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Oxygen-Sensing Properties of Spinel-Type Oxides for
Stoichiometric Air/Fuel Combustion Control
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The temperature dependence of electrical resistance of sev-
eral spinel-type oxides was measured in exhaust gases of
air-methane combustion, to evaluate the potential of the ox-
ides as an air/fuel stoichiometric oxygen sensor. The results
are discussed in terms of sensitivity and response time at the
stoichiometric combustion point. It was found that the sensi-
tivity as well as the response time is markedly affected by
point defect structures of the oxide specimens. The response
time is also related to the catalytic activity of the oxides for
complete oxidation of methane. Among the specimens stud-
ied, the ZnCr,0, + Cr,0; (1.0:0.1 molar ratio) is the most
promising as the oxygen sensor, because it exhibits the
largest resistance changes of more than 3 orders of magni-
tude and shortest response times of about 0.5 s when the
combustion mixture is switched between the air-rich versus
fuel-rich composition. [Key words: sensors, spinels, combus-
tion, oxides, electrical resistors.]

1. Introduction

To REDUCE pollutants in exhaust gases from automobile en-
gines, such as hydrocarbons, carbon monoxide, and nitro-
gen oxides, three-way catalysts are now widely used. But, to
attain high efficiency of the catalysts for sufficient reduction
of the pollutants, air to fuel ratios (A/F) of the combustion
mixtures need to be controlled within a narrow range around
the stoichiometric combustion composition. For this purpose,
oxygen sensors have been put into practical use. Oxygen par-
tial pressure in the exhaust gases exhibits a drastic change
from about 10° to 107* Pa'? at the stoichiometric point, lead-
ing to dramatic changes in the electrical conductivity of semi-
conducting oxygen sensors as well as in the emf of solid
electrolyte oxygen sensors. Thus, the A/F ratios and then the
concentration of pollutants in the exhaust gases can be con-
trolled by utilizing the output signals from the sensors.

An a-type semiconductive TiO, is a typical oxygen sensor,'
and investigations have been directed to shortening its re-
sponse time.>* In addition, n-type SnO,’ and Nb,O have
been demonstrated to function as the A/F stoichiometric
oxygen sensor. As to the potential of mixed oxides, on the
other hand, only a few results have been reported, on the
perovskite-type oxides.™®

The aim of the present work is to investigate suitable mate-
rials among the spinel-type oxides for A/F stoichiometric oxy-
gen sensors, by measuring the temperature dependence of
electrical resistance of the oxides in exhaust gases of air—
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methane combustion mixtures. The results are discussed in
terms of sensitivity and response time at the stoichiometric
A/F point, based on point defect structures and catalytic ac-
tivities of the oxides.

II.

Preparation of Specimen

Experimental Procedure

1)
In preliminary screening tests, several kinds of constitu-
ent metal oxides were employed as starting materials: ZnO
(>99% pure);* NiO (>99% pure);* Fe,0; (99% pure);® Cr,0;
{(99% pure);® and MgO, prepared by calcination of MgCO;-
Mg(OH),'SH,0 (extra-pure reagent),® at 1100°C for 3 h.
Spinel-type oxides were prepared by calcining a mixture of
these constituent metal oxides in the desired proportions at
1200°C for 5 h. As an exception, calcination at 1000°C for 5 h
was selected for the ZnCr,O, specimen. After calcination, no
phases except the desired spinel oxide were detected for all
cases by X-ray diffraction with Ni-filtered CuKe radiation. In
another procedure, metal nitrates were employed as starting
materials in order to improve the sensing properties of
MgCr,0O, and ZnCr,O,. An aqueous solution of a desired
mixture of Cr(NO;);-9H,0 (reagent grade)® with Mg(NOs),-
6H,0 (extra-pure reagent)* or Zn(NQs), - 6H,O (extra-pure
reagent)’ was evaporated to dryness on a hot plate, followed
by thermal decomposition at 500°C for 1h. The resulting
solid was ground and calcined at higher temperatures for 5 h,
MgCr,0, at 1000°C and ZnCr,0, at 900°C. Formation of a
single spinel phase was confirmed by X-ray diffraction.

(2) Preparation of Sensor Element

The powder of each spinel-type oxide was tightly packed
within a 2 mm X 2 mm X 1 mm cavity of an alumina sub-
strate whose structure was essentially the same as in the lit-
erature,” and then sintered at 1200° or 1000°C for 2 h when
metal oxides or nitrates, respectively, were employed as start-
ing materials. A pair of Pt wires were embedded as electrodes
within the sample compact. The distance between the two Pt
wires could be controlled within a negligible error from one
sensor element 1o another by employing small leading holes in
the substrates. Thus, differences in the resistance of an indi-
vidual element at the same condition correspond directly to
the differences in conductivity of the specimens.

(3) Measurement of Sensitivity and Response Time

Measurement of oxygen-sensing properties was carried out
using a gas-flow apparatus. Air and methane were mixed at
an appropriate ratio to obtain a desired air excess ratio (A),
where A was defined as

air/CH,

B (air/CH4):toich (1)

*Wako Pure Chemical Industries, Osaka, Japan.
iKishida Chemical Co, Osaka, Japan.
Nakarai Chemicals, Kyoto, Japan.
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Thus, the stoichiometric point is defined as A = 1, for which
there is just enough oxygen to convert all CH, to CO, and
H,0. Two kinds of the gas mixtures with different A values
sandwiching the stoichiometric point were employed:
A = 113, corresponding to the lean-burn condition, and
A = 0.89 for rich-burn. The gas mixtures were burned at
500°C over a Pt/Al,O; catalyst, and the resulting exhaust
gases were introduced into a quartz vessel in which a sensor
clement has been inserted. Water vapor in the exhaust gases,
originating from the combustion, was trapped before the ves-
sel. Temperature dependence of the resistance of the speci-
men was measured in the temperature range of 400° to 800°C.
The ratio of the resistance at A = 1.13 to A = 0.89 for n-type
semiconductive oxides, or the ratio of A = 0.89 to A = 1.13
for p-types, at the same operating temperature represents the
magnitude of sensitivity in detecting the stoichiometric com-
bustion point, namely, the larger the ratio, the higher the sen-
sitivity. The resistance change was calculated from the
voltage change across a load resistor connected in series with
the specimen under the applied voltage of 5.0 V dc.

In measurement of response times, the exhaust gas flowing
over the specimen was changed quickly to another exhaust
gas with a different A value, and the time required for the
output voltage to reach the 80% value of the total change was
defined as the response time. The response time was meas-
ured both for the A = 1.13 to A = 0.89 change and for the
reverse. The former was denoted as “red” response time be-
cause reduction of the oxide specimens was induced by the
exhaust gas change, while the latter was “ox” because of re-
oxidation of the reduced oxides.

(4) Measurement of Catalytic Activity for Methane
Oxidation

The surface area of each specimen was measured by the
BET method, using nitrogen adsorption isotherms. The cata-
lytic activity of the oxide specimens for complete oxidation of
methane was tested in the same gas-flow apparatus. Granules
of each specimen (0.2 g) were placed in a fixed bed reactor in
the apparatus. An air and methane mixture of A = 1 was fed
to the specimen bed at a flow rate of 1800 m*-h™ (space ve-
locity was about 14 000 h™", the flow rate divided by the cata-
lyst bed volume). The methane conversion was analyzed by
gas chromatography** with a 5-A (5 x 107! nm) molecular
sieve and a Porapack Q column. The catalytic activities of
the various specimens were evaluated in terms of the conver-
sion of methane at the same reaction temperature.

III. Results and Discussion

(1) Sensing Properties

Figure 1 shows the temperature dependence of resistance
in three environments and the response time of the ZnFe,O,
specimen. At every temperature, the resistance decreased in
the order of air > A = 1.13 > A = 0.89, suggesting that the
specimen was n-type semiconductive over the whole oxygen
partial pressure range between 2.1 x 10* Pa (in air) and about
107* Pa (in A = 0.89),” although exact oxygen partial pres-
sures were not measured in this study. As stated previously,
the ratio of the resistance at A = 1.13 to that at A = 0.89 at
the same temperature represents the sensitivity (k) of the
specimen in detecting the stoichiometric point. Thus, it is ap-
parent that the sensitivity is in the magnitude of several hun-
dreds at 400°C and it decreases as the temperature increases.
From Fig. 1(b), the “red” response time is much shorter than
“ox.” But even the “red” times are too long from a practical
use, because a response time less than 200 ms was reported
for the pellet-type TiO; oxygen sensor.>

**(31800, Yanaco, Kyoto, Japan.
"Waters Associates, Milford, MA.
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Fig. 1. Temperature dependence of (a) resistance in three envi-
ronments and (b) response times of ZnFe,0, specimen.

Sensing properties of various spinel oxides prepared from
constituent metal oxides are summarized in Table I. The sen-
sitivity is much higher and the response times are much
shorter for the p-type oxides except for NiCr,0,. As to the re-
sponse times, another feature is noted. In the case of n-types,
the values of “ox” were considerably larger than those of
“red.” In contrast, the values of “ox” were shorter than those
of “red” in the case of p-types. The reason for these variations
in response times will be discussed later, based on point de-
fect structures of the spinel oxides and the negligibly small
catalytic activity of the Pt electrodes used in this study.

Thus, the results on the specimens from the constituent
oxides indicated that the p-type semiconductive ZnCr,O,
and MgCr,0, were more promising as oxygen sensors than
the n-types. Especially, the ZnCr,0, specimen exhibited the
highest resistance change of more than 3 orders of magnitude
at the stoichiometric point and the shortest 80% response
time of 0.4 s when the A value was changed from 0.89 to 1.13.
To improve the sensing properties, ZnCr,O, and MgCr,O,
were prepared by employing constituent metal nitrates as
starting materials so as to reduce the calcination temperature
and to enhance the surface area. As a result, the surface area
was almost tripled for each case as summarized in Table I.
Sensing properties of the two spinels from nitrates at 600°C
are also summarized in Table I.

The temperature dependence of resistance in the exhaust
gases and the response times for the MgCr,O, specimen from
metal nitrates are shown in Fig. 2. For comparison, the re-
sults on the specimen from metal oxides are also plotted in
the same figure. The “red” response time was shortened at
500° to 700°C by changing the starting materials. Also, the
“ox” response time was significantly improved at 400°C.
There is no doubt that the response times are dependent on
the following three factors: (1) gas transport through pores
within the pellet of the specimen, (2) rate of chemical reac-
tion, that is charge transfer between chemisorbed oxygen and
gaseous oxygen at the surface, and (3) mobility of oxide ions in
the bulk of the specimen particles.* Therefore, the observed
improvement in response times may be attributed to the in-
creased surface area or the decreased particle size. But not all
the variations in response times can be completely explained
by only the surface area or the particle size. Other important
factors influencing the response times will be discussed in de-
tail in the next section.

From the results in Fig. 2(a), it was found that the starting
materials, in other words the surface area, did not signifi-
cantly affect the sensitivity of the MgCr,O, specimen. At
every operating temperature, irrespective of the A value, the
resistance decreased in a similar manner by changing the
starting materials from metal oxides to metal nitrates. Such
decreases in resistance of the specimen may have arisen from a
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Table 1. Sensing Properties and Catalytic Activities of Several Spinel-Type Oxides
Sensitivity 80% r%s(%grése Surface

Starting at 600°C M area Tao'

Specimens materials Semiconductivity (k)y* Ox Red (m?-g7") Q)

MgFe O, Oxides n 35 117 15 0.16 785

ZnFe,0, Oxides n 170 354 16 0.27 785
NiFe,0y4 Oxides n 48 228 6

MgCr,0, Oxides D 1000 0.4 2 1.5 715

ZnCr,04 Oxides p 1800 0.4 1.8 2.1 670
NiCr,0,4 Oxides p 28 4 14

MgCr,0, Nitrates P 750 04 0.8 4.7 625

ZnCr,0, Nitrates p 3300 0.35 0.7 6.9 615

ZnCr,0, + Cr;0; (1.0:0.1 in molar ratio) Nitrates P 3800 0.45 0.5 4.8 660

*k = R(A = 1.13)/R(A = 0.89) for n-types, k = R(A = 0.89)/R(A = 1.13) for p-types. 'Temperature at which conversion level is 80%.

decrease in contact resistance of the MgCr,0O, particles due to
the accelerated sintering of fine particles. In both cases of dif-
ferent starting materials, the sensitivity decreased as the tem-
perature rose. Thus, the sensing properties of MgCr,O, were
not improved markedly by changing the starting materials.

The temperature dependence of resistance in the exhaust
gases and the response times of two ZnCr,0, specimens, pre-
pared from metal nitrates and from metal oxides, are shown
in Fig. 3. On the whole, the response times were again
slightly improved at temperatures higher than 500°C by em-
ploying metal nitrates (see Fig. 3(b)). More interesting is the
change in sensitivity. When the metal nitrates were employed
as starting materials, the resistance in A = 1.13 decreased at
every temperature, compared with the oxide starting ma-
terials. And the magnitude of the decrease was comparable at
every temperature. In A = 0.89, on the other hand, the resist-
ance decreased slightly at 400° to 600°C, while it increased a
little at 700° and 800°C. As a result, the sensitivity was en-
hanced at temperatures higher than 600°C without any sig-
nificant deterioration in response times. In addition, this re-
sulted in an increase in the gap between the resistance in
A = 0.89 at 800°C and that in A = 1.13 at 400°C, indicating
that less compensation is needed for the effect of operating
temperature on resistance in its practical use. Thus, it was re-
vealed that ZnCr,O, was a promising candidate among the
specimens studied.

(2) Factors Influencing Response Times

For improvement of the sensing properties, it is important
to get information on the factors influencing the response
times. Therefore, the variations in Fig. 2(b) are discussed in
detail in this section. It is reasonable to imagine that the
chemical reaction at the surface as well as the mobility of oxide
ions in the bulk are accelerated as temperature increases. But,

longed at 800°C in spite of the increased surface area. In addi-
tion, the “ox” response time was not affected by the surface
area in the temperature range of 500° to 800°C. In this case,
therefore, the above two factors are not considered important
in determining the response times.

Another possible factor is the catalytic activity of the sen-
sor element itself. In exhaust gases from automobile engines,
there is a certain amount of residual fuel even in a lean-burn
region (A > 1.0) and also a certain amount of free oxygen
even in a rich-burn region (A < 1.0),! due to incomplete com-
bustion of fuel. Thus, if the catalytic activity is poor, it leads
to deterioration of the response time, accompanied by an ap-
parent decrease in sensitivity at the stoichiometric point, be-
cause thermodynamic equilibrium in the gaseous phase over
the sensor element cannot be achieved rapidly.’ In this study,
however, we believe that the catalytic activity of the Pt/Al,O,
is high enough to achieve the equilibrium and that the differ-
ence in catalytic activity between the two MgCr,O, speci-
mens is not an important factor in determining the response
time, because the two specimens exhibited almost the same
“ox” response times at temperatures higher than 500°C.

Another conceivable factor is the effect of charge defects.
Figure 4 shows a schematic diagram of defect concentrations
in an MO oxide versus oxygen partial pressure, based on the
Kroger-Vink notation.” Here, it is assumed that the oxide is
likely to contain Schottky-type defects and that it is uninten-
tionally doped with acceptor-type foreign atoms F*. In the
formulas describing the electrical neutrality conditions in
each region of Fig. 4, Vg represents an oxide ion vacancy in
the MO lattice, the symbol ~ denoting two positive charges
relative to the O”” site, and Fy is an F* ion occupying an
M?" site, the prime denoting one negative charge relative to
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Fig. 2. Temperature dependence of (a) resistance in the exhaust
gases with different A values and (b) response times of MgCr,0,
specimen: (O, @) prepared from metal oxides; (A, A) prepared from
metal nitrates.

Fig. 3. Temperature dependence of (a) resistance in the exhaust
gases with different A values and (b) response times of ZnCr,O,
specimen: (O, @) prepared from metal oxides; (A, A) prepared from
metal nitrates.
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Fig. 4. Defect concentrations in an MO oxide con-
taining unintentional acceptor-type foreign atoms (F ™)
versus oxygen partial pressure.

the M?* site. A similar, but rather complex, diagram can be
drawn for the case of an AB,O, oxide. But, Fig. 4 is suffi-
cient for discussion of the effect of the concentration of oxide
ions. The results in Fig. 2(a) suggest that two MgCr,O, speci-
mens exhibit p-type semiconductivity in the wide range of
oxygen partial pressure higher than 107 Pa. The problem is
the transport number of oxide ions at oxygen partial pressures
around 107" Pa. If the transport number is high enough be-
cause of a large amount of unintentional impurities (foreign
F* and/or F** ions are able to act as such impurities in the
case of an AB,0, oxide), a Po,-independent region of electri-
cal conductivity should appear near the p to n transition
point, as easily imagined from Fig. 4. If this is the case for
the two MgCr,0, specimens, the “red” response times should
be longer than the “ox” times, since a pair of Pt wire elec-
trodes are not expected to catalyze electron transfer between
oxide ions and gaseous oxygen, because of their extremely
small surface area, while in the cases of the Pt electrodes of
fine particles or of a special kind of perovskite-type oxide
electrodes, such electrode-catalyzed electron transfer has
been reported.™ Thus, oxide ions would be blocked at the Pt
wire/semiconductor interface, leading to polarization at the
interface. This would result in a slight increase in resistance
of the specimen with the passage of time just after a rapid
change in resistance, when the A value is changed from 1.13 to
0.89, and hence in a relatively long response time. Of course,
the contribution of the oxide ion conductivity strongly de-
pends on the starting materials, since the amount of impurities
is closely related to them. In addition, a difference between
the activation energies for the hole conductivity and for the
oxide ion conductivity is also an important factor in evalu-
ating the temperature dependence of the contribution of the
oxide ion conductivity. Although the relationship between
the conductivity and the oxygen partial pressure as well as
the transport number of oxide ions for each specimen were
not measured in this study, it is reasonable, referring to the
above discussion, to assume that the relatively longer “red”
response time observed for the MgCr,0O, specimen prepared
from metal nitrates at 800°C arose from the considerable con-
tribution of the oxide ion conductivity. But a question still re-
mains. That is the fact that the “ox” response time was longer
than the “red” at 400°C for the MgCr,Q, prepared from metal
oxides. This phenomenon cannot be explained by the above
discussion and suggests that there is another factor in deter-
mining the response time.

The above discussion also explains why n-type semiconduc-
tive specimens tend to exhibit a longer “ox” response time
(see Table I). From the diagram in Fig. 4, it is easy to imagine
that in the case of the n-type oxides the contribution of oxide
fon conductivity is dominant at higher oxygen partial pres-
sures (the lean-burn region) rather than at the lower partial
pressures (the rich-burn region), if the concentration of oxide
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ion vacancies is high enough. The influence of the oxide ion
conductivity on the response time would be a minor subject if
the catalytic activity of the electrodes were high enough. But,
the influence still remains as a serious problem in determin-
ing the sensitivity at the stoichiometric point. For example, if
the specimen exhibits the p-to-n transition at a certain oxy-
gen partial pressure in the range of 10° to 107" Pa or exhibits
a Py,-independent conductivity region in the same oxygen
partial pressure range, the sensitivity would become smaller
than the value calculated by assuming that the formula

o « P3} can be set up for the specimen.’

(3) Attempts to Improve Sensing Properties by Doping

Among the specimens studied, ZnCr,0O, was the most
promising as an oxygen sensor. Taking the above discussion
into consideration, some attempts were made to improve the
sensing properties of the ZnCr,0O, specimen, by 5 moi% par-
tial substitution of Mg?" ions for Cr** in ZpCr,0., as well as
by addition of the 10 mol% excess constituent metal oxides to
ZnCr,0,. These specimens were prepared from metal ni-
trates for all the cases. These experiments were aimed also at
evaluating the effect of charge defects in the ZnCr,O, lattice
on the sensing properties.

Figure 5 shows the temperature dependence of resistance
in the exhaust gases with two different A values and the re-
sponse times of the ZnCrysMgposOas specimen. For com-
parison, the results on ZnCr,0, from metal nitrates are also
plotted in the same figure. By the 5 mol% partial substitution
of Mg** for Cr’*, the resistance significantly decreased over
the whole temperature range in A = 0.89. Also it decreased in
A = 113, but the magnitude of the decrease was relatively
small compared with the case of A = 0.89. As a result, the
sensitivity became poor by the partial substitution. In addi-
tion, the “red” response time became longer and ranged be-
tween 4 and 10 s. Although the partial substitution did not
offer any improved properties, these results support the
above discussion that the oxide ion conductivity possibly in-
fluences the sensitivity as well as the response times.

From the resistance changes both in A = 0.89 and in
A = 113, it is likely true that Mg”* ions partially substitute
the Cr3* sites, prodiicing a considerable amount of fully ion-
ized oxygen vacanci;s as follows:

Cry03

2MgO ——— 2Mgg¢, + 203 + V5 (2)

Under an atmospheric environment, it is reasonable to con-
sider that gaseous oxygen preferentially reacts with these
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oxygen vacancies to produce neutral oxygen sites and mobile
holes. Thus, we have

Vo +304(g) = O3 + 2h’ 3)

This reaction is essentially the same as the following reaction:
Zn** Cri&sMgisO3ams + 0.01250,(g)

— Zn**CrigCritsMgis0f  (4)

The Cr** ions can act as positive hole sites and contribute to
p-type conduction. Thus, the decrease in resistance in
A = 1.13 can be explained by the increased concentration of
positive holes. In the case of A = 0.89, on the other hand, the
decrease in the resistance cannot be fully attributed to the
same mechanism, because the magnitude of the decrease was
larger than in A = 1.13. Another reason for the significant de-
crease may be the effect of oxide ion conductivity. Oxygen
partial pressure in the exhaust gas of A = 0.89 is considered
to be on the level of 107 Pa. In such a low oxygen partial
pressure, the reverse reaction of Eq. (3) likely occurs, leaving
a considerable amount of oxygen vacancies. Under such a
condition, the oxide ion conductivity is no longer negligible.
As a result, with a decrease in oxygen partial pressure, the
conductivity exhibits less decrease than that expected for a
p-type semiconductor. The changes in resistance shown in
Fig. 5(a) were in good agreement with this prediction. As dis-
cussed before, the prolonged “red” response time can be at-
tributed to both the considerable oxide ion conduction in the
rich-burn region and the poor catalytic activity of the Pt wire
electrodes used in this study.

When 10 mol% excess ZnO was added to the ZnCr,0,
specimen, almost the same behavior of variations in sensing
properties was observed, as shown in Fig. 6. Namely, the re-
sistance decreased more significantly in A = 0.89 than with
the case of A = 1.13, and the “red” response time was pro-
longed, while the “ox” response time was not significantly
changed. These results suggest a possibility that the excess
Zn0 is partially soluble in the ZnCr,0, lattice by the follow-
ing equation, although the X-ray diffraction measurement in-
dicated the existence of two phases, ZnCr,04 and ZnO, in
the specimen:

3Zn0 Z2% 705 + 2Znk + 308 + Vi )

In contrast to the above, when the 10 mol% excess Cr,0;
was added to the ZnCr,O, specimen, the sensitivity was sig-
nificantly improved without any significant change in the re-
sponse times, as shown in Fig. 7. The resistance in A = 1.13
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decreased over the whole operating temperature range by the
addition of excess Cr,0;. Especially, the decrease in resist-
ance was more pronounced at temperatures higher than
700°C (phenomenon I). On the other hand, the resistance in
A = 0.89 remained unchanged at temperatures higher than
700°C (phenomenon II) in spite of the addition, whereas it de-
creased at temperatures lower than 600°C. Owing to these
two phenomena, the addition of 10 mol% excess Cr,O; re-
sulted in an increase in the sensitivity at temperatures higher
than 600°C and also in the enlargement of the gap between
the resistance in A = 0.89 at 800°C and that in A = 1.13
at 400°C. The gap enlargement is favorable because the
ZnCr,04 + Cr,05 (1.0:0.1 molar ratio) specimen does not de-
mand any strict compensation for the effect of operating tem-
perature on the resistance in practical use. Thus, it was found
that the ZnCr,0, + Cr,0; specimen was the most suitable
for the A/F stoichiometric oxygen sensor among the speci-
mens studied.

The role of the excess Cr,0s is of interest. From the results
shown in Fig. 7(a), the following defect reaction is plausible,
although two phases, ZnCr,0, and Cr,0;, were identified in
the specimen:

xCr;,05 Z529% an + 2Cr + w08 + 3V ©6)
This is essentially the same as the following reaction:
xCr3*03™ + Zn**Cr3*0F + 504(g)
— Zn**Cr3*Crii041, 7

Therefore, the decrease in resistance by the addition of excess
Cr,O; was attributed to increased positive holes (see Eq. (3)).

However, the increase in the sensitivity was not explained
only by this mechanism. In the formula representing the de-
pendence of the electrical conductivity on oxygen partial
pressure for the semiconductive oxides, o « P47, the value of
m can vary from 4 to 6, depending on whether the conduction
process is extrinsic or intrinsic, that is, depending on the
amount of impurities in the lattice. It is easy to imagine that
the sensitivity at the stoichiometric point decreased with an
increase in m value (see Fig. 3). A more important factor in
the case of a semiconducting A/F stoichiometric oxygen sen-
sor is the oxygen partial pressure at which the conduction
process is changed from extrinsic to intrinsic. If the transi-
tion point is lower than the oxygen partial pressure of 10° Pa
or less, the sensitivity becomes small. Therefore, the reason
for phenomenon I may be attributed to the extension of the
extrinsic conduction process to a higher oxygen partial pres-
sure range due to formation of Zn>* vacancies by the addition
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of excess Cr,Os;. On the other hand, the reason for phe-
nomenon 11 is not clear at present.

(4) Effect of Catalytic Activity of the Sensor Materials on
Sensing Properties

Figure 8 shows the relation between conversion of CH, and
the reaction temperature when a mixture of methane and air
was oxidized over the sensor materials in granular form. The
broken line indicates the result of the blank reaction without
the materials. It is noted that the catalytic activities of n-type
specimens, ZnFe,0, and MgFe,04, were negligibly small,
while all the p-type specimens showed relatively high activi-
ties. To find any relationship between the sensing properties
and the catalytic activities, some fundamental data are sum-
marized in Table I. The Tyq value is the temperature at
which the conversion of CH, attains 80%. Broadly, it is ap-
parent in Table I that the larger the surface area, the higher
the catalytic activity. But, from the comparison of character-
istics between the ZnCr,O, and ZnCr,04 + Cr,0; speci-
mens, it is suggested that the sensitivity is not affected by the
catalytic activity of the specimen, as long as the Pt/Al,O,
catalyst is used to prepare the exhaust gas. In a practical ap-
plication to automobile engines, however, the ZnCr,Q, family
offers the potential that excellent performance can be real-
ized without a Pt catalyst, owing to its high catalytic activity.

In contrast, there is a tendency for both the “red” and the
“ox” response times to become shorter with an increase in
catalytic activity. But, this fact does not mean directly that
the catalytic activity of the Pt/Al,O3 used to prepare the ex-
haust gas is not high enough and that a certain amount of
residual fuel exists even in the lean-burn region and also a
certain amount of free oxygen in the rich-burn region. In-
stead, this fact suggests that the catalytic activity of the speci-
men is closely related to the reactivity of the chemisorbed
oxygens at the oxide ion vacancy sites and/or that of lattice
oxygens, because the p-type semiconductive specimens likely
involve a certain amount of oxide ion vacancies and then
chemisorbed oxygens at these sites in an atmospheric envi-
ronment. And it was reported in measurement of tempera-
ture-programmed desorption spectra of oxygen'* that such
chemisorbed oxygens tend to desorb at temperatures up to
600°C in flowing helium. Thus, it is supposed that the rate of
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Fig. 8. Temperature dependence of
CH, combustion over several speci-
mens: (O) ZnFe,O, prepared from metal
oxides; (®) MgFe,O, prepared from
metal oxides; (A) MgCr,O4 prepared
from metal oxides; (A) MgCr,O, pre-
pared from metal nitrates; (L) ZnCr,0,
prepared from metal oxides; (M)
ZnCr;0, prepared from metal nitrates;
(Z) ZnCr,04 + CryO; (1.0:0.1) pre-
pared from metal nitrates.
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charge transfer between gaseous oxygen and chemisorbed
oxygen at the surface or, in turn, the mobility of oxide ions in
the bulk, increases as the catalytic activity of the specimen
increases. As a result, a shorter response time can be realized
when the specimen with a higher catalytic activity is em-
ployed as a sensor material. On the whole, the catalytic activ-
ity of the specimen is also one of the factors in determining
the response times, but the behavior observed in this study
cannot be completely explained only in terms of the catalytic
activity, as described before.

IV. Conclusions

From comparison of the sensing properties of several spinel-
type oxides, an interesting feature could be observed that
n-type specimens tended to exhibit the shorter “red” response
time than the “ox” response time, while p-types exhibited a
reverse tendency. These phenomena could be explained fairly
well by combination of the effect of the oxide ion conductivity,
which arose from foreign impurities, and the reduced activity
of the Pt wire electrodes. This assumption was confirmed by
the longer response times of the ZnCr, 4sMgg0sO,4-5 Specimen,
especially in “red,” than those of the ZnCr,0, specimen. In-
fluence of the oxide ion conductivity on the response times
may be eliminated by employing highly active electrodes
instead of Pt wire and/or by a supporting Pt catalyst on the
sensor specimen. Even when highly active electrodes are em-
ployed, however, the influence of oxide ion conductivity on
the sensitivity at the stoichiometric point still remains as a
serious problem.

On the whole, activities of the sensor specimens for cata-
lytic combustion of methane correlated with the response
times. This means that the rate of charge transfer between
gaseous oxygen and chemisorbed oxygen at the surface, or in
turn the mobility of oxide ions in the bulk, increases as the
catalytic activity of the specimen increases. Thus, it was as-
sumed that the catalytic activity was one of the most impor-
tant factors in determining the response times. On the other
hand, there was no definite correlation between the catalytic
activity and the sensitivity. In a practical application to auto-
mobile engines, however, it is supposed that the catalytic ac-
tivity of the sensor materials themselves is also an important
factor in determining the sensitivity, because their higher cata-
lytic activity makes it possible to achieve thermodynamic
equilibration of the exhaust gases without any Pt catalyst.

The most promising sensing properties could be realized
with the ZnCr,04 + Cr,0; (1.0:0.1 molar ratio) specimen.
The role of the excess Cr,0; was assumed to extend the ex-
trinsic conduction process to a higher oxygen partial pressure
range especially at higher operating temperatures by produc-
ing the Zn®" vacancies in the lattice. Thus, it is concluded
that the point defect structure is the most important factor in
determining the sensitivity as well as the response times.
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