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a b s t r a c t

Various Mn-based oxides have been screened to find a suitable all-solid-state gas-insensitive reference-
electrode (RE) for yttria-stabilized zirconia (YSZ)-based potentiometric oxygen sensor. The experimental
observation of tubular YSZ-based sensors attached with each of the outer Mn-based oxide sensing elec-
trodes (SEs) and the inner Pt-RE revealed that Mn2O3-SE was insensitive to all gases including oxygen

◦

eywords:
xygen sensor
olid reference electrode
SZ
n2O3

at operating temperatures below 550 C. Thus, the planar-like rod-type YSZ-based sensor using Pt-SE,
Au-SE and Mn2O3-RE was then fabricated and its sensing performances were evaluated at 550 ◦C. As a
result, the planar sensor using a couple of Pt-SE and Mn2O3–RE exhibited excellent responses to oxygen
in the concentration range of 0.05–21 vol.% obeying Nernst equation and gave negligible responses to
other co-existing gases. Close similarity of the results for tubular and planar sensors operated in a wide
range of air/fuel (A/F) ratio indicated that the tubular YSZ-based sensor using the inner Pt-RE could be

to th
successfully miniaturized

. Introduction

Nowadays, the emission of automobile’s exhaust causes about
0% of the total ambient air-pollution [1]. To reduce the exhaust
mission and improve the fuel efficiency, the direct-injection-type
asoline engines (GDEs) have been recently introduced. In these
ngines, an on-board diagnosis (OBD) system has been proposed
o monitor all the gaseous components related to air pollution. The
BD system is equipped with a conventional three-way catalyst

TWC) which oxidizes CO and hydrocarbons (HCs) into CO2 and
2O under lean burn (air rich) condition and/or at stoichiomet-

ic air/fuel (A/F) ratio and reduces NOx into N2 at stoichiometric
/F ratio and/or under rich burn (air lean) condition [2,3]. Thus,

he performance of TWC is maximized in the exhaust gas con-

ition close to the stoichiometric point (A/F ∼= 14.7 for a gasoline
ngine). In this regard, the primary roles of OBD system are (i)
o monitor TWC efficiency and (ii) to detect possible TWC dete-
ioration and failure. For the purpose of attaining the roles, two
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e planar one using Mn2O3-RE without sacrificing its performance.
© 2010 Elsevier B.V. All rights reserved.

identical oxygen sensors (� sensors) are currently used: one is
placed upstream of the TWC to control A/F ratio and another one is
located downstream of TWC to monitor the efficiency of catalytic
converter.

From the standpoint of their operational principle, oxygen sen-
sors for automotive use are classified into three main groups:
(i) potentiometric type, (ii) amperometric limiting-current type
and (iii) resistive type [4–9]. Most widely utilized A/F sensors are
yttria-stabilized zirconia (YSZ)-based potentiometric sensors, due
to its stable, accurate and reproducible sensing performance even
under harsh environment [6–8,10]. The most-commonly utilized
thimble-type YSZ-based oxygen sensors are configured in a tubu-
lar geometry, where an outer Pt-sensing electrode (SE) is exposed
to exhaust gas and an inner Pt-reference electrode (hereinafter
called Pt/air-RE) is exposed to an ambient atmospheric air (21 vol.%
O2). The use of Pt/air-RE is even prevailing in Bosch’s simplified
laminated-type oxygen sensor [6]. In these cases, the concentration
of oxygen in exhaust gas can be calculated based on the following
Nernst equation:

E = RT
ln

pO2(exhaust) (1)

nF pO2(air)

where E is electromotive force (emf), R is universal gas constant, F
is Faraday’s constant, T is absolute temperature and pO2 is partial
pressure of oxygen. This indicates that Pt/air-RE is always necessary

dx.doi.org/10.1016/j.snb.2010.12.018
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:miurano@astec.kyushu-u.ac.jp
dx.doi.org/10.1016/j.snb.2010.12.018


2 Actuators B 152 (2011) 261–266

i
t

t
o
o
c
h
b
s
o
(
i

M

H
R
i

s
t
c
t
t
t
s
t
s
r
t
v
s
t
i

t
a
t
g
t
p
a
r

2

2

l
r
c
J
5
fi
d
S
M
t
o
3
e
a
d
c

62 N. Miura et al. / Sensors and

n the presently used oxygen sensors. Thus, the sensor’s configura-
ion is not so simple and is rather difficult to be miniaturized.

In a view of simplification and miniaturization of sensor’s struc-
ure, there is a strong necessity to find an alternative anolog instead
f Pt/air-RE. Thus, it would be a great advancement if the necessity
f Pt/air-RE for the presently used potentiometric oxygen sensors
ould be avoided. So far, several metal/metal oxide (M/MO) couples
ave been reported to be used as an internal solid-RE in the YSZ-
ased potentiometric oxygen sensor [11–14]. In this case, M/MO
olid-RE should be always hermetically sealed inside a YSZ tube
r on a YSZ layer. The oxygen pressure generated from reaction
2) varies with temperature and can be calculated from van’t Hoff
sochore equation.

xOy � xM + y

2
O2 (2)

owever, tight sealing against oxygen penetration to M/MO solid-
E reflecting the long-term sensor’s stability at high temperature

s still a highly challenging issue.
We have recently proposed a concept of a novel all-solid-

tate RE, which, in general, should be (i) completely insensitive
o various exhaust gases, (ii) absolutely inert to change in oxygen
oncentration over a wide range and (iii) highly stable at elevated
emperatures and in a harsh environment. The second criterion, i.e.
he absolute insensitivity to change in oxygen concentration, seems
o be much more preferable, because it can allow to avoid the neces-
ity of tight sealing of RE and to give the opportunity to minimize
he sensor structure. Thus, we have reported the YSZ-based oxygen
ensor using the new solid-state NiMn2O4-RE [15]. The obtained
esults have been found to be very promising and indicated that
he Mn-based oxides have a great potential for replacing the con-
entional Pt/air-RE. Rajabbeigi et al. [16,17] have reported on the
ensors attached with the ceria-based RE, but the sensors exhibited
he rather lower emf change at around the stoichiometric A/F ratio,
n comparison with that using the conventional Pt/air-RE.

In an effort to find a solid-state RE which is more insensitive
o oxygen, we have lately examined various Mn-based oxides. As
result, Mn2O3 used as SE in the tubular YSZ-based sensor (vs.

he inner Pt-RE) was found to be insensitive to most of exhaust
ases examined here as well as to the change in oxygen concentra-
ion. Thus, we report here the sensing performances of tubular and
lanar-like rod-type YSZ-based sensors attached with Mn2O3-RE
s an equilibrium-potential-type oxygen sensor, a normalized A/F
atio (�) sensor and a mixed-potential-type gas sensor.

. Experimental

.1. Fabrication of sensor devices

The schematic views of the fabricated tubular and planar-
ike rod-type YSZ-based sensors are shown in Fig. 1(a) and (b),
espectively. The tubular sensor was fabricated by using a commer-
ial one-end-closed YSZ tube (8 mol.% Y2O3-doped ZrO2, Nikkato,
apan). The physical dimensions of the tube were 300 mm in length,

and 8 mm in inner and outer diameter, respectively. At the
rst setout, each of the sixteen kinds of Mn-based oxide pow-
ers (SmMnO3, CuCrMnO4, NdMnO3, MgMnO3, CoMnO3, LaMnO3,
rMn2O4, CrMn2O4, NiMn2O4, CrMnO3, CuFeMn2O4, Cr2MnO4,
nO, Mn3O4, MnO2 and Mn2O3) was thoroughly mixed with �-

erpineol to make a uniform paste. Each paste obtained was applied
n the outer surface of YSZ tube to form a belt-like oxide layer of

mm wide. After drying at 130 ◦C, each YSZ tube attached with
ach of the Mn-based oxides was sintered at high temperature in
ir so as to form the outer solid-state Mn-based oxide SE. Then, the
imensionally same Pt layer was additionally formed by applying
ommercial Pt paste (TR-7907, Tanaka Kikinzoku Co., Ltd., Japan)
Fig. 1. Schematic views and photos for the fabricated (a) tubular and (b) planar-like
rod-type YSZ-based sensors.

on the outer surface of the YSZ tube attached with each of the
pre-sintered Mn-based oxide SEs. In the case of Mn2O3-SE, a com-
mercial Au paste was also applied on the outer surface of the YSZ
tube (Fig. 1(a)). The Pt paste was also applied on the inner surface
of the YSZ tube at its closed end. Finally, this YSZ tube was fired at
1000 ◦C for 2 h in air to fabricate the outer Pt- and Au-SEs as well
as the inner Pt-RE.

To fabricate the planar-like rod-type YSZ-based sensor
(Fig. 1(b)), Mn2O3, Pt and Au pastes were applied on the surface
of a commercial YSZ rod (10 mm in length and 3 mm in diameter,
Nikkato, Japan). The width of the belt-like layers was about 2–3 mm.
The sensor was fabricated by using the same two-step sintering
procedure, as mentioned above. In this case, the layer fabricated by
using the Mn2O3 paste was considered as RE (Mn2O3-RE), whereas
the fabricated Pt and Au layers were used as SE.

2.2. Evaluation of sensing properties

Each of the fabricated tubular and planar-like rod-type YSZ-
based sensors was assembled in a quartz tube in the close vicinity
of a gas inlet (Fig. 1) and connected to a conventional gas-flow

apparatus equipped with a high-temperature electric furnace. The
evaluation of gas-sensing characteristics were carried out in the
temperature range of 400–800 ◦C.

In the case of the tubular sensor, each of the outer Mn-
based oxide SEs was exposed to the humidified base gas (21 vol.%
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Mn2O3-SE, the emf response at this temperature is totally indepen-
dent of oxygen concentration in the examined range, as also shown
in Fig. 3(a). Then, to investigate further response behavior to oxygen
for all these SEs, the slope value of the relationship between emf and
the logarithm of oxygen concentration was examined in the tem-
N. Miura et al. / Sensors and

2 + water vapor + N2 balance) or the sample gas containing vari-
us oxygen concentrations in the range of 0.05–21 vol.% (+ water
apor + N2 balance). The concentration of water vapor was fixed at
vol.% except for the examination of water vapor effect on gas-

ensing characteristics. The inner Pt-RE was always exposed to
he ambient atmospheric air (Pt/air-RE). The difference in poten-
ial (emf) between each of the outer SEs connected to the positive
erminal of a digital electrometer (R8240, Advantest, Japan) and the
nner Pt/air-RE connected to the negative terminal was measured
s a sensing signal.

As for the rod-type sensor, the Pt- and Au-SEs as well as Mn2O3-
E were simultaneously exposed to the base gas or the sample gas.
he examination of cross sensitivities to various gases was carried
ut by using each of gases (CO, NO, NO2, NH3, H2, CH4, C3H4, C3H6,
3H8, 100 ppm each) diluted with the humidified base gas. Here, the
mf signal between Pt- or Au-SE connected to the positive terminal
f electrometer and Mn2O3-RE connected to the negative one was
ecorded as a sensing signal. The gas sensitivity (�emf) was defined
s a difference between the emf value of the sensor in the sample
as (emfsample gas) and that in the base gas (emfbase gas).

The evaluation of both fabricated devices as an A/F sensor was
erformed in the range of a normalized A/F ratio (�) of 0.85–1.15.
ere, the constant concentration (2000 ppm) of propane (C3H8)
as used as a fuel gas and was oxidized just before the sensing
evice by utilizing an oxidation catalyst in accordance with the
ollowing reaction

3H8 + 5O2 → 3CO2 + 4H2O (3)

In this case, the normalized � value can be defined as follows,

= {C(O2)/C(C3H8)}
5

(Here, C means gas concentration) (4)

The different � values can be obtained by changing the oxygen
oncentration in the sample gas. The stoichiometric point (A/F = 5)
s characterized as � = 1.

. Results and discussion

.1. Performances of tubular sensor

Firstly, each of sixteen kinds of Mn-based oxides was exam-
ned in the tubular YSZ-based sensor. In each case, the fabricated
uter Mn-based oxide layer was assigned as SE and measured with
espect to the inner Pt/air-RE (Fig. 1(a)). The obtained results of
ensitivity to 0.1 vol.% O2 at 600 ◦C are shown in Fig. 2. Here, the
ensitivity (�emf) is defined as the difference between emf of the
ensor in 0.1 vol.% O2 and that in the base gas (21 vol.% O2). The
ensitivity depended on the kind of Mn-based oxide SE. Some of
hem (e.g. Cr2MnO4, Mn3O4, Mn2O3 etc.) gave the smaller emf value
f less than 2 mV, while some of them (e.g. SmMnO3, CuCrMnO4,
dMnO3 etc.) gave rather large value of more than 10 mV. Among

hem, Mn2O3-SE showed the lowest oxygen sensitivity (less than
.3 mV) under the present condition.

Thus, the sensing characteristics of the tubular sensor attached
ith Pt-, Au- and Mn2O3-SEs were examined. Fig. 3(a) shows the
ependence of emf on the oxygen concentration in the range of
.05–21 vol.% for the tubular sensor operated at 550 ◦C. It is seen
hat, in the case of Pt-SE, emf varied linearly with the logarithm
f oxygen concentration. The slope of the linear relationship gives
9.7 mV/decade. Based on this slope value, the number of elec-
rons (n) participated to equilibrium electrochemical reaction of

xygen can be calculated to be 4.1. These values are consistent
ith the theoretical ones (40.8 mV/decade, n = 4.0) calculated by
ernst equation (1) for a YSZ-based oxygen concentration cell
ttached with Pt-SE and Pt/air-RE. In the case of Au-SE, the slope
alue (29.2 mV/decade) and n value (n = 5.6) are deviated from
Fig. 2. Difference between emf in 0.1 vol.% O2 and that in 21 vol.% O2 for the tubular
YSZ-based sensor attached with each of Mn-based oxide SEs operated at 600 ◦C.

the theoretical ones. This result can be attributable to the low
electrochemical catalytic activity of Au to gaseous oxygen. As for
Fig. 3. (a) Dependence of emf on the logarithm of oxygen concentration and (b)
slope for oxygen concentration dependence of emf evaluated at various operating
temperatures, for the tubular sensor attached with the outer Pt-, Au- and Mn2O3-SEs
(vs. the inner Pt/air-RE).
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eratures range of 400–800 ◦C. The obtained results are given in
ig. 3(b). The sensor attached with the outer Pt-SE shows the lin-
ar relationship between the slope and the operating temperature
xamined. This linear behavior is also obeying Nernst equation (1).
n the case of Au-SE, the temperature dependence of the slope is
on-linear and non-reproducible. On the contrary to both Pt- and
u-SEs, the outer Mn2O3-SE was found to be almost insensitive

o change in the oxygen concentration at temperatures below or
qual to 550 ◦C. In the temperature range of 600–800 ◦C, the slope
alue increased rapidly with increasing temperature. Such behav-
or of the tubular sensor against oxygen implies that Mn2O3 can be
otentially used for fabrication of solid-RE applicable to a planar
xygen sensor operated at T < 600 ◦C.

.2. Planar-like rod-type sensor using Mn2O3-RE

Based on the above-mentioned results, the tubular YSZ-based
ensor was miniaturized and re-configured to the planar-like
eometry by the use of a small YSZ-rod (Fig. 1(b)). Here, all three
lectrodes, Pt- and Au-SEs as well as Mn2O3-RE, were simulta-
eously exposed to either of the base gas or the sample gas.
ore specifically, Pt-SE was used to evaluate the behavior of pla-

ar oxygen sensor, while Au-SE was evaluated so as to estimate
ts gas sensing performances vs. Mn2O3-RE. Fig. 4(a) shows the
esponse transients to various oxygen concentrations in the range
f 0.05–21 vol.% for the present type of sensor operating at 550 ◦C
nder the wet condition. It is seen that the emf value of the sensor
oupled with Pt-SE and Mn2O3-RE changes rapidly from a stable
ase level upon switching from the base gas to the sample gas
nd then reaches a steady-state value in a short time. The back
witching to the base gas resulted in quick return to the original
mf value. It is noted that the emf response to even rather low
oncentration (0.05 vol.%) of oxygen is still stably high. Moreover,
ven though our gas-flow system was not optimized to obtain the
astest response, the 90% response/recovery time for the present
ensor was about 12 s. Fig. 4(b) shows the dependence of �emf
=emfsample gas − emfbase gas) on oxygen concentration at 550 ◦C for
he rod-type sensor using Pt-SE and Mn2O3-RE. The dependence of

emf was found to show the perfect linearity with respect to the
ogarithm of oxygen concentration, obeying Nernst equation (1). It
s of significant importance that the slope (n = 4.1) observed here
s exactly same as that obtained for the tubular sensor (the outer
t-SE vs. the inner Pt/air-RE) and consistent with the theoretical
alue (n = 4.0) for an equilibrium oxygen concentration cell.

The emf response to 5 vol.% O2 for the present miniaturized
lanar sensor operated at 550 ◦C was additionally examined in
he wide range of water vapor (0–16 vol.%). The obtained results
Fig. 4(c)) indicated that the emf response was hardly affected by
he change in water vapor. Thus, Mn2O3-RE seems to possess a
ood stability both in dry and highly humid environment. This is
n important result for a potential application of this kind of sensor
n real harsh environments.

Fig. 5 shows the emf responses to various gases (C3H8, C3H4,
3H6, CH4, CO, NO, H2, NH3, 100 ppm each) at 550 ◦C under the wet
ondition for the planar sensor attached with each of Pt- and Au-SE
vs. Mn2O3-RE). It is seen that the sensor using a couple of Pt-SE and

n2O3-RE was almost insensitive to each of the examined gases
xcept for H2 and NH3. It should be, however, emphasized that the
mall responses to H2 and NH3 are not caused by the utilization
f Mn2O3-RE. It was separately observed that the similar minor
esponses were also observed for the tubular sensor using Pt-SE

nd Pt/air-RE and no response were observed at all for the tubular
ensor using Mn2O3-SE and Pt/air-RE at 550 ◦C (not shown here).
hus, it can be confirmed that Mn2O3-RE (or SE) is insensitive to
arious hazardous gases examined at 550 ◦C. On the other hand,
he sensor attached with a couple of Au-SE and Mn2O3-RE exhibited
Fig. 4. (a) Response transients to various oxygen concentrations, (b) dependence of
sensitivity (�emf) on the logarithm of oxygen concentration and (c) effect of water
vapor on emf response to 5 vol.% O2, for the planar-like rod-type YSZ-based sensor
using a couple of Pt-SE and Mn2O3-RE operated at 550 ◦C.

large responses to CO, H2 and unsaturated HCs. Such a behavior is
typical for the mixed-potential-type YSZ-based sensors (using Au-
SE and Pt-RE) performed in either tubular or planar configuration
[18–20].

3.3. A/F ratio (�) sensors

Fig. 6 shows the dependence of emf on the normalized A/F ratio
(�) for the fabricated (a) tubular and (b) planar-like rod-type YSZ-
based sensors operated at 550 ◦C under the wet condition. The
tubular sensor attached with the outer Mn O -SE and the inner
2 3
Pt/air-RE was found to be insensitive to the change in A/F ratio,
indicating the excellent stability of Mn2O3-RE even at such an
extremely low oxygen partial pressure (rich region, � < 1). Further-
more, it is seen that both of the tubular (the outer Pt-SE vs. the inner
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ig. 5. Response transients to various gases (100 ppm each) at 550 ◦C under the wet
ondition (5 vol.% H2O) for the rod-type sensor using each of Pt- and Au-SEs (vs.
n2O3-RE).

t/air-RE) and rod-type (Pt-SE vs. Mn2O3 RE) sensors show almost

ame behavior. When � decreases from lean (� > 1) to rich (� < 1)
egion, the � dependence of emf exhibited a sharp transition from
bout −100 mV to −700–800 mV with the peak inflection point at
round � = 1 (stochiometric). On the other side, the tubular and

ig. 6. Dependence of emf on the normalized A/F ratio (�) for (a) tubular and (b)
od-type sensors operated at 550 ◦C in the presence of 5 vol.% water vapor.
Fig. 7. Repeated response transients of rod-type sensor using a couple of Pt-SE and
Mn2O3-RE operated at 550 ◦C under lean (� = 1.1) and rich (� = 0.9) conditions.

rod-type sensors using Au-SE did not exhibit such a sharp transi-
tion, probably due to much lower catalytic activity of Au against
the electrochemical reaction involving oxygen.

Fig. 7 depicts the emf response transients upon switching the
sample gas from lean (� = 1.1) to rich (� = 0.9) and vice versa condi-
tions for the rod-type sensor using Pt-SE and Mn2O3-RE operated
at 550 ◦C. The emf value changed rapidly from about −80 mV
to −720 mV and backward at lean-rich and rich-lean transition,
respectively. Such a quick change of emf was repeated rather sta-
bly in ten-time cycles examined. This result is of vital importance,
confirming the high stability of Mn2O3-RE under both of lean
(oxygen-rich) and rich (oxygen-lean) conditions.

4. Conclusions

Among the different Mn-based oxides tested as SE in tubular
YSZ-based sensor, Mn2O3-SE was found to be insensitive to oxygen
as well as to most common hazardous or polluting gases, when the
operating temperature was below or equal to 550 ◦C. The tubular
YSZ-based sensor was successfully miniaturized to planar-like rod-
type one, in which the fabricated Pt and Au layers were used as SEs
and the Mn2O3 layer was assigned as RE. The planar sensor using
a couple of Pt-SE and Mn2O3-RE also showed negligible responses
to oxidizing/reducing gases at 550 ◦C under the wet condition. The
present sensor gave excellent sensitivity to oxygen in the exam-
ined concentration range of 0.05–21 vol.%. The sensitivity (�emf)
varied logarithmically with oxygen concentration, obeying Nernst
equation. In addition, the planar-like rod-type sensor exhibited the
excellent performances as an A/F ratio (�) sensor at 550 ◦C. Thus,
based on the obtained results, it seems that solid-state Mn2O3-RE
can be potentially utilized in miniaturized planar YSZ-based poten-
tiometric oxygen/AFR sensors. However, the working mechanism
of Mn2O3-RE is now under investigation.
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