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The SnO,/Al,03/Pd and SnO»/Al,03/Nb,Os/SiO» thick film sen-
sors were fabricated by screen printing and dipping methods, and
their sensing characteristics to CH3CN gas were investigated. The
oxidation products of CH3CN on the thick film were analyzed
by FT-IR using a heatable gas cell. For the SnO,/Al,03/Pd thick
film, metallic Pd played a great role as a co-catalyst for the oxida-
tion of CH3CN. The IR results showed that the products formed
by oxidation of CH3CN at 300°C on the SnO,/Al,03/Nb,Os5 thick
film without SiO, were mainly CO,, H,0O, and NHs, while on the
Sn0,/Al;03/Nb20s/SiO; thick film products such as CO2, H20, N0,
HNO3, and HNO, were observed. The thick film devices contain-
ing SiO, showed high selectivity and negative sensitivity to CH3CN
due to the presence of nitrogen compounds produced by oxidation
of CH3CN. The optimum amount of Nb,Os and operating temper-
ature were 1.0 wt% and 300°C, respectively.  © 2000 Academic Press

INTRODUCTION

Several commercial gas sensors make use of SnO; sens-
ing elements. Gas sensors detecting a trace amount of the
gases have applied to processes in the chemical, pharma-
ceutic, and fermentation industries to control the amount
of the harmful wastes discharged from the plants, the explo-
sion of the combustible gases and incomplete combustion,
exhaust gases from automobiles, and testing in the clinics.
The sensors show many advantages over optical or electro-
chemical sensors. The main advantages are their low cost,
low consumption of electrical power, and high sensitivity.

The phenomenon of electrical conductivity changes in-
duced in semiconducting materials by adsorption of gases
on the solid surface is increasingly being used as a means of
flammable and toxic gas detection. The working mechanism
of thick film and sintered gas sensors is based on the buildup
of Schottky barriers between adjacent grains caused by the
ionosorbed oxygen (1).

Semiconductor gas sensors using SnO; and ZnO have
been studied extensively since they were proposed by
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Seiyama et al. (2). Successively, several research laborato-
ries worked with the aim of developing new devices. The
recent research on flammable gas sensors has concentrated
on SnO; in the form of thick film and sintered ceramics
(3-5).

However, sensors should be improved due to alack of sta-
bility and a poor selectivity. The addition of small amounts
of additives is known to provide better sensitivity and se-
lectivity (6, 7). An improvement of the selectivity of sensors
besed on SnO; is generally obtained by adding some spe-
cific catalysts such as Pd or Pt for heavy combustible gases
(8-10), CeO; for hydrogen (11), and ThO, for CO (12).

In this work, we have developed a SnO,-based sensor for
the detection of acetonitrile gas, which is known to be a
poisonous chemical at low levels in air. The sensing charac-
teristics of a SnO,-based sensor to acetonitrile were studied
by FT-IR analyses of gaseous species produced by oxidation
of CH3CN on the sensor surface.

EXPERIMENTAL

Al,O3 (10.0 Wt%) and NbyOs (0.2—2.0 Wt%) [OI’ PdCl,
(0-5.0 wt%)] were mechanically mixed with the base ma-
terial, SnO,, followed by calcination in air at 600°C for
1h. Al,O3, Nb,Os, ShO,, and PdCl, were obtained from
Aldrich, Milwaukee, W1, where the purity of the samples
was 99.9%. Al,O3; was used to improve the stability of the
fabricated sensor and to give a strong cohesion between
the thick film and alumina substrate. The calcined sample
was ground and then mixed with water to prepare a paste.
The paste was screen-printed onto an alumina substrate
and then dipped into tetraethylorthosilicate solution fol-
lowed by sintering in air at 700°C for 1 h. Figure 1 shows
the fabrication process of the thick film sensor. The sensor
sensitivity was measured in a stainless steel box equipped
with a heater, as described in a preceding publication (13).

The sensitivity is defined as Ry/ Ry, where Rg and Ry are
the electric resistances in fresh air and in the test gas, re-
spectively. The products formed by the oxidation reaction of
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FIG. 1. Fabrication flow chart of a thick film sensor.

CH3CN on the sensor surface were analyzed by a Mattson
Model GL 6030E FT-IR spectrometer using a heatable IR
gas cell. FT-IR absorption spectra were measured over the
range of 4000-400 cm™2.

X-ray photoelectron spectra were obtained with a VG
Scientific model ESCALAB MK-11 spectrometer. Al Ko
and Mg Ko were used as the excitation source, usually at
12 kV, 20 mA. The analysis chamber was at 10~° Torr or
better, and the spectra of the sample, as fine powder, were
analyzed. Binding energies were referenced to the Cys level
of the carbon at 284.6 eV.

X-ray diffraction patterns of samples were obtained by
means of a JEOL model JDX-8030 diffractometer, employ-
ing Cu Ko (Ni-filtered) radiation. The specific surface area
was determined by applying the BET method to the ad-
sorption of N, at —196°C.

RESULTS AND DISCUSSION

The optimum base material was selected based on the
decomposition temperature of CH3CN on the surface of

TABLE 1

Decomposition Temperature of CH3CN on Metal Oxides
and Their Specific Surface Area

Decomposition

Metal oxide Type temperature (°C) Surface area (m?/g)
SnO; n 130 5.0
WO, n 150 4.4
CoO p 200-220 45
TiO; n 230 6.1
Fe,Os n 250 3.0
ZnO n >300 48

various metal oxides and on the FT-IR analyses of the
decomposed products. The decomposition temperature of
CH3CN is defined as the temperature at which the decom-
posed products are observed in the IR spectra after the
reaction for 0.5 h. The decomposition reaction was carried
out in a heatable gas IR cell under the condition of 20 Torr
CH3CN and 500 Torr air, where 16-20 Torr CH3CN was
the most appropriate to observe the IR spectrain a gas cell.
The decomposition temperature of CH3CN on metal oxides
and their surface areas are listed in Table 1. On the surface
of SnO,, CH3CN began to decompose at 130°C and many
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FIG. 2. X-ray diffraction patterns of SnO,/Al,03/Nb,Os and SnO,/
Al,03/Nb,0s/SiO; calcined at 700°C for 1 h: @, tetragonal phase of SnOy;
O, a-Al,O3 phase.
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products were produced at 300°C. The products from the
decomposition reaction were H,O, NH3, CO,, and N,O. The
easiness of decomposition on the surfaces of metal oxides
falls in the following sequence:

SnO,; > WO3 > CoO > T|02 > Fe, 03 > ZnO.

The crystalline structures of SnO,/Al,O3/Nb,Os and
SnO,/Al,03/N,Os/SiO; sintered in air at 700°C for 1 h were
examined. As shown in Fig. 2, for both samples only the
tetragonal phase of SnO, and «-Al,O3; phase were ob-
served. The crystalline phases of Nb,Os and SiO, did not
appear, indicating that they are amorphous or the crystal-
lites formed are less than 4 nm in size, that is, beyond the
detection capability of the XRD technique (14).

Figure 3 shows the IR spectra of CH3CN (16 Torr) and
the oxidation products of CH3CN on SnO; and CoO thick
films under the condition of 16 Torr CH3CN and 16 Torr

CH:CN vapor
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FIG. 3. Infrared spectra of CH3;CN and the oxidation reaction prod-
ucts of CH3CN on SnO, and CoO thick films.
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FIG. 4. Infrared spectra after an oxidation reaction of CH3;CN on

SnO,/Al,O3/Pd (0.2 wt%) at various temperatures.

air at 300°C for 0.5 h. For pure CH3CN, the bands at 2967
and 2940 cm ! are assigned to the CH3 stretching vibration
mode, while those at 1444 and 1381 cm~ are ascribed to the
CHsdeformation (15). The bands at 2299 and 2260 cm ™ are
assigned to the CN stretching vibration. However, on the
SnOg, the bands due to NH3 and CO, in addition to CH3CN
were observed as shown in Fig. 3. The bands at 3414, 1624,
964, and 930 cm™~! are ascribed to the NHj3, while those at
3723, 3635, 2361, and 667 cm™! are due to the CO, (16).
Oxidation of CH3CN on SnO, seems to proceed by the
following reaction:

CH3CN + 20, = NH3 + 2CO,. [1]
On CoO, the bands due to CO, were observed similarly to
the case of SnO,, but the bands due to NH3 did not appear.
Instead of NH3 bands, those due to N,O and H,O were
observed. The bands at 2238 and 2211 cm~* (doublet) and
1300 and 1273 cm~* (doublet) are ascribed to the N,O (16),
while those at 3459 and 1624 cm~! are due to the H,0. N,O
and H,0O seem to form by the oxidation of NH3 produced
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by Eq. (1) as follows:
2NH3 + 20, = N,O + 3H,0. [2]

Figure 4 shows infrared spectra of gases produced by ox-
idation of CH3CN on SnO,/Al,O3/Pd (0.2 wt%) at vari-
ous temperatures for 20 min, where the concentrations of
CH3CN and air are 20 and 300 Torr, respectively. In the
range of 140-200°C, no bands except for CH3CN were ob-
served, indicating that the oxidation of CH3CN did not oc-
cur. However, at 240°C, bands due to CO; (2361 cm™2)
and NHs (964 and 930 cm™'), appeared, indicating that
the oxidation reaction occurred according to Eqg. [1]. At
300°C, as shown in Fig. 4, most of the CH3CN was oxidized
and the bands due to N,O (2238 and 2211 cm~1) and H,O
(1624 cm™1) appeared as a result of the oxidation of NH;
produced by Eq. [1] according to Eq. [2].

It is well known that Pd is a very active catalyst for a
variety of oxidation reactions (17, 18). The oxidation state
of Pd in a SnO,/Al,O3/Pd thick film sintered at 700°C for
1h was examined by XPS of Pd 3d. As shown in Fig. 5,
the oxidation states of Pd were 4+, 2+, and 0 with the rel-
ative ratio of 56:29:15. The major oxidation state of Pd
was 2+ with a relative content of 56% and the existence of

342 340 338 336 334 332 330 328

Binding energy, eV

Centre FWHM Height Area
Peak

(eV) (eV) (%) (%)
pd* 3377 1.56 55 29
pd* 336.2 1.92 87 56
pd’ 334.8 1.70 26 15

FIG.5. Pd 3d XPS of SnO,/Al,O3/Pd (0.2 wt%) sintered at 700°C.
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FIG. 6. Sensitivity of the SnO,/Al,O3/Pd (0.2 wt%) thick film device
to CH3CN at various operating temperatures.

metallic Pd was confirmed as shown in Fig. 5. Yamazoe and
co-workers also proved the presence of metallic Pd parti-
cles in their SnO; sintered at 600°C by X-ray diffraction
analyses (19). PdCI, seems to decompose into metallic Pd,
which is mainly oxidized to PdO in air below 650°C. At
higher temperature, PdO seems to undergo further oxida-
tion to PdO.. In the case of SNO,/Al,O4/Pd it seems likely
that metallic Pd plays a significant role as a co-catalyst for
the oxidation of CH3;CN.

The addition of small amounts of additives is known to
provide better sensitivity (1, 6, 20). Al,O3 was added to im-
prove the stability of the sensor and the adhesion between
the sensor and alumina substrate. The addition of Al,O3
(10 wt%) increased the sensitivity to CH3CN. We examined
the dependence of the Pd level (0-5.0 wt%) on the sensitiv-
ity of the SnO2/Al,O3/Pd sensor when the concentration of
CH3CN was 170 ppm. The devices gave the highest sensitiv-
ity at 0.2 wt% Pd, and the optimum operating temperature
was 300°C as shown in Fig. 6.

Figure 7 shows IR spectra of oxidation products of
CH3CN on SnOZ/AI203/Nb205 and SnOZ/A|203/Nb205/
SiO, at 300°C for 0.5 h. On SnO,/Al,03/Nb,Os, the bands
(3723, 3635, 2361, and 667 cm 1) due to CO, and the bands
(3414, 3334, 964, and 930 cm~1) due to NH; were observed
similarly to the case of SnO; in Fig. 3. However, on a
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FIG.7. Infrared spectra after oxidation reaction of CH3CN on

(a) SnOzlAI203/Nb205 and (b) SnOZ/AI203/N sz5/SiOz at 300°C for0.5h.

SnO,/Al,03/Nb,Os5/SiO; thick film, N,O bands instead of
NH3 bands appeared at 2238, 2211, and 1300 cm™! (16).
Also, the bands due to the formation of nitrate or nitrite
ions were observed at 1381 and 1358 cm~* (16). N,O also
seems to form by the oxidation of NH3 produced by Eq. [1]
according to Eq. [2]. Also, for the IR absorption bands due
to nitrate and nitrite groups, the following reaction is as-
sumed to occur (21):

2NO; + H,0 = HNO; + HNO,. [3]

Oxidation of CH3CN on a SnO,/Al,03/Nb,Os thick film
produced NHg, as shown in Fig. 7. NH3 oxidation was car-
ried out in a gas cell to examine the behavior of NHj3
produced on the thick film, where the concentrations of
NH; and air were 20 and 300 Torr, respectively. The re-
sults are illustrated in Fig. 8. After reaction of NH3; on
SnO,/Al;03/Nb,Os at 300°C for 1h, other products ex-
cept NH3 were not detected, while at 350°C the bands of
H,0 (3450 and 1624 cm~1) and N,O (2238 and 2211 cm™1,
doublet, and 1300 and 1273 cm™!, doublet) appeared.
These results indicate that NH3 is oxidized by Eqg. [2] and
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FIG. 8. Infrared spectra after an oxidation reaction of NH;z on (a, b)

SnO/Al;03/Nb,;Os and (c) SnO,/Al,03/Nb,Os/SiO,.

the reaction occurs to a greater extent at 350°C than at
300°C. On the other hand, oxidation of NH3 on SnO,/
Al;0O3/Nb,0O5/SiO, proceeded very easily, even at 300°C,
as shown in Fig. 8c. Considering that the operating temper-
ature of the sensor is 300°C, it is expected that the addition
of SiO; has a significant effect on the characteristics and
sensing selectivity of a SnO,/Al,03/Nb,Os sensor.

Specific surface areas of some samples are listed in
Table 2. The surface area of SnO,/Al,O3/Nb,Os/SiOs is re-
markably large compared to those of the other samples. It

TABLE 2

Specific Surface Areas of Some Samples

Sample Surface area (m?/g)
SnO, 5.0
SnO,/Al,O3/Pd 10.5
SnOzlAI203/szO5 22.0
SnOzlAI203/Nb205/SiOZ 84.6
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FIG. 9. Infrared spectra after an oxidation reaction of CH3CN on
SnO,/Al,O3/Nb,Os/SiO; at various temperatures for 0.5 h.

seems likely that the surface area also influences the sensing
characteristics of the sensor.

Figure 9 shows infrared spectra of gases obtained by ox-
idation of CH3CN on SnO,/Al,O3/Nb,Os/SiO, at various
temperatures for 0.5 h, where the concentrations of CH3;CN
and air are 20 and 300 Torr, respectively. From room tem-
perature to 160°C, no bands except for CH3CN were ob-
served, indicating that oxidation of CH3CN did not occur.
At 240°C, bands due to CO, (2361 cm™1), N,O (2238 and
2211 cm~1), HNO3 (1381 cm™1), and HNO, (1358 cm™2) ap-
peared and their intensities increased with reaction temper-
ature asshown in Fig. 9. Itis known that NH3, CO,, and H,O
increase the electric conductivity of a sensor, while N,O,
HNO3, and HNO; decrease the conductivity (13). In view
of Figs. 7 and 9, the products formed by oxidation of CH3;CN
at 300°C on the SnO,/Al,O3/Nb,Os thick film were mainly
CO,, H,0, and NHs, while on the SnOQ/A|203/Nb205/Si02
thick film products such as CO,, H,0O, N,O, HNO3;, and
HNO3; were observed. Namely, the catalytic activity and

selectivity of the above two thick films for the oxidation
of CH3CN are very different. These results explain why
SnO,/Al,03/Nb,O5/SiO; thick film devices show high se-
lectivity and negative sensitivity to CH3CN. It is clear that
the SiO, component plays a great role in determining the
detection limit of the sensor.

We examined the dependence of the Nb,Os level (0.2—
2.0 wt%) on the sensitivity of the SnO,/Al,03/Nb,O5/SiO,
sensor, when the concentration of CH3CN was 17 ppm
and the operating temperature was 300°C. The SnOy/
Al;0O3/Nb,0O5/SiO; devices showed the negative sensitiv-
ity by increasing the resistance to CH3CN, while the
SnO,/Al,O3/Nb,Os devices without SiO, exhibited the pos-
itive sensitivity to CH3;CN. As shown in Fig. 10, the devices
gave the highest sensitivity at 1.0 wt% Nb,Os, showing the
increased resistance 22-35 times higher than that in fresh
air.

The sensing characteristics of the SnO,/Al,O3/Nb,Os/
SiO; device are illustrated as a function of CH3CN con-
centration at various operating temperatures in Fig. 11.
The sensitivity increased with increasing concentration
of CH3CN and the optimum operating temperature was
300°C. It seems likely that the formation of large amounts
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FIG. 10. Sensitivity of the SnO,/Al,03/Nb,0s/SiO; thick film device
to CH3CN as a function of Nb,Os content at 300°C.
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FIG. 13. Transient responses of the SnO,/Al,03/Nb,Os/SiO; thick
film device to CH3;CN at different operating temperatures.

of nitrogen compounds such as N,O, HNOj3, and HNO,,
which decrease the electric conductivity (13), as shown in
Fig. 9, is responsible for the decreased sensitivity at 350°C.

Figure 12 shows sensing characteristics of the SnO,/
Al,03/Nb,Os/SiO; device to various gases at the operat-
ing temperature of 300°C. The device exhibited the posi-
tive characteristic, resistance decrease, upon exposure to
CO, NO,, C4Hyp, and C;HsOH, while the device exhib-
ited a negative characteristic upon exposure to CH3CN and
SO,. These results are in good agreement with the fact that,
as shown in Fig. 7, SnO,/Al,03/Nb,0s/SiO; produces N,O,
HNOj3;, and HNO,, which decrease the electric conductiv-
ity of the sensor (13). Therefore, the gas sensor shows high
sensitivity and selectivity to CH3;CN among various gases
without SO,. However, since the gas sensor also shows sen-
sitivity to SOy, as shown in Fig. 12, it is necessary for us to
not use the device under the circumstances containing both
CH3;CN and SO,.

Figure 13 shows the transient response characteristics of
the SnO,/Al,O3/Nb,Os/SiO, sensor to CH3CN. The sen-
sor was very sensitive to low gas concentration and the gas
sensitivity tended to saturate in the range of high concen-
tration (100 ppm). Also, the sensor showed excellent recov-
ery characteristics as the operating temperature increased.
These results indicate that the response characteristics and
sensitivity depend on the operating temperature. At 300°C,
the response and recovery times are 3 s and 10 min, res-
pectively.

CONCLUSIONS

The SnO,-based thick film devices for the detection of
CH3CN were fabricated by the screen printing and dip-
ping methods. For the SnO,/Al,O3/Pd thick film, metallic
Pd played a great role as a co-catalyst for the oxidation
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of CH3CN. Also, the high surface area of SnO,/Al,O3/
Nb,Os/SiO, influenced the sensing characteristics of the
sensor. The oxidation products of CH3CN on a SnO,/
Al,0O3/Nb,Os/SiO; thick film were CO,, H,0, N,O, HNOs3,
and HNO,. The device exhibited the positive characteris-
tic, resistance decrease, upon exposure to CO, NO,, C4Ho,
and C,HsOH, while the device exhibited a negative char-
acteristic upon exposure to CH3CN and SO,. The oxidizing
agents, such as N,O, HNO3;, and HNO,, formed by oxi-
dation of CH3;CN played an important role in determining
sensitivity and selectivity to CH3CN. The response time and
the optimum operating temperature were 3 s and 300°C,
respectively.
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