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ABSTRACT

Solid-state electrochemical sensors using yttria-stabilized zirconia (YSZ) and oxide
sensing electrode (SE) were fabricated and examined for NOx detection at high temperatures.
Among various single-oxide SEs examined, NiO-SE for the mixed-potential-type NOx sensor
was found to exhibit rather high sensitivity to NO; even in the high temperature range of 800-
900°C. This sensor showed quicker response and recovery transients in the presence of water
vapor, compared with that in the dry sample gas. The sensing mechanism of this type of sensor
was discussed on the basis of the catalytic activities to the electrochemical and non-
electrochemical reactions. It was also shown that the new-type complex-impedance-based
(impedancemetric) NOx sensor attached with ZnCr,04-SE exhibit good sensing characteristics
to NOx at 700°C. Furthermore, the sensitivity to NO was almost equal to that to NO; in the
concentration range from O to ca. 200 ppm at 700°C. A linear dependence was observed
between the sensitivity of the impedancemetric sensor and the concentration of NOx even in
the presence of 8 vol. % H,O and 15 vol.% CO,. The planar laminated-type structure for the
impedancemeteric NOx sensor was proposed for protecting NOx sensitivity from the
influences of the co-existing combustible gases as well as the change in oxygen concentration
in exhaust gas.

INTRODUCTION

Recently, the demand for reliable, compact, low-cost solid-state sensors, which are
capable of detecting nitrogen oxides (NOx) in different application, has been enhanced
substantially. This demand has been driven by strong recent legislation in EU, USA and Japan.
For example, in UK under Air Quality Regulations (1997) for NOx, standards of 150 ppb
(hourly maximum) and 21 ppb (annual average) must be achieved by the end of 2005.' On the
other hand, according to a new report by Fredonia Group, US demand for sensor products
(including sensors, transducers and associated housing) is projected to increase 7.8% annually
to $13.8 billion in 2008.? For monitoring in the automotive exhausts, the sensor should be able
to detect NOy concentration from 10 ppm up to 2000 ppm in very harsh environment where the
temperature constantly fluctuates from 600°C up to 900°C, since the temperature of engine

may occasionally reach up to 900°C, during vehicle acceleration. It is therefore vital to
investigate thoroughly the SE materials of the NOx sensor in order to provide high NOx
sensitivity and selectivity, long-term stability at high temperatures as well as fast response and
recovery for a practical sensor.
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Last decade, an ultra lean-bum (or
direct-injection type) engine system has been
developed to improve fuel efficiency as well
as to reduce CO; and NOx emissions from
engine. In this engine system, newly-
developed NOx-storage catalyst should be
used for compensating the low NOx-removal
ability of the conventional three-way catalyst AFF sansoc
under t_he !can-l;um' (gir rich) condition, as Fig. 1 Catalytic converter system equipped
shown in Fig. 1.” It is important, therefore, 1o with NOx “sensors for the exhaust gas
have high-performance NOx sensors installed ~ emitted from a new-type car engine.

at the point after (or both before and after) the NOx-storage catalyst for such a system. The
mixed-potential-type NOx sensors based on YSZ and oxide SE have been receiving
considerable attention among the others YSZ-based NOx sensors,’ as potential candidates for
practical sensor measuring car emissions. For example, last few years the most of the research
groups have focused on the development of oxide SEs which are capable of working at high
temperatures in car exhaust.>® The use of oxide SE in this type of NOx sensor was found to be
very effective for sensitive and selective NOx measurement at high temperature.'® However,
there are only a few designs of the NOx sensors reported to date'""** that can monitor total NOx
(NO + NO3) at high temperatures regardless of NO2/NO ratio in real exhausts. One of these
sensors is the complex-impedance-based NOx sensor originally designed and developed by our
group.'> ' In addition, the most of results for oxide SEs published so far have revealed that the
NOx sensors using the oxide SEs show relatively good sensing characteristics only in the
temperature range of 450-700°C. The majority of these sensors have difficulty to operate at
temperatures higher than 700°C. Such a higher limitation of operating temperature is caused by
the substantial decrease in the NOx sensitivity with increasing temperature. Based on the
above-mentioned facts and keeping it in mind that there are no commercial high-temperature
NOx sensors available on the market at the moment, further search for oxide SE has been done.
As a result, it was found quite recently that NiO is a very effective SE for measuring NOx
concentrations at temperatures higher than 800°C."" ' There were only limited number of
publications reporting the properties and sensing characteristics of oxide SE that can measure
NOx concentration at temperatures over 800°C."" '® Furthermore, we have also discovered that
the new complex-impedance-type NOx sensor using ZnCr2O4-SE shows rather good sensing
characteristics for measurement of total NOx concentration at temperature as high as 700°C.
Thus, we report here the sensing properties and sensing mechanism of the mixed-potential-type
YSZ-based NOx sensor attached with NiO-SE at temperatures of 800-900°C as well as the
main sensing performances of the new complex-impedance-type NOx sensor using ZnCryO,-
SE.

NOx sensor

EXPERIMENTAL

A tubular NOx sensor was fabricated by using a commercial one-closed-end YSZ tube
(8 Wt.% Y,03-doped, NKT). The tube is 300 mm in length and 5 and 8 mm in inner and outer
diameters, respectively. NiO-powder paste was applied on the outer surface of the YSZ tube
and sintered at 1400°C to form a sensing electrode (SE). A Pt lead wire was wound around the
oxide layer to make a good electrical contact. Pt paste was painted onto the inside of the YSZ



tube and fired afterwards at 1000°C for 2 h to form a Bt wire
reference electrode (RE). Figure 2 shows the cross-
sectional (schematic) view of the obtained tubular YSZ
sensor attached with NiO-SE and Pt-RE.

The fabrication of planar NOx sensor was done by ol
the use of YSZ plates (8 wt. % Y20;-doped, 10 x 10 mm; Nio  YSZtube
0.2 mm thickness). Pt paste was printed on both sides of Fig, 2 Cross-sectional (schematic)
the YSZ plate and then was fired at 1000°C for 2 h in air. vieg;v of the tubular YSZ sensor.
On the one side of the YSZ plate, two rectangular Pt-
stripes were formed as Pt-RE of the sensor and, on the other side; six narrow Pt-stripes were
formed as a base (current collector) for the NiO-SE film. NiO powder (Kojundo Chemical Lab.
Co. Ltd., 99.97% purity) was thoroughly mixed with a-terpineol (20 wt.%) and the resulting
paste was applied on the top side of the YSZ plate attached with narrow Pt-stripes by means of
screen-printing technique to form SE. The planar sensors were sintered at 1100°C, 1200°C,
1300°C and 1400°C, respectively, for 2 h in air. Although the Pt-RE of the tubular YSZ-based
NOx sensors has been always exposed to the atmospheric air during experiments,'” the Pt-RE
of the present planar sensor is always exposed to the measuring gas. Pt wires were spot-welded
onto the Pt connecting-spots of both SE and one of REs to provide the good electrical contact
with a measuring equipment.

The microstructure and surface topography of the NiO-SE films were examined by
using an SEM (JEOL electron microscope, JSM-340F) operating at 15 kV. The crystal
structure of the films was studied by means of a wide-angle XRD (RIGAKU X-ray
diffractometer, RINT 2100VLR/PC). The CuKa radiation (A=1.5406) and 0.5°/min angle step
were used for the XRD measurement. The YSZ/NiO interface was observed by the use of a
TEM (FEI Inc., Model TECNAI F20) at the Research Laboratory for High Voltage Electron
Microscopy of Kyushu University. The accelerated voltage was 200 kV for all experiments.
BET surface area was measured by using an automated gas-sorption system (Quantachrome
Autosorb, version 1.20).

NOx-sensing experiments were carried out in a conventional gas-flow apparatus
operating in the temperature range of 700-900°C, as shown in Fig. 3. The sample gas
containing various concentrations of —

NO (or NO;) was prepared by
diluting with dry nitrogen and oxygen
gases and was allowed to flow over
the sensor at a constant flow rate of
100 cm’ min™. The concentrations of
NO and NO; were changed from 10
to 400 ppm. The difference in
potential (emf) between NiO-SE and
Pt-RE of the sensor was measured by
a digital electrometer (Advantest,
R8240). The base gas was 5 or 20.9
vol.% of dry O; diluted with dry N,

and the sample gas was 10-400 ppm  Fig 3 Setup for evaluating sensing performances
of NOx diluted with the base gas In  of §10x Sensors.




order to humidify the base gas and the sample gas, 5 vol.% water vapor was mixed with them.
For the impedance-based sensor, the complex impedance and the phase angle between SE and
RE were measured with a complex impedance analyzer (Solarton, 1255 WB) in the frequency
range of 0.01 Hz - 1 MHz to obtain complex-impedance (Nyquist) plots. As an output signal,
the complex impedance value (1Z|) was used and was monitored at a fixed frequency of | Hz.

RESULTS AND DISCUSSION

Crystal Structure and Morphology of the Oxide SEs

One of the most important factors that affect the sensing charactenistics of the mixed-
potential-type NOx sensors is the composition or morphology of SE. XRD patterns for both
NiO and ZnCryO, thick films sintered at 1400°C and 1200°C, respectively, contained only
peaks of crystalline face-centered cubic NiO (JCPDS PDF#47-1049) phase or ZnCr,04
(JCPDS PDF#22-1107) phase. It is seen that all peaks for the sintered NiO and ZnCr,0, were
narrow. This suggests the excellent thermal
stability of NiO and ZnCr,0,.

Figure 4 shows SEM micrographs of
the cross-section of the screen-printed NiO-
SE films sintered at different temperatures
on the YSZ substrate. The thickness of films
was maintained at almost same value of
about 7 pm even after sintering at different
temperatures. With decreasing  sintering
temperature, the average pore size was found
to increase from ca. 0.5 pm (for the 1100°C-
sintered film) to ca. 2 pm (for the 1400°C-
sintered film). This suggests that higher
sintering temperature gives lower number of
reaction site at a triple-phase-boundary (TPB)
of pas/YSZ/NiO, These observations also
show that the high sintering temperature
provides relatively low surface-lo-volume
ratio on SE layer which consequently brings
low catalytic activity to electrochemical
reactions. The less surface area of the NiO
film will also lead to lower heterogeneous
catalysis (decomposition of NO; to NO). In
the casc of the ZnCr,04~SE sintered at
1200°C, it was also relatively porous with an
average grains size of about 0.2-0.8 pm.

TEM image of the TPB (gas/YSZ/SE)
for the NiO-SE sintered at 1400°C onto YSZ
substrate is presented in Fig. 5. Analysis of

%5000 = Sum

Fig. 4 SEM micrographs of the cross-section
of the screen-printed NiO films (on YSZ
substrate) sintered at various temperatures.

h of the TPB at

this figure showed that the TPB, where all
electrochemical reactions occur, is a small

Fig. 5 TEM micro&ra
gas/YSZ/NiO for the

iO film sintered
onto YSZ substrate at 1400°C.



curve which goes along with the YSZ/NiO interface. This nano-scale picture clearly shows that
the YSZ/NiO interface is about 2 nm in thickness and goes along the boundary between the
NiQ and YSZ grains joined together. Thus, the TPB consists of the gas and the combination of
the relatively small nano-scale curves along the YSZ/NiO interface as well as small islands
when the YSZ and NiO grains connected to each other by one or a few single points.

Sensing Performances of the Mixed-potential-type NOx Sensor Using NiO-SE

Among the thirteen kinds of single-
oxide SEs tested, the NiO-SE was found to
give the highest NO; sensitivity at 850°C. The
YSZ-based NOx sensor attached with NiO-SE
showed a strong linear correlation between the
gas sensitivity and the logarithm of NO;
concentration from 50 ppm up to 450 ppm at
temperatures of 800-900°C. Figure 6 shows the
variation of the output emf values for the

(400 ppm NO2)

present sensor to 400 ppm NOx (NO or NO,) (400 ppm NO)
when the operating temperature was changed - 800°C 850°C 900°C
from 800°C up to 900°C. The oxygen Fig. 6 Variation of the output emf for
concentration was fixed at 20.9 vol.%. It is clear the NOx sensor usin iO-SE at

from this figure that the output emf of the NOx  Operating temperatures of 800-900°C.

sensor decreases with increasing operating temperature. However, even at 900°C the sensor
attached with NiO-SE gave the emf response of about 15 mV. Such a result is hard to see in the
case of any other oxide-SEs tested here and reported to date. Figure 7 shows the response
transients to 400 ppm NO, under dry and wet conditions for the tubular NOx sensor attached
with NiO-SE at 850°C. The emf value was almost zero when the base gas was introduced to
the sensor and changed quickly from the base level to the some emf value upon exposure to the
sample gas containing NO,. The 90% response time was about 40 s, however the recovery rate
was very slow compared with the response rate. The emf value did not retumn to the base level
and reached only the about 80% recovery level even after 20 min. Such a slow recovery can be
explained by the fact that the catalytic
activity for electrochemical reaction of

oxygen (40; + 2¢" = O%) is low for the n @ [mNOzJ ® r
1400°C-sintered NiO-SE. Such a slow 60 8 vol% 02 ’
recovery of the present sensor was found to 50 \

be improved by humidifying the sample gas. Eto

In this test, 5 vol.% of water vapor was 3o +5 vol.% H20
incorporated into the dry sample gas. As 20

shown in Fig. 7 (b), the recovery rate was

water vapor. Under the wet condition, the
i -10

90% response and 90% recovery times were o 0 20 20

about 20 s and about 3 min, respectively. The Time / min

mf val turned letel i0i Fig. 7 Response/recovery transients to
Jevel itk abowt 5 min. In addion,the 400 ppm NOs n § voL% O (+N; blance
s ’ ’ gas in the absence (a) and in the presence
sensitivity (75 mV to 400 ppm NO3) under (b) of 5 vol.% water vapor at 850°C.

greatly improved after the introduction of 10 j - L_l
0 0

60



the wet condition was a bit higher than that (60 mV)
under the dry condition. Moreover, the reproducibility ~ 60
of emf response to 400 ppm NO, was quite satisfactory.
Thus, the presence of water vapor in car exhausts will
give a positive effect to the performance of the present %
NOx sensor. ~
Figure 8 shows the comparison of the response E
ransients to 200 ppm NO, at 800°C for the planar @
sensors attached with each of NiO-SEs sintered at 20
various temperatures. It is seen that the steady-state
emf value to 200 ppm NO;increased from 3 mV to 55
mV when the sintering temperature of SE was
increased from 1100 to 1400°C. However, the response Time
rate was lowered by increasing the sintering Fig. 8 Response transients to NO;
temperature. These results given in Fig. 8 clearly 3:ir§0(¢);(c:h (())t! &?8_ {ia:‘gntsc;gfiog
indicate that the NO; sensitivity of the present sensor diffegrenl tempera(urcs: )
can be enhanced by increasing the sintering
temperature of SE,

Elucidation of Sensing Mechanism for the Mixed-potential-type NO; Sensor

The NOx sensing mechanism for the YSZ-based sensors using metal-oxide SE is based
on mixed-potential, as has been reported before.*” For the NO, sensing, the following
electrochemical reactions proceed simultaneously at the interface of YSZ/SE and consequently
mixed potential appears on SE:

(anodic) O — 0, + 2¢ )

(cathodic) NO, + 26 — NO + O (2)
Based on the previously published results,”*' these reactions occur at different kinetic rates on
the dissimilar electrodes. As a result, the emf response of the sensor is the difference in mixed
potential on each electrode. Therefore, the catalytic activity to anodic reaction of O; (1) should
be low and the catalytic activity to cathodic reaction of NO; (2) should be high. In order to
verify this assumption, the complex impedance measurements were performed at the frequency
range of 0.01 Hz; «d MHz in the base gas (5 vol.% O; + N; balance) at 800°C for the planar
sensors attached with each of the NiO-SEs sintered at different temperatures. It was seen that
the resistance of electrode reaction in the base gas increased with increasing sintering
temperature of SE. This implies that the higher sintering temperature of SE gives lower
catalytic activity to anodic reaction of oxygen (1). The decrease in the catalytic activity to the
anodic reaction in the case of higher sintering temperature of SE was also confirmed from the
results of the polarization-curve measurements. At the same time, the low catalytic activity to
the cathodic reaction of NO; (2) can be explained using the schematic view of the interface
shown in Fig. 9. One can see that smaller NiO grains are present at TPB in the case of lower
sintering temperature of SE. In contrast, larger grains are present at TPB in the case of higher
sintering temperature. The larger grains may produce less number of reaction sites at TPB.
Thus, we can speculate that, in the case of higher sintering temperature, the catalytic activity to



the cathodic reaction (2) is low compared to the case of a) Lower sintering temp. of SE

lower sintering temperature, as observed for the anodic  /~ NOIT=NO s %O )
reaction.

Moreover, the oxide matrix also plays an | o SEITN R w)
important role in deciding the NO; sensitivity’” when we 'G%wzg Intertace
consider the gas-phase reaction: 1O eomposition

Y&z
\

raachos equibbirium
o sy i 4O O AT

NO) — NO + 1/502 (3)
b) Higher sintering temp. of SE

T=NO 4+ %Or )

Based on our previous results,”*'® low conversion of

NO; in the gas-phase reaction would lead to high NO,
sensitivity. In the present study, it was observed from the
SEM images (see Fig. 4) that the large pores exist in the
case of the 1400°C-sintered NiO-SE. As shown in Fig. 9,
NO, gas makes less contacts with the surface of NiO
grains when it diffuses through the large pores Fig. 9 Schematic views of the
presenting in the 1400°C-sintered SE matrix, where its ©ffect of both grain size andarol'ﬁ
surface acts as a catalyst for gas-phase decomposition :'cztfvﬁfcgl& chac't?g:s”;l()”;:;t(S _"C
reaction of NO; (3). Thus, NO; can reach the YSZ/SE

interface without serious decomposition to NO. In contrast, NO; makes a significant contacts
with the surface of NiO grains when it diffuses through the small pores presenting in the
1100°C-sintered SE matrix where almost all NO; gas can be converted into NO before
reaching the TPB. Thus, the low catalytic activity to anodic reaction of oxygen as well as less
possible conversion of NO, to NO in the gas-phase reaction would lead to higher NO,
sensitivity in the case of the 1400°C-sintered SE. Furthermore, the high catalytic activity for
the anodic reaction of oxygen and the high conversion of NO; to NO lead to lower NO,
sensitivity in the case of the 1100°C-sintered SE, in spite of the fact that the high catalytic
activity to anodic reaction of oxygen can give faster recovery rate.

All the above results presented here show that NiO-SE gives good sensing
performances in the humid exhaust environment even at high temperatures of 800-900°C. Thus,
we may conclude that this material is one of the potential candidates for SE of the mixed-
potential-type NOx sensor which is capable of detecting NO, on-board in car exhausts at high
temperature.

Sensing Performances of the Complex Impedance-based NOx Sensor

In addition to the mixed-potential-type NOx sensors, our attention during last few years
has been focusing on the devclopment of principally new-type YSZ-based sensor for detecting
NOx at high temperature.>' In this type of NOx sensors, the change in the complex impedance
of the device attached with oxide SE was measured as a sensing signal. Initially we
investigated the complex-impedance plots for the devices using spinel-type oxides, such as
CrMn;04, NiCry04, NiFe;O4 and ZnCr204, as an SE in base air at 700°C. Both NO; and NO
(200 ppm each, diluted with dry air) were used as the sample gas during experiments. The
sensors attached with the first three oxides were found to provide large and flat semicircular
arc in each Nyquist plots in the examined frequency range. The impedance values of these
devices were not affected by the existence of NOx under the present condition. However, we
found that in the case of the device attached with ZnCr,0,-SE, the impedance behavior was



entirely different from the above-
mentioned results. Figure 10 shows how
the resistance value (2’, the intercept) at
the intersection of the large semi-arc
with the real axis at low frequencies
(around 0.1 Hz)  varies  with
concentrations of both NO and NO,. It is
seen that the resistance value decreases
with an increase in the concentration of
both NO and NO,. Such a behavior is
completely different from that for the
mixed-potential-type NOx sensor whose
response direction to NO is opposite to
that to NO; (see Fig. 6).

Meanwhile, the 2’ value (the
intercept, about 2000 Ohm) at the 0, + = -
intersection of the large semi-arc at high Z/kQ
frequencies (around 50 kHz) did not Fig. 10 (a) Cross-sectional view of the complcx

change even if the concentration of NOx ~ impedance-based NOx sensor using YSZ and

N ZnCry04-SE. (b), (c) Nyquist plots in the base
was changed from 10 to 400 ppm. The air and the sample gas with each of various
difference between the impedance (|Z}u) concentrations of NO and NO; at 700°C.

in the base air and the impedance (JZ];.,)
in the sample gas comdmm§ NOx at the fixed frequency of | Hz has been defined as ‘gas
sensitivity’ of the device.> ™'® We, therefore, investigated the sensitivity of sensor attached
with ZnCry04-SE to both NO and NO:2 at high temperature and in the presence of high
concentration of H20 (3 to 8 vol.%) and CO2 (10 to 15 vol.%), which are usually exist in car
exhausts. All measurements were carried out at fixed temperature of 700°C for various NOx
concentrations. This investigation revealed the existence of strong linear correlation between
‘gas sensitivity’ and the measuring NOx concentration from O to 200 ppm. Figure 11 shows
that the sensitivity of the sensor at 1 Hz to both NO and NO, (200 ppm each) was almost
constant in the presence of high H,O and CO, concentrations. Moreover, the most interesting
result taken into consideration from
these tests is the fact that the
sensitivity to NO is almost equal to
that to NOz at 700°C. From the
practical point of view, this means
that the present device is capable of
measuring total NOx (NO and NO,)
concentration in the gas mixture
regardless of the NO/NOz ratio. This
is very valuable point for the
development of practical total NOx o 00 po y‘zo o
sensor for car exhausts. |2l [Zhoon 1 Q

Based on our previous Flg 11 Sensitivity to NO and NO; (200 ppm each)
experiences with the mixed-potential- in the presence of rather hlgh concentrations of H,O

. (3-8 vol.%) and CO; (10-15 vol.%) at 700°C for the
type sensors, we can presume that it ySZ.paged sensor using ZnCry04-SE.

(a) SE(ZnCra04) Pwie
‘ CE(PY) YSZ tube

(b) O Al
10Hz B :100ppmNO
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( w200 ppm NO, wsssmm 200ppm NOz )
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is quite possible that the response of the present device is also intervened by the change in O,
concentration in the sample gas.

In order to verify this assumption, O2 concentration in the sample gas was changed
from 5 vol.% to 80 vol.% at 700°C whilst ‘gas sensitivity' of the device to 100 ppm of both
NO and NO, was recorded. The results of these tests revealed that the value |Z] indeed varied
linearly with the logarithm of Oz concentration at 1 Hz. In the meantime, the ‘gas sensitivities’
to NO and to NO, were almost equal at any O, concentration examined. This suggests that the
Oz concentration in the sample gas existing at the space near the oxide-SE of the device should
be controlled and should be kept constant during operation. For this purpose, both an Oz sensor
and an Oz-pump could be employed for monitoring and controlling O2 concentration,
respectively. These devices can be built into a new laminated-type YSZ-based device
consisting of oxidation catalyst and NO; sensing electrode, as shown in Fig. 12. Combustible
gases, therefore, can be oxidized by oxidation catalyst in this design of the sensor and the Oz
concentration can be kept constant. Consequently, the NOx sensitivity of the sensor will have
no influence by the co-existence of combustible gases and by the Oz concentration variation in
the exhaust gas.

Oxygen pump CE |
(Sample gas) W
Onxddation catalyst Oxygen pump slecirode 1
) ) L NOX SE |
/ L
I \\ T i 7 14
Automobile Ar duct
exhaust ; //
T = il | YSZ
e
it e
Gas inet p.4 1 _
] N T
Oxygen N NOXCE
refecence
Heater electrode Impedance |
Oxygen SE snahyzer 1

Fig. 12 A cross-sectional view of the proposed laminated-type complex
impedance-based NOx sensor.

CONCLUSIONS

First, the tubular and planar YSZ-based sensors attached with each of the NiO-SEs
sintered at various temperatures were fabricated for NOx detection at the different
environments aiming for monitoring car exhausts. The sensing characteristics of these sensors
were examined in the temperature range of 800-900°C. It was found that the NO; sensitivity of
NiO-SEs was greatly influenced by changing the sintering temperature of SE. Rather high
sensitivity to NO; was obtained even at 900°C for the sensor using the NiO-SE sintered at
1400°C. The NO; sensitivity observed at such a high temperature has never been reported
before. The low catalytic activity to anodic reaction of oxygen (1) as well as the scanty
conversion of NO; to NO on the gas-phase reaction (3) may lead to the high NO; sensitivity in
the case of 1400°C-sintered SE having larger pores. In opposite, the high catalytic activity to
anodic reaction and the high conversion of NO, to NO may lead to lower sensitivity in the case
of 1100°C-sintered SE having smaller pores and smaller grains. The present investigation
indicates that NiO is a promising candidate for the practical SE of on-board planar NOx



sensors, although detailed further investigation of the sensing performance for this material is
necessary to make a conclusion about its acceptance for the practical use in NOx sensors.

Secondly, the NOx sensing performances of the complex-impedance-based YSZ sensor
attached with ZnCr,04-SE were investigated at 700°C. The sensing characteristics of the
sensor showed rather good sensitivity to NOx concentration from 10 1o 400 ppm. The
sensitivity to NO was almost equal to that to NO2 for the present sensor. This means that the
present sensor can measure the total NOx concentration in the sample gas. The observed NOx
sensitivity was found to vary almost linearly with NOx concentration even in the presence of 8
vol.% H20 and 15 vol.% COxz. In addition, a new laminated-type structure for the complex
impedance-based NOx sensor has been designed, in order to avoid the effect of the co-existing
combustible gases as well as the change in O concentration in exhaust gas.
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