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Control of oxygen concentration in liquid lead–bismuth is one of the most important tasks to develop
accelerator driven systems. In order to improve the reliability of oxygen sensors, re-activation treatments
were investigated as well as characterization of oxygen sensors for use in liquid lead–bismuth. The oxy-
gen sensor with a solid electrolyte of yttria-stabilized zirconia and a Pt/gas reference electrode showed
almost the same electromotive force values in gas and liquid lead–bismuth, respectively, as the theoret-
ical ones at temperatures above 400 �C or 450 �C. After long-term use of 6500 h, the outputs of the sensor
became incorrect in liquid lead–bismuth. The state of the sensor that indicated incorrect outputs could
not be recovered by cleaning with a nitric acid. However, it was found that the oxygen sensor became
a correct sensor indicating theoretical values in liquid lead–bismuth after re-activation by the Pt-treat-
ment of the outer surface of the sensor.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Liquid lead and lead–bismuth eutectic (LBE) are promising can-
didate materials of core coolants and high-power spallation targets
of accelerator driven systems (ADSs) for transmutation of radioac-
tive wastes and of coolants of fast reactors. In order to use them in
nuclear systems, development of systems for controlling oxygen
concentration in lead and LBE is one of important research subjects
[1–3]. Liquid LBE is corrosive for steels at high temperatures and
likely to cause plugging due to PbO formation at high oxygen con-
centration. Therefore, it is necessary to mitigate corrosion by
means of formation of self-heeling protective oxides above
450 �C in LBE. In addition, it is needed to avoid PbO formation at
high oxygen concentration. The active oxygen control within the
range between Fe3O4 and PbO formation has been proposed from
this viewpoint [2–4].

It is essential to measure oxygen concentration correctly in LBE
online for the active oxygen control. Oxygen sensors employing yt-
tria-stabilized zirconia (YSZ) and magnecia-stabilized zirconia
(MSZ) as a solid electrolyte enable us to measure oxygen concen-
tration in LBE. While oxygen sensors using YSZ as a solid electro-
lyte and Pt/gas as a reference system are often used in
automobile industries, the operating temperature of the sensors
is generally rather high. It has been reported that oxygen sensors
were used in liquid lead and LBE in Russia where research on nu-
clear system using them has been conducted for a long-term
ll rights reserved.

: +81 28 282 6489.
[1,2]. The special sensor using YSZ as a solid electrolyte and Mo/
Bi–Bi2O3 as a reference system gave accurate measurement of oxy-
gen concentration and long service lifetime [2]. Recently, oxygen
sensors for use in liquid lead and LBE have been manufactured
and tested worldwide.

Konys et al. [5,6] showed that YSZ sensors using a Pt/air refer-
ence electrode and a Mo/Bi–Bi2O3 reference electrode were prom-
ising in LBE as a result of tests of sensors using Pt/air, Mo/Bi–Bi2O3

and Mo/In–In2O3 reference electrodes. Furthermore, it was re-
ported that the Pt/air reference electrode exhibited better reliabil-
ity and longer lifetime than the Mo/Bi–Bi2O3 reference electrode
[6]. Courouau et al. [7–9] mainly used the YSZ sensor with the
Mo/Bi–Bi2O3 reference electrode as a result of tests of several
Mo/metal–metal oxide electrodes. Calibration was also conducted
for the Mo/Bi–Bi2O3 reference electrode sensors manufactured at
the laboratory scale [8]. The calibration method firstly proposed
by Konys et al. [5] is based on measurement of electromotive force
(EMF) of the oxygen sensor following temperature variation under
the condition close to oxygen saturation in LBE. The YSZ sensors
with the Mo/Bi–Bi2O3 reference electrode have been manufactured
and used by other researchers [4,10,11]. Although sensors with the
Mo/In–In2O3 reference electrode have been also developed, the
temperature range where measured EMF values agree with theo-
retical values in the calibration test is very narrow [5,9,12,13]. Fur-
thermore, experience has been reported on use of Russian sensor
with the Bi–Bi2O3 reference and sensors with the In–In2O3 refer-
ence in liquid Pb–Bi or liquid Pb [14].

The following two problems are pointed out in case of using the
oxygen sensor with the Mo/metal–metal oxide reference
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mailto:kurata.yuji@jaea.go.jp
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


166 Y. Kurata et al. / Journal of Nuclear Materials 398 (2010) 165–171
electrode: this type of sensor often exhibits time drift that EMF val-
ues change with increase in service time [3] and measured EMF
values disagree with the theoretical ones [5,13]. We have also
tested YSZ sensors using Pt/air reference and Mo/Bi–Bi2O3 refer-
ence electrodes in LBE. Since the Pt/air reference sensor exhibited
correct EMF values above 450 �C in LBE, we have used the sensor
with the Pt/air reference electrode in LBE as a reliable sensor for
a long time. However, we had experience that the sensor with
the Pt/air reference electrode also exhibited incorrect EMF values
in LBE after long-term use while the reason of incorrect outputs
was not clear. In addition, the sensor with the Mo/Bi–Bi2O3 refer-
ence electrode exhibited different outputs from theoretical ones.
According to Courouau [3,9], investigation of the cause of incorrect
outputs and the re-activation treatment are important research
subjects because time drift and incorrect outputs were often
encountered with oxygen sensors.

In this study, the characteristic of the YSZ sensor with the Pt/air
reference electrode is investigated through calibration tests in gas
with constant oxygen concentration and in LBE. Furthermore,
effectiveness of re-activation treatments is studied for the oxygen
sensor that exhibited incorrect outputs.

2. Theory

An electrochemical galvanic cell using YSZ as an electrolyte is
represented as follows:

Po2ðreferenceÞ==YSZ==Po2

where Po2 (reference) is the oxygen partial pressure at the reference
electrode and Po2 is the oxygen partial pressure at the working elec-
trode. The EMF is formed across the solid electrolyte between the
different oxygen partial pressures. The EMF, E is expressed as fol-
lows according to the Nernst equation:

E ¼ RT
4F

ln
PO2 ðrefereceÞ

PO2

ð1Þ

where R is the gas constant, T temperature and F the Faraday con-
stant. When the gas containing a given oxygen concentration is
used at the reference electrode side, the oxygen partial pressure
at the working electrode, Po2 can be calculated using the Eq. (1).

The oxygen activity, ao in equilibrium with an oxygen pressure
Po2 is written assuming that dissolution of oxygen into LBE obeys
the Henry’s law:

ao ¼ coCo ¼
Co

Cs
o

¼ Po2

Ps
o2

 !1
2

ð2Þ

where co is an activity coefficient, Co the oxygen concentration in
LBE, Cs

o the saturated oxygen concentration in LBE and Ps
o2

the oxy-
gen concentration in gas in equilibrium with oxygen-saturated LBE.
The activity ao becomes unity when the oxygen dissolved in LBE at-
tains the level of saturation (Co=Cs

o). The saturated oxygen concen-
tration in LBE is calculated using the following Orlov’s equation [1]:

log Cs
o ðwt%Þ ¼ 1:2� 3400

T
ð3Þ

Oxygen sensors using YSZ as a solid electrolyte and Pt/gas or Mo/Bi–
Bi2O3 as a reference system were used in this study. When measure-
ment was conducted in LBE, air was used as the reference gas in Pt/
gas reference system. The 304SS rod was used as an electrode im-
mersed in LBE. Therefore, the system for measurement in LBE is rep-
resented by Pt/air//YSZ//LBE/SS or Mo/Bi–Bi2O3//YSZ//LBE/SS. The
relationship between the EMF and the oxygen concentration in
LBE has been calculated for these two reference electrode sensors
using standard Gibbs energy of PbO and Bi2O3 [6,7]. The equation
derived by Courouau et al. [7] was used in this study.
For Pt/air reference sensor

ESaturation ¼ 1:129� 5:858� 10�4T ð4Þ

E ¼ 0:791� 4:668� 10�4T � 4:309� 10�5T ln Co ð5Þ

For Mo/Bi–Bi2O3 reference sensor

ESaturation ¼ 0:128� 6:368� 10�5T ð6Þ

E ¼ �0:210þ 5:538� 10�5T � 4:309� 10�5T ln Co ð7Þ
3. Experimental procedure

3.1. Oxygen sensor

While YSZ sensors with the Pt/gas reference electrode and the
Mo/Bi–Bi2O3 reference electrode were prepared, the former was
mainly used in this study. The Pt/gas reference sensor made by
Sukegawa Electric Co., Ltd. was the one-end closed YSZ tube with
outer diameter of 15 mm and inner diameter of 11 mm. Fig. 1
shows the schematic drawing and the appearance of the Pt/gas ref-
erence sensor. The Pt/gas reference system was put inside the YSZ
tube. In addition, platinum paste was painted on the lower part of
the outer YSZ surface to measure oxygen concentration in gas. The
Mo/Bi–Bi2O3 reference sensor was a sensor using the one-end
closed tube of YSZ with the sizes of 8 mm in outer diameter,
5 mm in inner diameter and 300 mm in length. The Mo/Bi–Bi2O3

reference electrode was made inside the YSZ tube. The ratio of Bi
and Bi2O3 was 9:1 in weight. The upper part of the YSZ tube was
sealed using alumina cement. Our sensor with the Mo/Bi–Bi2O3

reference electrode was similar to the Mo/Bi–Bi2O3 reference sen-
sor manufactured in other institutes [6,8,10].

3.2. Procedure and apparatus

Tests in this study consist of calibration tests of oxygen sensors
and re-activation treatments of a sensor indicating incorrect out-
puts. The following two methods were employed for calibration
of oxygen sensors: (1) comparison between measured EMF values
and theoretical ones using two kinds of gases with different oxygen
concentrations for the reference electrode and the working elec-
trode, and (2) comparison between measured EMF values and the-
oretical ones in LBE with the parameter of temperature under the
condition close to oxygen saturation in LBE. The latter method has
been often employed as a calibration test in LBE [5,8].

The procedure and conditions of tests are shown in Fig. 2 and
Table 1, respectively. Test 1 is a calibration test for the Pt/gas ref-
erence sensor using two kinds of gases with different oxygen con-
centrations. 10.45%O2–He gas was used as reference gas and
502 ppmO2–He gas as working gas. The temperature range was
350–600 �C and the temperature was kept for about 24 h to inves-
tigate change of the EMF values at each temperature.

In test 2, the above-mentioned calibration test in LBE was con-
ducted for the sensor after test 1. A thin PbO film was observed
on the surface of the liquid LBE with pure Ar cover gas at 450 �C.
In addition, EMF measurements were performed in oxygen-unsatu-
rated LBE after Ar–H2–H2O gas bubbling and Ar–4%H2 gas bubbling.

The Pt/gas reference sensor examined in tests 1 and 2 exhibited
good performance and has been used in LBE for about 6500 h. In
test 3, calibration was conducted in LBE for the Pt/gas reference
sensor after long-term use and a new Mo/Bi–Bi2O3 reference sen-
sor. An apparatus made of 304SS was used in test 3 in consider-
ation of practical use for LBE systems.

Since the Pt/gas reference sensor exhibited much higher EMF
values than theoretical ones in test 3, re-activation treatments of
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Fig. 1. Schematic drawing (a) and appearance (b) of the YSZ oxygen sensor with Pt/gas reference system.
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Fig. 2. Procedure of tests in this study.

Table 1
Test conditions of oxygen sensors.

Test No. Sensor type New or used Outer Pt-treatment Cleaning by HNO3 Measured environment Temperature range (�C)

1 A New s – Gas 350–600
2 A New s – LBE 355–555
3 A Used – – LBE 300–500

B New – –
4 A Used – s LBE 350–500
5 A Used s – Gas 337–558

A New s –
6 A Used s – LBE 314–550

A New s –

A: Pt/gas reference.
B: Mo/Bi–Bi2O3 reference.
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the sensor were tried. In test 4, calibration in LBE was conducted
for the Pt/gas reference sensor after the cleaning the outer surface
of the YSZ with a nitric acid.

In test 5, calibration was performed in gas for the Pt/gas ref-
erence sensor that exhibited much higher EMF values than the-
oretical ones in LBE. The Pt-treatment was made on the outer
surface of the YSZ for calibration in gas. In this test, air was
used at the inner reference electrode side and 504 ppmO2–He
gas was used at the outer working electrode side. Furthermore,
the newly manufactured Pt/gas reference sensor was also tested
in gas.
In test 6, the calibration test in LBE was conducted for both Pt/
gas reference sensors after the test in gas. The sensors were soaked
into liquid LBE as the state of Pt-treatment on the outer YSZ.

An apparatus for corrosion tests in LBE [15] was used for cali-
bration tests of oxygen sensors except for test 3. The apparatus
was composed of a quartz pot. The He gas containing a certain con-
tent of oxygen was passed in the pot for the calibration test in gas.
7 kg of LBE was put into the pot and melted under Ar cover gas
with purity of 99.9999% for the calibration test in LBE. The chem-
ical compositions of LBE were 55.60Bi–0.0009Sb–0.0002Cu–
0.0001Zn–0.0005Fe–0.0007As–0.0005Cd–0.0001Sn–Bal.Pb (wt.%).
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The temperature of the YSZ surface near the working electrode
was measured using a thermocouple couple in the calibration test
in gas. The outer working Pt/gas electrode for tests in gas was made
by the Pt-treatment composed of painting platinum paste on the
outer YSZ surface and baking. An electrometer with high imped-
ance of 1014 X was used for measurement of the EMF.
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Fig. 4. Relationship between EMF and temperature measured in LBE using Pt/gas
reference sensor (test 2).
4. Results and discussion

4.1. Characteristics of Pt/gas reference sensor

Fig. 3 shows the relationship between the EMF and temperature
in test 1. The theoretical line calculated from Eq. (1) is also drawn
in this figure. The EMF values approach the theoretical line of the
Nernst relation.

Fig. 4 shows results in test 2. Open circles indicate EMF values
measured in oxygen-saturated LBE with pure Ar cover gas. The the-
oretical line calculated from Eq. (4) for the oxygen-saturated LBE is
written with a thick solid line. The measured EMF values are al-
most on the theoretical line for the oxygen-saturated LBE above
450 �C. From the measured EMF value at 550 �C, it is estimated that
the oxygen concentration in the LBE is about 10�3 wt%. The mea-
sured EMF values are much lower than the theoretical line below
400 �C. Furthermore, the measured EMF value attained the stable
one in LBE above 450 �C in short time. In addition, solid triangles
indicate EMF values measured in LBE after Ar–H2–H2O gas bub-
bling. These data were obtained in oxygen-unsaturated LBE. The
theoretical lines calculated from Eq. (5) are drawn for the EMF val-
ues of oxygen concentrations of 10�3–10�10 wt% in LBE. Regarding
EMF values measured in LBE after Ar–H2–H2O gas bubbling, the
slope and the magnitude above 450 �C are identical with the ex-
pected values for LBE with dissolved oxygen concentration of
about 3 � 10�5 wt%. A solid square shows the EMF value measured
in LBE after Ar–4%H2 gas bubbling. Oxygen concentration of
10�9 wt% in LBE can be measured using the Pt/gas reference sensor.
Konys et al. showed validation of oxygen sensors from calibration
tests in saturated and unsaturated LBE [5]. On the basis of the re-
sults obtained in test 2, it is found that the Pt/air reference sensor
enables us to measure oxygen concentration in LBE above 450 �C.
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Fig. 5 shows the appearance of the oxygen sensor after the test
in LBE. Since much LBE adheres to the YSZ surface of the sensor, it
is found that the YSZ surface is wet well with liquid LBE.
4.2. Comparison test of Pt/gas reference and Mo/Bi–Bi2O3 reference
sensors in LBE

In test 3, the comparison test was conducted in LBE for the Pt/
gas reference sensor after long-term use and the Mo/Bi–Bi2O3 ref-
erence sensor.
Fig. 5. Appearance of the Pt/gas reference sensor after measurement in LBE.
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The relationship between the measured EMF and temperature
is shown in Fig. 6(a). In the same way as Fig. 4, the theoretical lines
calculated from Eq. (4) for the Pt/air reference sensor and from Eq.
(6) for the Mo/Bi–Bi2O3 reference sensor in the oxygen-saturated
LBE are drawn in this figure. It is a surprise that the measured
EMF values in LBE with Ar cover gas are much higher than each
theoretical line of oxygen-saturated LBE because oxygen concen-
tration in calibration tests using LBE with Ar cover gas has been
constantly in a range of 10�4–10�3 wt.%. Therefore, it is necessary
to examine whether EMF values measured by both sensors in test
3 showed correct oxygen concentration or not. Since Ar cover gas
does not contain a reducing gas component, it is considered that
fresh LBE used in test 3 contained oxygen of 10�4–10�3 wt.%. In
the case of the Pt/air reference sensor of Fig. 6(a), the slope of
the relationship between the EMF value and temperature is similar
to that of the theoretical line above 400 �C. Similar trend is also ob-
served in the case of the Mo/Bi–Bi2O3 reference sensor above
350 �C. These results suggest that oxygen concentration in LBE
used in test 3 was close to saturated oxygen concentration.

If LBE is oxygen-saturated, it is considered that both sensors
exhibited high EMF outputs including somewhat bias voltage.
Courouau et al. showed time drift of Mo/metal–metal oxide elec-
trode sensor and presented several hypotheses to explain the cause
of the time drift: alteration of the interface of the electrode(work-
ing or reference) by oxide deposition, reaction with LBE or the li-
quid metal reference, or alteration of YSZ affecting eventually the
electrode potential [3,9]. When the magnitude of the effect on
the electrode potential is constant, the alteration can produce con-
stant bias voltage. It may be possible to modify the EMF values by
subtraction of somewhat bias voltage. As a trial, corrected EMF val-
ues were calculated by subtraction of 240 mV from the measured
value for the Pt/air reference sensor and of 260 mV from the mea-
sured value for the Mo/Bi–Bi2O3 reference sensor although physical
meaning of the values of the bias voltage was not clear. The rela-
tionship between corrected EMF values and temperature is shown
in Fig. 6(b). Agreement of the corrected EMF values of both sensors
with each theoretical line of oxygen-saturated condition for the Pt/
air reference sensor and for the Mo/Bi–Bi2O3 reference sensor sug-
gests existence of bias voltage independent of temperature above
400 �C. From these results, it is judged that the high EMF values
of both sensors are caused by the addition of bias voltage to the
true EMF value.

There were various surface conditions on the YSZ of the sensors
after the tests in LBE. Fig. 7 depicts photos of the Mo/Bi–Bi2O3 ref-
erence sensors after comparison tests in LBE. While the YSZ surface
was often wet as shown in the 2nd run of Fig. 7, it was not wet
sometimes, in particular at low temperatures. The black soot of
Pb and Bi deposited on the YSZ surface after the 1st run shown
in Fig. 7. Both sensors with Pt/gas and Mo/Bi–Bi2O3 reference elec-
trodes exhibited higher EMF values by above 200 mV than the the-
oretical ones above 400 �C in all cases after the comparison test.

While the conclusion that both sensors exhibited incorrect out-
puts containing bias voltage in test 3 was drawn, the following
three issues should be considered: (1) what is the cause of the
incorrect outputs? (2) can the correction method by bias voltage
be used generally? (3) can the sensor that exhibited incorrect out-
puts be re-activated? Regarding the cause of incorrect outputs,
some suggestion is shown in experiments of 4.3 although it was
difficult to search for the cause from the viewpoint of interface
phenomenon between YSZ and LBE in this study. The cause of time
drift which has been often observed with various oxygen sensors is
still a point to be further studied. Both sensors exhibited higher
EMF values by about 250 mV in LBE than theoretical ones in the
calibration tests using the apparatus made of 304SS in test 3 and
a quartz pot. Unfortunately, values of bias voltage varied from
200 mV to 260 mV in repeated calibration tests. Therefore, it is
generally difficult to employ the correction method by the constant
bias voltage. Regarding re-activation of the oxygen sensor, it is
tried in Section 4.3 for the Pt/gas reference sensor that got to exhi-
bit incorrect outputs in LBE after long-term use.

4.3. Re-activation treatments and calibration test of the Pt/gas
reference sensor

Fig. 8 shows the results of test 4 after the cleaning with a nitric
acid. The Pt/gas reference sensor after the washing exhibits higher
EMF values by about 220 mV than theoretical line of oxygen-satu-
rated LBE above 450 �C. Therefore, it is not capable of recovering



Fig. 7. Photos showing appearance of the Mo/Bi–Bi2O3 reference sensor after
measurement in LBE.
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Fig. 9. Appearance of the YSZ surface of the Pt/gas reference sensor after test 4 in LBE.

170 Y. Kurata et al. / Journal of Nuclear Materials 398 (2010) 165–171
the ability of the Pt/gas reference sensor by the method of cleaning
with a nitric acid. Fig. 9 depicts the appearance of the YSZ surface
after the test in LBE. While the LBE adheres to some areas, other
lower areas are not wet well with LBE.

The results of test 5 in gas are shown in Fig. 10. The old Pt/gas
reference sensor that exhibited the incorrect outputs in LBE indi-
cates the EMF values almost equal to the theoretical ones calcu-
lated from Eq. (1) above 450 �C. The following three causes are
considered for the poor condition of the sensor that exhibited the
incorrect outputs in LBE: (1) failure or degradation of the inner
Pt/gas reference system, (2) alteration of YSZ itself and (3) alter-
ation of the outer YSZ surface in contact with LBE. If the cause of
the incorrect outputs is failure or degradation of the inner Pt/gas
reference system or alteration of YSZ itself, then the old sensor
exhibits incorrect outputs in gas. Since the old sensor exhibits cor-
rect outputs in gas, the cause of the incorrect outputs seems to be
alteration of the outer YSZ surface in contact with LBE. In addition,
the EMF values measured using the new Pt/gas reference sensor is
almost equal to the theoretical ones above 450 �C.

Results in test 6 are shown in Fig. 11. The old sensor after the Pt-
treatment exhibits the EMF values almost equal to the theoretical
line of oxygen-saturated LBE above 450 �C. Furthermore, the new
Pt/gas reference sensor after the Pt-treatment also indicates similar
behavior. Considering these points into account, the Pt-treatment,
which enables us to measure oxygen concentration in gas, seems to
play a useful role for measuring oxygen concentration in LBE. The
following dissociation reactions occur at the YSZ surface in mea-
surement of oxygen concentration using YSZ:

For measurement in gas

O2 ! 2O2� ð8Þ

For measurement in LBE

½O�LBE ! O2� ð9Þ

The Pt electrode made on the YSZ surface has catalytic characteris-
tics in gas for dissociation reaction of Eq. (8) and enables us to mea-
sure oxygen concentration at lower temperatures. The YSZ interface
becomes the activated state due to assistance of the Pt electrode
after attaining electrochemical equilibrium under a gas environ-
ment. The role of the Pt electrode is a little different in LBE. There
are two possibilities: improvement of wetting and formation of
activated YSZ surface. It is known that dissolution of Pt on YSZ
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brings improvement of wetting of the YSZ surface by LBE. Once the
YSZ surface is activated in gas by the Pt electrode, the activated
state of the YSZ surface will continue in LBE. The activated YSZ sur-
face will be useful to promote dissociation reaction of Eq. (9).

The YSZ surface has been often wet with LBE even in the case
where the Pt/gas reference sensor exhibits the incorrect EMF out-
puts in LBE. On this basis, the surface wetting with LBE is a neces-
sary but not sufficient condition for the EMF measurement in LBE
using the YSZ sensor. The simple wetting seems to be not sufficient
to attain the electrochemical equilibrium at the interface between
the YSZ and LBE. When there are highly catalytic electrodes to pro-
mote dissociation reaction of Eq. (9) in LBE, it will be possible to
conduct measurement of oxygen concentration in LBE with high
reliability at low temperatures. Recently, Goto et al. [16,17] devel-
oped Ir–C composite and Ru–C composite electrodes which could
operate in a gas environment at temperatures below 300 �C due
to the excellent catalytic activity. The YSZ oxygen sensors with
Ir–C composite and Ru–C composite electrodes have possibility
to measure the oxygen concentration in LBE accurately and with
high reliability at low temperatures.

From results obtained in Sections 4.2 and 4.3, re-activation in-
stead of the correction by taking into account the bias voltage is
recommended for the Pt/gas reference sensor that got to exhibit
incorrect outputs. Time drift has been often observed with Mo/me-
tal–metal oxide reference sensors [3,9]. It is also possible as shown
in this study that time drift occurs even with the Pt/gas reference
sensor known as a reliable oxygen sensor. For this reason, it is
important to conduct calibration tests periodically in LBE and gas
in order to enhance the reliability of oxygen sensors used in LBE.

5. Conclusions

The calibration tests were conducted in gas and LBE for the oxy-
gen sensor with YSZ as a solid electrolyte and Pt/gas as a reference
system. Furthermore, some re-activation treatments were made
for the Pt/gas reference sensor that got to exhibit the incorrect
EMF outputs. The obtained results were as follows:

(1) The Pt/gas reference sensor exhibited the EMF values almost
equal to the theoretical ones in gas and LBE at temperatures
above 400 �C or 450 �C in the apparatus made of quartz. The
lower limit of operating temperatures changed somewhat. It
took time to attain the stable EMF value below 500 �C in the
case of measurement in gas.

(2) Both of the Pt/gas reference sensor after long-term use and
the Mo/Bi–Bi2O3 reference sensor exhibited higher EMF val-
ues by about 250 mV than theoretical ones in LBE in the
apparatus made of 304SS. The phenomenon was caused by
bias voltage of more than 200 mV. The state of the oxygen
sensor that indicated incorrect outputs could not be recov-
ered by cleaning the outer YSZ surface with a nitric acid.

(3) The Pt-treatment made on the outer YSZ surface of the Pt/
gas reference sensor produced the EMF values almost equal
to the theoretical ones above 450 �C in gas and LBE. The Pt-
treatment is a good method to re-activate the sensor in LBE.
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