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Abstract

Recent progress in the development of zirconia-based sensing devices using zinc-family oxide electrodes for both mixed-potential and com-
plex impedance-based types has been focused on the detection of NOx in the temperature range of 600–700◦C. The sensing characteristics
of these sensors were investigated in different gaseous environments. The mixed-potential-type NOx sensor using ZnFe2O4 sensing electrode
(SE) have shown the highest sensitivity to NOx among other spinel-type oxides tested as SEs in the temperature range of 600–700◦C. It was
also shown that the complex-impedance-based NOx sensor attached with ZnCr2O4-SE gave rather good sensing characteristics to NOx at
700◦C. Furthermore, it was discovered that the sensitivity to NO is almost equal to the sensitivity to NO2 from 0 to 200 ppm for this sensor
at 700◦C. The observed NOx sensitivity and the measured NOx concentration had almost linear correlation even in the presence of 8 vol.%
H2O and 15 vol.% CO2. Based on the results obtained, we proposed laminated-type sensor structure that is the best for the present complex
impedance-based NOx sensor.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Strong demand for reliable solid-state gas sensors ca-
pable of detecting different gaseous pollutants have been
enhanced last few years substantially due to recent leg-
islation in EU, USA and Japan. Specifically, the EU
emission limits for passenger cars and heavy-duty diesel
vehicles soon will be reconsidered again and will be fi-
nalized for 2005. The 2005 (Euro IV) emission standards
set limit values for carbon monoxide (CO)—1.5 g/kWh,
hydrocarbons (CxHy)—0.46 g/kWh and nitrogen oxides
(NOx)—3.5 g/kWh [1]. Moreover, in 2008 (Euro V pro-
posal), the NOx limit of 2.0 h/kWh is inseparably connected
to the need for efficient techniques and sensors based on
these techniques, to monitor CO, CxHy and NOx both in
combustion exhausts and in atmospheric environments[2].
The most reliable sensors capable to work “in situ” at high
temperatures above 600◦C in very harsh environment of
car exhausts are yttria-stabilized zirconia (YSZ)-based oxy-
gen sensors. Their attractive features, such as fast response,
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compactness and low cost create a possibility to control
emissions on-line. It is said that the world-wide produc-
tion of the YSZ oxygen sensors for automobiles is about
100,000,000 pieces per year.

Lately, an ultra lean-burn (or direct-injection type) en-
gine system has been developed to improve fuel efficiency
as well as to reduce CO2 and NOx emissions from engine.
In this new engine system, recently developed NOx-storage
catalyst should be used in order to compensate the low
NOx-removal ability of the conventional three-way cata-
lyst under the lean-burn (air rich) condition, as shown in
Fig. 1a [3]. It is vital to have high-performance NOx sen-
sors installed at the point after (or both before and after) the
NOx-storage catalyst for such a system. Temperature range
of 650–700◦C is critical to optimize the catalyst perfor-
mance and, therefore, “in situ” NOx sensor should be able
to work reliably in the exhaust gas at the above-mentioned
temperatures. The NOx concentration in the gas flow from
the NOx-storage catalyst increases gradually with time based
on the saturation of NOx-storage capacity of the catalyst as
shown inFig. 1b. Fuel-rich gas containing high concentra-
tions of hydrocarbons is allowed to flow through the catalyst
to regenerate the storage ability. As a result, NOx concentra-
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Fig. 1. (a) Catalytic converter system equipped with NOx sensors for the
exhaust gas emitted from a new-type car engine; (b) regeneration pattern
of NOx-storage catalyst.

tion in the gas emitted from this new catalyst drops rapidly
down to zero level and then gradually increases again. Con-
sequently, one of the major requirements toon-board NOx

sensor is determination the NOx concentration in the gas
flow from the new catalyst and monitoring timing for regen-
erating the catalyst.

Solid-state gas sensors could be classified into three
main categories according to the detection principles, i.e.
equilibrium potential, electrochemical pumping-current
and mixed potential. Among them, the last one, based on
mixed-potential gas sensing principle, has been paid spe-
cial attention due to its high sensing performance to air
pollutants in oxygen containing atmospheres at high tem-
peratures. For instance, we have extensively investigated
several oxides as SEs for NOx sensor, such as CdMn2O4
[4]; CdCr2O4 [5]; WO3 [6]; NiCr2O4 [7]; ZnFe2O4 [8,9]
and ZnCr2O4 [10], since our first report in 1996[4,11] re-
vealed that the use of oxide SE in this type of NOx sensor
is quite effective for sensitive and selective detection NOx

at high temperatures. Furthermore, recently, we found that
the new complex impedance-based type NOx sensor using
ZnCr2O4-SE has shown rather good sensing characteris-
tics towards “in situ” NOx measurement at temperature as
high as 700◦C [12]. Therefore, the purpose of this paper is
to report the sensing performances of zirconia-based NOx

sensors employing zinc-family oxide SEs.

2. Experimental

A closed-one-end of YSZ tubes (8 mol% Y2O3 doped,
NKT Co., Ltd.) were used for fabrication of NOx sensors.

The ZnCr2O4 and ZnFe2O4 powders were prepared by a
conventional solid-state reaction method on the outer sur-
face of YSZ tube to form SE. The Pt paste was applied on
the inner surface of the YSZ tube and then also sintered
at 1200◦C for 2 h to form the counter electrode (CE). The
sensing performances of both mixed-potential-type and
complex-impedance-based YSZ sensors were evaluated in
conventional gas-flow apparatus in the temperature range of
600–700◦C from 50 up to 450 ppm of NOx concentration
in the presence (or absence) of 8 vol.% H2O and 15 vol.%
CO2. The potential difference between SE and CE was
measured by means of a digital electrometer (Advantest,
R8240) as a sensing signal of the mixed-potential-type sen-
sor when SE was exposed to the base air or to the sample
gas with different NOx concentrations. The CE was always
exposed to the atmospheric air during experiments. For
the impedance-based sensor, the complex impedance and
the phase angle between SE and CE were measured by
a complex-impedance analyzer (Solarton, 1255WB). The
frequency was changed from 0.1 Hz to 100 kHz to obtain
complex-impedance (Nyquist) plots. As an output sensor
signal, the complex impedance value (|Z|) was used and was
monitored at fixed frequency of 1 Hz.

3. Results and discussion

3.1. Sensing performance of the mixed-potential-type NOx

sensor

Fig. 2compares the EMF responses obtained to both NO
and NO2 concentrations in air for the tubular YSZ-based
sensors using each of two zinc-family oxide SEs tested at
600 and 700◦C, respectively. In the carrier gas (dry syn-
thetic air), the EMF value was close to zero. Thus, the

Fig. 2. EMF of the mixed-potential type YSZ-based sensor with
ZnFe2O4-SE and ZnCr2O4-SE as a function of NOx concentration at
different temperatures.
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measured EMF values were regarded to the sensitivities
to NO and NO2. The gas sensitivity was almost linear to
NOx concentration from 50 to 450 ppm at tested tempera-
tures for both sensors. Moreover, as clearly shown in this
figure, the mixed-potential sensor using ZnFe2O4-SE pro-
vided higher sensitivity to NOx, compared to the same sen-
sor using NiCr2O4-SE in the measured temperature range
of 600–700◦C. Indeed, among the examined and previously
published spinel-type oxides, ZnFe2O4 gave the highest sen-
sitivity to NO2 in the above-mentioned temperature range.
The evaluation of sensing performances of the NOx sensors
using each of different zinc-family oxide SEs revealed that
the NOx sensitivities, especially for the ZnFe2O4-SE, were
relatively stable at 700◦C up to 8 months examined and the
EMF of air base was almost stable during the test period.

We have also examined the correlations between the NO2
sensitivity and the various properties of different spinel-type
oxides tested, such as gas adsorption–desorption behavior,
oxygen sensing characteristics and the catalytic activity for
the gas-phase reaction of NO2 in order to clarify the reason
why the ZnFe2O4-SE provides the highest NO2 sensitivity
in the temperature range of 600–700◦C. The examination of
the temperature-programmed-desorption profiles of NO2 for
various spinel-type oxides showed that the amount of NO2
desorption from ZnFe2O4 is larger than those from other
spinel-type oxides (NiCr2O4; ZnCr2O4 and CrMn2O4) and
the desorption peak for ZnFe2O4 was observed at the high-
est temperature (about 350◦C). Interestingly, the amount of
NO2 desorbed as well as the temperature of NO2 desorp-
tion peak are roughly correlating to the NO2 sensitivity at
700◦C, the higher the amount and the peak temperature of
NO2 desorption, the higher the NO2 sensitivity. This fact
suggests that the NO2 gas adsorbed at the YSZ/SE interface
may promote the rate of the following cathodic reaction (1)
of NO2 at high temperatures:

NO2 + 2e− → NO + O2− (1)

Fig. 3 shows the NO2 conversion due to the following
non-electrochemical gas-phase reaction in the sample gas
mixture of 100 ppm NO2, 21 vol.% O2 and He balance:

NO2 → NO + 1
2O2 (2)

The NO2 conversion on ZnFe2O4-SE is relatively low in
the temperature range of 500–600◦C, compared with those
on the other oxides. In fact, the catalytic activity at 550◦C
for the oxides is roughly correlating to the NO2 sensitivity
obtained at 700◦C; the lower the catalytic activity of ox-
ide, the higher the NO2 sensitivity of the sensor. Since NO,
thermodynamically, dominates in the equilibrated NOx gas
mixture at temperatures above 500◦C [4], the conversion of
NO2 to NO is usually high when the catalysts are used. If
the catalytic activity of SE is reasonably high at high tem-
peratures, most of NO2 can be easily converted to NO ac-
cordingly to the gas-phase reaction (2) on the surface or in
the bulk of oxide SE layer and thus it is rather hard to NO2

Fig. 3. Comparison of the NO2 conversion at different temperatures for
the devices attached with each of various spinel-type oxide SEs.

to reach to the YSZ/SE interface. As a result, the NO2 sen-
sitivity is low for the device using such SE. In opposite, if
the catalytic activity of SE is relatively low at high temper-
atures, the porosity of such SE is high and SE itself is thin
enough, NO2 can diffuse through the SE layer without de-
composition to NO and then reach to the YSZ/SE interface,
resulting high NO2 sensitivity.

Thus, during our investigation of mixed-potential-type
NOx sensors, the device using ZnFe2O4-SE was found
to give the highest sensitivity to both NO and NO2 at
the temperature range of 650–700◦C among the several
spinel-type-oxide SEs examined and reported to date. In
addition, this SE was relatively stable even at 700◦C, as
mentioned above. Consequently, the results obtained here
suggest that, although the response rate for the sensor using
ZnFe2O4 needs to be improved[9], this material is one
of the promising candidate for SE of the high-temperature
NOx sensor.

3.2. Sensing performance of the complex impedance-based
NOx sensor

In addition to the mixed-potential type NOx sensors,
our attention in last couple of years has been focusing
on the development of principally new-type YSZ-based
sensor for detecting NOx at high temperature[3,10]. The
changing in the complex impedance of the device at-
tached with oxide SE was measured as a sensing signal
in this type of NOx sensors. During our initial investiga-
tion of complex-impedance plots for the devices employed
spinel-type oxides (CrMn2O4, NiCr2O4, NiFe2O4 and
ZnCr2O4) as SE, in base air, 200 ppm NO2, and 200 ppm
NO, at 700◦C, we found that in the first three cases, a large
and flat semicircular arc was observed in each Nyquist plots
in the examined frequency range and the shape of semi-arc
for each device was almost similar in each gas. This indi-
cated that the impedance values of these devices are not
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Fig. 4. Complex impedance plots in base air and the sample gas with
each of various concentration of NO (a) and NO2 (b) at 700◦C for the
YSZ-based NOx device attached with ZnCr2O4-SE.

affected by the co-existence of NOx in the sample gas under
the present condition and then these SE are insensitive to
NOx gas at high temperature. However, we found that for the
device attached with ZnCr2O4-SE, the impedance behavior
was found to be entirely different from the above-mentioned
results. As shown inFig. 4, the resistance value (Z′, the
intercept) at the intersection of the large semi-arc with the
real axis at low frequencies (around 0.1 Hz) varied with the
concentration of both NO and NO2 in the sample gas. In
addition, the resistance value decreased with an increase
in the concentration of both NO and NO2. Such a trend is
completely different from that for the mixed-potential type
NOx sensors whose response direction to NO is opposite to
that to NO2 (seeFig. 2). Meanwhile, theZ′ value (the inter-
cept, about 2000�) at the intersection of the large semi-arc
at high frequencies (around 50 kHz) did not change even if
the concentration of NOx was changed from 0 to 400 ppm.

Fig. 6. A cross-sectional view of the proposed laminated-type complex impedance-based NOx sensor.

Fig. 5. Dependence of ‘gas sensitivity’ of the complex impedance-based
sensor using ZnCr2O4-SE on measuring NOx concentration in the presence
of 8 vol.% H2O and 15 vol.% CO2 at 700◦C.

The difference between the impedance (|Z|air) in the base
air and the impedance (|Z|gas) in the sample gas containing
NOx concentration at the fixed frequency of 1 Hz has been
defined as ‘gas sensitivity’ of the device[3]. It was, there-
fore, interesting to investigate the gas sensitivity of sensor
using ZnCr2O4-SE to both NO and NO2 at high tempera-
ture and in the presence of high concentration of humidity
(H2O; 8 vol.%) and CO2 (15 vol.%), which are usually exist
in car exhausts. The measurements were made for various
NOx concentrations at fixed temperature of 700◦C. Fig. 5
shows the dependence of ‘gas sensitivity’ on the concentra-
tion of NO and NO2 for the complex impedance-based NOx

device. Strong linear correlation between ‘gas sensitivity’
and the measuring concentration of both NO and NO2 was
found from 0 ppm to 200 ppm at 700◦C. Moreover, the most
interesting result taken into consideration from these tests
was based on the fact that the sensitivity to NO was almost
equal to the sensitivity to NO2 at 700◦C. This means, from
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the practical point of view, that the present device is capable
of measuring total NOx (NO and NO2) concentration in the
gas mixture regardless of the NO/NO2 ratio at 700◦C. This
is very valuable point for the development of practical NOx

sensor for car exhausts.
Based on our previous experience with the mixed-poten-

tial-type sensors employing spinel-type oxides as SE, we
presumed that it is quite possible that the response of the
present device is also intervened by the change in oxygen
concentration in the sample gas. In order to check this point,
O2 concentration in the sample gas was changed from 5 to
80 vol.% at 700◦C whilst ‘gas sensitivity’ of the device to
100 ppm of both NO and NO2 was recorded. The results of
these tests revealed that the value |Z| indeed showed strong
linear correlation to the logarithm of O2 concentration at
1 Hz. In the meantime, the ‘gas sensitivities’ to NO and to
NO2 were almost equal at any O2 concentration examined.
This result indicates that the O2 concentration in the sam-
ple gas existing at the space near the oxide-SE of the device
should be controlled and should be kept constant at all times.
For this purpose, both O2 sensor and YSZ-based O2-pump
could be used for monitoring and controlling O2 concentra-
tion, respectively. These functioning devices can be com-
bined into new laminated-type YSZ-based device compris-
ing oxidation catalyst, O2 sensor, O2 pump and NOx SE, as
shown inFig. 6. In this design, combustible gases can be
oxidized by oxidation catalyst and the O2 concentration can
be kept constant at all times. Consequently, the NOx sensi-
tivity of the sensor will not be affected by the co-existence
of combustible gases and by the variation in O2 concentra-
tion in the exhaust gas.

4. Conclusions

(1) ZnFe2O4-SE has shown the highest sensitivity to NOx

at the temperature range of 600–700◦C among other
spinel-type oxide SEs tested and reported to date for
the mixed-potential type NOx sensor.

(2) ZnCr2O4-SE has shown rather good NOx sensing per-
formance at 700◦C for the complex impedance-based
YSZ sensor.

(3) The sensitivity to NO was almost equal to the sensitiv-
ity to NO2 from 0 ppm to 200 ppm for the impedance-
based NOx sensor employing ZnCr2O4-SE at 700◦C.

(4) The observed NOx sensitivity and the measured NOx

concentration had strong linear correlation even in
the presence of 8 vol.% H2O and 15 vol.% CO2 at
700◦C.

(5) New laminated-type structure for the complex
impedance-based NOx sensor has been designed.
The main advantage of this design is that NOx sen-
sitivity of the sensor protected from the influence
of the co-existing combustible gases and from the
deviation of oxygen concentration in exhaust gas.
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