.

Gas sensitivity

The operating temperature has a great impact on the response

behavior of gas sensors by changing the reaction kinetics of gas

molecule and oxygen adsorbed on the material surface [38]. To

find the best temperature of the material, the sensitivity of

SnO2 nanoparticles and bulk SnO2 to 50 ppm formaldehyde

at different temperatures were tested. Figure 6(a) shows that

the response of the two sensors increases at first and then

decreases with the change of working temperature in the tem-

perature range from 130 to 330 °C. For SnO2 nanoparticles,

when the temperature is lower than 180 °C, the oxygen adsorp-

tion rate is greater than the desorption rate. With the increase

of temperature, the molecular weight of oxygen adsorbed on

the surface of the gas-sensing material increases, and the sensi-

tivity of gas-sensing materials increases. When the temperature

reaches 180 °C, the adsorption–desorption rate reaches equilib-

rium and the sensitivity reaches the maximum. When the tem-

perature is higher than 180 °C, the oxygen adsorption rate is

weaker than the desorption rate, and the adsorbed oxygen mol-

ecules are desorbed, so the sensitivity decreases with the

increase of temperature. Similarly, for bulk SnO2 nanorods,

230 °C is the best working temperature. It is found that the

SnO2 nanoparticles sensor has a high response to the HCHO

of 50 ppm in the operating temperature range of 40 and

250 °C, and the maximum response is 79 at 180 °C. At the

same operating temperature, the response value of the SnO2

nanoparticles sensor is about nine times that of the bulk

SnO2. Even at the optimum operating temperature of 230 °C

for the bulk SnO2 sensor, the nanoparticles sensor still has a

high response to 50 ppm formaldehyde (35), which is about

four times higher than that of the bulk SnO2 sensor (9). For

nanoparticles, the best working temperature is 180 °C, but

from Fig. 6(b), the response–recovery time of nanoparticles is

close to 60 s at 180 °C, while the response time is 20 s and

recovery time is 23 s at 230 °C [Fig. 6(c)]. Thus, the operating

temperature of 230 °C was selected as the optimum operating

temperature for subsequent testing.

Figures 7(a) and 7(b) show the response–recovery curve

and the sensitivity curve of SnO2 nanoparticles to different

concentrations of formaldehyde at 230 °C. It can be seen

from Fig. 7(a) that the response value of the sample increases

rapidly with the injection of formaldehyde, and when formal-

dehyde is released, the voltage of the sample increases, and

the response value can immediately return to the initial

value. It is clearly evident that the curve exhibits a stepwise

change upon exposing the sensor to different concentrations

of formaldehyde. The response amplitude of the sensor

increases gradationally with increasing the gas concentration

from 1 to 500 ppm. It can be obtained from Fig. 7(b), the sen-

sitivity of SnO2 nanoparticles increases with the increase of

formaldehyde concentration, and the response to 1 ppm form-

aldehyde at 230 °C is 2.5, which can be used at low concentra-

tion. The gas response ( y) as a function of HCHO

concentration ranging from 1 to 500 ppm (x) was well fitted

by using the equation y = abx/(1 + bx), where a is the maxi-

mum adsorption amount, b is the adsorption constant, and x

is the gas concentration. This can be understood as the surface

coverage of adsorbed molecules followed the Langmuir iso-

therm model, and the specific equation is showed as fol-

lowed:y= 75.87×0.0138x/ (1+0.0138x), R2=0.988

At a lower concentration, the sensor exhibits a linear rela-

tion between the sensor response and the formaldehyde con-

centration. At higher concentration, the surface coverage

tends to saturate and, hence, leads to a saturation response.

Gas-sensing repeatability is the another important param-

eter to evaluate the gas-sensing ability of semiconductor mate-

rials. Therefore, the repeatability of the SnO2 nanoparticles gas

sensor was studied, and 50 ppm HCHO was tested for five

times under the same conditions. In Fig. 7(c), the response

time and the recovery time as well as the response values are

Figure 6: (a) Sensitivity of SnO2 nanoparticles and bulk SnO2 to 50 ppm formaldehyde under different test temperatures and (b and c) response–recovery curves of
the SnO2 nanoparticles sensor to 50 ppm formaldehyde at (a) 180 °C and (b) 230 °C.
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almost reproducible. The results show that the sensor has good

reversibility and repeatability for the detection of formalde-

hyde. The response of the sensor fully recovered to the pristine

level, after being exposed in HCHO and air atmosphere for sev-

eral cycles.

Gas selectivity is an important index to evaluate gas sensi-

tivity. To detect the selectivity of samples, the sensitivities of

SnO2 nanoparticles and bulk SnO2 to different 50 ppm gases

were tested at 230 °C. It can be seen from Fig. 7(d) that

SnO2 nanoparticles and bulk SnO2 nanorods have responses

to formaldehyde, ammonia, benzene, acetone, and ethanol,

and the response to formaldehyde is significantly higher than

that of other gases. The sensitivity (35) of the SnO2 nanoparti-

cles sensor to formaldehyde is about six times that of ethanol

(5.6), 15 times that of the other three gases, indicating that

the prepared SnO2 nanoparticles sensor has better selectivity.

The existence of oxygen defects in materials may increase the

total ionic potential of the material, resulting in a close connec-

tion between the material and the adsorbed oxygen molecules

(such as O2
- O2

−, O−, and O2−). Therefore, in equilibrium,

stronger Bronsted acid is needed to take away more adsorbed

oxygen. The acidity of formaldehyde is stronger than that of

ethanol and acetone (the pKa values of formaldehyde, ethanol,

and acetone are 13.27, 15.5, and 19.3, respectively) [39, 40].

Sensitive material is exposed to the target gas, formaldehyde

molecules can consume more adsorbed oxygen, resulting in a

higher response at relatively low temperatures. In the presence

of oxygen defects in materials, the corresponding defect site/s-

tate becomes the most favorable defect site/state for the adsorp-

tion of the target gas. In addition, each oxygen vacancy

provides two electrons, giving more electrons to SnO2 nanopar-

ticles, which is beneficial to the formation of adsorbed oxygen.

Once the sensor is exposed to reducing gas molecules, the latter

is oxidized by ionized oxygen species adsorbed on the surface,

resulting in higher resistance.

Stability is also an important factor for the gas sensor.

Good stability needs the reliability guarantee of the material.

Figure 8(a) shows gas-sensing stability of the SnO2 nanoparti-

cles sensor to 50 ppm formaldehyde. It can be seen that the

responses of the sensor had an acceptable change after a

pulse test for 42 days. Due to COVID-19, the test was inter-

rupted for a certain period of time. After a short pause, the sen-

sitivity of the sensor decreased, but in the subsequent tests, we

found that the decrease in sensitivity is lower, indicating good

Figure 7: Gas sensitive performance of the SnO2 nanoparticles sensor and the bulk SnO2 sensor at 230 °C: (a) the response–recovery curve of SnO2 nanoparticles,
(b) the sensitivity curve of the SnO2 nanoparticles sensor to different concentrations of formaldehyde, (c) repeatability of the SnO2 nanoparticles sensor to 50 ppm
formaldehyde, and (d) response values of the SnO2 nanoparticles and bulk SnO2 sensors to different gases (both gas concentrations are 50 ppm).
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stability of the sensor. Humidity is generally a significant influ-

ence on MOS chemiresistive sensors as the surface of metal

oxides is reactive to water. The fluctuating level of humidity

brings a challenge to the operation of MOS sensors in real-

world environments. To investigate the humidity effect of the

sensor materials developed in this study, SnO2 nanoparticles

was tested toward 50 ppm of formaldehyde under a wide

range of humidity, 30%–90% RH, as shown in Fig. 8(b).

Different RH exhibits a large influence on the sensing perfor-

mance, the sensor response manifests a decrease with the

increase of RH, which is due to the competitive adsorption

of water molecules on the surface of sensor materials.

However, the response still keeps at about 17 even under the

high humidity environment of 90%.

The comparison of the sensing performances of various

SnO2-based gas sensors toward formaldehyde and other sys-

tems are performed in Table 1. It was worth noting that the

sensor fabricated in this work exhibited better sensing perfor-

mance compared to that were reported in the references.

Obviously, the response of the SnO2 nanoparticles was much

higher than those of porous SnO2 nanospheres [41], porous

flower-like SnO2 [42], Tin oxide nanofibers [43], SnO2 nano-

wires [43], hollow SnO2 nanofibers [44], SnO2 microspheres

[15], and SnO2 nanosheets [45]. The gas-sensing response

enhancement may be attributed to a large specific surface

area and more active centers obtained from the enhanced oxy-

gen vacancy defects on the porous nanostructure as shown in

PL spectra.

The gas-sensing mechanism can be attributed to the resis-

tance change of gas-sensing materials caused by the adsorption

and desorption of gas molecules on the semiconductor surface.

When SnO2 nanoparticles are exposed to air, oxygen molecules

can capture electrons in the conduction band and form an elec-

tron depletion layer induced by chemisorbed oxygen (O2
−, O−

and O2−) on the surface, as illustrated in Fig. 9(a). The SnO2

nanoparticles sensor shows a very high resistance state (Ra)

in ambient air because the surface layer along the diameter

direction is completely depleted, which leads to the decrease

of charge carrier concentration. This process, shown in Fig. 9(a),

can be represented as follows:

O2(g) � O2(ads)
O2(ads) + e− � O−

2 (ads)
O−

2 (ads) + e− � 2O−(ads)

Once exposed to the reducing gas (HCHO in this paper),

the pre-adsorbed oxygen on the surface of SnO2 will react

with HCHO to form CO2 and H2O, which induces HCHO

to directly inject electrons into the conduction band of SnO2

Figure 8: (a) Long-term stability of the SnO2 nanoparticles sensor to 50 ppm formaldehyde and (b) sensor response of SnO2 nanoparticles upon exposure to
50 ppm of formaldehyde under different RHs at 230 °C.

Table 1: Comparison of the sensing performances of various SnO2-based gas sensors toward formaldehyde.

Materials Operating temperature (°C) Concentration (ppm) Resistance (Ra/Rg) Response/Recovery (s) Test system Reference

Porous SnO2 nanospheres 260 10 7.6 13/14 Built by themselves [41]
Porous flower-like SnO2 240 100 24.8 9/13 ART-2000A [42]
Tin oxide nanofibers 200 50 19.6 100/90 Built by themselves [43]
SnO2 nanowires 270 10 2.45 210/390 Labview© via GPIB [43]
Hollow SnO2 nanofibers 180 100 5.4 12/22 CGS-8 [44]
SnO2 microspheres 160 100 3.6 20/45 CGS-8 [15]
SnO2 microspheres 200 100 38.3 17/25 WS-30A [31]
SnO2 nanosheets 200 50 38 40/145 WS-30A [45]
SnO2 nanoparticles 230 50 35 20/23 WS-30A This work
SnO2 nanoparticles 180 50 79 53/60 WS-30A This work
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nanoparticles. Therefore, this process leads to a shrinking elec-

tron transport barrier and a reduced electron depletion barrier,

which greatly reduces the thickness of the depletion layer,

resulting in a low resistance state (Rg). As shown in Fig. 9(b),

the surface adsorption and redaction can be described as

follows:

HCHO(gas) � HCHO(ads)
HCHO(ads) + 2O−(ads) � CO2 + H2O(g) + 2e−

In addition to the grain size effect, the excellent HCHO

sensing properties of SnO2 nanoparticles, especially the high

responsiveness and fast reaction rate, can be attributed to the

large specific surface area (42.5 m2/g), which means that

more HCHO and oxygen molecules can be adsorbed on the

SnO2 surface.

Conclusion
In summary, the SnO2 nanoparticles are successfully synthe-

sized by a facile hydrothermal method. The size of SnO2 nano-

particles is not more than 20 nm, and the corresponding

specific surface area is 42.5 m2/g. Compared with the bulk

SnO2 sensor, the SnO2 nanoparticles sensor exhibits significantly

enhanced response toward HCHO. The response (35) of the

SnO2 nanoparticles sensor to 50 ppm HCHO is about 400%

higher than that of the SnO2 nanorods sensor (9). SnO2

nanoparticles also have a good response to formaldehyde of

low concentration, when the concentration is 1 ppm, the

sensitivity can reach 2.5. The gas sensor based on SnO2 nano-

particles is fabricated and exhibited high response, good

response–recovery properties, linear dependence, repeatability,

and selectivity toward HCHO at the operating temperature of

230 °C.

Experimental Sections
All the reagents (analytical-grade purity) were purchased from

Shanghai Chemical Reagent Co. Ltd. (Shanghai, China) and

were used without further purification. Deionizer water was

used throughout the experiments.

Material synthesis

SnO2 nanoparticles

In a typical synthesis, 1.1285 g of SnCl2⋅2H2O (5 mmol) and

2.941 g of trisodium citrate dihydrate (10 mmol) were dissolved

in the mixture of 15 mL of deionized water and 15 mL of ethyl-

ene glycol. Firstly, a clear solution was obtained after magnetic

stirring for 30 min. Then, the solution was transferred into a

Teflon-lined stainless-steel autoclave with a capacity of 40 mL

and maintained at 180 °C for 18 h. After cooling down to

room temperature, the precipitate was collected, centrifuged,

and washed several times with deionized water and absolute eth-

anol alternately, followed by drying at 80 °C for 12 h to obtain

the precursor. Finally, SnO2 nanoparticles were obtained by cal-

cination of the precursor at 500 °C for 2 h in air.

Bulk SnO2 contrast

A similar preparation procedure with nanoparticle except that tri-

sodium citrate dihydrate was replaced by 0.16 g NaOH (4 mmol).

Materials characterization

Powder XRD measurements were performed with a Bruker D8

ADVANCE X-ray diffractometer (Bruker AXS GmbH, Karlsruhe,

Germany) in a scanning range of 10–70° (2θ) at a rate of 0.03°

(2θ)/s with Cu Kα radiation. SEM (Hitachi SU5000,

Hitachi Limited, Tokyo, Japan), TEM and HRTEM (FEI

Tecnai G2 f20 s-twin, 200 KV, FEI Company, Portland,

Oregon, USA) were utilized for the investigation of the mor-

phology and structure of the prepared material. At room tem-

perature, PL measurements were performed on a Steady-State

and Transient State Fluorescence Spectrometer (HORIBA

TCSPC FluoroLog-3, HORIBA Jobin Yvon inc., Edison, New

Jersey, USA). X-ray photoelectron spectroscopy (XPS) was con-

ducted with Thermo Scientific ESCALAB 250Xi using Al Kα

X-ray monochromator(Waltham, Massachusetts, USA),

Nitrogen (N2) adsorption–desorption study was conducted

through Gemini V2380(Micromeritics, Atlanta, Georgia,USA).

The BET was used to determine the specific surface area and

the pore volume.

Figure 9: Schematic diagram of the pro-
posed gas-sensing mechanism of the
SnO2 nanoparticles-based sensor: (a) in
air and (b) in HCHO.
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Gas response test

Figure 1(a) shows a schematic diagram of the sensor structure.

As can be seen, a pair of Au electrodes is preprinted on both

sides of the alumina ceramic tube. The Ni–Cr wire heater in

the ceramic tube is used to control the working temperature of

the sensor. The side-heating gas sensor was made as follows:

first of all, the sample and adhesive were fully ground in an

agate mortar to form a gas-sensing paste. The paste was coated

on the alumina ceramic tube and 15 min was dried under IR

radiation afterward. Next, the alumina ceramic tube was sintered

at 500 °C for 2 h, and then welded to the pedestal. Finally, the

sensors were aged at 300 °C for 7 days to increase its stability.

Gas-sensing properties were measured by a WS-30A system

(Weisheng Instruments Co., Zhengzhou, China) under labora-

tory condition. The relative humidity of the test is about 30–

40%. The circuit voltage (Vc) was set at 5 V, and the output volt-

age (Vout) was set as the terminal voltage of the load resistor (RL).

The test gas was injected into a test chamber using a micro

syringe after the baseline of the sensor was stable. The desired

concentrations of the testing gas are obtained by the volume of

the analyte solution. The analyte solution was evaporated by an

evaporator. At the same time, two fans were installed to make

the gas homogeneous. The gas response of the sensor in this

paper was defined as S = Ra/Rg (reducing gases) or S = Rg/Ra (oxi-

dizing gases). The response or recovery time was expressed as the

time taken for the sensor output to reach 90% of its saturation

after applying or switching off the gas in a step function.
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