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An amperometric CO sensor using a solid oxide electrolyte was studied and it was
found that the oxygen pumping current increased with increasing CO concentration
when using Au(10 wt%)/In, ,Sn, ,0, and RuO,(10 wt%)/La,(Sr,,Co0, as the electrode
catalysts and La, ,Sr, ,Ga, ;Mg,,0; as the electrolyte. Mixed potentials are also observed
on this sensor upon exposure to CO, and so changes in oxygen pumping current may be
caused by the mixed potentials formed upon exposure to CO. Substitution of Ga in the
LaGaO; electrolyte with Fe is effective for increasing the sensitivity, and this sensor is
almost insensitive to CO, and CH,. As a result, it is expected that this sensor can be used
for the detection of CO in exhaust gas from a small gas water heater without a flue line.

1. Introduction

Selective and reliable sensors for the detection of CO are a thrust area of sensor
research these days. Detection of CO is strongly required from a safety point of
view because of its high toxicity. Therefore, several types of CO sensor have been
proposed and some have already become commercially available.) Among them, a
semiconductor-type sensor, mainly, SnO, modified with additives, is widely used for
monitoring CO in a room.?> However, the most serious issue of the semiconductor-type
sensor is low selectivity. On the other hand, recently, the detection of CO in exhaust gas
from a gas water heater has been strongly demanded following an accident caused by
incomplete combustion. However, the application of a semiconductor-type CO sensor
for monitoring the combustion state is highly difficult and there is a strong requirement
for the development of an alternative CO sensor that is highly selective and can detect
CO directly in an exhaust gas line.("
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To meet this demand, a CO sensor using a solid-state electrolyte was proposed and
studied intensively.() Solid electrolyte-type gas sensors generally have better selectivity
against the objective gas species. Therefore, an O, sensor using yttria-stabilized ZrO,
has been used widely for monitoring P, in engine exhaust gas.(!. However, gas species
detected by such gas concentration-type sensor are limited by mobile ion species in the
solid electrolyte. On the other hand, a mixed-potential-type sensor has been attracting
much attention recently because of the wide range of detectable gas species.® The
detection mechanism of the mixed-potential-type sensor is based on the difference in
electrode activity in response to oxidation and it can detect gas species that are different
from mobile ion species in the solid electrolyte. Mixed-potential-type sensors have
advantages of simple structure and high selectivity; therefore, this type of sensor is
suitable for monitoring exhaust gas. To date, there have been many reports on the mixed-
potential-type sensor.™"'9 For example, Miura et al. reported the high sensitivity and
selectivity to CO in exhaust gas atmosphere of the mixed-potential-type sensor.'"V This
type of sensor has also been proposed for hydrocarbon, CO, and NO,, and at present,
Y,0;-stabilized ZrO, (YSZ) is the most popular electrolyte for this type of sensor.
For the mixed-potential-type sensor, the difference in electrode catalyst for oxidation
and reduction is important for achieving a high sensitivity; however, because of the
insufficient oxide ion conductivity of YSZ, the operating temperature of the mixed-
potential-type sensor becomes high, which is undesirable for achieving a large difference
in electrode activity in the objective reaction. In our previous studies, we investigated
the amperometric-type sensor on the basis of changes in the oxide ion pumping current
in a LaGaOs-based oxide, and high sensitivity, as well as selectivity, is exhibited by this
type of sensor against CH,, C;H,, and NO by choosing the electrode catalyst.(>'9 Mixed
potential is strongly related to the change in current for this sensor.

In this study, we investigated the amperometric CO sensor on the basis of the same
detection mechanism, i.e., a combination of active and inactive electrode catalysts for
CO oxidation. Since both electrodes were put in the same atmosphere and oxide ions
are pumped to the electrode active in CO oxidation, it is expected that the amperometric
sensor will show high selectivity and sensitivity to CO and be suitable for monitoring
exhaust gas. In addition, by using the oxygen pumping current, the sensitivity was much
improved.

2. Experimental Methods

A solid electrolyte of a La,,Sr,,Ga,sMg,,0; (denoted as LSGM) disk was prepared
by sintering the LSGM powder, which was prepared by a conventional solid-state
reaction method.(''® The diameter and thickness of the disk were 17 and 0.4 mm,
respectively, unless otherwise noted. For the preparation of the active and inactive
electrodes, impregnation of metal nitrate on an oxide was generally used. Au/In, ,Sn, 0,
(ITO) (9:1) and RuO,/La,4Sr,,C00, (LSC) (1:9) were used as the inactive and active
electrodes, respectively. ITO and LSC 64 were also prepared by the solid-state reaction
method using metal nitrate or oxide as starting chemical reagents. Before preparation of
the slurry, the electrode powder was calcined at 873 K for 6 h. The slurry of the prepared
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AWITO powder was painted on one face of the LSGM disk as the inactive electrode
(5 mm). On the other side, RuO,/LSC 64 powder, which was prepared by mixing
RuO, with LSC by ball milling, was painted as the active electrode on another surface of
the same size.

In the measurement assembly, the sensor element was placed in the gas flow
chamber in which either reference air or sample CO in ppm mixed with air was fed at
100 mL/min. The change in current density was measured by the dc two-probe method,
and Pt and Au wires were used as lead wires for the active and inactive electrodes,
respectively. Pt and Au meshes were also used as current collectors for the active and
inactive electrodes, respectively, and were set on the painted electrode using commercial
Pt and Au pastes. In the amperometric mode, dc 1 V was always applied using a
potentiostat/galvanostat (Hokuto Denko, HA301) as the RuO,/LSC electrode was always
a positive one. The voltage and current were measured with a digital multimeter (Advantest,
Model R645A) and/or digital electrometer (Advantest, Model R8240). The sensitivity of
the sensor was defined as the current change against the CO concentration of one order
of magnitude.

3. Results and Discussion

3.1  Optimization of electrode combination

Table 1 shows a summary of the effects of electrode combination on the sensitivity
to CO. The change in oxygen pumping current of this sensor is based on the difference
in electrode activity in response to CO oxidation. Therefore, the sensitivity to CO is
strongly affected by the electrode catalyst combination. In this study, Au or Au supported
on metal oxide is generally used as the inactive electrode catalyst as it is a well-known
inert metal. When Pt, which is also a well-known active catalyst, was used, a change
in oxygen pumping current upon exposure to CO was observed; however, the change in
the current is always small. Therefore, Pt is not suitable as the active electrode catalyst
for this study. On the other hand, it is observed that the electrode catalyst containing
RuO, always shows a large sensitivity, and therefore, RuO, is suitable as an oxidation
catalyst for CO. In particular, the combination of Au and RuO, shows a large sensitivity

Table 1
Effects of electrode combination on CO sensitivity at 673 K.
Electrode combination CO sensitivity  Electrode combination CO sensitivity
(nA/decade) (nA/decade)
RuO,/LDC-Pt10 wt% — Au/RuO,+LSC64 66.4
SSCS55/LDC-Pt10 wt% —4.2 Au/RuO,+LSGF7364 26.9
Au/LDC-Pt10 wt% 3.6 Au/RuO,+SDC20 8.0
Au/Ru0O, 3.7 ITO/RuO, 331.7
Au/NiO —0.46 ITO/RuO,+LSC64 379.5
Au/LDC-Pd10 wt% 4.0 ITO-Aul0 wt%/RuO,+LSC64 596.9
Au/CuO 5.1

Electrolyte: La,,Sr, ,Ga, Mg ,O

0.9770.1 0.8 3
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to CO. In addition, it is seen that the sensitivity to CO is much improved by loading Au
on In, ,Sn,,0; (ITO). This enhancement effect by ITO could be explained on the basis
of a high-dispersion state of Au and the improvement of the electrical conductivity by
ITO, which is also a well-known transparent conductive material. Application of ITO to
the electrode of the mixed-potential-type sensor was also reported.('” The sensitivity to
CO is further enhanced by mixing RuO, with La, ,Sr,,CoO;, which is also reported to be
highly active in the oxidation reaction. As a result, it is seen that Au/ITO and RuO,/LSC
are the most optimized combinations for inactive and active electrodes, respectively,
among the electrodes examined in this study. The sensitivity of this sensor to CO is as
high as ca. 600 pA/decade of CO. Therefore, in the next part of this study, we focused
on the sensing property of the sensor using Au/ITO and RuO,/LSC combinations for the
electrodes.

Figure 1 shows the current change of the optimized sensor as a function of CO
concentration at different temperatures. Evidently, the current increases with increasing
CO concentration at all the temperatures examined. This suggests that CO could be
detected from the change in oxygen pumping current. Furthermore, the slope of the
dependence increased with increasing temperature, and at 773 K, the sensitivity of the
sensor reached a value of 1,237 pA/decade. The activity in response to CO oxidation
is improved by increasing the operating temperature, and so the difference in activity
in response to CO oxidation seems to improve as the operating temperature increases.
Since a linear relationship is observed between current change and CO concentration
between 100 and 1,000 ppm, it is anticipated that the detectable CO concentration range
could be expanded to tens of ppm levels.
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Fig. 1. Current change of the optimized sensor as a function of CO concentration at different
temperatures.
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Figure 2 shows the current change of the sensor upon transient exposure to 1,000
ppm CO. After the current in air becomes stable, the air atmosphere was changed to
1,000 ppm CO mixed with air and the change in current was measured. After a stable
oxygen pumping current was achieved against 1,000 ppm CO, the sensor was exposed to
air again. At 573 K, current change was observed; however, it requires a long response
time. Furthermore, recovery of the current to the original level also needs a long period.
On the other hand, rather fast current response and recovery are observed at 673 K, and
the estimated 90% response times were 20 and 80 s, respectively. On the other hand, Fig.
2(c) shows the response curve to 1,000 ppm CO followed by 500 ppm CO at 773 K. It
is seen that a much larger current change occurred and the response was also reasonably
fast. However, after changing to air, the current decreased to a negative value followed
by recovery to the original level. At present, the reason why the transient response
shows “overshoot” is unclear; however, this response characteristic is not suitable from
the viewpoint of sensor application. Therefore, despite the large sensitivity, the optimum
operating temperature is considered to be 673 K for this sensor.
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Fig. 2. Current change of the sensor upon transient exposure to 1,000 ppm CO at (a) 573, (b) 673,
and (c) 573.
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Figure 3 shows the effects of electrolyte thickness on the sensitivity to CO. It
is expected that a higher sensitivity could be achieved for a sensor with a thinner
electrolyte; however, the sensitivity was markedly decreased by decreasing the
electrolyte thickness, although just two electrolyte thicknesses have been examined
to date. At present, details of the reason for this decrease in sensitivity are unclear;
however, the amount of pumping oxygen markedly improved with decreasing electrolyte
thickness. Therefore, no change in oxygen partial pressure can be achieved just by
the difference in electrode activity in response to CO oxidation. Thus, it seems that
an optimum oxygen pumping current may exist for this type sensor and this might be
achieved when a 0.4-mm-thick LSGM electrolyte is used.

Since changes in the oxygen pumping current may be caused by the formation
of a mixed potential upon exposure to CO, electromotive forces of the sensor were
also measured. Figure 4 shows the electromotive forces (EMFs) as a function of CO
concentration at different temperatures. As expected, EMF was observed upon exposure
to CO and it monotonically increased with increasing CO concentration. Therefore, the
change in oxygen pumping current could be caused by the formation of mixed potentials.
In the case of the amperometric mode, the sensitivity increased with increasing operating
temperature. However, in the case of the potentiometric mode, the sensitivity became
maximum at 673 K. The decrease in EMF at 773 K is simply explained on the basis
of the improved activity of CO oxidation on the inactive electrode. Comparison of the
temperature dependence showed that the amperometric mode is more useful than the
potentiometric mode for CO sensor application because of the wider temperature range
for CO detection and the wider detectable CO concentration range. In any case, it was
found that the oxygen pumping current monotonically increased with CO concentration
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Fig. 3. Effects of electrolyte thickness on the sensitivity to CO.
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Fig. 4. Mixed potential as a function of CO concentration at different temperatures.

when Au/ITO and RuO,/LSC were used for the inactive and active electrodes,
respectively, for CO oxidation.

For the purpose of the analysis of the detection mechanism, we measured /-V curves
in air and 1000 ppm CO, as shown in Fig. 5. Owing to the formation of mixed potentials,
the I-V curves of the sensor were shifted to a higher current direction at each potential.
However, the increase in current becomes larger, that is, amplified, with increasing
potential. Considering the stable oxide ion conductivity of LaGaO;-based oxide in a
wide P, range, this amplified current change at higher applied potential suggests that
the electrode overpotential decreased at a higher applied potential. Because the amount
of electrochemically activated oxygen increases with increasing applied potential,
the surface activity of CO oxidation may be improved, resulting in the decreased
overpotential of the electrode. In this study, we measured the conductivity by the two
-probe method and we could not identify which electrode shows decreased overpotential
as the applied potential increased. However, considering the slow oxidation rate on the
active electrode, the decrease in overpotential might be assigned to the RuO,/LSC anode.

3.2 Effects of additives in Ga site of LaGaOj;-based electrolyte

It is anticipated that the improvement in base current is effective for increasing the
sensitivity. We studied the effects of the substitution of Ga sites with other transition
metals. This is because we found that the oxide ion conductivity is improved by the
partial substitution of Ga with Co, Ni, or Fe. Figure 6 shows the current change against
CO concentration on the transition-metal-cation-doped LSGM electrolyte. The base
current of the sensor in air was much improved by doping Fe, Co, or Ni to Ga sites
in LSGM. This corresponded to the improved oxide ion conductivity. On the other
hand, the sensitivity to CO is also much improved by doping with a transition metal.
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Fig. 5. -V curves of the sensor in air and 1,000 ppm CO at 673 K.
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Fig. 6. Current change against CO concentration on the transition-metal-cation-doped LSGM
electrolyte. Electrolyte: La,¢Sr,,Ga, Mg 15Xy 4505, (X =Ni, Co, Fe, Ru).

Evidently, the highest sensitivity among the examined samples is achieved for the sensor
using Fe-doped LSGM as the electrolyte. The sensitivity is as high as 672 pA/decade,
which is ca. 1.5 times higher than that using the LSGM electrolyte. Therefore, doping
Fe to Ga sites in LaGaO; is effective for increasing the sensitivity to CO.

Figure 7 shows the current change of the sensor using Fe-doped LaGaO, after
expoure to CO at different concentrations. Comparison of the results in Fig. 2 shows that
not only current change but also response property is much improved by using Fe-doped
LaGaO; as the electrolyte. The response and recovery times to 1,000 ppm CO are ca.
17 and 25 s, respectively, including the period for changing air to the sensing gas in the
measurement chamber. Therefore, it can be said that the response to CO of this sensor is
reasonably fast.



Sensors and Materials, Vol. 22, No. 4 (2010) 191

6.0 T T T T T T T T T T T T
673K LaggSrg,GaggMgg 15Feq o503
Anode RuO,/LSC64
Cathode Au(10wt%)/ITO
1000
sol ppm
500 ppm
E
2
$ 100 ppm
4.0 i
30 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000
Time /s

Fig. 7. Current change of the sensor using Fe-doped LaGaO, after expure to CO at different
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Fig. 8. Current change against CH, and CO, as a function of concentration.

Another important requirement for the exhaust monitoring sensor is high selectivity,
in particular, to hydrocarbon and CO,. Figure 8 shows the current change against CH,
and CO, as a function of concentration. Current change is almost negligible against
CH, and CO,, which are the major coexisting gases in the exhaust gas from a gas water
heater. Therefore, this sensor shows superior selectivity towards CO and is suitable for
monitoring CO directly in the exhaust gas from a water heater. To date, we have not
measured the effects of water; however, it is anticipated that the effects of water may not
be serious because both the electrodes are set in the same atmosphere, and also, a similar
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type of sensor that we previously studied shows low sensitivity to water. As a result,
it can be concluded that the amperometric sensor using Au/ITO and RuO,/LSC for the
inactive and active electrodes, respectively, and LSGM doped with Fe for the electrolyte
is highly promising as CO sensor for the direct monitoring of exhaust gas.

4. Conclusions

An amperometric CO sensor was studied and it was found that the oxygen pumping
current in a LaGaOs-based oxide electrolyte can be used for the detection of CO
when AW/ITO and RuO,/LSC are used as the inactive and active electrode catalysts,
respectively, against CO oxidation. Doping Fe to Ga sites in the LaGaO;-based
perovskite oxide is also effective for achieving high sensitivity and selectivity. This
sensor shows 90% response and recovery to 1,000 ppm CO at 17 and 25 s, respectively.
Furthermore, this sensor shows almost negligible sensitivity to CH, and CO,. Therefore,
it can be said that the amperometric sensor using the oxygen pumping current is highly
promising as a new type of CO sensor for monitoring the exhaust gas from a small-
scale water heater without an exhaust pipe. This is because a large-scale boiler is
usually equipped with an exhaust line and exhaust gas is safely evacuated to the outside.
Considering its simple structure and high selectivity, this sensor has a cost advantage and
may be widely used for the selective detection of CO in the future.
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