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Abstract The effect of thickness of oxide-sensing elec-
trode (SE) on NO2 sensitivity of the planar sensor based on
yttria-stabilized zirconia (YSZ) was examined at high
temperatures. The sensitivity of the sensor increased with
decreasing thickness of SE, and the highest sensitivity was
obtained by using the thinnest layer of Cr2O3–SE (2.7 μm)
at 700 °C. In the case of NiO–SE, the highest sensitivity
was observed for the sensor using the 4-μm-thick SE even
at a high temperature of 850 °C. Based on the results of the
measurements for the complex impedances, the polarization
curves, and the gas-phase NO2 decomposition catalysis, it
was confirmed that the catalytic activity to the gas-phase
NO2 decomposition on the oxide–SE matrix played an
important role in determining the NO2 sensitivity of the
present sensors.

Keywords NOx sensor .Mixed potential . YSZ . NiO .
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Introduction

Nitrogen oxides (mainly NO and NO2, referred as NOx) are
formed in any combustion process, especially in automotive
engines. Among the main environmental air pollutants,
nitrogen oxides are of the greatest concern, as they are
directly related to vehicle exhausts. They transform to
gaseous nitric acid and toxic organic nitrates in air
atmosphere, and hence result in the production of acid
rain, photochemical smog, and the like in the environmental
ecosystem. Consequently, in view of the higher strict
regulation of emissions from automobiles, the need for a
new generation of in situ, cost-effective, and reliable gas
sensors has become a high priority [1, 2]. Such sensors
must be able to provide a stable and unambiguous signal in
harsh environments at elevated temperatures. To satisfy the
recent automobile emission regulations, the on-board
diagnosis (OBD) system has been proposed to be used
inside vehicles to monitor all the gaseous components
related to air pollution.

In this OBD system, two oxygen sensors (lambda
sensors) can be used: one placed upstream of the
conventional three-way catalyst (TWC) to control the air/
fuel ratio and the second one located downstream in the
exhaust to control the efficiency of the catalytic converter.
Due to the fact that the NOx removal efficiency of the
TWC is significantly low under lean region (air rich), a new
NOx-storage catalyst needs to be used in addition to the
conventional oxygen sensors. In this regard, to monitor the
regenerate time and NOx concentration in the exhausts, it is
highly desired to develop high-performance NOx sensors.
Such a new and reliable solid-state NOx sensor will allow
direct and precise analysis of the pollutants, easily
integrable in the OBD system of direct-injection-type
gasoline engines operating in lean region.
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So far, mixed-potential-type sensors based on YSZ and
oxide–SEs are considered to be good candidates in regard
to their special features such as compactness, fast response,
and low cost [3–20]. However, the sensitivity is consider-
ably low, especially at temperatures in excess of 700 °C.
Quite recently, our group has reported that the YSZ-based
sensor using NiO–SE could be operated with high NO2

sensitivity even at temperatures higher than 800 °C under
humid condition [21–25]. Addition of noble metal (Rh) to
NiO–SE improved the performances of the sensor [25]. As
far as the requirements of automotive NOx sensors are con-
cerned, working temperature of sensor at or above 800 °C
is an important issue, due to the fact that the temperature of a
car engine sometimes reaches up to even 900 °C during
acceleration of vehicles [22–24].

The NO2 sensitivity was found to depend on the kind of
SE, morphology of SE, and sintering temperature of SE
[22, 23, 26]. Thickness of SE is also one of the important
factors for determining NO2 sensitivity of the mixed-
potential-type sensor [27]. So, we examined in this study
in more detail the influence of thickness of NiO–SE (or
Cr2O3–SE) on NO2 sensitivity and the reason for occur-
rence of the thickness effect based on the results obtained
from the measurements of the difference in potential (emf)
responses, complex impedances, polarization curves, and
gas-phase catalytic activity. The reason why these two
oxides have been chosen is that NiO can be used as an SE
for high-temperature operation as mentioned above [21–25]
and Cr2O3 is now tested as an SE for the prototype
laminated-type sensor [28].

Experimental

Fabrication of sensor

The homemade Y2O3-added (8 wt%) zirconia plates were
used for the fabrication of the planar NO2 sensor. The
physical dimensions of the YSZ plates are 10×10 mm, at
0.2 mm thickness. The schematic cross-sectional view of the
planar sensor used in this study is shown in Fig. 1. The Pt

paste was screen-printed on both sides of YSZ plate and
annealed at 1,000 °C for 2 h in air. The commercially
available NiO (or Cr2O3) powder was mixed with α-
terpineol and the resulting paste was printed on the transfer
paper by means of screen-printing method. The fabrication
process of the oxide layer on the front side of the YSZ plate
having a Pt-stripe electric collector was done by means of
slide-off-printing technique, as described elsewhere [28, 29].

To increase the thickness of the SE layer, the required
number of the oxide film was laminated on the YSZ plate.
To make a good electrical contact with a measuring
equipment, Pt wires (0.1 mm in diameter) were spot-
welded by using a Pt paste onto the Pt-connecting spots of
each of SE and reference electrode (RE) layers. Finally, the
YSZ plate attached with the oxide layer was sintered at
1,400 °C for 2 h in air to form SE.

Characterization of sensing materials

The crystal structures of NiO and Cr2O3 were examined by
means of an X-ray diffractometer (XRD, RIGAKU, RINT
2100VLR/PC). The CuKα radiation (λ=1.5406 Å) and
0.5°/min angle step were used for all measurements. The
surface morphology and thickness of SE were observed by
using a field emission scanning electron microscopy
(JEOL, JSM-340F), operating at 15 kV.

Measurements of sensing characteristics

The measurements of sensing characteristics were carried
out by using a conventional gas flow apparatus equipped
with a furnace operating in the temperature range of 700–
900 °C. The 5 vol.% O2 (+N2 balance) was used as a base
gas. The NO2 concentration in the sample gas was changed
from 50 to 400 ppm. The base gas and the sample gas were
humidified with 5 vol.% water vapor by using a water-
vapor generator coupled with a small evaporator and a
micro-flow pump (Hitachi, L-2100). Both of the base gas
and the sample gas were allowed to flow over the sensor at
a constant flow rate of 100 cm3/min. SE and RE were
exposed simultaneously to the sample gas or the base gas.
The difference in potential between SE and RE of the
planar sensor was measured with a digital electrometer
(Advantest, R8240) as a sensing signal. The potential of the
SE was always positive with respect to RE.

The current–voltage (polarization) curves were mea-
sured by means of an automatic polarization system
(Hakuto Denko, HZ-3000) based on potential-sweep
method at a scan rate of 2 mV/min for a two-electrode
configuration in the base gas (5 vol.% O2 + N2 balance)
and in the sample gas containing 200 ppm NO2 (+ base
gas). The current axis of the anodic polarization curve was
subtracted from that of the cathodic polarization curve atFig. 1 Schematic cross-sectional view of the planar sensor used
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each potential so as to obtain the modified polarization
curve in which the current axis was expressed in absolute
scale. The complex impedance of the sensor was measured
in the frequency range from 0.01 Hz to 1 MHz, with 50 mV
exciting voltage by means of an impedance analyzer
(Solatron, 1255 WB) at 700 °C (or 850 °C).

Evaluation of catalysis for gas-phase NO2 conversion

The catalytic activity against the gas-phase decomposition
of NO2 to NO was evaluated in the temperature range of
200–900 °C for each of NiO–SE (or Cr2O3–SE) layers
having different thicknesses, by using a conventional gas
flow apparatus as well as a chemiluminescence NOx
analyzer (Yanaco, ECL-88A).

Results and discussion

Characterization of SE layer

To examine the thermal stability of NiO and Cr2O3, XRD
patterns (not shown here) were recorded for each of the SE
layers having different thicknesses sintered at 1,400 °C. It
was observed that the NiO–SE and the Cr2O3–SE retain the
crystallographic phase corresponding to JCPDS PDF no.:
44-1159 (face-centered cubic) and no.: 38-1479 (Rhombo-
hedral), respectively. This means that NiO and Cr2O3 are
quite stable even after sintering at such high temperature.
However, all the peaks assigned to both of the oxides were
very narrow due to sintering effect.

The representative SEM images of cross-section of NiO–
SEs are shown in Fig. 2. It is seen that NiO–SE have
different thicknesses of about 4, 7, and 11 μm and the
thickness was almost uniform throughout the matrix.
Almost the same thickness was also observed in the case
of Cr2O3–SE, except for the thinnest layer (2.7 μm). The
state of interface (YSZ/NiO or YSZ/Cr2O3) was confirmed
to be almost equal irrespective of thickness of oxide layer
as shown in Fig. 3. As the state of interface is the same in
each case, it is expected that the rate of electrochemical
reactions, especially anodic reaction of oxygen and hence
recovery rate, should be equal irrespective of the thickness
of SE. The surface of each SE layer consisted of almost
uniform grains and uniform pores. The average grain size
of NiO and Cr2O3 was about 3 and 2 μm, and the average
pore size was about 0.7 and 0.5 μm, respectively.

Effect of thickness on NO2 sensitivity

The emf responses to various NO2 concentrations were
examined for the sensors using each of different thicknesses
of NiO–SE and Cr2O3–SE at 850 and 700 °C, respectively.

Figure 4 shows the representative response transients to
200 ppm NO2 for the sensors using each oxide–SE having
various thicknesses. It is seen that the emf value changed
quickly from the base level when the sample gas was
introduced onto the sensors and the steady-state emf values
were attained in due time in each case. The response and
recovery rates of the sensors were almost the same,
irrespective of the thickness of oxide–SE used. The typical
90% response and recovery times of the sensor using 7-μm-
thick NiO–SE at 850 °C were about 12 and 72 s,
respectively.

Figure 5 shows the dependence of NO2 sensitivity on the
concentration of NO2 at 850 °C for the sensor attached with
each NiO–SE having various thicknesses. It is seen that the
emf of the sensor varied linearly with NO2 concentration on
a logarithmic scale in the examined concentration range.
Such a linear variation is typical for the mixed-potential-
type sensor, as reported before [2–25].

Fig. 2 SEM images of cross-sections of NiO–SEs. SE thickness: a
4 μm, b 7 μm, and c 11 μm
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Figure 6 shows the dependence of sensitivity (emf) to
200 ppm NO2 on the thickness of NiO–SE and Cr2O3–SE
at 850 and 700 °C, respectively. It is seen that the NO2

sensitivity increases with decreasing thickness of SE and
the highest sensitivity was obtained for the sensor attached
with the thinnest NiO–SE (4 μm). In the case of Cr2O3, the
highest sensitivity was seen for the sensor using 2.7-μm-
thick SE and the emf value was as high as ca. 78 mV even
at 700 °C. There is a possibility to obtain still higher
sensitivity if the SE thickness is decreased further.

Electrochemical catalytic activity

To rationalize the above-mentioned sensing characteristics,
the complex-impedance measurements were performed in
the base gas (5 vol.% O2 + N2 balance) and in the sample
gas containing 400 ppm NO2 (+ 5 vol.% O2 + N2 balance)
for the planar sensors using each of NiO–SEs (or Cr2O3–
SEs) having various thicknesses. The Nyquist plots at
850 °C in the base gas and in the sample gas for the sensor
attached with each of various thickness of NiO–SE are
shown in Fig. 7, as the representative examples. It is seen
that, in each case, the impedance spectrum was in the form
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Fig. 3 SEM images of the vicinity of YSZ/NiO interface. SE
thickness: a 4 μm, b 7 μm, and c 11 μm
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of a semicircle. In the base gas, the diameter of semicircle,
which reflected the resistance of electrode reaction involv-
ing O2 [30–32] was hardly affected by the thickness of
oxide–SE. Almost the same results were also observed for
the sensor attached with each of various thickness of
Cr2O3–SE at 700 °C.

This implies that the catalytic activity for the electro-
chemical reaction of O2 occurring at the YSZ/oxide
interface is almost equal irrespective of the SE thickness.
This seems to occur because it was confirmed from the
SEM observation that the state of interface where the
electrochemical reactions proceed in each case was almost
the same irrespective of thickness of SE (Fig. 3). Thus, it is
understandable that the sensors exhibit almost equal
recovery rates. On the other hand, the diameter of the
impedance plots in the sample gas is a bit decreasing with
decreasing thickness of SE layer. This seems to indicate
that, at the interface of YSZ/oxide, the actual NO2

concentration is high in the case of thinner SE layer.
Unlike in the present case, we have recently reported that
the rate of electrochemical reactions and hence the

response/recovery rates was strongly influenced by state
of YSZ/oxide interface [21].

When a larger number of reaction site is present at YSZ/
oxide interface, the sensor exhibits faster response/recovery
rates, while when the number of reaction site is signifi-
cantly lower, sensor exhibits slower response/recovery
rates. Thus, it can be said that if the number of reaction
site at interface is equal (for one kind of SE), the sensor
should exhibit almost equal response/recovery rates as has
been observed in the present case.

To substantiate the impedance results, current–voltage
(polarization) curves were measured for the sensor using
each of SEs having different thicknesses. Figure 8 shows
the modified polarization curves for the sensor using each
of various thickness of NiO–SE at 850 °C. It is clearly seen
that the anodic polarization curve of O2 is almost invariant
with thickness of SE layer used. Such invariance of anodic
polarization curves confirms that the rate of anodic reaction
occurring at the interface is almost the same in all
thicknesses of SE layer as has been observed from the
impedance results. In contrast, the cathodic polarization
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curve seems to be strongly depending on the thickness of
SE layer.

It is seen that the cathodic polarization curve shifts
upward as the thickness of SE layer is decreased and the
minimum polarization current was obtained by the sensor
using the thickest SE layer. This means that, because of the
pronounced gas-phase NO2 decomposition to NO through
the SE layer, the NO2 concentration at the YSZ/oxide
interface can be significantly lowered when a thicker SE
layer was used. As a consequence, the reaction rate
(current) for the catalytic activity of cathodic reaction of
NO2 at the YSZ/oxide interface is reduced in the case of
thicker SE layer. It is noted that the polarization current
obtained by the sensor is the result of both electrochemical
and chemical reactions occurring at the SE. Thus, the
upward shift of the cathodic polarization curve with respect
to decreasing thickness of SE layer can move the
intersection of the cathodic and the anodic polarization
curves to more positive potentials (higher sensitivity).

It is obvious that the close coincidence (ex. 58 mV
[observed in Fig. 4] and 60 mV [estimated in Fig. 8], for
the 7-μm-thick NiO–SE) of these intersection values in
each case with that of the emf value obtained by normal
potentiometric method indicates that the present sensor is
based on the mixed-potential model, as has been reported
before [2–8, 23–25].

Explanation of thickness effect

As mentioned above, the higher NO2 sensitivity was
obtained for the sensor using the thinner layer of SE while
the lower NO2 sensitivity was observed for the thicker SE.
As the state of interface was confirmed to be same in all SE
thickness (Fig. 3) and hence the rate of electrochemical

reaction, it seems that in the present case the NO2

sensitivity is determined by the degree of the gas-phase
NO2 decomposition (see chemical equation below) occur-
ring in the oxide–SE matrix.

NO2 ! NOþ 1=2O2 ð1Þ

In fact, it is reported that the gas-phase NO2 decompo-
sition to NO occurring in the SE matrix also plays an
important role in determining the sensitivity of the mixed-
potential-type sensor [2–8, 23–25]. When a thin SE is used,
NO2 can reach the YSZ/oxide interface by diffusion
through the thin layer without serious decomposition of
NO2 into NO. Thus, when the sample gas containing only
NO2 is introduced to the surface of SE, the NOx
composition at the YSZ/oxide interface is far from the
equilibrium, i.e., NO2 concentration is predominantly high.
Such a high NO2 concentration at the interface results in
high NO2 sensitivity. On the other hand, when the SE is
rather thick, in the course of diffusion of sample gas
through the thick oxide-layer, NO2 can be easily decom-
posed into NO due to the pronounced gas phase reaction.

The surface of oxide grains may act as a catalyst for the
NO2 decomposition. Although NiO and Cr2O3 were used as
a catalyst for oxidation, the gas-phase NO2 decomposition
to NO can be also catalyzed by using each of Cr2O3 and
NiO as reported elsewhere [22, 33]. Thus, it is rather
difficult for NO2 to reach the YSZ/oxide interface without
decomposition to NO in the thicker SE layer. In such a
case, the NOx composition may be close to the equilibrium
at the interface. As a result, the NO2 sensitivity is lower for
the device using the thicker SE. In this case, there is little
driving force for the electrochemical reactions, which can
reduce the mixed potential when the NOx composition
comes closer to equilibrium. When the thickness of SE is in
the middle, a moderate NO2 sensitivity can be attained.

The above explanation can be verified by the results of
the measurements of gas-phase NO2 decomposition to NO
occurring in the SE. So, to quantify the amount of NO2

decomposition to NO on each of the various thicknesses
of NiO (or Cr2O3), the gas-phase catalytic activity for the
decomposition reaction (Eq. 1) was evaluated in the tem-
perature range of 200–900 °C. Figure 9 shows the de-
pendence of NO2 conversion to NO on the thickness of
NiO and Cr2O3 layers at 750 and 600 °C, respectively. It is
seen that, as expected, the NO2 conversion decreased with
decreasing thickness of oxide layer and the lowest
conversion is observed for the thinnest SE layer (4 μm
for NiO, 2.7 μm for Cr2O3).

Thus, it can be said that the thickness of SE plays a very
important role in deciding the sensitivity of the sensor and
the higher sensitivity could be obtained by using thinner
SE.
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Conclusions

The mixed-potential-type sensors using YSZ plate and
oxide (NiO and Cr2O3)–SEs having different thick-
nesses were fabricated and their NO2-sensing character-
istics were examined at high temperatures. It was shown
that the NO2 sensitivity was strongly dependent on the
thickness of NiO–SE (or Cr2O3–SE) used and the highest
sensitivity was obtained using each thinnest SE layer. It
was observed that the response/recovery rates were almost
equal irrespective of the thickness of SEs. Based on the
results obtained from the measurements of complex
impedances, polarization curves, and gas-phase catalysis,
it was speculated that the NO2 sensitivity in the present
case is mainly controlled by the degree of gas-phase
decomposition of NO2 to NO occurring on the surface of
oxide–SE.
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