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Abstract

Solid-state ceramic NO, sensors based on interfacing an ionic conductor (NASICON) with semiconducting oxides (rare earth
perovskite-type oxides) were investigated. NASICON powders were pressed into thimbles 12 mm long with 3 mm inner diameter
and 4 mm outer diameter, then sintered at 1270°C in air. A Pt wire was attached to the outer surface of the tubes using a platinum
paste. A uniform Au/Pd (60 wt.%) coating, permeable to oxygen but not to NO,, was sputtered for 40 min on the sensor external
surface to allow the exposure of both electrodes to the gas atmosphere without using reference air. Windowless energy-dispersive
spectroscopy (EDS) was used to evaluate the chemical composition of the Au-Pd layer before and after the performance of sensing
tests. Sodalite powder as an auxiliary phase was tightly packed into the NASICON thimbles with a Pt lead for the electrical contact.
To get an in-situ NO conversion to NO,, a Pt-loaded alumina powder was used as a catalyst and incorporated with the sensor on
the top of the auxiliary phase. Nano-sized and chemically-pure rare earth perovskite-type oxide (LaFeOs, SmFeO;, NdFeO; and
LaCo0s3) powders, prepared by the thermal decomposition of the corresponding hexacyanocomplexes, were also used in the elec-
trochemical cells. Each of the tested oxides was packed into the thimbles replacing the sodalite and the Pt-loaded alumina catalyst.
Tests were performed also using only the perovskitic oxides. The microstructure of the materials tested was evaluated using scan-
ning electron microscopy (SEM). The NO, sensing properties of the prototype sensors were investigated at controlled temperature
(in the range 300—-600°C) by measuring the electromotive force (EMF) at different NO, concentrations (in the range 2-2000 ppm in
air). Some measurements were performed at various NO concentrations diluted with Ar. The results obtained showed a promising
NO, sensing performance when ferrites were used. SmFeO3 has a lower catalytic effect on NO oxidation than the Pt-loaded alu-
mina catalyst, and has a similar effect to sodalite when used as auxiliary phase. The perovskite-type oxides are more preferable as
auxiliary phase than sodalite because they improve the stability of the electrochemical sensor performances. © 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction Therefore, the control and monitoring of pollutants
for ambient air quality is limited by the high costs of the
techniques at present accepted by regulations. The use
of devices based on solid-state gas sensors would be
enormously cheaper than the use of analytical techni-
ques, and would lead to a wider distribution of envir-
onmental monitoring stations than exist at present with
the same cost, resulting in an improved picture of air
quality.* However, the performance of solid-state gas
sensors is not satisfactory yet for this application.’

For automotive applications, NO, sensors usually have
to operate in harsh environments. The stability of sensing
materials thus becomes of paramount importance. Cera-
mics appear to be more convenient as active elements

* Corresponding author for NO, sensors, given their thermal and chemical sta-

E-mail address: dibartolomeo@uhiroma2.it (E. Di Bartolomeo). bility, especially for the control of combustion exhausts.

The growing attention to environmental problems
increases the need of reliable and selective solid-state
NO., sensors, both for air quality monitoring and auto-
motive applications.!> The requirements are different
for each application; sensors able to selectively detect
NO, in the concentration range 1 ppb—10 ppm are nee-
ded for environmental monitoring, while sensors are
needed to detect NO, in the concentration range 10—
2000 ppm for combustion control and exhaust mon-
itoring. At present, analytical techniques are approved
by the environmental standards to monitor NO,, which
use very costly and bulky equipment.3
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Solid-state sensors based on semiconducting oxides or
electrolytes are currently studied for NO, detection.
Several n-type®'® and p-type!®2! semiconducting oxi-
des have been studied as NO, sensors, mainly for
applications at high temperatures. Few examples have
been reported in the relevant literature for the use of
semiconducting oxide NO, sensors for indoor??> and
outdoor?3~23 air quality monitoring, and for the control
of air quality inside passenger cars.?® The main limita-
tions of semiconductor NO, sensors are the lack of
selectivity and the inability to detect the very low gas
concentrations as required by the environmental
standards.’

Ceramic NO, electrochemical sensors, mostly poten-
tiometric and some amperometric, have been studied for
use in combustion exhaust control systems.?’—3! In gen-
eral, most of the equilibrium-potential sensors use oxy-
acid salts as auxiliary phases in combination with a
solid electrolyte.? The auxiliary phases used for most of
the solid electrolyte NO, sensors so far studied are
sodium nitrite or nitrate-based metal oxides.3373 These
compounds have a low melting temperature and thus
they show problems of thermal and chemical stability.

A more stable compound, nitrited sodalite, has been
used as an auxiliary phase.’® Sodalite belongs to the
zeolite family and contains NO» in its formula Nag[Als.
Sig0-4](NO»),-xH,O, which makes it sensitive to gas-
eous NO, permitting its use as auxiliary phase. Given
that it is an ionic conductor with Na™ ions as charge
carriers, nitrited sodalite has been also used as a solid
electrolyte for NO, electrochemical sensors.”-3¥ How-
ever, stable operating conditions have been obtained at
maximum 400°C.

A new approach to improve the stability and the
selectivity of the NO, devices is to combine a solid
electrolyte with an electrode of semiconducting oxides,
substituting the auxiliary phase of the electrochemical
sensor with a metal oxide.’® This approach has been
proposed to improve thermal and chemical stability of
CO, CO,, H>S and hydrocarbon sensors,**** though
one of the most appealing application of these concepts
is in the study of NO, sensors.*>*® The oxide electrode
used as auxiliary phase can act as an electrode catalyst
increasing the selectivity of the device. The design of
sensors based on the integration of materials with dif-
ferent electrical properties is an alternative way of pro-
ducing devices with improved performance and novel
functions.*’ The better sensing performance to NO and/
or NO, as well as the stability at higher tempera-
tures can be due to novel detection mechanisms, prob-
ably based on changes of mixed potential at the
electrode interface.*®4° Another possible working
method for the detection of NO, of such ionic con-
ductor/semiconductor structures is the amperometric
one,>%>! which can have advantages for the detection of
low gas concentrations.*¢

In this work, an investigation on solid-state ceramic
NO, sensors based on interfacing an ionic conductor
(NASICON) with semiconducting oxides (rare earth
perovskite-type oxides) is reported. NASICON is a
sodium conductor with a very high ionic conductivity at
relatively low (<400°C) temperatures. It has been used
for NO, electrochemical sensors using mixtures of
nitrites and nitrates as auxiliary phases.>?> Nano-sized
and chemically-pure rare earth perovskite-type oxide
powders were used as electrodes. These powders were
prepared by the thermal decomposition of the corre-
sponding hexacyanocomplexes,>>~¢ according to a pro-
cedure well investigated by one of the authors of this
paper.>” Some of the perovskite oxide powders, in thick
film form, have been already successfully tested as
semiconductor NO, sensors.>8->

2. Experimental procedure
2.1. Materials

NASICON powders with the formula Na3;Zr,Si,PO;,
were prepared by solid-state reaction.® Nitrited sodalite
with Nag[Al6Si6024](N02 )2'XH20 formula was Synthe-
sized using the method reported by Hund.®' Rare earth
perovskite-type oxides (LaFeOs, SmFeO3;, NdFeO; and
LaCoO;) were prepared by the thermal decomposition
at low temperatures of the corresponding heteronuclear
hexacyanocomplexes.’>>3 The phases present were
confirmed by X-ray diffraction (XRD) analysis.

2.2. Prototype sensors

Fig. 1 shows a schematic diagram of a prototype sen-
sor. NASICON powders, containing 0.5 wt.% of an
organic sintering aid, were isostatically pressed at 250
MPa into thimbles 12 mm long with 3 mm inner dia-
meter and 4 mm outer diameter. The thimbles were then
sintered at 1270°C in air. A platinum wire was attached
to the outer surface of the tubes using a platinum paste
that was fired at 1000°C for 5 min.

Electrode wires
(platinum

Electrolyte thimble

Gold/Palladium sputter

catalyst
coated layer

Platinum ink—&~>

[ 15 mm

Fig. 1. Schematic diagram of NO, sensor device using NASICON
thimble with auxiliary phase and Pt-catalyst inside.

Auxilliary phase
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The need for a reference atmosphere would make the
sensing device complicated and impractical. To simplify
the operation, both electrodes should be exposed to the
analyte. Thin electrodes layers of Au-Pd have been
demonstrated to be blocking to all gases and vapours
but oxygen.®? Therefore, an uniform Au/Pd (60 wt.%)
coating, permeable to oxygen but not to NO,, was
sputtered for 40 min on the sensor external surface.®?
Thus, during testing the sensors were wholly exposed to
NO, atmosphere without using reference air for the
reference electrode.

A solid-electrolyte NO, electrochemical cell devel-
oped in Cambridge was used as standard comparison.
Sodalite as auxiliary phase was tightly packed into the
NASICON tubes with a platinum lead for the electrical
contact. To get an in-situ NO conversion to NO,, a Pt-
loaded alumina powder was used as a catalyst and
incorporated with the sensor on the top of the auxiliary
phase. The sensors described can be represented by the
following electrochemical cell:

(=)O0,,NO,||Pt-alumina catalyst|sodalite| NASICON]||
Au—Pd||Pt, Oy(+). (1

To evaluate the effect of the rare-earth perovskite-
type oxides on the performance of the electrochemical
sensors, each of the tested oxides was packed into the
thimbles instead of sodalite and of the Pt-loaded alu-
mina catalyst. Tests were performed also using only the
perovskitic oxides into the NASICON thimbles. The
resulting electrochemical cells were:

(=)0,,NO,||RE perovskite oxide|sodalite| NASICON]|
Au—Pd|[Pt, Oy (+) 2

(—)0,,NO,||Pt catalyst|RE perovskite| NASICON]|
Au—Pd||Pt, Os(+) 3)

(—)0,,NO,||RE perovskite oxide|NASICON]|
Au—Pd||Pt, O (+) (©))

2.3. Characterization

The microstructure of the materials tested was
evaluated using scanning electron microscopy (SEM).
Windowless energy-dispersive spectroscopy (EDS) was
used to evaluate the chemical composition of the Au—
Pd layer before and after the performance of sensing
tests.

NO, sensing experiments were carried out at con-
trolled temperatures in the 300-600°C range in a con-
ventional flow apparatus equipped with a heating
facility. The sensor response, expressed as electromotive

force (EMF), was measured with a digital multimeter at
a total flow rate of 100 ml/min and at different NO,
concentrations (in the range 2-2000 ppm) obtained
by mixing NO, in air with dry synthetic air. Some
measurements were performed at various NO con-
centrations diluted with Argon, in the 2-1000 ppm
range.

3. Results and discussion
3.1. Materials analysis

Fig. 2 shows a SEM micrograph of the SmFeO;
powder prepared by the thermal decomposition of the
hexacyanoferrite complex at 700°C for 1 h. SEM
observations showed that the morphology of SmFeO;
powders consisted of large agglomerates (in the size
range of micrometers) made of nano-sized particles of
about 50-80 nm.?! Some non-agglomerated nanometric
particles are also visible in the micrograph. Similar
morphologies were observed for the other ferrite oxides.
In the case of LaCoQOs;, the presence of the micron-sized
agglomerates was not observed and the formation of
nanometric particles occurred already at 700°C.>’

SEM observations with EDS analysis were performed
on the sputtered Au/Pd coating on as-sputtered samples
and after exposure to NO, gas. After gas testing, the
sample surface became darker. SEM observations
showed that the Au/Pd coating became more con-
tinuous after gas exposure. Fig. 3 shows the EDS spec-
tra for the as-sputtered sample (Fig. 3a) and for the
sample after gas exposure (Fig. 3b). The significant
difference between the EDS plots is the presence of the
oxygen peak on the sample after gas exposure. This can
be interpreted as a partial oxidation of the metallic
coating.

Vo WD= 14 mm MAG= X 20.0 K PHOTO= 2

Fig. 2. SEM micrograph of SmFeO; powder fired at 700°C.
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3.2. Electrical analysis of the prototype sensors

Fig. 4 shows the EMF response to various con-
centrations of NO, for the electrochemical cell (1), i.e.
the comparison sensor, measured at 400°C. This proto-
type sensor was sensitive to NO, and its response time,
which is the time to get the 90% of the stable EMF
value in presence of NO,, was within few minutes.
However, the response at each gas concentration tested
was not stable. Moreover, the EMF base-line in air
decreased significantly during the tests.

Gas sensing measurements were performed on the
electrochemical cells (2), (3), and (4), where sodalite, or
catalyst, or both sodalite and catalyst were substituted
with a rare-earth perovskite-type oxide. The results
obtained using SmFeO; as perovskitic oxide are shown
here below. The results obtained using the other rare-
earth orthoferrites (LaFeO; and NdFeOs) were similar
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Fig. 4. EMF response to various NO, concentrations (ppm in air) for
the electrochemical cell (1), i.e. the comparison sensor using sodalite
and Pt-loaded alumina catalyst, measured at 400°C.
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to the results obtained with SmFeO;, while the EMF
gas response for the sensors using LaCoO; was worst.
The EMF measured at each NO, concentration for all
the sensors based on the orthoferrites was larger than
the corresponding EMF measured for the cell (1). The
response time of the sensors was in most of the cases
about one minute for all the samples tested. The
response time decreased with increasing the NO, con-
centration. The recovery time in air was in the range of
4-10 min, and it was the slowest for the type (3) cells, and
the fastest for the type (4) cells that used only rare-earth
ferrites.

Fig. 5 shows the EMF response to various con-
centrations of NO, for the electrochemical cell (2),
where SmFeO; was used as a catalyst together with the
sodalite auxiliary phase, measured at 400°C. The NO,
response was fast but the stability of the results was not
satisfactory. Moreover, the base-line in air increased by
more than 100 mV during the test period.

Fig. 6 shows the EMF response to various con-
centrations of NO, for the electrochemical cell (3),
where SmFeO; was used as auxiliary phase together
with the Pt-loaded alumina catalyst, measured at 400°C.
Also this sensor was quickly responding to NO,, though
its response was the slowest, but its performance was
the less adequate, even though its EMF values were the
largest measured. In fact, the EMF values were
scattered as a function of the NO, concentration.

Fig. 7 shows the EMF response to various con-
centrations of NO, for the electrochemical cell (4),
where only SmFeO; was used inside the NASICON
thimble, measured at 400°C. This sensor showed the
best overall performance, because the sensor answer was
the most stable. The EMF base-line values in air
increased by about 40 mV during the tests.
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Fig. 5. EMF response to various NO, concentrations (ppm in air) for the electrochemical cell (2), where SmFeO; was used as a catalyst together

with the sodalite auxiliary phase, measured at 400°C.
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These findings showed that the perovskite-type oxides
can be used as auxiliary phase in the NO, electro-
chemical sensors. The NO, response of the devices
based on interfacing the ionic conductor with a semi-
conducting oxide is larger than the gas response of the
electrochemical cell based on sodalite as an auxiliary
phase. It is possible to say that the perovskite materials
might be effective also if used as in-situ catalyst for NO
oxidation.

Fig. 8 shows that the EMF responses of SmFeOj3-
based sensors were linear when plotted against the
logarithm of NO, concentration (logPno,), with posi-
tive slopes. The NO, sensitivity was the largest for the
type (3), using SmFeO; and Pt-alumina catalyst, though
the data were largely scattered. The NO, sensitivity for
the type (2), using SmFeO3 and sodalite, and (4), using
only SmFeO3, was almost the same. Therefore, one can
infer that while SmFeO; has a lower catalytic effect on

E. Di Bartolomeo et al. | Journal of the European Ceramic Society 20 (2000) 2691-2699

NO oxidation than the Pt-loaded alumina catalyst, it
has a similar effect as sodalite when used as auxiliary
phase. Therefore, the perovskite-type oxides are more
preferable than sodalite because they improve the
stability of the electrochemical sensor performances.

From these plots, using the Nernst equation, the
number of electrons involved in the electrochemical
reactions were evaluated to be between 1.3 and L.5.
These findings allowed us to infer that the sensing
mechanism for these devices was non-Nernstian, and
probably mixed potential behaviour should be postu-
lated as their sensing mechanism.3?> Moreover, it should
be kept in mind that both electrodes of the sensors were
exposed to the same atmosphere.

The influence of the temperature on the EMF
response to different NO, concentrations was also
evaluated. Fig. 9 shows the dependence of EMF
responses of type (4), SmFeOs-based sensor on the

600 T

550 A

500 A

450 A

400 4

emf (mV)

350 A

300 A

T T T T ET T T Y T T T T T T T T Y

0
'
'
'
'
.
.
'
s
'
:
.
.
0
'

250 +
L Off ¢ 20 200 :650

b SO P U S |

Off

ff

PR S Y

: 1750 @ 400

200 [ 2 L} YR S 'Y

400 600

PRI N S SR S
-

800

T T T

1000 1400 1600

time (sec)
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together with the Pt-loaded alumina catalyst, measured at 400°C.
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logarithm of NO, concentration (logPno,), measured at
different temperatures between 200 and 500°C. The
EMF responses of these SmFeOs-based sensors were
linear, with a positive slope, to the logarithm of NO,
concentrations at all the temperatures tested, and the
EMF values increased with increasing the tempera-
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Fig. 8. Dependence of the EMF response for type (2), (3) and (4)
SmFeO;-based sensors on the logarithm of NO, concentration
(logPno,» ppm in air), measured at 400°C.
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Fig. 9. Dependence of the EMF response for type (4) SmFeOs;-based
sensors on the logarithm of NO, concentration (logPno,, ppm in air),
measured at different temperatures.

ture. The NO, sensitivity was the largest at 400°C, while
at 200 and 500°C the slope was almost flat.

EMF measurements were also performed at various
NO concentrations at 400°C. The EMF values at each
NO concentration for all the tested sensors were smaller
than the corresponding EMF measured at the same
NO, concentration and the response time was longer.
EMF responses decreased with increasing NO con-
centration, being linear to logPno with negative slopes.
These results are in agreement with the findings of other
authors who used similar electrochemical systems.33:46-48
In fact, the EMF in the presence of NO gas went always
in the opposite direction with respect to the EMF in
NOz.

4. Conclusions

Solid-state ceramic sensors based on NASICON with
rare-earth perovskite-type orthoferrites as an auxiliary
phase are promising candidates for the detection of
NO.. Their response time was fast and the EMF values
increased when the ferrites were used as auxiliary phase.
Moreover, the use of an oxide as auxiliary phase
improves the stability of the gas sensing performance of
the electrochemical cells, which is extremely important
for automotive applications. Further studies are necessary
to clarify of the sensing mechanism.

Acknowledgements

The present work has been performed under the aus-
pices of a British-Italian collaboration, supported by the
British Council and the CRUI-MURST, Italy. The
work was partly supported by the National Research
Council of Italy (CNR), under the auspices of the Tar-
geted Project “Special Materials for Advanced Tech-
nologies II”’. The stay of Manuela Baroncini at the
University of Cambridge was supported by a Fellowship
of the University of Rome “Tor Vergata”.

References

1. Oishi, K., Recent sensor technologies for automotive applica-
tions. In Proceedings of the Electrochemical Society Symposium,
vol. 93—7, Proceedings of the Symposium on Chemical Sensors 11,
ed. M. Butler, A. Ricco and N. Yamazoe. The Electrochemical
Society, Pennington, NJ, 1993, pp. 443-449.

2. Yamazoe, N. and Miura, N., Development of gas sensors for
environmental protection. [EEE Transactions of Components,
Packaging, Manufacturing Technology, Part A, 1995, 18, 252-256.

3. Maeda, Y., Aoki, K. and Munemori, M., Chemiluminescence
method for the determination of nitrogen dioxide. Analytical
Chemistry, 1980, 52, 307-311.

4. Traversa, E., Beyond the limits of chemical sensors: novel sensing
mechanisms for ceramics. In Progress in Ceramic Basic Science:



2698

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

E. Di Bartolomeo et al. | Journal of the European Ceramic Society 20 (2000) 2691-2699

Challenge Toward the 21st Century, ed. T. Hirai, S. I. Hirano and
Y. Takeda. The Ceramic Society of Japan, Tokyo, 1996, pp. 145—
158.

. Traversa, E., Design of ceramic materials for chemical sensors

with novel properties. Journal of the American Ceramic Society,
1995, 78, 2625-2632.

. Chang, S. C., Thin film semiconductor NO, sensor. /IEEE

Transactions on Electron Devices, 1979, ED-26, 1875-1880.

. Satake, K., Kobayashi, A., Inoue, T., Nakahara, T and Takeu-
chi, T., NO, sensors for exhaust monitoring. In Proceedings of

the 3rd International Meeting on Chemical Sensors, Cleveland,
OH, pp. 334-337.

. Akiyama, M., Zhang, Z., Tamaki, J., Miura, N., Yamazoe, N.

and Harada, T., Tungsten oxide-based semiconductor sensor for
detection of nitrogen oxides in combustion exhaust. Sensors and
Actuators B, 1993, 1314, 619-620.

. Huusko, J., Lantto, V. and Torvela, H., TiO, thick-film gas sen-

sors and their suitability for NO, monitoring. Sensors and
Actuators B, 1993, 15-16, 245-248.

. Williams, G. and Coles, G. S. V., NO, response of tin dioxide

based gas sensors. Sensors and Actuators B, 1993, 15-16, 349—
353.

Sun, H. T., Cantalini, C., Faccio, M. and Pelino, M., NO, gas-
sensitivity of sol-gel derived a-Fe,O; thin films. Thin Solid Films,
1995, 269, 97-101.

. Miyayama, M., Ho, K. Y. and Yanagida, H., NO, gas respond-

ing properties of Nd, CuOy4_, thick film. Materials Chemistry &
Physics, 1997, 49, 7-11.

Nelli, P., Sberveglieri, G., Sacerdoti, M., Ferroni, M., Guidi, V.
and Martinelli, G., MoOs-based sputtered thin films for fast NO,
detection. Sensors and Actuators B, 1998, 48, 285-288.

Park, C. O., Kwak, M. S., Hwang, J. S., Miura, N. and Yama-
zoe, N., NO, sensing properties of Ba,WOs element at elevated
temperature. Sensors and Actuators B, 1999, 56, 59—64.

Shimizu, Y. and Egashira, M., Basic aspects and challenges of
semiconductor gas sensors. MRS Bulletin, 1999, 24(6), 18-24
(and references cited therein).

Huang, X. J., Chen, L. Q. and Schoonman, J., High T. super-
conductors as NO, and CO, sensor materials. Solid State Ionics,
1992, 57, 7-10.

Matsuura, Y., Matsushima, S., Sakamoto, M. and Sadaoka, Y.,
NO;-sensitive LaFeO3 film prepared by thermal decomposition

of the heteronuclear complex, {La[Fe(CN)g |-SH,O}x. Journal of

Materials Chemistry, 1993, 3, 767-769.

Tamaki, J., Fujii, T., Fujimori, K., Miura, N. and Yamazoe, N.,
Application of metal tungstate-carbonate composite to nitrogen
oxides sensor operative at elevated temperature. Sensors and
Actuators B, 1995, 24-25, 396-399.

Traversa, E., Matsushima, S., Okada, G., Sadaoka, Y., Sakai,
Y. and Watanabe, K., NO, sensitive LaFeOj thin films prepared
by R.F. sputtering. Sensors and Actuators B, 1995, 24-25, 661—
664.

Ho, K. Y., Miyayama, M. and Yanagida, H. NO, gas-sensing
properties of rare earth-copper complex oxides. In Fourth Euro-
Ceramics, vol. 5, Electroceramics, ed. G. Gusmano and E. Tra-
versa. Faenza Editrice, Faenza. 1995, pp. 521-528.

Traversa, E., Villanti, S., Gusmano, G., Aono, H. and Sadaoka,
Y., Design of ceramic materials for chemical sensors: SmFeO3
thick films sensitive to NO,. Journal of the American Ceramic
Society, 1999, 82, 2442-2450.

Inoue, T., Ohtsuka, K., Yoshida, Y., Matsuura, Y. and
Kajiyama, Y., Metal oxide semiconductor NO, sensor. Sensors
and Actuators B, 1995, 24-25, 388-391.

Martinelli, G., Carotta, M. C., Ferroni, M., Sadaoka, Y. and
Traversa, E., Screen-printed perovskite-type oxide thick films as
gas sensors for environmental monitoring. Sensors and Actuators
B, 1999, 55, 99-110.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

Martinelli, G., Carotta, M. C., Traversa, E. and Ghiotti, G.,
Thick film gas sensors based on nano-sized semiconducting oxide
powders. MRS Bulletin, 1999, 24(6), 30-36.

Traversa, E., Sadaoka, Y., Carotta, M. C. and Martinelli, G.,
Environmental monitoring field tests using screen-printed thick-
film sensors based on semiconducting oxides. Sensors and Actua-
tors B, 2000, 65, 181-185.

Wiegleb, G. and Heitbaum, J., Semiconductor gas sensor for
detecting NO and CO traces in ambient air of road traffic. Sen-
sors and Actuators B, 1994, 17, 93-99.

Hotzel, G. and Weppner, W., Application of fast ionic con-
ductors in solid state galvanic cells for gas sensors. Solid State
Ionics, 1986, 18, 1223-1227.

Rao, N., van den Bleek, C. M. and Schoonman, J., Potentio-
metric NO, (x=1,2) sensors with Ag+p’-alumina as solid elec-
trolyte and Ag metal as solid reference. Solid State Ionics, 1992,
52, 339-346.

Miura, N., Yao, S., Shimizu, Y. and Yamazoe, N., Development
of high-performance solid-electrolyte sensors for NO and NO,.
Sensors and Actuators B, 1993, 13—-14, 387-390.

Miura, N., Tio, M., Lu, G. and Yamazoe, N., Solid-state
amperometric NO, sensor using a sodium ion conductor. Sensors
and Actuators B, 1996, 35-36, 124-129.

Alberti, G., Cherubini, F. and Palombari, R., Amperometric
solid-state sensor for NO and NO, based on protonic conduc-
tion. Sensors and Actuators B, 1996, 37, 131-134.

Yamazoe, N. and Miura, N., Gas sensors using solid electrolytes.
MRS Bulletin, 1999, 24(6), 37-43.

Shimizu, Y., Okamoto, Y., Yao, S., Miura, N. and Yamazoe, N.,
Solid electrolyte NO, sensors fitted with sodium nitrate and/or
barium nitrate electrodes. Denki Kagaku, 1991, 59, 465-472.
Yao, S., Shimizu, Y., Miura, N. and Yamazoe, N., Use of
sodium nitrite auxiliary electrode for solid electrolyte sensor to
detect nitrogen oxides. Chemistry Letters, 1992, 587-590.
Kurosawa, H., Yan, Y., Miura, N. and Yamazoe, N., Stabilized
zirconia-based potentiometric sensor for nitrogen oxides. Chem-
istry Letters, 1994, 1733-1736

Kumar, R. V., unpublished results.

Kaslik, M. J., Slater, D. J. and Kumar, R. V., The use of nitrited
sodalite-based solid-state gas sensors for continuous high tem-
perature monitoring of NO,. LUMA Journal. 1996, 55-65

Jiang, M. R. M. and Weller, M. T., A nitrate sodalite-based NO,
gas sensor. Sensors and Actuators B, 1996, 30, 3—6.

Shimizu, Y. and Maeda, K., Solid electrolyte-based NOy sensor
using auxiliary phase of metal oxide. Chemistry Letters, 1996,
117-118

Okamoto, H., Obayashi, H. and Kudo, T., Carbon monoxide gas
sensor made of stabilized zirconia. Solid State Ionics, 1980, 1,
319-326.

Bredikhin, S., Liu, J. and Weppner, W., Solid ionic conductor/
semiconductor junctions for chemical sensors. Applied Physics A,
1993, 57, 37-43.

Yan, Y., Miura, N. and Yamazoe, N., Potentiometric sensor
using stabilized zirconia and tungsten oxide for hydrogen sul-
phide. Chemistry Letters, 1994, 1753-1756

Miura, N., Yan, Y., Lu, G. and Yamazoe, N., Sensing char-
acteristics and mechanisms of hydrogen sulphide sensor using
stabilized zirconia and oxide electrode. Sensors and Actuators B,
1996, 34, 367-372.

Hibino, T., Tanimoto, S., Kakimoto, S. and Sano, M., High-
temperature hydrocarbon sensors based on a stabilized zirconia
electrolyte and metal oxide electrodes. Electrochemical and Solid
State Letters, 1999, 2, 651-653.

Miura, N., Kurosawa, H., Hasei, M., Lu, G. and Yamazoe, N.,
Stabilized zirconia-based sensor using oxide electrode for detec-
tion of NO, in high-temperature combustion-exhausts. Solid
State Ionics, 1996, 86, 1069-1073.



46.

47.

48.

49.

50.

S1.

52.

53.

54.

E. Di Bartolomeo et al. | Journal of the European Ceramic Society 20 (2000) 2691-2699

Miura, N., Lu, G. and Yamazoe, N., High-temperature poten-
tiometric/amperometric NO, sensors combining stabilized zirco-
nia with mixed-metal oxide electrode. Sensors and Actuators B,
1998, 52, 169-178.

Traversa, E., Intelligent ceramic materials for chemical sensors. J.
Intelligent Material Systems and Structures, 1995, 6, 860—-869.
Miura, N., Lu, G., Yamazoe, N., Kurosawa, H. and Hasei, M.,
Mixed potential type NO, sensor based on stabilized zirconia and
oxide electrode. Journal of the Electrochemical Society, 1996, 143,
L33-L35.

Shimizu, Y. and Maeda, K., Solid electrolyte NO, sensor using
pyrochlore-type oxide electrode. Sensors and Actuators B, 1998,
52, 84-89.

Ho, K. Y., Miyayama, M. and Yanagida, H., NO, response
properties in DC current of Nd,CuO4/4YSZ/Pt element. Journal
of the Ceramic Society of Japan, 1996, 104, 995-999.

Somov, S., Guth, U., Reinhardt, G. and Gopel, W., Gas analysis
with arrays of solid state electrochemical sensors: implications to
monitor HCs and NO, in exhausts. Sensors and Actuators B,
1996, 36, 409-418.

Sadaoka, Y., Watanabe, K., Sakai, Y. and Sakamoto, M., Ther-
mal decomposition behavior of heteronuclear complexes,
Ln[Co(CN)¢]'-nH,0 (Ln=La-Yb). Journal of the Ceramic Society
of Japan, 1995, 103, 519-522.

Sadaoka, Y., Watanabe, K., Sakai, Y. and Sakamoto, M., Pre-
paration of perovskite-type oxides by thermal decomposition of
heteronuclear complexes, {Ln[Fe(CN)s ] nH,O}y, (Ln=La~1Ho).
Journal of Alloys and Compounds, 1995, 224, 194-198.

Traversa, E., Sakamoto, M. and Sadaoka, Y., Mechanism of
LaFeO; perovskite-type oxide formation from the thermal

55.

56.

57.

58.

59.

60.

6l.

62.

2699

decomposition of d-f heteronuclear complex La[Fe(CN)¢]-5H,O.
Journal of the American Ceramic Society, 1996, 79, 1401-1404.
Traversa, E., Nunziante, P., Sakamoto, M., Sadaoka, Y., Car-
otta, M. C. and Martinelli, G., Thermal evolution of the micro-
structure of nanosized LaFeO; powders from the thermal
decomposition of a heteronuclear complex, La[Fe(CN)g]-5H,O.
Journal of Materials Research, 1998, 13, 1335-1344.

Sadaoka, Y., Aono, H., Traversa, E. and Sakamoto, M., Ther-
mal evolution of nanosized LaFeO; powders from a hetero-
nuclear complex, La[Fe(CN)¢]-nH,O. Journal of Alloys and
Compounds, 1998, 278, 135-141.

Traversa, E., Sakamoto, M. and Sadaoka, Y., A chemical route
for the preparation of nanosized rare earth perovskite-type oxides
for electroceramic applications. Particulate Science and Technol-
ogy, 1998, 16, 185-214.

Carotta, M. C., Butturi, M. A., Martinelli, G., Sadaoka, Y.,
Nunziante, P. and Traversa, E., Microstructural evolution of
nanosized LaFeO; powders from the thermal decomposition of a
cyano-complex for thick film gas sensors. Sensors and Actuators
B, 1997, 44, 590-594.

Carotta, M. C., Martinelli, G., Sadaoka, Y., Nunziante, P. and
Traversa, E., Gas-sensitive electrical properties of perovskite-type
SmFeO; thick films. Sensors and Actuators B, 1998, 48, 270-276.
Bogusz, W., Influence of thermal cycling on properties of NASI-
CON. Physica Status Solidi (a), 1981, 66, K109-K111.

Hund, F., Nitrit-, cyanid- und rhodanid-sodalith. Zeitschrift fiir
Anorganische und Allgemeine Chemie, 1984, 511, 225-230.

Cobb, L. J., Kumar, R. V. and Fray, D. J., A novel humidity
sensor using Yb-doped SrCeO; ionic conductor with a Au-Pd
filter. Tonics, 1996, 2, 231-234.



