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Diethyl ether is a common industrial reagent and medical anesthetic. It is necessary to carry out real-time monitoring
of this molecule due to its harmful effects on human health. In this paper, a highly sensitive diethyl ether SnO; gas-sensing
material has been prepared by a sol-gel method. The gas sensitivity was tested by a home-made gas-sensing equipment. The
surface adsorption and reaction processes between the SnO, gas-sensing film and the diethyl ether have been studied by in
situ diffuse-reflectance Fourier-transform infrared spectroscopy (DRFT-IR) at different temperatures. The results show that the
SnO; gas-sensing material has high sensitivity to diethyl ether, and the lowest detection limit can reach 1 ppm. Furthermore,
ethyl (CH3zCH,e), oxoethyl (CH3CH;Oe), ethanol (CH3CH;OH), formaldehyde (HCHO), acetaldehyde (CH3CHO), ethylene
(CaH4), HO and CO; surface species are formed during diethyl ether adsorption at different temperatures. A possible mecha-

nism of the reaction process is discussed.
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1. Introduction

Diethyl ether is a common organic solvent
that is widely used in the fields of diesel en-
gines, agriculture, and food, chemical, biologi-
cal, pharmaceutical, and medical industries [1-4].
Due to its volatility, pungent odor, anesthetic ef-
fect, flammability, and explosive nature, diethyl
ether creates a great risk to human health and
safety. Prolonged inhalation of even low concen-
tration can lead to headache, dizziness, protein-
uria, disease of growth in quantity of red blood
cells and even death [5—7]. Consequently, the maxi-
mum permissible concentration-time-weighted av-
erage (PC-TWA) and permissible concentration-
short-term exposure limit (PC-STEL) for diethyl
ether are 300 mg/m?® (91 ppm) and 500 mg/m?
(151.1 ppm), respectively, in China [5]. Therefore,
it is necessary to carry out real-time monitoring of
this compound.
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To date, many methods have been devised for
the detection of diethyl ether at the ppm or ppb
level. Gas chromatography (GC) [8], GC/MS [9],
surface acoustic wave [10], gas test-tube [11],
chemiluminescence (CL) and cataluminescence
(CTL) methods [9, 12] have been used to detect
ppm and/or ppb grade diethyl ether. However, these
methods are associated with various disadvantages,
being either expensive, or time-consuming, requir-
ing complex experimental apparatus or large in-
strument volume, or involving toxic solvents or
reagents [8—12]. On the other hand, gas sensors
based on metal oxide semiconductors, like SnO,,
ZnO and Fe, O3 have attracted much attention due
to their unique features, such as low cost, high
sensitivity, fast response, relative simplicity and
portability [13—15].

It is well known that SnO; is widely used as a
gas-sensing material. Many literature reports [16—
21] have highlighted the excellent gas-sensing
properties of SnO,. For example, Ohgaki et al. [16]
reported that the sensitivities of a PLD-grown SnO,
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sensor to 1000 ppm NO, and 1 % H, were 2 and
1 at 350 °C, respectively. Liu et al. [17] reported
that the sensitivities of an SnO, sensor to 10 ppm,
20 ppm, 30 ppm, 40 ppm and 50 ppm ethanol
were 18.8, 33.3, 42.7, 51.8 and 60.5, respectively.
He et al. [18] reported that the sensitivities of a
porous SnO; nanotube sensor to 100 ppm ethanol
and acetone were 130 and 126 at 200 °C, respec-
tively. Wang et al. [19] reported that the sensitiv-
ity of an SnO; nanorod sensor to 1 ppm triethyl-
amine was 3.0 at 350 °C. Hyodo et al. [20] reported
that the sensitivity of a mesoporous SnO, sensor to
1000 ppm H; was 337 at 400 °C. Huang et al. [21]
reported that the sensitivity of an SnO, nanotube
sheet to 100 ppm H; was 16.5 at 450 °C.

To the best of our knowledge, there has been
no literature report on the sensing of diethyl ether
with SnO, gas-sensing material, although many re-
ports have been concerned with the sensing of di-
ethyl ether with other materials [22-28]. For ex-
ample, Wang et al. [22] studied the gas sensi-
tivity of a P(St-AM)@Ag sensor and found that
the gas sensitivity of about 3.12 was achieved at
16 °C. The lowest concentration detection limit
and the response/recovery times were not spec-
ified. Ren [23] studied the diethyl ether vapor-
sensing properties of Sn0,-0.005 % palladium as-
bestos, Sn0,-0.005 % CeO, and ZnO-0.05 % rare
earth oxide (REO) sensors. The results showed
that the gas sensitivities (Igﬂa) were 3.2, 0.33 and
170 respectively, at a diethyl ether concentration
of 0.05 %. Again, the lowest concentration detec-
tion limit and the response/recovery times were
not specified. Slobodian et al. [24] reported diethyl
ether vapor-sensing properties of various multi-
walled carbon nanotube (MWCNT)-based sensors,
specifically based on pure MWCNTs, oxidized
MWCNTs, and sonicated MWCNTSs. The gas sen-
sitivities ((Rg — Ry)/R4-100 %) were about 21 %,
28 % and 2.6 %, respectively, at 25 °C at a volume
concentration of 70.9 %. The response times were
90 s to 130 s and the recovery times were 200 s to
260 s. Ma et al. [25] studied the diethyl ether vapor-
sensing properties of an Ag/x-Fe, O3 based sensor.
The gas sensitivity was 3.0 at 260 °C and 100 ppm,
and the response and the recovery times were 5 s

and 6 s, respectively. Zhao et al. [26] reported di-
ethyl ether gas sensitivities of SiC films as 1.1 (at
50 ppm) and 1.3 (at 400 ppm) at 250 °C. Aizawa
et al. [27] reported diethyl ether gas sensitivity of
a PP-HMDSO film as 4.5. Gui et al. [28] reported
that the gas sensitivity of a Pd doped WOs3 sensor
to 2240 ppm diethyl ether was about 10.

In this study, SnO, gas-sensing material has
been prepared by sol-gel method and deployed
for sensing of diethyl ether vapor. The adsorption
and reactions on the SnO; gas-sensing film have
been studied by in situ diffuse reflectance Fourier-
transform infrared spectroscopy.

2. Experimental

2.1. Preparation and characterization of
nano-SnQ; powder

Nano-SnO, powder was prepared by a
sol-gel method. An aqueous solution of
SnCly (0.5 mol-L~!) was prepared by mixing
SnCly-5SH,O (10.6242 g) with distilled wa-
ter (60 mL). An NH3-H>,O aqueous solution
(3.5 mol-L~!) was added dropwise to the aqueous
solution under stirring at 50 °C to 60 °C, until
the pH value of 2 to 3 was reached. The obtained
solution was boiled at 55 °C for 2 h, during which
the solution slowly turned into a turbid colloidal
solution. After cooling down, the sol was collected
from the solution by filtration and washed several
times with distilled water and ethanol. After drying
at 80 °C for 12 h in a drying oven, the obtained
gel powders were ground in a mortar and calcined
in a muffle furnace at 500 °C for 2 h to obtain
nano-SnO, powders. The nano-SnO, powders
were examined by XRD and FESEM techniques.
The results of XRD and FESEM showed that the
nano-SnO; powders had crystalline rutile structure
consisting of spherical crystals with diameters
of approximately 10 nm to 20 nm. The detailed
characterization of nano-SnO; powder was given
in our previous paper [29].

2.2. Measurement of diethyl ether gas-
sensing properties

A gas-sensing paste was first obtained by grind-
ing. For this purpose, the prepared SnO, powder
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was mixed and ground with the appropriate amount
of organic solution, and ball-milled in an agate
mortar for 3 h. A screen-printing technique was
then used to print the paste onto an alumina sub-
strate with pre-printed Au interdigital electrodes.
Thereafter, the alumina substrate with the printed
SnO, paste (60.0 wt.% SnO», 21.24 wt.% terpineol,
10.62 wt.% butyl-carbitol-acetate, 3.54 wt.% di-n-
butyl phthalate, 2.4 wt.% ethylcellulose, 1.6 wt.%
Span 85, 0.4 wt.% butyrolactone, and 0.2 wt.% hy-
drogenated castor oil) were sintered at 550 °C for
3 h. Finally, the alumina substrate with the printed
SnO, gas-sensing material was aged at 250 °C for
3 days in air to enhance the gas-sensing stability.
The gas sensitivity of SnO, film to diethyl ether
was tested with our in-house-constructed equip-
ment. A high throughput test platform for charac-
terization of gas sensitivity was designed and estab-
lished in our laboratory. The test platform has the
advantages such as high throughput (36 test chan-
nels), large resistance measurement range (500 Q
to 100 MQ, and test error less than 5 %), accurate
temperature control (within 1 °C), and friendly in-
terface. The gas-sensing material testing platform
consisted of a computer, temperature control mod-
ule, gas path control module, signal conditioning
module, and test chamber. The detailed procedure
was described in the literature [30]. Gas sensitiv-
ity is defined in this paper as S = R,/R; [25, 31],
where R, and R, are the resistances of a sensor in
air and in a test gas, respectively.

2.3. In-situ DRFT-IR study

The adsorption and reactions of diethyl
ether on SnO, film were studied by in-situ
diffuse-reflectance  Fourier-transform  infrared
spectroscopy (DRFT-IR). All spectra were
recorded at 350 °C to 400 °C on a VERTEX
70 FT-IR Spectrometer (Bruker) equipped in a
liquid-nitrogen-cooled mercury cadmium telluride
detector in a range of 3800 cm ™! to 1000 cm ™! and
a diffuse-reflectance accessory containing an en-
vironment and temperature controlled reflectance
cell equipped with KBr windows. The spectra with
a resolution of 4 cm™~! were obtained by averaging
128 scans and analyzed using OPUS software.

Further details can be found in the literature [32].
A gas stream (30 mL-min~!) of 200 ppm diethyl
ether was introduced into the cell at 350 °C,
380 °C, or 400 °C, and the spectra were recorded
on the pre-treated sample. It should be pointed out
that oxygen existed in the 200 ppm diethyl ether
during the DRFT-IR test because the dry synthetic
air (20 % O+ 80 % N;) was used as the filling
gas of the diethyl ether. In addition, according
to [33], the initial auto-oxidation temperature of
diethyl ether was approximately 389 K and thermal
decomposition occurred under an oxygen atmo-
sphere at low temperature. The oxidation reaction
pathway of diethyl ether with oxygen was found to
occur in three stages: (1) absorption of oxygen and
generation of peroxide by diethyl ether; (2) free
radical generation by thermal decomposition and
(3) complex oxidation reaction by free radicals.
So, the catalytic reactions of diethyl ether on the
surface of SnO, and the thermal decomposition
reactions of diethyl ether in the measuring cell
existed during the DRFT-IR test. Independently
of the kind of reaction, the final reaction products
in an atmosphere containing oxygen, were CO,
and H,O. Therefore, the products identified by
the DRFT-IR spectra should be the comprehen-
sive products of catalytic reactions and thermal
decomposition reactions of diethyl ether.

3. Results and discussion

3.1. Gas-sensing properties of SnO, sen-
sor arrays

Fig. 1 shows a plot of the effect of operating
temperature on the gas sensitivity of SnO, sensor
to 200 ppm diethyl ether. The gas sensitivity in-
creases with increasing operating temperature, and
reaches a maximum value of 113.03 at 380 °C. This
phenomenon is very common and can be found in
many literature reports [32, 34, 35]. The reason
is that the adsorption mode of oxygen molecules
changes from physisorption at lower temperature
to chemisorption at higher temperature [32].

The amount of chemically adsorbed diethyl

ether increases with increasing of working tem-
perature from room temperature. The more
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Fig. 1. Effect of operating temperature on the gas sen-
sitivity of the SnO, sensor to 200 ppm diethyl

ether.
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Fig. 2. Gas sensitivity of the SnO, sensor vs. diethyl
ether concentration (1 ppm to 200 ppm) at
380 °C.

the chemically adsorbed diethyl ether, the more
negative oxygen ions consumed, the more free
electrons are produced, and the more the resis-
tance of the gas-sensing material decreases. So, the
gas sensitivity increases with the increase of work-
ing temperature. The adsorption reaches a dynamic
equilibrium of absorption-desorption at a certain
temperature (380 °C in the present case) because
the chemisorption is an exothermic reaction. If the
working temperature is increased further, the re-
actants begin to desorb in large quantities [32].

Hence, beyond 380 °C, the amount of absorbed di-
ethyl ether molecules will progressively decrease,
and the balance will move toward desorption, re-
sulting in a decreased gas sensitivity above this
temperature (Fig. 1). The reactions of adsorption
of O, and diethyl ether during this process may be
described as follows [36]:

0,(g) <= 0(ads) (1)

O, (ads) +e~ <= O, (ads) ()

0, (ads) + e~ <= 20" (ads) 3)
C,HsOC,Hs(ads) + 1207 (ads)

<= 5H,0+4CO; +12e~ “4)

Fig. 2 shows the relationship between the gas
sensitivity of the SnO; sensor and the concentra-
tion of diethyl ether. As shown in Fig. 2, the gas
sensitivity is dependent on the concentration of di-
ethyl ether from 1 ppm to 200 ppm, and increases
with the increase of the concentration at the opti-
mal operating temperature of 380 °C.

This phenomenon is also very common and can
be found in many literature reports [34, 37]. The
gas sensitivity of the SnO, sensor is 2.19 to 1 ppm
at 380 °C, and increases to 113.03 to 200 ppm at
380 °C. That is to say, the lowest detection limit of
the SnO; sensor to diethyl ether can reach 1 ppm,
which meets the demand for real-time monitor-
ing of this molecule [5]. The high gas sensitiv-
ity of the SnO, sensor may be related to its large
specific surface area of 51.6819 mz-g*1 [29]. As
an n-type semiconductor, the SnO, surface forms
an electron depletion layer when negative oxygen
ions are adsorbed thereon at the working tempera-
ture. This increases the surface potential barrier and
the resistance. When diethyl ether molecules reach
the gas-sensing material surface, the adsorbed neg-
ative oxygen ions are consumed and free electrons
are produced. Hence, the resistance of the material
is reduced. In the absence of diethyl ether, the re-
sistance is recovered. The change in resistance thus
provides a sensitive means of detection.
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Fig. 3. Response and recovery curve of the SnO; sen-
sor to 200 ppm diethyl ether at 380 °C (Inset:
corresponding curve at 1 ppm diethyl ether).

In addition, the response and the recovery times
of the SnO, sensor to 1 ppm and 200 ppm diethyl
ether are illustrated in Fig. 3. From Fig. 3, it can
be seen that these parameters are 35 s and 125 s,
respectively, at 1ppm diethyl ether, and 46 s and
63 s at 200 ppm diethyl ether, respectively.

3.2. In-situ DRFT-IR study

Fig. 4 to Fig. 6 show the DRFT-IR spectra ob-
tained at different temperatures (350 °C, 380 °C,
and 400 °C) at 200 ppm of diethyl ether. The IR as-
signments of diethyl ether adsorption on the SnO,
film and thermal decomposition of ethyl ether at
different temperatures are given in Table 1 [38-53].

Fig. 4 shows the DRFT-IR spectra of 200 ppm
diethyl ether adsorption on SnO; film and thermal
decomposition of ethyl ether at 350 °C. The
absorption peaks at v = 3768 cm~!, 3586 cm™!
are the stretching vibration of H,O molecule
v(H,0); that at v = 2356 cm™' is a stretching
vibration of CO,, the intensity of CO,; peak
after 10 min is higher than that after 3 min. It
indicates that the production of CO, progres-
sively increased. And those at v = 1768 cm™!,
1715 cm™! can be assigned as a C=0 stretching
vibration Vv(C=0) of aldehyde (HCHO or
CH3CHO). The absorption band at v = 1681 cm™!
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Fig. 4. DRFT-IR spectra of 200 ppm diethyl ether ad-
sorption on an SnO; film and thermal decompo-
sition of ethyl ether at 350 °C: (a) 4 000 cm ! to
2000 cm™!, (b) 2000 cm™! to 1 000 cm ™.

is a C=C stretching vibration v(C=C). The
band at v = 1550 cm™~! is the deformation vi-
bration of a H,O molecule 6(H,0O). And those
at v = 1481 cm™! and 1390 cm™! are CH,,
CH;3 deformation vibrations &(CH;), &(CHjs),
respectively. These bands can be attributed to
the intermediate products ethyl (CH3CHje)
and oxoethyl (CH3CH;QOe). The absorption
peaks at v = 1437 cm™! and 1314 cm™! are
deformation vibrations 8(CH;) and &(CH) of
ethylene (C;H4) molecule, and this means that
C,H4 has been produced. That at v = 1334 cm™!
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Table 1. IR assignments of diethyl ether adsorption on an SnO; film and thermal decomposition of ethyl ether at

different temperatures.

Surface species Wave number Wave number Wave number Literature
[em~!] (350 °C) [em~1] (380 °C) [cm™!] (400 °C)
v(H,0) 3768/3586 3768/3563/3210 3769/3513 [38]
v(CO,) 2356 2347 2347 [39]
v(C=0) 1768/1715 1781/1723 1760/1710 [40]
v(C=C) 1681 1647 1649 [40, 41]
5(H,0) 1550 3642/1591 1586 [42—44]
8a(CHy) 1481 1490 1523 [45-49]
5p(CH,) 1437 1409 1467 [45-49]
5(-CH3) 1390 1386 1372 [42, 43]
v(C-CHO) 1334 1462 1426 [42, 43]
5(OH) - 1336 1329 [42, 43]
S5(CH) 1314 1293 1218 [50, 51]
v(C-0-C) 1147 1147 1164 [41]
v(C-C) 1066 1052 1091 [50-52]
v(C-0) - 1026 1040 [45, 53]
Note:

8a(CH;): CH3CH,e/CH3CH;,0e
5b(CH2) ZCH2 :CH2

is a C-CHO stretching vibration v(C-CHO),
and it suggests that HCHO and CH3CHO have
been produced [9, 48-54]. The absorption peak at
v = 1147 cm~! is a C—-O-C stretching vibration
v(C-0O-C) of diethyl ether, and this means that
diethyl ether molecule has been absorbed on the
surface. And that at v = 1066 cm~! is a C-C
stretching vibration v(C-C).

Possible equations describing the process may
be written as follows [54]:

CH3 CHzOCHQCHg (g) — CH3CH20CH2CH3 (ads)

&)

CH;3;CH,OCH,CHj;(ads) + SnO,
— CH3CH; e +CH3CH,0O e +Sn0O, (6)
CH;CH,e — C,H, +He (7
CH3;CH,;0e — CH3CHO + He (8)
CH3;CH,;0e — HCHO + CH3ze 9
C,Hys +60" — 2H,O+2CO, + 6e™ (10)

CH3CHO+ 50" — 2H,0+42C0O, +5¢~ (11)

HCHO +20™ — H,O0+CO;, +2e™ 12)

Fig. 5 shows DRFT-IR spectra of 200 ppm
diethyl ether adsorption on the SnO, film and
thermal decomposition of ethyl ether at the
optimal temperature of 380 °C. Compared to
Fig. 4, the peak intensities of CO, are enhanced
and some new peaks are apparent. The peaks
at v = 3768 cm™!, 3563 cm~! and 3210 cm™!
are the stretching vibration of H,O molecule
v(H,0), those at v = 3642 cm~! and 1591 cm™!
are the deformation vibration of H,O molecule
5(H,0). And that at v = 2347 cm™! is a CO,
stretching vibration v(CO;). The intensity of the
CO, peak after 10 min, at 380 °C, is also higher
than that after 3 min. The absorption peaks at v =
1781 cm~! and 1723 cm~! are C=0 stretching
vibration v(C=0) of an aldehyde (HCHO or
CH3;CHO). And that at v = 1647 cm™! is a
C=C stretching vibration v(C=C). The peaks
at v = 1490 cm~! and 1386 cm~! are the CH,,
CH3 deformation vibrations &(CH;), &(CHj3),
respectively. These features can be attributed to the
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Fig. 5. DRFT-IR spectra of 200 ppm diethyl ether ad-
sorption on an SnO; film and thermal decompo-
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2 000 cm™ L, (b) 2000 cm~! to 1 000 cm~!.

intermediate products ethyl (CH3CH,®) and
oxoethyl (CH3CH,O¢). And those at v
1409 cm™! and 1293 cm™! are deformation
vibrations 8(CH;) and 8(CH) of ethylene (CyHy)
molecule. The absorption band at v = 1462 cm™!
is a C—CHO stretching vibration v(C—CHO). That
at v = 1147 cm~! is a C-O—C stretching vibration
v(C-0O-C) of diethyl ether. The absorption peak
at v = 1052 cm~! is a C—C stretching vibration
v(C-C). And that at v = 1026 cm~! is C-O
stretching vibration Vv(C-0O). New absorption

peaks, compared to Fig. 4, that appear at v =
1026 cm™! comprise a C—O stretching vibration
v(C-0), at v = 3210 cm~! and 1336 cm™! OH
stretching vibration and deformation vibration
v(O-H), 6(0O-H), respectively. The peaks at v =
1386 cm™! and 1336 cm™! are the functional
group —CH3’s characteristic absorption of ethyl
alcohol molecule.
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Fig. 6. DRFT-IR spectra of 200 ppm diethyl ether ad-
sorption on an SnO; film and thermal decompo-
sition of ethyl ether at 400 °C: (a) 4 000 cm ! to
2000 cm™!, (b) 2000 cm™! to 1 000 cm™!.

Fig. 6 shows DRFT-IR spectra of 200 ppm
diethyl ether adsorption on the SnO, film and
thermal decomposition of ethyl ether at 400 °C.
The bands at v = 3769 cm™! and 3513 cm™!,
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1586 cm™! are the stretching and deformation
vibrations of H,O molecule v(H,O) and 6(H,0).
That at v = 2347 cm™! is a CO, stretching
vibration v(CO;). The absorption peaks at v =
1760 cm~!, 1710 cm ™! are C=0 stretching vibra-
tion v(C=0) of aldehyde (HCHO or CH3CHO).
That at v = 1649 cm~! is C=C stretching vibra-
tion v(C=C). And those at v = 1523 cm~! and
1372 cm~! are the CH,, CH3 deformation vibra-
tions 5(CH,), 6(CH3) of the intermediate products
ethyl(CH3CH,*) and oxoethyl (CH3CH,O¢). The
bands at v = 1467 cm~! and 1218 cm™! are de-
formation vibration 6(CH;) and 6(CH) of ethylene
(C,H4) molecule, these features can all be assigned
to the intermediate product C,Hy. That at v =
1426 cm~!' is a C-CHO stretching vibration
v(C-CHO), and it indicates that HCHO
and CH3CHO have been produced. And
those at v = 1091 cm™' and 1329 cm™!
are C-C and O-H stretching vibration
and deformation vibration v(C-C) and
5(0-H). The absorption peak at v = 1164 cm™!
is a C-O-C stretching vibration v(C-O-C) of
diethyl ether. And that at v = 1040 cm™! is a C-O
stretching vibration v(C-0).

A possible reaction mechanism of diethyl ether
at 380 °C and 400 °C may be written using equa-
tion 5 to equation 12 as well as the following [54]:

CH3 CHZOCHzCH:; (ads) + SIlOz

— CH3CH,OH + C,H4 + SnO, (13)
CH;CH,OH+ 60~ — 3H,0+2CO; + 6e™
(14)

Fig. 7 shows DRFT-IR spectra of 200 ppm di-
ethyl ether adsorption on the SnO; film and ther-
mal decomposition of ethyl ether after 10 min at
different temperatures. From Fig. 7, it can be seen
that the CO, peaks at 380 °C are more intense
than at 350 °C or 400 °C, the absorption peak
at 380 °C near v = 1026 cm™ !, attributable to
(C-0) of ethanol, is most intense at 380 °C, im-
plying more ethanol production at this temperature.
The bands attributable to (C—C) of CH3CHj* and
CH;3CH,0Oe are also more intense at 380 °C than
at 350 °C or 400 °C. This result is consistent with
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Fig. 7. DRFT-IR spectra of 200 ppm diethyl ether ad-
sorption on an SnO; film and thermal decom-
position of ethyl ether after 10 min at different
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0:(ads)

= T _Ou(ads)
Loy
CH:CH3(g) CH:CH3(ads) Ox(ads) it
O2(ads)
Fig. 8. Mechanism of diethyl ether adsorption and re-

actions on an SnO; film including partial ther-
mal decomposition of ethyl ether and oxidation
of decomposition products.
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the change in the gas-sensing properties (Fig. 1),
that is, the maximum amount of CO; is produced at
380 °C due to maximum diethyl ether absorption,
and the gas sensitivity at 380 °C is accordingly the
highest.

Based on the products identified by the DRFT-
IR spectra under our experimental conditions
(Fig. 4 to Fig. 6), we can speculate that when
the SnO, film was exposed to diethyl ether, the
molecules were initially adsorbed on its surface.
The absorbed diethyl ether molecules then de-
composed and generated intermediate products
CH3CH2‘, CH3CH20‘, CH3CH20H and C2H4.
These CH3CH, and CH3CH,Oe reacted further to
produce C;H4, HCHO, and CH3CHO. These inter-
mediate products could further react with the oxy-
gen anions on the surface generating H,O and CO,
as the reaction time increased from 3 min to 10 min.
Thus, a simplified reaction scheme of diethyl ether
molecules on the SnO, film including partial ther-
mal decomposition of ethyl ether and the oxidation
of decomposition products under our experimental
conditions, as shown in Fig. 8, may be proposed.
The reaction path is the same as that in literature
reports [9, 33, 54, 55].

4. Conclusions

An SnO, diethyl ether gas sensor has been
successfully fabricated by a screen-printing tech-
nique based on SnO, powder prepared by a sol-
gel method. The gas sensitivity of the obtained
SnO, sensor to 1 ppm and 200 ppm diethyl ether
reached 2.19 and 113.03 at 380 °C, respectively.
The results of DRFT-IR spectra revealed that ethyl
(CH3CHae), oxoethyl (CH3CH;,0e), CH3CH,OH,
HCHO, CH3CHO, C,H4, H,O, CO3, and molec-
ularly adsorbed diethyl ether surface species were
formed during the interaction of diethyl ether with
the SnO; film and thermal decomposition of ethyl
ether at different temperatures. The mechanism of
the reaction process may promote the development
of improved gas sensors for diethyl ether, which
may offer ultra-high detection capabilities for such
organic molecules.
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