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Abstract

A mixed-potential-type yttria-stabilized zirconia (YSZ)-based planar sensor utilizing coupled
oxide(+Au) electrodes was developed with aspirations of highly selective and sensitive
carbon monoxide (CO) detection. The combination of a Nb,Os(+Au)-sensing electrode (SE)
and a NiO(+Au)-SE' in one sensor at an operational temperature of 450°C was found to be
capable of cancelling out high responses to NOx and unsaturated hydrocarbons (HCs), while
maintaining a response to CO. The present combined-type sensor demonstrated a linear
relation of the CO sensitivity with the logarithm of CO concentration in the range of 10-400
ppm, providing a rather high response, even down to 10 ppm CO. The polarization curves
obtained for the combined-type sensor indicated that the sensing mechanism involved a
mixed potential at both of the composite electrodes; Nb,Os(+Au)-SE and NiO(+Au)-SE'. In
addition, the CO sensitivity of the combined-type sensor was invariant to changes in water

vapor concentration in the range of 2-11 vol.%.
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1. Introduction

An efficient combustion process will be marked by a complete conversion of

hydrocarbons (HCs) to CO; and H,0, while an incomplete conversion leads to a formation of

undesirable gas species, such as carbon monoxide (CO). Due to its high toxicity, and with an

ever increasing awareness in the importance of controlling air pollution from different

combustion processes, the development of reliable and high-performance CO sensor is of the

upmost importance. With challenges in maintaining stability under harsh environments,

solid-electrolyte-based electrochemical gas sensors have been proven as suitable candidates

for exhaust sensing applications [1-4]. Yttria-stabilized zirconia (YSZ)-based gas sensors are

considered to be one of the leading candidates for reliable and robust devices and having

been studied extensively over the past decade for exhaust gas detection [1-5].

Many efforts have been undertaken to implement different sensing electrode (SE)

materials as well as optimizing the sensing performance of solid-state electrochemical

sensors, aiming at obtaining high sensitivity and selectivity to CO [6-31]. However, most of

these sensors were unable to generate a CO response without interference from coexisting

gases, such as saturated and unsaturated HCs, and/or NOx. [6-8,14,16,21,28,29]. This is

due to the similar behavior of YSZ-based sensors toward these gases, arising mixed-potential

at SE. For HCs in particular, the response magnitude increases with the increasing number of

carbon atoms per molecule [31-32]. This, therefore, often results in larger electromotive force
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(emf) response to hydrocarbons (especially with high carbon atoms number) rather than CO,

giving unsatisfactory CO selectivity. Nevertheless, it has been recently reported that a

YSZ-based sensor using Nb,Os-SE could be considered as a potential candidate for the CO

detection [26], while giving the cross-sensitivity to HCs [21].

So far, there have been few reports on YSZ-based sensors capable of achieving good

CO selectivity [20, 22, 24]. Among them, a planar-like YSZ-based sensor, which had been

reported by our group, using the combination of CdO and SnO, sensing electrodes

demonstrated an ability to detect CO rather sensitively and selectively at high temperature

[24]. This YSZ-based sensor utilized a single CdO-SE (emf was measured vs. Pt/air-reference

electrode (RE)) was able to provide a relatively high sensitivity, but somewhat unselective

response to CO. To cancel out high cross-sensitivity to other interfering gases, CdO-SE was

coupled with SnO,-SE', which has a rather small CO response (vs. Pt/air-RE) [24]. This

technique appears to be a promising strategy in obtaining a highly-selective CO sensor.

However, CdO is well-known as a hazardous material, and the substitution of CdO-SE with

any non-poisonous material should be preferentially considered in the construction of a

reliable, environmentally-friendly, sensitive and selective CO sensor.

In this present study, the sensing performance of a YSZ-based sensor utilizing a

Nb,Os-SE for CO detection was initially optimized via the addition of different amounts of

Au (5-15 wt.%) into the sensing layer. As an additive, Au was chosen here because of its

proven favorable influence on the enhancement of gas-sensing properties in YSZ-based
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sensors [6-14,26,28-31]. It was found that addition of 10 wt.% Au into Nb,Os-SE
significantly improved both the sensitivity towards CO and the sensitivities to all other gases
examined. To suppress high responses to NOx and HCs (especially, propene),
Nb,Os(+Au)-SE was coupled with NiO(+Au)-SE', which has been reported by our group as a
suitable material for sensitive and selective detection of C3Hg at high temperature [32]. As a
result, the fabricated combined-type YSZ-based planar sensor using a pair of composite
Nb,Os(+Au)-SE and NiO(+Au)-SE' was found to be able to detect CO rather sensitively and
selectively at 450°C under humid conditions. The CO sensing characteristics and the
proposed sensing mechanism of the obtained combined-type sensor are further reported in

this paper.

2. Experimental

2.1 Fabrication of single- and combined-type planar sensors

A tape-casted YSZ plate (8 mol.% Y,03-doped zirconia) with the physical dimensions
of 10 mm squared and 0.2 mm in thickness was used for the fabrication of both single- and
combined-type sensors. The schematic view of the single-type YSZ-based sensor is shown in
Fig. 1 (a). Here, each different commercial oxide powder (Nb,Os, Ta,Os, SO, and C030y;

Wako Pure Chemical Industries Ltd., Japan) was thoroughly mixed with a-terpineol and then
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screen-printed on the front side of the YSZ plate to form an oxide-SE with average thickness
of about 4 um. The obtained oxide-printed YSZ plate was dried at 130°C overnight and
sintered at 1000°C for 2 h in air. In addition, the composite Nb,Os (+ 5-15 wt.% Au)-SEs
were also obtained by mixing Nb,Os with the appropriate amount of Au powder (0.3-0.6 um,
Nilaco Corp., Japan) under sonication in ethanol for 3 h.

The fabrication process and thermal treatment for each of the composite
Nb,Os(+Au)-SEs were the same as mentioned above. The Pt layer formed on the back side of
YSZ plate was used as the RE. Thus, the single-type planar sensors, fabricated and evaluated

in the present study, can be expressed as:

(+) Oxide-SE / YSZ | Pt-RE (-) (Sensor A)

(+) Nb,Os(+Au)-SE / YSZ / Pt-RE (-) . (Sensor B)

The use of dissimilar electrodes has been reported elsewhere [32, 33, 34, 35].

As it is indicated, each of the SEs was connected to the positive terminal of digital
electrometer (R8240, Advantest Corp., Japan) with a high input impedance (>10 GQ);
conversely the Pt-RE was connected to the negative terminal.

As for the combined-type sensor (Fig. 1 (b)), the composite Nb,Os (+10 wt.% Au)-
and NiO (+6 wt.% Au)-SEs were applied parallel with each other on the same side of YSZ

plate. Here, there was no Pt-RE and the present combined-type sensor was assigned as:

(+) NbOs(+Au)-SE / YSZ / NiO(+Au)-SE' (-), (Sensor C)

where Nb,Os(+Au)-SE was connected to the positive terminal of the digital electrometer and

NiO(+Au)-SE' was connected to the negative terminal.
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2.2 Evaluation of sensing characteristics.

The gas-sensing characteristics of the fabricated planar sensors (both single and
combined types) were evaluated in a conventional gas-flow apparatus equipped with an
electric furnace operating at 450-500°C. Each of the sensors was exposed to either a humid
base gas (5 vol.% O, + 5 vol.% water vapor + N, balance), or the sample gas that was
prepared by diluting each of parent gases (CO, CH,4, C3Hg, C3Hs, NO and NO,) with the base
gas. The total gas flow-rate was fixed at 100 cm®-min™ during all measurements. During the
gas selectivity tests, the concentration of each of the examined gases in the sample gas was
kept constant at 400 ppm. The responses to various CO concentrations were examined in the
range of 10 — 400 ppm. The emf output between oxide-SE and Pt-RE (Sensors A and B) or
between Nb,Os(+ 10 wt.% Au)-SE and NiO(+ 6 wt.% Au)-SE' (Sensor C) was measured as a
sensing signal. The gas sensitivity (demf) was defined as the difference between the emf
value of sensor in the sample gas (emfsampie) and that in the base gas (emfpase).

The measurement of current-voltage (polarization) curves for each of the single- and
combined-type sensors was performed using an electrochemical analyzer (PGSTAT30,
AutoLab®, Echo-Chemie, The Netherlands). The polarization curves were measured in
potentiodynamic mode, with a constant scan rate of 3 mV-min™. The surface morphology of

SE materials was observed via a field-emission scanning-electron microscope (FE-SEM,
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JEOL, JSM-340F).

3. Results and Discussion

3.1 Morphologies of electrode surfaces

Morphological SEM observations of both sensing electrodes materials after
calcination at 1000°C for 2 h were performed. The SEM surface images of Nb,Os and NiO,
are shown in Fig. 2 (a) and (b), respectively. The Nb,Os material presented in Fig. 2 (a) was
found to have a slightly porous surface, when compared with NiO. Particles were laminar in
shape, with grain diameters ranging from 200 nm to 2 — 5 um. Whereas, the morphology of
NiO was observed to be comparatively denser, comprised of spherical particles with an
average grain size ranging from 165 nm up to 2 um. The gold distribution over the oxide
material is depicted in Fig. 2 (c) and (d) as back-scattering (BS) SEM images for Nb,Os(+10
wt.% Au)-SE and NiO(+6 wt.% Au)-SE, respectively; where bright spots are representative
of higher atomic weight element; gold particles. The gold particles were found to be evenly
dispersed over both metal oxide electrodes. After calcining at high temperature, some of the
gold particles that were originally 300-600 nm in diameter coalesced into larger particles of a
few pum in diameter. It is seen that the particle size of Au on Nb,Os is relatively higher than

that on NiO.



3.2 Sensing characteristics of the single-type sensors

Prior to selection of the most suitable SE material to be used for development of
highly selective and sensitive CO sensor, several metal oxides were tested as SE in the
single-type planar sensor (Sensor A). Figure 3 shows the comparison of cross sensitivities to
various gases at 500°C under humid conditions (5 vol.% water vapor) for the single-type
sensors utilizing different oxide-SEs. It can be seen that the sensor using SnO,-SE or
Nb,Os-SE gave a rather high response to 400 ppm CO. The CO response of the sensor
attached with SnO,-SE was, however, found to be unstable under the present operating
condition, in comparison with Nb,Os-SE. While the level of CO sensitivity, and most
importantly the selectivity for the sensor attached with Nb,Os-SE should be improved, Nb,Os
could still be considered as a prospective candidate of SE material for further study of CO
sensing.

The enhancement of the CO sensing characteristics for the Nb,Os-SE based sensor
was attempted by the addition of Au powder (5, 10 and 15 wt.%) into the Nb,Os used for
electrode fabrication. Figure 4 show the cross sensitivities to various gases at 450°C under
humid conditions for the single-type sensors (Sensor B) using the Au-added Nb,Os-SEs. The
sensing characteristics for the sensor using the parent Nb,Os-SE is also shown in Fig. 4 for

comparison. Here, particular attention has been focused on an attaining high CO sensitivity as
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well as good temporal stability of the Au-added Nb,Os-SEs examined, regardless of their lack
of selectivity. It is seen from Fig. 4 that the addition of Au into the Nb,Os-SE has improved
the sensitivity to CO. The addition of 5 wt.% and 10 wt.% Au into Nb,Os-SE resulted in an
almost tripled CO sensitivity. However, the addition of 15 wt.% of gold into Nb,Os-SE
decreased the CO sensitivity. The difference between the CO sensitivity for these composite
SEs was insignificant (around + 10 mV). Despite these similar gas-sensing characteristics, the
sensor attached with Nby,Os(+10 wt.% Au)-SE [denoted, Nb,Os(+Au)-SE] was
experimentally confirmed to provide a more stable CO response at 450°C under humid
conditions, when compared with Nb,Os(+5 wt.% Au)-SE. Thus, the CO sensing
characteristics of the sensor using Nb,Os(+Au)-SE was further examined.

The results in Fig. 4 can be attributed to the Au distribution observed in Fig. 5 (a-c).
The addition of Au particles, as observed on the surface of Nb,Os(+5 wt.%Au) in Fig. 5 (a),
has increased the response to CO significantly. Figure 5 (b) is representative of the
Nb,Os5(+10 wt.% Au)-SE surface which was observed to have both small (300-600 nm), and
larger coalesced Au particles (approximately 2 pm); this had a CO response similar in
magnitude with the sensor using Nb,Os(+ 5 wt.% Au). However, at 15 wt.% additions of Au,
a significantly greater number of smaller particles coalesced into larger particles (Fig. 5 (¢)),
correlating with a lower CO response.

Figure 6 (a) shows the emf-response transients to various CO concentrations in the

range of 10 — 400 ppm for the sensor using Nb,Os(+Au)-SE operated at 450°C under humid
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conditions. Once the sensor was exposed to the sample gas containing CO, the emf signal was
swiftly changed from the base line and reached the steady-state emf value in due time. Then,
upon the introduction of the base gas over the sensor, the emf value returned quickly to the
original base level. It should be emphasized that the sensor using Nb,Os(+Au)-SE was able to
offer high sensitivity even to 10 ppm CO at 450°C._Each Aemf point in Fig.6 was calculated
by subtracting the maximum emf value recorded for each individual CO concentration, and
the baseline emf value prior to the introduction of CO gas to the gas testing cell. The CO
sensitivity (demf) of the sensor varied logarithmically with the CO concentration, as shown in
Fig. 6 (b). Such behavior is usually observed for mixed-potential-type sensors, as reported
elsewhere [1,24,32].

The establishment of mixed potential can be rationalized by the measurements of
polarization (current-voltage) curves. By using a modified polarization curve, the mixed
potential that arises at the SE/YSZ interface can be confirmed mathematically. The mixed
potential is defined as the potential where the cathodic and anodic curves intersect on a
modified polarization curve [33]. The polarization curve measurements for the sensors using
Nb,Os-based-SEs were conducted in the base gas (5 vol.% O, + N, balance) and in the
sample gas (400 ppm CO + 5 vol.% O, + N, balance) at 450°C in humid conditions. The
measurements were performed with respect to Pt-RE by applying a linearly increasing sweep
potential over a defined range, and measuring the generated current.

Here, the reactions (1) and (2) proceed simultaneously at SE/YSZ interface, causing
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the development of a mixed-potential. The obtained polarization curves for the cathodic
reaction of oxygen
0, + 4 > 20* 1)
and the modified polarization curves for the anodic reaction of CO
2CO + 207" 2 2CO; + 4e” (2)
are shown in Fig. 7.

The polarization curves displayed in Fig. 7 (a) and Fig. 7 (b) are the original
unmodified polarization curves of the sensors using Nb,Os-SE and Nb,Os(+Au)-SE
respectively. For clarity, the O, polarization curve has been divided into two regions in both
Fig. 7 (a) and Fig. 7 (b). The O, polarization curve bracketed by the A1-O, and the B1-O;
regions represent the range where O, reduction occurs. While, the O, polarization curves in
the A2-O, and the B2-O, regions correspond to regions of positive current, where O,
evolution occurs.

The CO+0O; polarization curve is divided into three regions in both figures;
Al-(CO+0,), A2-(CO+0,) and A3-(CO+0,) regions in Fig. 7 (a); as well as B1-(CO+0y),
B2-(CO+0,), and B3-(CO+0,) in Fig. 7 (b). The Al-(CO+O,) and the B1-(CO+O,)
represent regions where O, reduction and CO oxidation occur. The negative current value
indicates that the O, reduction reaction is more dominant than the CO oxidation reaction. The
decreasing current value (with respect to the same point on the O, polarization curve)

indicates that CO oxidation indeed occurs, given that the oxidation reaction would generate a
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positive current flow in the opposite direction of O, reduction reaction, thus the measured
total (net) current of both reactions would be decrease when compared with the O, reduction
reaction alone. The A2-(CO+0;) and B2-(CO+O;) regions also correspond to the O;
reduction and the CO oxidation reactions. Here, the CO oxidation reaction appears to proceed
at a relatively higher rate than the O, reduction reaction, as indicated by the positive direction
of the measured current. The A3-(CO+0O,) and the B3-(CO+0,) represent the CO oxidation
reaction and the O, evolution reaction which is expected to occur in this region. However,
any changes of measured current do not correspond with changes in O, catalytic activity of
the electrode. Since the measurements were carried out under identical testing conditions
(except for the introduction of CO gas during the CO+0O, measurement), the O, catalytic
activity is believed to be unchanged. Therefore, the increasing current represents the CO
oxidation current.

In order to obtain the modified polarization curve, the CO+0, curve was subtracted
from the cathodic curve of O,. The resulting modified polarization curves (Fig. 7 (c)) were
attained by plotting the potential value for CO and the potential value for O, with the absolute
current value (|1]). The intersection point of these polarization curves for the sensor using pure
Nb,Os-SE is indicated as Enn.0s and that for the sensor attached with Nb,Os(+Au)-SE is
displayed as Enbsos+au)- As seen from this Fig. 7(c), the addition of 10 wt.% Au into
Nb,Os-SE drastically increased the catalytic activity to the anodic reaction involving CO (2).

At the same time, the Au addition also brought about a slight decrease in the catalytic activity
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to the cathodic reaction of O, (1). These changes in catalytic activities resulted in the shift of

intersection point in a negative direction (Enp.0s= Enpos+au), giving a larger mixed-potential

value for the sensor using the composite Nb,Os(+Au)-SE. Since both electrochemical

reactions (1) and (2) proceed at the SE/YSZ interface, it appears that the role of Au at the

interface is to promote the catalytic activity to the CO anodic reaction (2) and to suppress the

catalytic activity of the O, cathodic reaction (1); indicated by the increase in CO sensitivity

after Au addition. These effects are likely to occur as a result from not only the modified

electrochemical catalytic activity of the Nb,Os-SE, but also the decrease in catalytic activity

toward CO oxidation over the sensing electrode (gas-phase reaction). If the catalytic activity

towards the gas-phase reaction decreases, then the concentration of CO gas reaching the

interface of SE/YSZ will increase, resulting in a larger mixed potential.

However, when the Au concentration was raised above 10 wt.%, gold particles are

suspected to coalesce during the calcination process and forming larger sized Au particles, as

depicted in Fig. 5 (b) and (c) where larger Au particles were observed in relatively greater

number on the surface of Nb,Os(+15 wt.% Au)-SE than Nb,Os(+10 wt.% Au)-SE. As the Au

particle size increases, the surface area and the number of available reaction sites will

decrease until the particles have a similar catalytic properties to that of bulk gold, which

seems to be relatively inert under the operating conditions examined in this study. Thus, the

size/surface area relationship is considered to be responsible for the declining CO sensitivity

observed with the addition of 15 wt.% of Au into Nb,Os-SE.
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It should be noted that both mixed potentials (Enb.os (-160 mV) and Enb.os+Au)
(-310 mV)) estimated from the polarization-curve measurements were found to be close to
those (-152 mV and -327 mV, respectively) obtained experimentally. These estimated results
from the polarization curves correlate well with the empirical results indicating that the
present sensors are working based on the mixed-potential mechanism. At the mixed potential
point, both CO oxidation and O, reduction reactions arise and proceed at an equal rate (steady
state) which is indicated by the zero current at the mixed-potential point. This is consistent
with the result of our polarization curve measurement where the current value at mixed
potential is zero. In Fig. 7 (a) for example, at the mixed potential (around -160 mV) the
current for O is -30 nA, whereas the current for CO+0O; is zero. This zero current value does
not indicate that current is zero or that current is not flowing, because current is actually
flowing between the reduction and oxidation reactions at equal rate in opposing direction (+
30 nA).

Although the addition of Au has proven to be effective in enhancing the CO
sensitivity of the sensor attached with Nb,Os-SE, the CO selectivity was, however,
unimproved. Higher response to CO also brought about higher responses to other coexisting
gases, especially saturated (C3Hsg) and unsaturated (CsHg) HCs as well as NO,. Based on the
above-mentioned results, the achievement of high CO selectivity for the single-type sensor
(where the potential of SE is measured against Pt-RE) seems to be difficult and it should be

accomplished via alternative means.

15



3.3 Sensing characteristics of the combined-type sensor

Recently, our group has reported about highly sensitive, selective and stable CsHg
sensor using a composite NiO(+Au)-SE operated at 600°C [32]. Thus, the combination of
NiO(+Au) electrode together with Nb,Os(+Au)-SE in one planar sensor is expected to
minimize the responses to coexisting gases, while keeping the level of CO sensitivity
sufficiently high.

In the present study, by controlling the Au addition (3-15 wt.%) into NiO-SE, the
single-type sensor using NiO (+6 wt.% Au)-SE [hereinafter, NiO(+Au)-SE] was found to
exhibit relatively low response to CO and nearly match the same level of C3Hg sensitivity that
was observed for the sensor using Nb,Os(+Au)-SE at 450°C. Based on this finding, a
combined-type planar sensor (Sensor C, Fig. 1 (b)) consisting of a coupled Nb,Os(+Au)-SE
and NiO(+Au)-SE' was fabricated and its sensing characteristics were evaluated at 450°C
under humid conditions. Figure 8 shows the comparison of cross sensitivities to different
gases at 450°C under humid conditions for the single-type sensors attached with each of (a)
Nb,Os(+Au)-SE and (b) NiO(+Au)-SE', and (c) for the combined-type sensor using coupled
Nb,Os(+Au)-SE and NiO(+Au)-SE'. It can be seen that both single-type sensor electrodes
(Nb2Os(+Au)-, NIO(+Au)-SE) vs. Pt-RE gave non-selective response, however high

responses to C3Hg and NO, were observed. The similarity of these responses together with the
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significant difference in CO response leads to high CO selectivity and sensitivity for the
combined-type sensor (Nb,Os(+Au)-SE vs. NiO(+Au)-SE', Fig. 8 (c)).

Figure 9 (a) shows the emf-response transient to different CO concentrations in the
range of 10 — 400 ppm for the combined-type sensor using coupled Nb,Os(+Au)-SE and
NiO(+Au)-SE' operated at 450°C under humid conditions. The present sensor gave stable and
repeatable response to each CO concentration. It should be also noted that the sensitivity to
10 ppm CO was as high as -50 mV. Figure 9 (b) exhibits the dependence of the sensitivity
(4emf) on the logarithm of gas concentration for the combined-type sensor. It is seen that
Aemf observed for NO and C3Hg varied non-linearly with the logarithm of gas concentration,
indicating the complexity of chemical and electrochemical processes at both oxide (+Au)
electrodes. Whereas, the CO sensitivity varied almost linearly with the logarithm of gas
concentration in the range of 10 — 400 ppm, confirming the occurrence of a mixed-potential
at both Nb,Os(+Au)-SE and NiO(+Au)-SE".

Vrification of the established mixed-potential for the combined-type sensor was
confirmed by the measurements of polarization (I-V) curves both in the base gas and in the
sample gas containing 400 ppm CO at 450°C. The original cathodic and the modified anodic
polarization curves obtained for the cathodic reaction (1) and anodic reaction (2), respectively,
are depicted in Fig. 10. For comparison, the polarization curves for the single-type sensor
attached with each of Nb,Os(+Au)-SE and NiO(+Au)-SE' (vs. Pt-RE) are also shown in

Fig. 10. Each cathodic polarization curve intersects with each modified anodic polarization
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curve at a certain potential, corresponding to E;"™ for the potential of Nb,Os(+Au)-SE vs.
Pt-RE, E,™ for NiO(+Au)-SE' vs. Pt-RE and E3™ for Nb,Os(+Au)-SE vs. NiO(+Au)-SE". It is
clearly seen that the difference (-137 mV) between E;™ and E,™ is in good agreement with the
difference (-130 mV) between E;™ value and the potential value measured in the base gas

(referred as E3™*

in Fig. 10). Such a close agreement confirms the suitability of the
mixed-potential mechanism for the single-type and combined-type sensors.

To prove the capability of the combined type sensor in terms of a practical application,
the influence of water vapor on the CO sensitivity was examined. The measurements were
performed in the range of 2-11 vol.% water vapor, covering all possible variations of water
vapor concentration in a real automobile exhaust. Figure 11 shows the dependence of
sensitivity to 400 ppm CO on the change in water vapor concentration for the present
combined-type sensor operated at 450°C. It can be seen that demf is nearly constant in the
examined water vapor concentration range. The relatively invariant response to changes in

water vapor concentration is one of the highly desirable performance characteristic from the

viewpoint of the potential practical application of this sensor.

4. Conclusions

Attractive CO gas-sensing characteristics (high sensitivity and selectivity to CO,

insensitivity to change in water vapor concentration) have been achieved by means of the
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combination of composite Nb,Os(+Au) and NiO(+Au) electrodes in one YSZ-based planar
sensor operated at 450°C under humid conditions (5 vol.% water vapor). The addition of Au
in appropriate amount to Nb,Os-SE has been proven to increase the catalytic activity to
anodic reaction of CO which results in improving CO sensitivity. The proposed
combined-type YSZ-based sensor was able to provide selective, sensitive and repeatable
response to each CO concentration examined, exhibiting relatively high sensitivity (ca. 50
mV) even to 10 ppm CO. The sensitivity (Aemf) varied linearly with the logarithm of CO
concentration in the range of 10-400 ppm, indicating the establishment of mixed-potential,
which was also confirmed by the polarization-curve measurements. Our efforts are currently
focused on solving the remaining practical aspects, i.e. reproducibility and long-term stability.
It is well-known that these two parameters are of a critical importance for YSZ-based sensors
using pure Au-SEs [16, 29]. Thus, there should be further screening of single-phase oxide

SEs as possible substitutive analogues of Au-doped composite SEs, as described above.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Schematic representations of (a) the single-type YSZ-based planar sensor using an
oxide-SE and Pt-RE, and (b) the combined-type sensor comprised of a coupled
Nb,Os(+Au)-SE and NiO(+Au)-SE".

Representative SEM images of electrode surface of (a) Nb,Os(+ 10 wt.% Au), (b)
NiO(+ 6 wt.% Au); and the corresponding back-scattering SEM images of (c)
Nb,Os(+ 10 wt.% Au) and (d) NiO(+ 6 wt.% Au).

Cross sensitivities to various gases (400 ppm each) for the single-type YSZ-based
sensors utilizing different oxide-SEs at an operational temperature of 500°C under
humid conditions.

Cross sensitivities to various gases at 450°C under humid conditions for the
single-type sensor using either pure a Nb,Os-SE or Au-added Nb,Os-SEs.
Representative back-scattering SEM images of the electrode surface of Nb,Os
(@) +5wt.% Au, (b) + 10 wt.% Au, and (c) + 15 wt.% Au, after calcination at
1000°C for 2 h.

(a) Response transients to CO and (b) dependence of the sensitivity (d4emf) on the
logarithm of CO concentration in the range of 10 — 400 ppm, for a single-type sensor
utilizing Nb,Os(+Au)-SE operating at 450°C.

The unmodified polarization curves for (a) the sensor using Nb,Os-SE and (b) the

sensor using Nb,Os(+Au)-SE, and (c) the modified polarization curves for the
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Fig. 8

Fig. 9

Fig. 10

single-type sensors using each of Nb,Os-based-SEs, obtained in 5 vol.% O, and in
400 ppm CO at 450°C in the presence of 5 vol.% H,O.

Comparison of cross sensitivities to various gases at 450°C under humid conditions
for the single-type sensors utilizing a (a) Nb,Os(+Au)-SE, (b) NiO(+Au)SE, or (c)
the combined-type sensor using coupled Nb,Os(+Au)-SE and NiO(+Au)-SE".

(a) Response transient to CO and (b) dependence of the sensitivity on the gas
concentration, for the combined-type sensor attached with coupled Nb,Os(+Au)-SE
and NiO(+Au)-SE' operated at 450°C under humid conditions.

Polarization curves obtained both in 5 vol.% O, and in 400 ppm CO for the
single-type sensors using each of Nb,Os(+Au)-SE and NiO(+Au)-SE and for the

combined-types sensor using coupled Nb,Os(+Au)-SE and NiO(+Au)-SE".

Fig. 11 Dependence of the sensitivity (/Aemf) to 400 ppm CO on water vapor concentration

in the range of 2-11 vol.% for the combined-type sensor using coupled

Nb,Os(+Au)-SE and NiO(+Au)-SE' at an operational temperature of 450°C.,
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Figure 1

(a)

Nb,Og(+Au)-SE

Current collector Pt-RE

YSz

(b)
Nb,Os(+Au)-SE NiO(+Au)-SE’
\ /

YSz

/

Current collector

30




Figure 2

BS-Nb,Ox(+Au) X 10,000 =1pm BS-NiO(+Au) X 10,000
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Figure 3
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Figure 4
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Figure 5

i)
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Figure 6
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Figure 10
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Figure. 11
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