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Highlights

1. The YSZ-based sensor using CeO2-mixed Au SE showed good response to toluene.

2. The recovery time decreased with the addition of metal oxides to Au SE.

3. The toluene-sensing properties are largely dependent on the microstructure as well as
catalytic and electrocatalytic activities.

4. The response increased with increasing toluene concentration (0.5-50 ppm).



Abstract

In this study, YSZ-based potentiometric gas sensors of the type Au*/YSZ/Pt, where Au* represents
either dense (d-Au), porous Au (p-Au) or porous Au/4AMOX (4 wt% CeO., Gd>03, Lax03, PreO1s,
Sm;0s3, Pro1Ceoo02 or CeosZro202) composite sensor electrodes (SEs), were fabricated, and their
toluene-sensing properties examined over the temperature range of 400-500°C. The roles of
microstructure of the SEs, and improvements in sensing properties due to MO additions were
examined with respect to their impact on catalytically enhanced toluene oxidation as well as
electrochemical reactions at the SE/electrolyte interface. Au(4MO)/Pt sensors showed larger
response to toluene than d-Au/Pt, with the Au(4CeQOz)/Pt sensor showing the largest response among
all of the Au(4MO)/Pt sensors. While the response of Au(4Ce0O,)/Pt was smaller than that of p-Au/Pt,
its recovery time was much shorter. These observations were shown to result from Au(4CeOy)
exhibiting the largest catalytic activity of toluene oxidation among all of the oxides tested, leading to
enhanced toluene oxidization during its diffusion through the SE, as well as the removal of residual
toluene at TPBs, during the recovery process. This resulted in decreased response, but at the same
time, faster recovery. The results demonstrated that both high electrochemical activity of toluene
oxidation and low electrochemical activity of oxygen reduction are indispensable for achieving large
sensor response. The Au(4CeO>)/Pt sensor also showed a nearly linear response vs logarithm of
toluene concentration (0.5-50 ppm), with strong response down even to 0.5 ppm toluene (ca. +55

mV) in dry air.
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1. Introduction

\olatile organic compounds (VOCs), generated from industrial plants, automobiles, adhesives and
paints, are known to contribute to short- and long-term adverse health effects including the so-called
sick building syndrome, even at relatively low concentrations [1, 2]. For example, Ministry of Health,
Labour and Welfare in Japan sets the guideline values for indoor (VOC) concentrations of
formaldehyde, toluene, and xylene as 0.08 ppm, 0.07 ppm, and 0.20 ppm, respectively [3]. Therefore,
sensitive and selective detection of VOCs is necessary to minimize health risks. However, practical
high-performance VOC sensors capable of detecting very low concentration VOC levels are yet to be
developed. Among various gas sensors reported so far for this purpose [4-16], solid-electrolyte gas
sensors reportedly provide high sensitivity and selectivity when fitted with compositionally and
microstructurally optimized sensing electrodes (SE) [8-10, 17-21]. Solid-electrolyte gas sensors
utilizing yttria-stabilized zirconia (YSZ) as the solid electrolyte are particularly promising given their
exceptional chemical, thermal and mechanical stability [8, 10, 17-22]. Elumalai et al., for example,
demonstrated that YSZ-based sensors equipped with a composite Au/NiO SE showed selective
response to propylene [23]. Mori et al. reported that YSZ-based sensors equipped with a composite
Au/YSZ SE exhibited high sensitivities to low concentrations of methyl mercaptan, hydrogen sulfide,
ammonia and trimethylamine [24]. We have focused on composite Au/metal oxide (MO) SEs, given
reports that suitable selection of appropriate oxides can promote VOC oxidation [25-27], leading to
improved VOC-sensing properties. CeO., in particular, is well known to have a large oxygen-storage
capacity and thereby enhances the activities of noble-metal catalysts towards formaldehyde or
methane oxidation, given its ability to provide oxygen species in support of oxidation reactions [28,
29]. The doping of Zr** [30, 31] and Pr*" [32-34] into CeO- further increase its oxygen-storage
capacity and thereby its catalytic activity. This follows from the enhanced ability for CeO- to become
reduced either due to structural relaxations around the smaller Zr** ion, leading to the formation of

oxygen vacancies and Ce®*" or due to the ease of reduction of Pr** to Pr3*, even under rather oxidizing



conditions. Pr- and La-doped CeO2 have also be reported to exhibit relatively high soot-oxidation
activity at low temperatures [35]. In addition, the positive effects of the addition of rare-earth oxides
such as CeO2, La203, PreO11, Nd203 and Sm20s, to a Pd/SiO catalyst for the CO hydrogenation
reaction have also reported [36].

In this study, YSZ-based gas sensors equipped with Au/MOXx (CeO., Gd203, La203, PrsO11, Sm20s,
Pro.1Ceo 902, CeosZro20,) composite SEs were fabricated, and their toluene-sensing properties
examined. In addition, the impact of the addition of the various metal oxides to the Au-based SEs on
the sensing properties are discussed in relation to their effects on the microstructure of the SEs, and

the relative catalytic and electrocatalytic activities of the individual Au and MO materials.



2. Experimental
2.1. Synthesis of MO powder

CeO2 powder was synthesized by a sol-gel method [37]. After Ce(NO3)-6H>0 was dissolved in
dehydrated ethanol, triethanolamine was added to the solution and then stirred for 1 h to form a
chelate compound. Subsequently, the obtained compound was hydrolyzed for 1 h by adding a small
amount of pure water into the solution. Then, the obtained precipitate was centrifuged and washed
with dehydrated ethanol several times. The product was dried at 100°C for 12 h and then annealed at
700°C for 2 h in air. Ceo2ZrogO2 (CZO) and Pro.1Ceo 902 (PCO) powders were prepared by the
Pechini method [33, 37]. Appropriate amounts of citric acid and ethylene glycol were added to an
aqueous solution of constituent metal nitrates. The obtained mixture was heated to evaporate volatile
species, ultimately forming a dried solid that was ground and calcined at elevated temperature
(600°C for 5 h in air for CZO, 700°C for 3 h in air for PCO). The obtained powder was ball milled
using zirconia media in alcohol to break up agglomerates. Gd>O3, La;O3z and Sm>Os powders were
purchased from Kishida Chemical Co., Ltd., Japan. PreO11 powder was purchased from Wako Pure
Chemical Industries, Ltd., Japan. The specific surface areas of the MO powders were measured by
the Brunauer—-Emmett-Teller (BET) method using a N2 adsorption isotherm (Micromeritics

Instruments Corp., Tristar3000).

2.2. Fabrication of sensors

The schematic structure of a planar-type YSZ-based gas sensor is shown in Fig. 1. Au paste
(Tanaka Corp., TR-1403), Au paste mixed with an appropriate amount of MO powder or Au paste
mixed with polymethylmethacrylate (PMMA) microspheres (Soken Chem. & Eng. Co., Ltd., MX150,
ca. 1500 nm in diameter) was screen printed on the surface of YSZ substrates (Japan Fine Ceramics
Co., Ltd, ca. 11 mm in diameter and ca. 0.5 mm in thickness) as a SE (2 mm x 3 mm). This resulted

in either dense nominally pure Au electrodes (d-Au), or n wt% MO-mixed Au electrode (Au(nMO),



n =4, 10, 15 (wt%) MO) or porous Au electrodes (p-Au), respectively. Pt (Tanaka Corp., TR-7907)
paste was also subsequently applied by screen printing on the same surface of the YSZ substrate to
serve as the counter electrode (CE, 2 mm x 3 mm). After annealing at 700°C for 2 h in air,
planar-type YSZ-based gas sensors (SE/CE sensors, SE: d-Au, p-Au or Au(nMO), CE: Pt), were
obtained as shown in Fig. 1. The secondary electron images of the d-Au, p-Au and Au(nMOQO) SEs

were obtained by scanning electron microscopy (SEM; JEOL Ltd., JSM-7500F).

2.3. Measurement of toluene-sensing properties

The gas responses of the sensors were examined by measuring the open circuit electromotive force
induced across the two sensor electrodes upon exposure to 0.5-50 ppm toluene, balance dry air,
under a gas-flow rate of 100 cm® min* at temperatures of 400, 450 and 500°C. The electromotive
force (E, mV) of the sensors was measured with a digital electrometer (ADC Corp., 8240). The
magnitude of the sensor response (AE) was defined as the difference between E measured upon
exposure to toluene and that measured in the base air. The 90% recovery time (Toorec) Was defined as

the time necessary to reach 90% value of the steady state value of AE.

2.4. Evaluation of catalytic combustion behavior of toluene over sensing materials

Au powder, prepared by drying the Au paste, or MO powders, were pressed into disc, and then
crushed into granules (ca. 2060 mesh). The granules of about 0.6 g, fixed in a glass reactor of the
flow apparatus, were exposed to 250 ppm toluene/balance air that was prepared by a gas generator
utilizing a diffusion tube (Gastec Corp., PD-1B), at a flow rate of 30 cm® min™* (a gas hourly space
velocity (GHSV) of 5560 h). The catalytic combustion behavior of the toluene over Au and MO
powders was then evaluated in the temperature range from 30 to 300°C, by using a gas
chromatograph equipped with FID and TCD detectors (Shimadzu Corp., GC-2010 (capillary column

used: DB-5 and PoraPLOT Q, respectively)).



2.5 Evaluation of electrochemical activity of toluene

The current (1)-voltage (E) curves of the sensors were measured at a scan rate of 3 mV min? in
order to evaluate the magnitude of the anodic reaction of toluene and the cathodic reaction of oxygen
at the triple phase boundaries (TPBs). The net toluene-oxidation current was calculated by

subtracting the current measured in base air from that in toluene/balance air.

3. Results and discussion

Figure 2 shows SEM images of the surfaces of the YSZ substrate and all of the SEs. The YSZ
surface is observed to be relatively dense (Fig. 2(a)) as was the d-Au SE with its surface morphology
(micron-sized grains and clear grain boundaries among them) reflecting the YSZ substrate
morphology (Fig. 2(b)). The surface of the p-Au SE, on the other hand, was highly porous, resulting
from the decomposition of the added PMMA particles (Fig. 2(c)). The Au(4MO) SEs also exhibited
porous structures (Fig 2(d-j), similar to that of the p-Au SE, with the porosity and morphology
largely dependent on the specific MOs dispersed within the Au(4MO) SEs. For example, the Au
particles in the Au(4Gd.O3) SE were well interconnected on the surface of the YSZ substrate (Fig.
2(e)). The degree of porosity of the Au(4Gd>03) SE was the lowest among the Au(4MO) SEs. The
level of porosity in the Au/MO composites increased in the following order: Gd20s, CZO, PreOus,
Sm20s3, La,03, CeO2 and PCO.

Figure 3 shows response transients to 50 ppm toluene of all sensors at 500°C in dry air, and Fig. 4
shows the temperature dependence of the magnitude of the response (AE) and the recovery time
(Toorec) Of the d-Au/Pt, p-Au/Pt and Au(4MO)/Pt sensors to 50 ppm toluene. All the sensors
responded to toluene with a negative change in E, with most sensors exhibiting an initial overshoot
in E over the whole operating temperature range as shown in Fig. 3 for the 500°C data. In addition,

the magnitude of the toluene response of all sensors increased with decreasing operating temperature.



Among the sensors, the p-Au/Pt and d-Au/Pt sensor showed the largest and smallest responses,
respectively, over the whole operating temperature range. Generally, one expects a certain fraction of
toluene to be oxidized to CO2 and H:0O, as toluene diffuses from the SE surface towards the interface
between the SE and the YSZ electrolyte. Thus, an increase in SE porosity enhances gas diffusivity
resulting in an increase of toluene reaching the SE/YSZ interface. This likely promotes the
electrochemical oxidation of toluene at the Triple Phase Boundaries (TPBs), and thereby enhances
the magnitude of the response to toluene. The Au(4MO)/Pt sensors showed a larger response to
toluene than the d-Au/Pt sensor, whereas the response of the Au(4MQO)/Pt sensors was smaller than
that of the p-Au/Pt sensor over the entire operating temperature range. In addition, the toluene
response of the Au(4MO)/Pt sensors was strongly influenced by the type of MO mixed into the
composite Au/MO SE, with the Au(4CeQ>)/Pt sensor showing the largest toluene response among all
the Au(4MO)/Pt sensors. The Au(4CeOy)/Pt, Au(4Gd203)/Pt and Au(4CZO)/Pt sensors showed
rather large responses to toluene, while the Au(4PrsO11)/Pt and Au(4PCO)/Pt sensors showed smaller
responses.

While the comparison of response time of the sensors was somewhat complicated by the
overshoot behavior, one clearly observes an inverse dependence of sensor recovery time (Toorec) ON
operating temperature, as shown in Fig. 4 (b). The Toorec Value of the p-Au/Pt sensor was the largest,
with all the Au(4MO)/Pt sensors showing smaller Toorec Values than the p-Au/Pt sensor. The
Au(4PCO)/Pt sensor showed the smallest Toorec Value at 400 and 450°C while the Au(4CeO,)/Pt
sensor showed the smallest at 500°C.

In order to investigate the effects of the MO utilized in the Au/MO composite SEs on the
magnitude of the toluene response and its recovery behavior, the relative catalytic conversion
efficiency of toluene oxidation over Au or MO powders was examined. Figure 5 shows the
temperature dependence of conversion efficiency of 250 ppm toluene over Au and MO powders in

dry air. While the oxidation of toluene is observed to begin at 50°C over the Au powder, the



conversion efficiency of toluene was limited to 35%, even at 300°C. On the other hand, the fraction
of toluene oxidation over the MO powders was considerably higher than over Au. The temperature at
which 50% of toluene was converted, Tso, and the specific surface area (SSA) of the MOs examined
are summarized in Table 1. The Tso values of the Ce-based oxides (i.e., CeO2, CZO and PCO) were
much smaller than those of the other MOs (i.e., Gd203, PreO11, La2O3 and Sm203). Namely, toluene
was more effectively oxidized over Ce-based oxides in comparison with the other MOs. One clear
factor contributing to the observed higher catalytic activity of the Ce-based oxides, as might be
expected, was their larger SSA. In addition, CeO, showed larger catalytic activity (Tso: ca. 132°C)
than CZO (ca. 167°C) and PCO (ca. 217°C), although the SSA of CeO; (ca. 15.1 m? g) was smaller
than those of CZO (ca. 26.7 m? g*) and PCO (ca. 83.1 m? g*). As toluene diffuses from the SE
surface to the interface between the SE and the YSZ, a certain amount of toluene is oxidized during
transport through the SE and thus the concentration of toluene that arrives at TPBs decreases.
Therefore, it is likely that these catalytic activities of toluene oxidation over Au and MO powders
have a large influence on the toluene-sensing properties of the sensors. As the addition of MOs into
the Au based SEs enhances the reduction in toluene concentration at TPBs due to their high catalytic
activity for toluene oxidation, the Au(4MO)/Pt sensors showed smaller toluene response than the
p-Au/Pt sensor. In addition, the addition of the MOs into the SE presumably also accelerates the
oxidation of the residual toluene at TPBs, following removal of the toluene from the base air. This is
likely the source of the decreased Toorec Values associated with the Au(4MO)/Pt sensors relative to
that of the p-Au/Pt sensor.

The toluene response and the recovery time of the Au(4MO)/Pt sensors are not only determined
by the catalytic activity of toluene oxidation over the MOs. Figure 6 shows the Tsg value dependence
of the toluene response (AE) and the recovery time (Toorec) Of the Au(4MO)/Pt sensors at 400 and
500°C. AE should increase with an increase in Tso, according to the above discussion, but AE of the

Au(4CeO2)/Pt and Au(4CZO)/Pt sensors was much larger than that of the Au(4PCO)/Pt,



Au(4Prs011)/Pt and Au(4Sm203)/Pt sensors, even though the Tso value of CeO2 and CZO was much
smaller than that of PCO, PreO11 and Sm2O3. The Toorec Value tended to increase with increasing Tso
value, but several exceptions were found. For example, the Toorec Value of the Au(4PCO)/Pt sensor
was smaller than that of the Au(4CeO>)/Pt sensor at 400°C, even though the catalytic activity of
toluene oxidation over PCO was smaller than that over CeO,. One of possible reasons for these
apparent discrepancies is the difference in porosity between the Au(4PCO) and the Au(4CeOz) SEs
(see Fig. 2). Namely, the large porosity of the Au(4PCO)/SE promoted the gas diffusivity from the
SE surface to TPBs resulting in smaller Tgorec Values for the Au(4PCO)/Pt sensor. However, the Toorec
value of the Au(4CeQ>)/Pt sensor largely decreased by the increase in the operating temperature to
500°C, and its value was comparable to that of the Au(4PCO)/Pt sensor. This may result from the
toluene diffusivity in the Au(4CeQO.) SE approaching that in the Au(4PCO) SE at 500°C due to the
increase in operating temperature. Based on these results, a schematic drawing of the toluene-sensing
mechanism of the sensors fabricated in this study can be created and is depicted in Fig. 7. The
increase in the porosity of the SEs is considered to increase the actual concentration of toluene
reaching TPBs due to enhanced gas diffusivity from the surface of SE to TPBs. This idea confirms
the larger AE of the p-Au/Pt sensor than that of the d-Au/Pt sensor. In addition, the increase in the
catalytic activity of toluene oxidation over the SE materials is another important factor. Namely, the
toluene concentration at TPBs should be reduced by the increase in the catalytic activity for toluene
oxidation during gas diffusion in the SEs. Indeed, the AEs of the Au(4MOQ)/Pt sensors were smaller
than that of the p-Au/Pt sensor. The increase in the porosity and catalytic activity also decreases the
Toorec Value because of the more rapid gas diffusion and the prompt oxidation of residual toluene at
TPBs in the recovery process, respectively. However, the Toorec Value of the d-Au/Pt sensor was
smaller than that of the p-Au/Pt sensor, although the morphology of the d-Au SE was much denser
than that of p-Au SE enough to reduce the gas diffusion. In the case of the d-Au SE, the diffusion

rate of toluene inside SE is very slow in comparison with that of oxygen, because the size of toluene
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molecule is larger than that of oxygen molecule. This difference might cause the prompt oxidation of
residual toluene at TPBs by relatively large amount of oxygen diffused to TPBs, leading to smaller
Toorec Value of the d-Au/Pt sensor.

Interestingly, the Au(4CeO>)/Pt sensor showed the largest AE in spite of it exhibiting the highest
catalytic activity of toluene oxidation among all the MOs. Therefore, the electrochemical activity,
which proceeds at TPBs of the Au(4MO) SEs, should also be a critical factor determining the AE and
Toorec Values of the Au(4MO)/Pt sensors. Generally, the VOC-sensing mechanism of solid-electrolyte
gas sensors, as discussed in various papers, can be explained on the basis of the mixed potential
theory [8-10, 19-20, 22]. The electrochemical oxidation of toluene (Eg. 1) and electrochemical

reduction of oxygen (EqQ. 2) are expected to simultaneously proceed at the same rate at the SE TPBs

in this study.
C7Hs + 180%" — 7CO; + 4H20 + 36e~ 1)
0, + 4e” — 20% 2

Figure 8(a) shows the I-E characteristics of representative sensors (d-Au/Pt, Au(4CeOy)/Pt,
Au(4PreO11)/Pt) at 500°C in both air and 50 ppm toluene balanced with air. The net anodic current of
only toluene oxidation was calculated by subtracting the current in base air from that in
toluene/balance air, and the relationship between the net anodic current and the cell potential was
plotted in Fig. 8(b), together with the I-E curves in air. The magnitude of negative current of the
d-Au/Pt sensor increased with an increase in the negative potential applied in air, which means that
electrochemical reduction of oxygen proceeds at TPBs. The I-E curve shifted in the positive direction
and the open-circuit voltage (OCV) shifted to the negative direction upon exposure to toluene. This
indicates that the electrochemical oxidation of toluene proceeds at TPBs in addition to the
electrochemical reduction of oxygen. However, the amount of change in OCV was small (ca. -22
mV) and both the net anodic current of the toluene oxidation and the current of the oxygen reduction

at OCV in toluene/balance air was small, as shown in Fig. 8(b). In addition, the slope of the I-E
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curve of toluene oxidation is much smaller than that of oxygen reduction. As the absolute value of
the net anodic current of toluene oxidation should be equal to that of the cathodic current of oxygen
reduction in air at OCV in toluene, the d-Au/Pt sensor showed rather small AE response to toluene.
The addition of CeO> to the Au SE significantly increased the slope of the I-E curve positively in
both air and toluene/balance air, especially the net anodic current observed increased with an
increase in applied potential. This fact means that the electrochemical oxidation of toluene proceeded
actively at TPBs in comparison with the electrochemical reduction of oxygen. The modified current
of toluene oxidation of the Au(4CeO>)/Pt sensor in toluene (ca. 450 nA) was much larger than that of
the d-Au/Pt sensor (ca. 13 nA), at ca. -102 mV (OCV in toluene for the Au(4CeO,)/Pt sensor). On
the other hand, the current of oxygen reduction of the Au(4Ce0O.)/Pt sensor was only 14 times higher
than that of the d-Au/Pt sensor, at the same OCV (ca. -102 mV). Therefore, OCV in toluene/balance
air of the Au(4Ce0O,)/Pt sensor shifted largely to the negative direction upon exposure to toluene,
compared with that of the d-Au/Pt sensor. It was also confirmed that the calculated AE of the
Au(4Ce0,)/Pt sensor (ca. +102 mV, the difference in OCV in toluene/balance air and that in air) was
almost the same value as the observed AE (ca. +125 mV). The addition of PrsO11 to the Au SE also
increased the slope of the I-E curve positively as was the case with the Au(4CeOy)/Pt sensor as
shown in Fig. 8(a). However, the electrochemical activity of the Au(4PrsO11)/Pt sensor was different
from that of the Au(4CeOy)/Pt sensor. The slope of the I-E curve of the Au(4PreO11)/Pt sensor in air
was larger than that of the Au(4CeO.)/Pt sensor. On the other hand, the slope of the I-E curve of the
Au(4PreO11)/Pt sensor in toluene/balanced air was comparable to that of the Au(4CeO,)/Pt sensor. In
addition, the large net anodic current for toluene oxidation was almost independent of the applied
potential values. Therefore, OCV in toluene balanced with air of the Au(4PrsO11)/Pt sensor also
shifted to the negative direction upon exposure to toluene, but the amount of the change in OCV was
smaller than that of the Au(4CeO)/Pt sensor. However, the net anodic current for toluene oxidation

and the cathodic current for oxygen oxidation of the Au(4PresO11)/Pt sensor at OCV in toluene were
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larger than those of the Au(4CeO»)/Pt sensor. Namely, the addition of PreOu enhanced the
electrocatalytic activities, but the increment of oxygen reduction is much larger than that of toluene
oxidation, which resulted in the smaller change in OCV of the Au(4PrsO11)/Pt sensor than that of the
Au(4Ce0,)/Pt sensor. Therefore, the electrochemical activity at TPBs can significantly influence the
change in AE on the basis of the mixed potential theory [8-10, 19-20, 22], and both the increase in
toluene oxidation and the decrease in oxygen reduction affects the increment of AE, as shown in Fig.
7. In addition, high electrochemical activity should also decrease the Toorec Value, because the toluene
is quickly removed at TPBs. However, this issue requires further clarification.

Figure 9 shows the variations in AE and Toorec at 400°C of the Au(nCeO3)/Pt and Au(nCZO)/Pt
sensors to 50 ppm toluene as a function of the wt% MO (n) mixed into the Au SE. AE of both sensors
decreased with increase in n, and AE of the Au(nCeO2)/Pt sensor was more strongly dependent on n,
in comparison with that of the Au(nCZO)/Pt sensor. This is likely related to the larger catalytic
activity of toluene oxidation over CeO> that reduced the actual concentration of toluene at TPBs due
to the effective oxidation of toluene in the SE. However, the level of porosity of the SE also
influences the response. Figure 10 shows SEM images of the surface structure of the Au(nCeO) and
Au(nCZ0O) SEs (n = 10 and 15), that should be compared with those of the Au(4CeO.) and
Au(4CZO) SEs (Fig. 2(d) and Fig. 2(i), respectively). These images showed that the porosity of the
Au(nCe0>) and Au(nCZO) SEs increased with wt% CeO. and CZO. In addition, the Au(nCeO>) SE
showed a more porous structure than that of the Au(nCZO) SE. These results indicate the impact of
catalytic activity on the decrease in AE is greater than that of gas diffusivity. In addition, the Toorec
value of both sensors decreased with increased wt% MO, and the Au(nCeO.)/Pt sensors showed
smaller Toorec Values than that of the Au(nCZO)/Pt sensors. As the catalytic activity and the
magnitude of porosity of the SEs of the Au(nCeQ2)/Pt sensors is higher than that of the Au(nCZO)/Pt
sensors, the decrease in the Teorec Value probably arises from the effective oxidation and gas diffusion

of the residual toluene at TPBs following removal of toluene from the base air.
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Figure 11 shows toluene-concentration dependences of AE and response transients to 0.5 ppm
toluene of the Au(4CeO)/Pt sensor at 400, 450 and 500°C in dry air. The sensor showed an almost
linear relationship between the AE and the logarithm of toluene concentration over the whole
operating temperature range. In addition, the slope, i.e., toluene sensitivity, increased with a decrease
in the operating temperature, and the sensor showed the largest sensitivity at 400°C (ca. 75
mV/decade). The Au(4Ce0O>)/Pt sensor showed a large response even to 0.5 ppm toluene (ca. +55
mV) with relatively slow response and recovery speeds at 400°C, while the rise in operating
temperature reduced the magnitude of the response (ca. +19 mV at 500°C) but accelerated the
response and recovery speeds. These results demonstrate the ability of the optimized Au(4CeQO>)/Pt
sensor to readily detect low concentrations of toluene with high sensitivity, particularly at the lower

operating temperatures.

4. Conclusions

The toluene-sensing properties of d-Au/Pt, p-Au/Pt and Au(4MO)/Pt sensors were examined and
the effects of MO additions to the Au electrode on the toluene-sensing properties discussed.
Au(4MO)/Pt sensors showed larger response to toluene than the d-Au/Pt sensor, with the
Au(4Ce0,)/Pt sensor showing the largest AE among all of the Au(4MO)/Pt sensors. However, the AE
of the Au(4Ce0,)/Pt sensor was smaller than that of the p-Au/Pt sensor, while the Toorec Value of the
Au(4Ce0»)/Pt sensor was much smaller than that of the p-Au/Pt sensor. The catalytic activity of
toluene oxidation over CeO> was the largest among all of the powders tested. This high catalytic
activity enhanced the amount of toluene oxidized during its diffusion in the Au(4CeO2) SE and the
removal of residual toluene at TPBs in the recovery process, resulting in the decrease in AE and the
Toorec Values respectively. The addition of CeO to the Au SE also enhanced its electrochemical
activity, especially with respect to toluene oxidation. On the other hand, the addition of PreO11 to the

Au SE preferentially promoted oxygen reduction as well as toluene oxidation, resulting in smaller
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AE than that of the Au(4CeO)/Pt sensor. These results indicate that both the high electrochemical
activity of toluene oxidation and the low electrochemical activity of oxygen reduction are
indispensable for achieving large AE. The Au(4CeO.)/Pt sensor also showed a nearly linear
relationship between AE and the logarithm of toluene concentration (0.5-50 ppm) with large

response even down to 0.5 ppm toluene (ca. +55 mV) in dry air.
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Figure captions

Fig.1.
Fig.2.

Fig.3.

Fig.4.

Fig.5.
Fig.6.

Fig.7.

Fig.8.

Fig.9.

Fig.10.

Fig.11.

Schematic view of a YSZ-based gas sensor.
SEM photographs of the surface structure of the YSZ substrate and the SEs of the d-Au/Pt,

p-Au/Pt and Au(4MO)/Pt sensors.

Response transients to 50 ppm toluene of the d-Au/Pt, p-Au/Pt and Au(4MO)/Pt sensors at
500°C

(@) Temperature dependence of 50 ppm toluene response (AE), and (b) temperature
dependence of 90% recovery time (Toorec) Of the d-Au/Pt, p-Au/Pt and Au(4MO)/Pt sensors.

Temperature dependence of conversion of 250 ppm toluene over Au and MO powders in air.
(@) Tso dependence of 50 ppm toluene response (AE), and (b) Tso dependence of 90%
recovery time (Toorec) O the Au(4MO)/Pt sensors.

Schematic view of the elements for improving the sensing properties.

(@) Actual and (b) modified current-voltage characteristics of (i) d-Au/Pt, (ii) Au(4CeO,)/Pt
and Au(4PrsO11)/Pt sensors in the potential range of -200 to 0 mV (vs. Pt-CE) in base air
and 50 ppm toluene balanced with air.

(a) Variations in AE, and (b) variations in Toorec t0 the mixing amount of MOx of the
Au(nMO)/Pt sensors at 400°C (n: 4, 10, 15).

SEM photographs of the surface structure of SEs of the Au(nCeO>)/Pt and Au(nCZO)/Pt
sensors (n: 10, 15).

(@) Concentration dependence of toluene response, and (b) response transient to 0.5 ppm
toluene of the Au(4Ce0,)/Pt sensor at 400, 450, 500°C.

Table 1 Temperature at which 50% of toluene was converted (Tso) and the specific surface area

(SSA) of the MO powders.
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Table 1. Ueda et al.

Sample CeO; Gd,03 LaxOs PrsO11 Smo0O3 CZO PCO

Tso/°C 132 266 266 267 281 167 217

S/m*gt151 53 36 21 22 267 831
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