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The recently reported sensing characteristics of the mixed-potential-type yttria-stabilized zirconia (YSZ)-
based hydrocarbon (HC) sensor attached with ZnCr,04-sensing electrode (SE) were found to be changed
after the 10-day operation at 550 °C under the wet condition (5 vol.% water vapor). To improve the stability
of the present sensor, the several modifications of the SE material by adding YSZ powder were examined.
As a result, the sensor using the laminated (ZnCr,04/YSZ)-SE gave the stable electromotive force (emf)
response against 100 ppm C3Hg at 550 °C for about one month examined. Based on the scanning electron

{\(/lei{(‘ggfzitential microscopy (SEM) observation and the AC complex-impedance measurements, it was concluded that the
Gas sensor stable behavior of the sensor using the laminated (ZnCr,04/YSZ)-SE was provided by the stabilization

YSZ of the interface between ZnCr,04 grains and YSZ particles. The fabricated sensor exhibited the linear
dependence of sensitivity on the logarithm of either C3Hg concentration (in the range of 20-800 ppm) or
mixtures of various hydrocarbons (HCs) (in the range of 90-2600 ppmC). In addition, the emf response
was not altered by the change of O, (2-20vol.%), H,0 (0-10.8 vol.%) and CO, (0-20 vol.%) concentrations,

Hydrocarbons
Zl‘lCl’z 04

and no interference of other gases (CO, NO, NO,, H;, and CHy4) was observed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

For a last few decades, the number of automobiles has been
drastically increasing. As a consequence, the emission control for
automobiles containing the gasoline and diesel engines have been
severely regulated all around the world, especially in USA, Japan
and European Union. Among the various air pollutants such as CO,
NOyx (NO and NO,) and hydrocarbons (HCs), some of HCs cause a
photochemical smog or greenhouse effect, affecting an environ-
mental eco-system. Thus, to control an efficiency of conventional
post-engine treatment systems (e.g., three-way-catalyst (TWC) for
gasoline engines and/or diesel oxidation catalyst (DOC) in the case
of diesel engines), the sensor for continuous monitoring of residual
HCs concentrations is strongly demanded to settle downstream of
the treatment systems.

So far, there have been numerous reports in regard to solid
electrolyte-based sensors [1,2], such as potentiometric (includ-
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ing mixed-potential-type) [3-20], amperometric [21-24] and
impedancemetric [25-27] sensors, aiming at detection of HCs in
various industrial and automotive fields. Among them, the sensors
based on yttria-stabilized zirconia (YSZ) solid electrolyte seem to
have a highly promising potential to detect HCs at rather high tem-
perature and under very harsh conditions, because they have been
already approved for the operation in real automotive exhaust to
detect oxygen concentration (A-sensor). Additionally, the amper-
ometric zirconia-based NOx sensor has been developed for real
practical application [28]. However, so far there have been no
reports in regard to YSZ-based HCs sensor which can be operated
in real automotive exhaust. This is because of the fact that real car
exhaust is usually composed of a multi-component gas mixture
containing a lot of different fractions of the saturated and unsatu-
rated HCs [29], and, hence, it is significantly difficult to determine
the concentration of each gas. Therefore the measurement of total
concentration of various HCs would be a great advantage for a
development of future on-board diagnosis (OBD) system.

Quite recently, we have reported that the mixed-potential-type
YSZ-based sensor attached with ZnCr,04-sensing electrode (SE)
showed highly sensitive electromotive force (emf) response to each
of non-methane HCs (NMHCs), such as C;Hg, C;Hy, C3Hg, C3Hg,
C3Hy, n-C4Hy, iso-C4Hg and 1-C4Hg, and negligible responses to



576 Y. Fujio et al. / Talanta 85 (2011) 575-581

other co-existing gases (CO, NOy, Hy, and CH,) at 550°C even in
the presence of 5vol.% water vapor [30]. Furthermore, this sen-
sor exhibited the good linearity between the sensitivity and the
logarithm of total concentration of gas mixture containing the
various volume ratios of 1-C4Hg, C3Hg and C;Hg in the range of
90-950 ppmC [30]. The obtained promising results indicated that
this sensor could be applied for a practical application to measure
the total concentration of various HCs mixture in a real automo-
tive exhaust. The above-mentioned good sensing characteristics are
well known to be affected by a kind and morphology of SE material.
In particular, some of the spinel-type oxides have been considered
as suitable SE candidates for solid electrolyte-based gas sensors, as
reported elsewhere [31-34].

In the present study, our efforts were focused on the stabi-
lization of highly attractive HCs sensing characteristics for the
YSZ-based sensor using ZnCr,04-SE over a long period of time. The
addition of intermediate YSZ layer between ZnCr,04-SE and a YSZ
tubular solid electrolyte was found to be very functional in order
to stabilize the sensor’s response for about one month examined.
The detailed characterization of the laminated (ZnCr,04/YSZ)-SE
and the HCs gas-sensing characteristics obtained for the YSZ-based
attached with the laminated (ZnCr,04/YSZ)-SE are reported and
discussed here.

2. Experimental
2.1. Fabrication of sensing devices

A commercially available one-end-opened YSZ-tube (8 mol.%
Y,03 doped, Nikkato Corp., Japan) was used for the fabrication of
a sensor device. The physical dimensions of the YSZ tube were
300mm in length and 5 and 8 mm in inner and outer diame-
ters, respectively. Each of the commercial oxide powders (ZnCr,04
[Kojundo Chemical Lab. Co., Ltd., Japan] and YSZ [Tosoh Co. Ltd.,
Japan]) or their mixture were thoroughly mixed with a-terpineol,
and the resulting pastes were applied on the outer surface of the
YSZ tube to form SE. In all cases, the width of the painted area
for a belt-like SE was about 3 mm. The thickness of SE was esti-
mated to be about 30 m. A commercial Pt paste was applied on
the top of the inner and outer surface of the YSZ tube to fabricate
reference electrode (RE) and counter electrode (CE), respectively.
The YSZ tube coated with the oxide and Pt pastes was dried in
an oven at 130°C overnight and sintered at 1100°C for 2h in
air. In this study, three different structures of SE were fabricated:
(a) the single ZnCr,04-SE, (b) the composite (ZnCryO4+10wt%
YSZ)-SE [thereinafter, (ZnCr,04 +YSZ)-SE], and (c) the laminated
(ZnCry04/YSZ)-SE. Fig. 1 shows the schematic views (a-c) of the
fabricated SEs and the sketch (d) of the YSZ-based sensor used for
the evaluation of gas-sensing properties.

2.2. Evaluation of sensing characteristics

The gas sensing characteristics of the fabricated sensors were
evaluated in a conventional gas-flow apparatus equipped with
an electric furnace operated at 550°C. The sample gas containing
each of various target gases were prepared by diluting each parent
gas with the base air (dry synthetic air + 5 vol.% water vapor). The
water vapor was introduced into the measuring system along with
the base gas or the sample gas by using a water-vapor generator
coupled with a small evaporator and a micro-flow pump (Hitachi
L-2100, Japan). Each concentration of NO, and reducing gases (CO,
NO, H,, HCs) was always set to 100 ppm. The concentration of C3Hg
was varied from 20 to 800 ppm as a representative HCs. The influ-
ence of each of co-existing gases, such as H,0 (0-10.8 vol.%), O,
(2-20vol.%), and CO, (0-20vol.%) was also investigated. The total

Three different structures of oxide-SEs
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Fig. 1. Schematic view of oxide-based SE structure for (a) the single ZnCr,04-SE,
(b) the composite (ZnCr,04+YSZ)-SE and (c) the laminated (ZnCr,04/YSZ)-SE. (d)
Sketch of the tubular YSZ-based sensor attached with outer oxide-based SE, outer
Pt-CE and the inner Pt-RE.

Pt-RE YSZ tube

flow-rate of the base gas as well as the sample gas was fixed at
100cm3 min~!. The difference in emf between SE and the inner
Pt-RE, exposed always to the atmospheric air, of the tubular sen-
sor was measured with a digital electrometer (Advantest, R8240)
as a sensing signal. The emf between SE and the outer Pt-CE was
measured in the oxygen concentration dependency test. The gas
sensitivity (Aemf) was defined as the difference between emfvalue
in the sample gas and that in the base gas.

The current-voltage (polarization) curves were measured by
potentiodynamic method at a constant scan-rate of 2mV min~! by
using an automatic polarization system (HZ-3000, Hokuto Denko,
Japan). The AC complex-impedance measurements for the tubu-
lar YSZ-based sensor were performed by means of an impedance
analyzer (1255WSB, Solartron, UK) in the frequency range of 0.1 Hz
to 1 MHz, when SE was exposed to 100 ppm C3Hg. The amplitude
of AC potential signal and the applied DC potential were fixed at
50 mV and 0 mV, respectively, during all measurements.

2.3. Characterization of SE material

Crystal structures of the fabricated SEs were determined by
X-ray diffraction (XRD, RINT 2100VLR/PC, Rigaku, Japan) analysis
using Cu Ko radiation (40kV, 20 mA) at a scan speed of 1° min~!.
Morphologies of SEs were observed by a field-emission scanning
electron microscope (FE-SEM, JSM-6340F, JEOL, Japan). Because of
the large physical dimensions of the tubular YSZ-based sensors
examined in the present study, XRD and SEM observations were
carried out on the SEs fabricated on YSZ plate (10 x 10 mm in square
and 0.2 mm in thickness).

3. Results and discussion

3.1. Comparison of sensing characteristics for the different SEs

Initially, the stability of sensitivity to 100 ppm C3Hg for each
of the fabricated sensors was examined when each sensor was
operated at 550°C in the presence of 5vol.% H,O for about a
month. The obtained results are depicted in Fig. 2. It is seen that
the C3Hg sensitivity of the sensor using the single ZnCr,04-SE
was found to be stable only for 10 days (Fig. 2(a)). The exami-
nation of responses against 100 ppm C3Hg and NO, measured at
the 2nd and 23rd day of operation (shown in an inset of Fig. 2(a))
indicated tremendous change not only in the absolute emf value
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Fig. 2. Time course of C3Hg sensitivities at 550 °C under the wet condition (5 vol.%
H,0) for the sensor attached with each of (a) the single ZnCr,04-, and (b) the
composite (ZnCr; 04+YSZ)- and (c) laminated (ZnCr,04/YSZ)-SEs. (Inset of (a): com-
parison of response transients to 100 ppm C3Hg and NO at the 2nd and 23rd day of
sensor’s operation).

but also in response/recovery rate which became much slower.
The C3Hg sensitivity for the sensor attached with the composite
(ZnCr,04 +YSZ)-SE (Fig. 2(b)) exhibited the similar behavior with
that of the sensor using the single ZnCr,04-SE, tended to increase
drastically after about 10-day operation at 550 °C. On the contrary,
the sensor attached with the laminated (ZnCr,04/YSZ)-SE exhib-
ited very stable sensitivity to 100 ppm C3Hg even after 30-day
operation at 550 °Cin the presence of 5 vol.% H, O (Fig. 2(b)). In addi-
tion to providing the highly stable C3Hg sensitivity, the selectivity
to C3Hg was not altered after one month operation at high temper-
ature, as shown in Fig. 3. It is clearly seen that all main gas-sensing
characteristics for the present sensor, i.e. the C3Hg sensitivity and
selectivity, the minor responses to other co-existing gases (CO, NOy
and H,) and fast response/recovery rate, observed at the 2nd and
33rd day of sensor’s operation were quite similar to each other.
Undoubtedly, the addition of intermediate YSZ layer between oxide
and YSZ tube seems to be a very promising solution for stabilization
of response for YSZ-based gas sensors.

To investigate the reasons for such a stabilization, both sensors
using the single ZnCr,04- and the laminated (ZnCr,04/YSZ)-SEs
were investigated by means of XRD, SEM and complex-impedance
measurements. Firstly, XRD patterns (not shown here) were
recorded for each of ZnCr,04-SE and (ZnCr,04/YSZ)-SE after (1)
sintering at 1100°C for 2h and (2) operating at 550°C for 23
days. All XRD patterns revealed the Bragg reflections, which were
assigned to each of ZnCr,04 [JCPDS no. 22-1107] and YSZ [JCPDS
no. 48-0224] single phase. It could be therefore confirmed that
both compounds remained their original crystal structure even
after operating at 550 °C for 23 days. Furthermore, in the case of

+(ZnCr204/YSZ)-SE 550°C +100 ppm each +21 vol.% 02 + 5 vol.% H20
| 2n day
NO2
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Fig. 3. Comparison of cross sensitivities and response transients to various gases
at 550°C in the presence of 5vol.% H,O for the sensor using the laminated
(ZnCr,04/YSZ)-SE at the 2nd and 33rd day of operation.

the laminated (ZnCr,04/YSZ)-SE, the positions of Bragg reflections
(0) assigned to ZnCr,0,4 were exactly matched with those for the
standard ZnCr,Og4. This indicates that there is no formation of solid
solution between ZnCr,04 and YSZ, and ZnCr, 0,4 seems to be chem-
ically and thermally stable over a whole period of measurements.

Fig. 4 shows the representative cross-sectional SEM images
of the single ZnCr,04-SE and the laminated (ZnCr,04/YSZ)-SE
observed at the 1st and 23rd day of sensor’s operation. Before com-
ing into discussion of SEM observation, it is necessary to point out
that the present YSZ-based HCs sensors are operating under the
mixed-potential sensing mechanism. The mixed-potential arises by
competing two electrochemical reactions at the interface between
oxide-based SE and YSZ, which is pure oxygen-ion conducting solid
electrolyte. Hence, in the case of single ZnCr,04-SE, the inter-
face is considered to be in between ZrCr,04 grains and YSZ tube,
whereas that for the laminated (ZnCr,04/YSZ)-SE is in between
ZrCr,04 grains and YSZ powder. As seen from Fig. 4(a), compar-
ison of the state of interface for the single ZnCr,04-SE revealed
slight agglomeration of ZnCr,04 particles after 23-day operation.
However, well-marked difference of the change in interface mor-
phology at the interface was not seen, as also reported elsewhere
[35]. The similar agglomeration was also observed for the laminated
(ZnCry04/YSZ)-SE after its operation for 23 days at 550 °C (Fig. 4(b)).
In this case, however, ZnCr,04 grains were not located on flat and
highly dense YSZ tube, but they were penetrating into the YSZ-
powdered layer and buried by YSZ particles, as shown in Fig. 5. It
is seen that, initially, the larger ZnCr,04 grains (the upper part of
Fig. 5(a)) are finely contacted with the smaller YSZ particles (the
lower part of Fig. 5(a)), and then YSZ particles are tightly arranged
on the YSZ plate (Fig. 5(b)). From these results, we could speculate
that the stabilization of gas-sensing characteristics for the lami-
nated (ZnCr,04/YSZ)-SE might be driven by the stabilized ZnCr,04
grains, which are buried in the layer of YSZ particles, in compar-
ison with the unstable response of single ZnCr,04-SE, where the
ZnCr,04 grains are just attached onto the dense YSZ tube.

In addition, the complex-impedance spectra (Nyquist plots) of
the sensor using each of the single ZnCr,04-SE (Fig. 6(a)) and the
laminated (ZnCr,04/YSZ)-SE (Fig. 6(b)) were measured in the sam-
ple gas containing 100 ppm C3Hg at 550 °C under the wet condition.
At the 2nd day of operation, the resistance value of the laminated
(ZnCry04/YSZ)-SE inreal part (Z’') at the frequency of 0.1 Hz is much
smaller (around 10 k€2) than that for the single ZnCr,04-SE (around
50k€2). This means that the current value of the electrochemical
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Fig.4. Cross-sectional SEM images for the interface between YSZ tube and (a) the single ZnCr, 04-SE or (b) the laminated (ZnCr,04/YSZ)-SE, at the 1st and 23rd day of sensor’s

operation at 550°C.
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Fig. 5. Representative SEM images for (a) the interface between ZnCr, 04 grains and
YSZ particles and for (b) that between YSZ particles and YSZ plate.
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Fig. 6. Comparison of Nyquist plots in 100 ppm C3Hg at 550°C under the wet
condition for the sensors using (a) the single ZnCr,04-SE and (b) the laminated
(ZnCr,04/YSZ)-SE, at the 2nd day of observation and after the long-term operation
(the 23rd or 34th day).
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Fig. 7. Dependence of Aemf on the C3Hg concentration at 550°C for the sensor
attached with the laminated (ZnCr,04/YSZ)-SE. (Inset: response transients to C3Hg
in the concentration range of 20-800 ppm.)

reactions including O, or C3Hg, occurring at the interface between
SE and YSZ, was increased by about 5 times just by means of the
addition of intermediate YSZ layer between ZnCr,04-SE and YSZ
tube. Such an increase in the current value was also confirmed
by the polarization (I-V) curve measurement (not shown here). In
other words, the number of reaction sites favored for the electro-
chemical reactions at the interface between ZnCr,04 and YSZ layer
was increased drastically. Moreover, the estimated resistance value
at 0.1 Hz for the sensor using the single ZnCr,04-SE was increased
twofold after the sensor’s operation of 23 days, while that for the
sensor attached with the laminated (ZnCr,04/YSZ)-SE was even
decreased a bit after the operation of 34 days.

In general, the sensing characteristics of mixed-potential-type
sensor are affected by both of the catalytic activity for gas-phase
reaction in SE matrix and the catalytic activities for two compet-
ing electrochemical reactions at SE/YSZ interface [36]. Based on the
present results, it can be speculated that the emfresponses to gases
are more influenced by the catalytic activities for the electrochemi-
cal reactions at the interface between ZnCr,04 and YSZ rather than
that for the gas-phase reaction, since only one kind of SE (ZnCr,04)
was used in the present study. Thus, the addition of secondary
YSZ layer between ZnCr,04-SE and YSZ tube seemed to stabilize
the electrochemical reaction sites at the interface and resulted in
much better stability of the present sensor. Such a method could
be, therefore, considered as one of useful and general techniques
for stabilization of gas-sensing characteristics for electrochemical
YSZ-based gas sensors, including not only the mixed-potential-
type sensors but also amperometric and impedancemetric ones,
because, in all the above-mentioned sensors, the high response to
atarget gas is derived from the electrochemical reactions occurring
at the interface between SE and YSZ solid electrolyte.

3.2. Performance of sensor using the laminated (ZnCr,04/YSZ)-SE

After attaining stable C3Hg response, the gas-sensing char-
acteristics of the mixed-potential-type YSZ-based sensor using
the laminated (ZnCr,04/YSZ)-SE were further examined at 550°C
under the wet condition. Fig. 7 shows the dependence of Aemfon
the C3Hg concentration in the range of 20-800 ppm. The C3Hg sen-
sitivity depended linearly on the logarithm of C3Hg concentration
in the examined range. Such a linear dependence is usually a typ-
ical behavior for a mixed-potential-type sensor [36]. The response
transients to each C3Hg concentration are given in an inset of Fig. 7.
The response/recovery signal changed rapidly upon switching the

sample or base gas and both 90% response and 90% recovery times
were less than 10s.

It should be emphasized that large amounts of CO, and water
vapor are usually emitted from gasoline or diesel vehicle upon
combustion of the gasoline or light gas oil fuels, respectively. The
concentrations of these co-existing gases in automotive exhausts
usually fluctuate drastically due to a change in internal-combustion
engine conditions. Thus, it is of particular importance that the
sensitivity of a sensor should not be affected by the change in
concentrations of the co-existing gases mentioned above. The emf
responses to the base gas, 100 and 400 ppm C3Hg were there-
fore recorded for the present sensor attached with the laminated
(ZnCr04/YSZ)-SE at 550 °C when the concentration of water vapor
was fixed at 5vol.% and CO, concentration was varied from 0 to
20.0vol.%. The obtained results are given in Table 1. It was observed
that the emf responses to those gases were hardly affected by the
change in CO, concentration. Then, the concentration of water
vapor was also changed from O to 10.8 vol.%. The obtained emf
responses were also not altered by the change in H,O concentra-
tion, as shown in Table 2. This result assumes that water vapor
molecules do not participate in the electrochemical reactions at
the interface. Both these results are highly preferable for an actual
application.

Apart from CO, and water vapor, the effect of change in O,
concentration on gas sensitivity seems to be even much more
important, because oxygen is directly involved in the response-
generating electrochemical reactions at the SE/YSZ interface. Thus,
the emf responses to base gas, 100 and 400 ppm C3Hg were
measured by changing the O, concentration in the range of
2-20vol.%. First, the effect of O, concentration on the emfresponse
was examined for the tubular YSZ-based sensor using the outer
(ZnCry04/YSZ)-SE and the inner Pt/air-RE (exposed always to the
atmospheric air). As shown in Fig. 8(a), the emf responses nega-
tively increased synchronously with decreasing O, concentration.
It is well-known that, when SE is exposed to oxygen, the change
in emf response is derived from the equilibrium electrochemical
reaction of oxygen;

0, +4e™ 5 20% (1)

and the change in emfresponse follows Nernst equation;

RT Po
— F© 2
E=E +nFln<P62) 2)

In our case, based on the results obtained for the base gas, the
number of electron (n) calculated by Eq. (2) was found to be close
to 4. This indicates that the electrochemical equilibrium reaction
(1) occurs under the present operating condition and the sensor
is working as an oxygen concentration cell. In the case of sam-
ple gas composed of oxygen and 100 (or 400) ppm C3Hg, the emf
responses also negatively increased with decreasing O, concen-
tration. It should be noted that the tendency of change in emf
responses to 100 (or 400) ppm C3Hg was similar to that for the
base gas. This means that the electrochemical reaction of C3Hg
at the (ZnCr,04/YSZ)-SE/YSZ interface might not be inhibited by
decreasing/increasing O, concentration. To confirm this, the emf
responses to the base gas, 100 and 400 ppm C3Hg for the planar-
like sensor using the laminated (ZnCr,04/YSZ)-SE and the outer
Pt-CE were examined at 550°C, when the O, concentration was
also similarly varied from 2 to 20vol.%. The planar-like sensor’s
configuration means that both of the laminated (ZnCr,04/YSZ)-SE
and the outer Pt-CE were exposed to the same gas condition. As a
result, the emfresponses to each of the examined gas compositions
were hardly affected by the change in O, concentration, as shown
in Fig. 8(b). These results indicate that the catalytic activity to the
electrochemical equilibrium reaction of O, (1) for both of the lam-
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Table 1

Comparison of emf responses to the base gas, 100 and 400 ppm C3Hg on the change in CO, concentration in the range of 0-20.0 vol.% at 550°C for the sensor using the

laminated (ZnCr,04/YSZ)-SE.

Sensor response (mV) CO2 concentration (vol.%)

0 5.0 10.0 15.0 20.0
Base gas (air) 0.4 0.26 0.14 0.03 -0.03
100 ppm C3H6 -354 -35.6 —35.8 -36.0 -36.3
400 ppm C3H6 -63.0 -63.7 —63.7 —64.1 -63.8
Table 2

Comparison of emfresponses to the base gas, 100 and 400 ppm C3Hg on the change in H,O vapor concentration in the range of 0-10.8 vol.% at 550 °C for the sensor using the

laminated (ZnCr,04/YSZ)-SE.

Sensor response (mV) H20 vapor concentration (vol.%)

0 (dry) 2.70 4.05 5.40 6.75 8.10 9.45 10.8
Base gas (air) -0.6 -0.9 -1.2 -1.5 -1.8 -2.0 -2.3 -2.6
100 ppm C3H6 -33.7 -32.2 -31.9 -32.2 -32.6 -32.5 -329 -32.9
400 ppm C3H6 -59.5 -57.2 -57.3 —58.2 —58.5 —58.7 —-59.2 —-59.5

inated (ZnCr,04/YSZ)-SE and the outer Pt-CE/inner Pt-RE is nearly
same each other.

We have recently reported that the mixed-potential-type YSZ-
based sensor attached with the single ZnCr,04-SE can measure the
total concentration of various HCs in the mixture of three kinds of
HCs, such as 1-C4Hg, C3Hg and Cy,Hg [30]. Therefore, to check the
behavior of the sensor used in the present study, the cross sensitiv-
ities to eight kinds of HCs and H, were examined and compared, as
shown in Fig. 9. It is seen that Aemf varies almost linearly with the
number of carbon in HC in the examined range of C;-C4 (see the

40 -
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20 F +550°C
- *5 vol.% H20
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€ -201 -
"é 40 T
] - 100 ppm C3Hs -
-60 7
_100 I L | L | L | L | ]
40 -
()| | -(2nCr204/YSZ)-SE vs. outer Pt-CE
2

0--® @ *—o @ @ -
> L Base |
€ -20F .
: I A A A A A 1
g 40 100 ppm C3He |
0 L ]
-60 [ o+ {1l e
L 400 ppm C3Hs |
80} 4

-100 \ ] \ ] \ ] \ ]

0 5 10 15 20

O2 concentration / vol.%

Fig. 8. Dependence of emfresponses to the base gas, 100 and 400 ppm C3Hg on the
change in O, concentration in the range of 2-20vol.% at 550 °C under the wet con-
dition for (a) the tubular-type sensor using the laminated (ZnCr,04/YSZ)-SE and the
inner Pt/air-RE, and (b) the planar-like sensor using the laminated (ZnCr,04/YSZ)-SE
and the outer Pt-CE.

inset of Fig. 9). More importantly, the present sensor gives almost
same Aemfto HCs which have equal carbon numbers, irrespective
of the chemical bonding nature (saturated or unsaturated) and spa-
tial coordination of CH groups. These results were similar to those
reported before for the sensor attached with the single ZnCr,04-SE
[30]. It is also suggested that the present sensor using the lami-
nated (ZnCr,04/YSZ)-SE could be applied for measurements of total
concentration of various HCs. To substantiate this, three different
HCs were mixed (mixture 1: 1-C4Hg, C3Hg and C;Hg; mixture 2: n-
C4H19, C3Hg, and C;Hy) in various compositions (in volume ratio)
and then the Aemf values against each gas mixture were recorded
for the present sensor operated at 550 °C under the wet condition
(5vol.% water vapor). The definition of total concentration of vari-
ous HCs (ppmC) has been previously mentioned in our paper [30].
Fig. 10 depicts the dependence of Aemf on the total concentra-
tion of various HCs mixtures for the present sensor at 550 °C in the
presence of 5vol.% H,O. It is clearly seen that Aemf to various HCs
mixtures containing different volume ratios of three kinds of HCs
varies almost linearly with regard to the logarithm of total con-
centration of HCs (ppmC) in the examined range of 90-2600 ppmC.
Thus, it is concluded that the present sensor could also detect suc-
cessfully the total concentration of various HCs mixture and be
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Fig. 9. Comparison of cross sensitivities to eight kinds of various HCs and H;
(100 ppm each) at 550 °C under the wet condition (5 vol.% water vapor) for the sen-
sor using the laminated (ZnCr,04/YSZ)-SE. (Inset: dependence of sensitivity (Aemf)
on carbon number.)
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Fig. 10. Dependence of Aemfon the total concentration of various HCs mixtures at
550°C for the sensor attached with the laminated (ZnCr,04/YSZ)-SE.

considered as one of possible candidates for the actual total HC
sensor operating in automotive exhausts.

4. Conclusions

The improvement in stability of the gas-sensing characteris-
tics for the mixed-potential-type YSZ-based sensor attached with
single ZnCr,04-SE was achieved by modification of SE structure
with the addition of intermediate YSZ layer. The resulted tubular
sensor consisted of the laminated (ZnCr,04/YSZ)-SE and the inner
Pt/air-RE was capable of providing highly stable HCs gas-sensing
characteristics at 550°C in the presence of 5vol.% H,O for more
than one month examined. Based on the detailed SE characteriza-
tion, the stabilization of gas response seemed to be caused by the
stabilization of interface between the ZnCr,04 grains worked as
SE and the YSZ particles operated as oxygen-ion conducting solid
electrolyte. In other words, the addition of intermediate YSZ layer
improved the mechanical stabilization of interface by burying the
as-fabricated ZnCr, 04 grains into the porous interlayer of YSZ par-
ticles. This results in stabilization of the electrochemical reaction
sites at the interface between the laminated (ZnCr,04/YSZ)-SE and
YSZ solid electrolyte.

The fabricated sensor attached with the newly proposed lam-
inated (ZnCr,04/YSZ)-SE showed good linearity between Aemf
and the logarithm of the C3Hg concentration in the range of
20-800 ppm. The C3Hg sensitivity was hardly affected by the
change in O,, CO, and water vapor concentrations in the wide
range. In addition, the sensor using the laminated (ZnCr,04/YSZ)-
SE gave almost same values of sensitivity to HCs that have equal
carbon numbers (in the range of C;—-C4); the response was irrespec-
tive of HCs chemical bonding nature as well as spatial coordination
of CH groups. Furthermore, Aemf varied almost linearly with the
number of carbon in HC. Then, it was confirmed that the depen-
dence of Aemfto various HCs mixtures containing different volume
ratios of three kinds of HCs exhibited good linearity with regard to
the logarithm of total concentration of HCs in the examined range
of 90-2600 ppmC. The obtained results seem to be promising in
regard to a possible practical application of the present HCs sensor
in real automotive exhaust.
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