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two aspects.

The mixed-potential NO, sensor based on yttria-stabilized zirconia (YSZ) and oxide electrode is considered as a
potential device used for the on-board diagnostics. Over the past decades, many researchers have paid their at-
tentions on such YSZ based potentiometric NOy sensors and gotten a lot of achievement in developing new
type electrode materials. Recently, in order to enhance the sensing performance of the mixed potential type
NOy sensor, we have been focusing on modifying the triple-phase-boundary (TPB) by various techniques, includ-
ing chemical corroding, the double-tape casting, the pore-forming and laser fabrication method. We also de-
signed and prepared the microstructure of the oxide electrodes by controlling the sintering process for
increasing the sensitivity of the NO, sensor. This paper reviews our works with regard to the above-mentioned

© 2014 Published by Elsevier B.V.

1. Introduction

With speedy increase of the vehicles in city, the car exhaust results in
severe urban atmosphere pollution. More and more attentions have
been focused on the detection of nitrogen oxides (NOy) which give
rise to some environmental disasters such as acid rain and photochem-
ical smog. To monitor and detect the NOy from car exhaust, the high per-
formance NOy sensor has been urgently desired. Because the NO, sensor
used for monitoring the car exhaust must work under very harsh condi-
tion (high temperature, high humidity and many coexisting gases), the
sensor materials used for the NO, sensor should have excellent chemical
and thermal stability. The stabilized zirconia and the metal oxides show
the advantage in the stability under the severe atmosphere, so the
mixed potential type NO, sensors based on them have been widely in-
vestigated [1-13].

Since the oxide electrodes play an important recognition role for
NO, molecules, most of the researchers have paid more attentions for
developing new oxide electrodes. Some single (WO3 [14-21], NiO
[22-25] and Cr,03 [26-28]) and complex (spinel and perovskite type)
oxides have been applied as the sensing electrodes of the YSZ-based
NO sensors. For the study of the oxide sensing electrode, both compo-
sition and microstructure of the electrode materials have attracted
special attentions, because the composition and microstructure decide
the catalytic (electrochemical and chemical) activity and diffusion
speed of the gases, respectively. On the other hand, the triple-phase-
boundary (TPB) where the electrochemical reactions take place is very
important for enhancing the sensing performance. The TPB with a
large area can give more electrochemical activity sites, so its constructing
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strategy has been investigated by some researchers. J. Park et al. raised the
area of TPB by mixing NiO with YSZ [12], but such method also covered
some activity sites, resulting in the decrease of the electrochemical reac-
tion rate. We have suggested another strategy: forming a rough surface
of YSZ plate which does not only give a larger contacting interface be-
tween the YSZ plate and the sensing electrode, but also keep a higher ac-
tivity of the electrode materials. Some rough surfaces of YSZ plates have
been fabricated with some special surface treatment techniques by our
group, such as HF corroding, the double-tape casting, the pore-forming
and laser fabrication methods. In this paper, we will review the develop-
ment of new sensing electrode materials and the construction of the TPB
with large area.

2. Development of the novel sensing electrode materials

The composition of the sensing electrode materials plays an impor-
tant role on the sensing property of the mixed potential NO, sensor
based on YSZ. The oxide sensing electrodes were testified to have better
sensing performance (sensitivity and selectivity to NOy) than the noble
metals [20-27]. Some typical simple and complex oxides oxide elec-
trode materials are summarized in the Table 1. For the simple oxide
electrodes, NiO, Cr,03, W03, ZnO, In,03, CuO and V,05 have been widely
investigated by some groups. Among them, NiO shows very excellent
sensing property at elevated temperature. The sensitivity of the NO,
sensor based on NiO is about 40 mV/decade in the early study. The sen-
sor output (AEMF) can be improved by optimizing the sintering tem-
perature of NiO, because an appropriate sintering temperature can
form the best balance among the electrochemical and chemical activi-
ties as well as porosity for NiO [29]. In addition, the resistance of NiO
to water vapor [30] has been studied. The sensor using NiO sensing elec-
trode shows good output even in wet atmospheres with different O,
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Table 1
Typical example of the SE materials for mixed-potential type NOX sensors.

Sensing electrode materials Operating temperature (°C) Reference
NiO 900 [22-25]
Zn0 600 ~ 700 [34]
Cu0 700 [12]
WO; 500 ~ 700 [14-21]
Cr,05 500 [27]
In,03 550 [46]
V505 440 [33]
Rh-loaded NiO 800 [23]
Tin-doped indium (ITO) 613 [13]
NiCr,04 550 [35]
MnCr,04 650 [37]
ZnCry04 700 [48]
ZnFe,04 650 [49]
CdCr,04 500 ~ 600 [36]
CuO + CuCry04 518-659 [47]
LaFeO3 450 [38]
LaggSrpoFeOs 450 ~ 700 [39]

Lag 6Sro.4FepC00 203 500 [40]

Lap g5S1o.15Cr03 600 [41]
NiO + YSZ 700 [12]

concentration [31]. Doping of noble metals or oxides in NiO is also a
strategy to increase the sensing performance. For example, the Rh-
loaded NiO sensing electrode shows higher response to NO, than pure
NiO, because high distribution Rh nanoparticle has higher electrochem-
ical catalytic activity to the reaction related to NO, [23]. Besides NiO,
WOs5 and Cr,03 also exhibit good sensing performance to NO,. WOs fab-
ricated with difference methods has unique microstructure which leads
to different response [32]. However, W03 has been testified to be unsta-
ble at elevated temperature, so its thermal and chemical stabilities need
to be improved by adding the other oxides. Other simple metal oxides,
such as V,0s5 [33], ZnO [31] and CuO [12], have also been reported as
the sensing electrode materials.

In order to further increase the sensitivity of the mixed potential
type NOy sensor, some complex oxides oxides were prepared and uti-
lized as the sensing electrodes. Lu and Mirua et al. firstly applied spinel
type oxides for detecting NOy. [35,36]. Specially, NiCr,04 and CdCr,04
displayed high sensitivity and excellent selectivity to NO, and NO at el-
evated temperature (Fig. 1). Recently, Diao et al. developed a new type
spinel oxide electrode MnCr,04 as the sensing electrode of the mixed
potential type NO sensor [37]. The EMF of the sensor based on the
MnCr,04 is strongly dependent on its sintering temperature. As
shown in Fig. 2, the optimal sintering temperature for the MnCr,0y4 is
1000 °C. Generally, with the increasing of the sintering temperature,
the electrochemically catalytic activity decreases, but the porosity in-
creases. The former trend to reduce the sensitivity and the latter en-
hances the diffusion of the target gas into the sensing electrode layer
and raises the sensor output. At 1000 °C, the best balance between the
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Fig. 2. Response to 100 ppm NO, of sensors based on MnCr,04 calcined at different tem-
peratures. Source: reprinted from reference [37] with permission from Elsevier.

above factors was obtained, and the largest output was realized. The
measurement of the polarized curves for the sensors using the
MnCr,0, obtained at different the sintering temperature indicates that
the MnCr,04 sample sintering at 1000 °C gives the largest reduction
current related NO,, at the same time, effectively suppresses the electro-
chemical oxidation reaction related to oxygen. The perovskite complex
oxides oxide was also examined as the sensing electrode. Due to its high
chemically catalytic activity, the target gas was largely consumed when
it passed through the sensing electrode layer, inducing the sharp de-
creasing of the NO, concentration. Therefore, at high temperature, the
sensor based on the perovskite complex oxides oxide displayed a
small output. However, for LaFeOs [38], when the other element (such
as Sr, Co and Ni) replaced the A or B site partly or completely, an improv-
ing response to NOy was obtained [39-41].

The microstructure of the electrode materials, such as the particle
and pore sizes [29], is another key factor determining the sensitivity of
the mixed potential type NOy sensor, because it can influence the ad-
sorption and desorption of the target gases on the sensing electrode ma-
terials as well as their diffusion in the sensing electrode layer. Before
arriving at the three-phase-boundary, the target gas must passes
through the layer of the sensing electrode and is consumed partly due
to the chemical reaction in this process. Therefore, the porosity of the
sensing electrode is supposed to be of great benefit to enhance the sens-
ing property. Generally, two strategies were applied for improving the
porosity of the sensing electrode: enlarging particle size by increasing
the sintering temperature and controlling pore size and number by
using special hard template. Lu et al. prepared the W/Cr binary oxides
in which W was utilized as hard template, because it can sublimate
after 800 °C and form stable porous structure even at very high temper-
ature [42]. The porosity and composition of W/Cr complex oxides oxide
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Fig. 1. Dependence of V on the logarithm of NO or NO, concentration for the mixed-potential-type device using the CdCr,0,4 or NiCr,04 SE. Source: reprinted from reference [35,36] with

permission from Elsevier.
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Fig. 3. (i) SEM images of electrode surfaces using W/Cr binary oxides as sensing materials
with different ratios: (a) 1:6, (b) 1:2 and (c) 3:2 sintered at 1000 °C; (ii) electrode surfaces
using W/Cr binary oxides with the ratio of 3:2 sintered at different temperatures: (d)
800 °C, (e) 900 °Cand (f) 1100 °C. Source: reprinted from reference [42] with permission
from Elsevier.

was strongly dependent on the molar ratio of W/Cr as well as sintering
temperature [43]. As shown in Fig. 3, when the mole ratio of W/Cr was
3:2, the W/Cr complex oxides showed excellent porosity and forms new
phase (Cr,WOg) surrounded by the small particle of WOs3. The sensor
output was also related to the mole ratio of W/Cr and the sintering tem-
perature (Fig. 4). The 3:2 W/Cr complex oxides oxides obtained at
1000 °C exhibited the largest sensor output. The above results indicate
the importance of the porosity of the sensing electrode for the mixed
potential type NOy sensor.

3. Construction of the TPB

As expressed above, the three phase boundary is the field in which
the electrochemical reactions related to the target gases take place.
Therefore, its state is very important for the mixed potential type NOy
sensor. Some efforts have been carried out to prepare the high quality
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TPB. For example, Park et al. increased the contacting area of the sensing
electrode and YSZ by adding YSZ powder to the NiO electrode material.
We proposed a novel method for fabricating high performance TPB by
covering the sensing electrode material on the porous YSZ surface, be-
cause the porous surface can supply larger surface area than planar
one (Fig. 5). Three kinds of techniques, including the HF corroding
[44], double-type casting [45] and laser fabricating methods, were
used for fabricating the porous surface of YSZ substrate. The larger TPB
can supply more active sites for the electrochemical reactions. There-
fore, the sensing characteristics can be observably improved.

In our initial work, the YSZ plates were treated with different con-
centration HF: 0% HF (uncorroded), 10% HF, 20% HF and 40% HF. AFM
measurement results indicated that the surface roughness of the cor-
roded YSZ plate raised with the increasing of HF concentration as
shown in Fig. 6. As forecasted, the sensor output became larger with
the increasing of the surface roughness of the treated YSZ (Fig. 7), be-
cause the rougher YSZ surface can form larger contacting area and sup-
ply more activity sites for the related electrochemical reactions. From
the response and recovery transients to different concentrations of
NO, for the sensors based on the corroded YSZ plates, we found that
the response speed was very fast for the all sensors using various rough-
ness YSZ plates, but the recovery time became slower when the rough-
ness was increased. Such sensing behavior can be attributed to the
excellent porosity of the TPB which can enhance the adsorption of the
target gas on the reaction sites and decrease the desorption of the reac-
tion products.

We also tried to fabricate the porous surface of the YSZ plate by com-
bining double-tape casting technique with the hard template method.
The porous YSZ substrate was prepared with the following two steps:
firstly, a layer of green tape was formed by using YSZ slurry without
the hard template with a tape-casting unit; then, the YSZ slurry with
starch was casted on the first green tape. After sintered, the first layer
became dense while the second layer formed many pores on its surface.
The SEM images of YSZ plates prepared with the slurry containing
0 wt%, 5 wt%, 10 wt% and 15 wt% starch indicated that. The density of
pores on the surface of the YSZ plate increased with the increasing of
the starch concentration (Fig. 8). The cross section view of the double-
layer device (Fig. 8 (e) and (f)) proved that the oxide electrode closely
contacted with the porous YSZ plate, resulting in the increasing of the
reaction sites. The response and recovery transients to various concen-
trations of NO, for the sensors using the porous YSZ plates prepared
by adding different concentration of starch testified that the sensor
using the YSZ plate prepared from the slurry containing 15 wt % starches
gave the largest response to the same concentration of NO, (Fig. 9).
Such an enhancing sensing performance can be attributed to the in-
creasing of the activity sites.

In our recent work, femtosecond laser direct writing technique has
been used to prepare the regular pattern on the surface of the YSZ
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Fig. 4. (a) Dependence of the AEMF on the NO, concentrations in the range of 20-300 ppm for sensors using different W/Cr oxides sintered at 1000 °C as SE. Source: reprinted from ref-
erence [44] with permission from Elsevier. (b) Dependence of the AEMF on the NO, concentrations in the range 0f20-300 ppm for the sensors with ratio of 3:2 W/Cr oxides as SE sintered at
different temperatures: (A) 800 °C; (B) 900 °C; (C) 1000 °C and (D) 1100 °C. Source: reprinted from reference [42] with permission from Elsevier.
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Fig. 5. Three-phase boundary of sensor: (a) plane and (b) three-dimensional.

substrate to build more excellent TPB. The laser pulse focused by convex
lens can release a lot of heat at the focus which can induce the sublima-
tion of YSZ surface where is radiated. Fig. 10 showed the SEM images of
the as-treated YSZ substrate. The ravine on the as-treated YSZ surface
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Fig. 6. AFM images of the surface of YSZ treated with different concentration HF: (a)
uncorroded, (b) 10% HF, (c) 20% HF, (d) 40% HF and (e) surface root mean square of differ-
ent surface root mean square. Source: reprinted from reference [44] with permission from
Elsevier.

gave larger contact area with the oxide electrode, obviously improving
the sensing performance of the TPB based on the laser treated YSZ plate.

4. Sensing mechanism of the mixed potential NOx sensor

The sensing behavior of this kind of potentiometric sensor can be ex-
plained by the mixed potential mechanism [30,46-49]. Lu and Miura
et al. proposed the mixed potential mechanism for the high tempera-
ture gas sensors based on stabilized zirconia and oxide electrodes and
examined the proposed mechanism by measuring the polarized curve.
For simplifying the expression, we only considered the case of tubular
type sensor: the sensing (oxide) electrode was exposed to the target
gas, and the reference electrode is opened to air. Such a sensor can be
described by the following electrochemical cells in target gas.

NO,, (+ air), sensing electrode / YSZ / Pt, NO, (+ air)

Cathodic : NO, + 2~ —NO + 07 (1
Anodic : 20°7 »02 + 4e” )
Ey = Ey + mInCyg,—nInC, (3)

Here, EO, m and n are the constants, and C o, and C o, are the con-
centrations of NO, and O,, respectively.

Under the target gas atmosphere, two electrochemical reactions (1)
and (2) simultaneously take place at the sensing electrode. When the
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Fig. 7. The kinetic response of the sensor using YSZ treated with different concentration HF
to 20-500 ppm NO,. Source: reprinted from reference [44] with permission from Elsevier.


image of Fig.�5
image of Fig.�6
image of Fig.�7

296 G. Lu et al. / Solid State lonics 262 (2014) 292-297

Fig. 8. SEM images of the YSZ-substrates fabricated by adding (a) 0 wt%, (b) 5 wt%,(c) 10
wt% and (d) 15 wt% starch sintering at 1500 °C and (e and f) the cross section view of the
device. Source: reprinted from reference [45] with permission from Elsevier.

rates of reaction (1) and (2) are equal, a local cell forms and the poten-
tial in the sensing electrode is called the mixed potential. Its value is
strongly dependent on the composition and microstructure of the sens-
ing electrode materials, the state of the TPB as well as the concentrations
of the target gas and oxygen. When the other factors are fixed, the mag-
nitude of the mixed potential only depends on the concentration of the
target gas, so the mixed potential is utilized as the sensing signal of this
type of gas sensor. The correlation between the mixed potential and the
concentration of the target gas was obtained by Lu et al. [36,37,42,44].
As expressed in Eq. (3), the sensing signal is linear with the logarithm
of the concentration of the target gas, explaining the relationship be-
tween the EMF and the concentration obtained from the experimental
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Fig. 9. Response transients of sensors using 0 wt%, 5 wt%, 10 wt% and 15 wt% starch to var-
ious NO,concentrations in the range from 10 ppm to 500 ppm at 800 °C. Source: reprinted
from reference [45] with permission from Elsevier.

Fig. 10. SEM images of processed YSZ substrate.

data. The suggested sensing mechanism can be testified by the modified
polarized curves related to the cathodic and anodic reactions, respec-
tively. The intersection of the modified polarized curves corresponding
to the cathodic and anodic reactions is the mixed potential determined
by above two electrochemical reactions, having almost same value for
every measuring concentrations. Such consistency has been examined
for all oxide electrode materials developed by our group. As for the
key factors decided the sensitivity of the mixed potential type NO, sen-
sor, some investigations have been carried out. However, the deep un-
derstanding for the sensing mechanism is still necessary.

5. Conclusion

The mixed-potential-type YSZ-based gas sensors have been investi-
gated for a long period, and most of the researches were focused on the
designing and developing of the new type electrode materials. Howev-
er, the microstructure of electrode also plays an important role on the
sensing performance. We paid special attention to the porosity of the
oxide electrode materials. A serial of porous W/Cr binary oxides have
been prepared by using WO3 as the high temperature hard template.
We also prepared some porous spinel type complex oxides by control-
ling the sintering temperature. At the same time, we constructed the
porous three phase boundary by using porous YSZ plate. Some fabricat-
ing strategies have been proposed by our group, such chemical corrod-
ing, double-tape casting as well as laser fabrication. Combing above
fabricating techniques and the sintering methods, the sensing perfor-
mance of the TPB was largely improved. The mixed potential sensing
mechanism has further examined by the new type sensing electrode
materials. For speeding up the practical application of this type of NOx
in the monitoring of the car exhausts, the long-term stability as well
as the reliability in harsh using condition is needed to enhance.
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