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Abstract

Mg-doped SrTiO3 thick ®lm sensors fabricated by
screen-printing proved to be very promising for the
use as oxygen sensors. The resistance of such sensors
exhibits a PO2

dependence according to R / Pÿ1=4O2
.

The in¯uence of CO2 in dry and wet atmospheres
was evaluated in this work. The results obtained
show that the presence of CO2 has no in¯uence on
the oxygen-sensing properties of the sensor in dry
conditions and the Mg-doped SrTiO3 sensor can
work even better than the ZrO2 oxygen sensor in the
dry CO2-containing atmospheres. In an atmosphere
containing both CO2 and H2O, the Mg-doped
SrTiO3 sensor can only operate properly as oxygen
sensor at CO2 concentrations below 70%. The e�ects
from CO2 and H2O become stronger at CO2 con-
tents higher than 80%. An interesting CO2-sensing
characteristic instead of oxygen-sensing of the Mg-
doped SrTiO3 sensor is observed in a wet non-oxygen
atmosphere. A model based on the defect chemistry,
grain structures and conduction mechanisms of this
material is developed in order to explain the experi-
mental results. It is proposed that CO2 may be absor-
bed at the surface of this oxide and an uncharged
complex is formed in the dry conditions. In the pre-
sence of H2O, a partial proton conduction is intro-
duced to the total conductivity due to the surface
reactions between CO2 and H2O. This material may
become a predominant proton conductor in a non-
oxygen atmosphere containing both CO2 and H2O.
# 1999 Elsevier Science Limited. All rights reserved
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1 Introduction

Interest is currently growing in simple-to-manu-
facture, low-cost oxygen sensors for the applica-
tions as exhaust gas sensors in the automotive
industry and for monitoring furnace installations.1

In the temperature range above 600�C, some semi-
conductor metal oxides such as SrTiO3, CeO2 are
suitable for detecting changes in oxygen partial
pressure of the surrounding atmosphere.2 Com-
pared to the commercial solid-electrolyte ZrO2

oxygen sensors, the semiconducting-type oxygen
sensors surely have pro®ts with respect to simple
fabrication (thick-®lm technology), easy operation
(no need for reference gas), small size, quick response
and they also have the potential to be produced at
low costs. As reported in our previous work,3 sen-
sors based on semiconductor oxide Mg-doped
SrTiO3 show good oxygen-sensing properties in the
PO2 region from 10ÿ5 to 10ÿ1 bar in an atmo-
sphere containing only N2 and O2. The oxygen-
sensing mechanism of this oxide at high tempera-
tures is considered as a bulk e�ect based on a
thermodynamic equilibrium between the oxygen in
the surrounding atmosphere and the oxygen
vacancies presented in this material. Normally,
Mg-doped SrTiO3 exhibits p-type hole conducting
characteristic in this considered PO2 region and
electron holes are formed according to the fol-
lowing reaction:

1

2
O2 � V

��
O  !O�O � 2h

� �1�

where V
��
O represents an oxygen vacancy and h

�

represents an electron hole.
According to this reaction, the relationship

between the resistance of the sensor and the oxygen
partial pressure of the surrounding atmosphere can
therefore be described by the expression:4
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R � A1 exp�Ep=kT�Pÿ1=4O2
�2�

where A1 is a constant, EP is the thermal activation
energy for hole conduction.
A plot of logR versus logPO2

should thus result
in a straight line with a slope(ÿ1/m) of ÿ1/4 at
constant temperatures as shown in eqn (3):

logR / ÿ1=4 logPO2
�3�

However, under practical ®eld conditions, the gas
atmosphere often contains other components in
addition to oxygen and nitrogen, among which
CO2 and H2O are regarded as the most possible
interfering gases. Considering the possible chemical
reactions, these gaseous components may either
change the oxygen partial pressure of the atmo-
sphere or generate or annihilate the bulk and sur-
face defects of this oxide.5 The presence of these
gases thus has a direct e�ect on the electrical
behaviors of the sensors. In this work, the Mg-
doped SrTiO3 oxygen sensors were fabricated by
screen-printing and the in¯uence of CO2 on the
response of such sensors was examined both in dry
and wet atmospheres. Some theoretical considera-
tions based on defect chemistry, grain structures
and conduction mechanisms of this material were
also carried out in order to interpret the experi-
mental results.

2 Experimental

2.1 Preparation and characterisation of the
Mg-doped SrTiO3 powder
The details of the preparation of Mg-doped stron-
tium titanate powder was described in our previous
work.6 The Mg-doped SrTiO3 powder obtained
was examined by X-ray di�raction (XRD) and it
was con®rmed that this powder was highly crys-
tallised in a dominating structure of perovskite
similar to undoped SrTiO3 as shown in Fig. 1. The
XRD pattern turns out that magnesium has been
dissolved into strontium titanate structure, forming
a solid solution. Some small traces of another
phase can be also observed in the X-ray di�raction
pattern. However the presence of this phase is not
considered important in the interpretation of the
results obtained in this work. This powder was
used for sensor fabrication.

2.2 Sensor fabrication by screen-printing
Recently, the well-known advantages of screen-
printing technology in microelectronics, such as
versatility in sensor design, miniaturisation, mass
production at low cost are also applied to the ®eld

of chemical sensing.7 In this process, a paste of
sensor material suitable for printing is usually
required and the paste used in this work was pre-
pared by mixing 55% wt% of the Mg-doped
SrTiO3 powder with 45% wt% of organic binder.
A commercial platinum paste was used for the
fabrication of electrode ®lms.
A layer of Mg-doped SrTiO3 was ®rst screen-

printed on a 50�50�0.25mm3 alumina substrate
and ®red at a maximum temperature of 1200�C for
2 h. On top of this ®lm, a platinum electrode ®lm
was subsequently screen-printed and ®red at
1000�C for 1 h. The width between two platinum
electrodes was 400�m. Then sensors of the
required size (5�8�0.25mm3) were obtained by
laser cutting the substrate. The structure of a
screen-printed Mg-doped SrTiO3 sensor was
shown in Fig. 2. Finally, platinum wires, serving as
the leads, were ®xed with platinum paste on each
individual sensor and then heat-treated once more
to 900�C for 1 h. After printing and sintering, the
platinum electrode ®lm had a typical thickness of
about 10�m and the Mg-doped SrTiO3 ®lm had a
typical thickness of about 80�m.

2.3 Measurement set-up
The set-up for sensor testing is schematically illu-
strated in Fig. 3.
Two samples were placed in two tube furnaces

respectively, where the sample temperature could
be changed by adjusting the voltage of the furnace
heater and the actual sample temperature was
measured with a thermocouple, which was placed
alongside the sample. A ZrO2 sensor was used to
check the oxygen partial pressure of the carrier gas.
With aim to evaluate the in¯uence of CO2 on the

oxygen-sensing properties of the sensors, test gas of
di�erent oxygen partial pressures (10ÿ4 bar<PO2

<0.21 bar) was obtained by diluting air with CO2

gas. Gases with various CO2 concentrations were
prepared by diluting CO2 with air or N2 gas and
the CO2 concentration of the test gas was deter-
mined by the dilution calculation ranging from 6 to
100%. Wet gases used in these tests were the water-
saturated gases by passing through a H2O bubbler
at 25�C. The gas ¯ow past the sample was con-
trolled by a ¯owmeter, which was set at a constant
rate of 100 ccminÿ1.
The signals of the resistance and the temperature

of these two Mg-doped SrTiO3 sensors, the EMF
signal of the ZrO2 sensor were collected simulta-
neously by the Signalogger-PC. Signalogger-PC is
an eight channel datalogger system comprising a
small hardware unit (the interface) and the soft-
ware for the host computer. It can accept a variety
of inputs at sampling rates from one per second to
one per hour. The data can be directly displayed on
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Fig. 1. X-ray di�raction pattern of the Mg-doped SrTiO3 powder.

Fig. 2. Structure of a screen-printed Mg-doped SrTiO3 sensor element.

Fig. 3. Schematic illustration of the measurement set-up.
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the host computer at any measuring time and the
results can be saved to disk or printed out on a
standard printer.

3 Model of the Grain Structures of Mg-Doped
SrTiO3

For further interpreting the surface chemisorption
process of the sensors, it is helpful to develop a
model for the grain structures of Mg-doped
SrTiO3.
In recent literature on titanates, it has been

widely accepted that the transition between two
grains can be viewed as a double Schottky barrier.8

A positive surface charge at the immediate grain
surface is assumed and this positive surface charge
is compensated on both sides by a space-charge
region with an extent of about 50 to 200 nm. The
plausible explanation for this positive surface
charge is the view that the d-orbital of titanium
which are not bound to oxygen (`dangling bonds')
may accept fewer electrons and thus the nuclear
charge of titanium is not su�ciently balanced.9

Caused by electrostatic interaction, this positive
surface charge always leads to a build-up of nega-
tive carriers (electrons) and a depletion of positive
charge carriers (electron holes) in the space-charge
region.10 In the case of p-type materials, the exten-
sion of this space-charge region can lead to the
electrons accumulating in the space-charge region.
These liberated electrons counterbalance the exist-
ing positive electron holes and therefore the hole
conductivity is decreased. Comparatively, the
reduction of this space-charge region causes the
increment of hole conduction, leading to the
reduction of the resistance.
Figure 4 shows a scanning electron microscope

picture of the Mg-doped SrTiO3 grain structure. It

can be observed that the grain of the screen-printed
Mg-doped SrTiO3 thick ®lm has a typical diameter
of 200 to 500 nm. In this case, the existence of the
compensating space-charge region may play an
important role in determining the electrical beha-
viour of this material.

4 Results and Discussions

4.1 Mg-doped SrTiO3 in the dry CO2-containing
atmospheres

4.1.1 Dependence of the resistance on PO2
in the

dry air/CO2 gas mixtures
With aim to evaluate the in¯uence of CO2 on the
response of the Mg-doped SrTiO3 sensor, the sen-
sor was examined by using air/CO2 gas mixture as
a dilute system and the oxygen partial pressure was
changed from 10ÿ4 bar (pure CO2 gas) to 0.21 bar
(air). This measurement was performed at the
temperatures of 700, 720 and 750�C, respectively.
The straight lines shown in Fig. 5 clearly demon-
strate that the resistance of the sensor still follows a
PO2

dependence in an atmosphere containing N2,
O2 and CO2, irrespective of PCO2

changes. The m
values as de®ned in eqn (3) were calculated from
the slope of these lines and listed in Table 1, where
the R2 value revealed the linear correlation coe�-
cient of the curves.
It is evident that the value of m is very close to

the theoretical value of 4, which is in good accor-
dance with the m values obtained by using N2/air

Fig. 4. SEM picture of the grain structure of a screen-printed
Mg-doped SrTiO3 thick ®lm.

Fig. 5. Plots of logR versus logPO2
of the sensor in the dry

CO2 air gas mixtures.

Table 1. Calculated m values in an atmosphere containing O2,
N2 and CO2

T (�C) 700 720 750

m 4.0633 4.0080 4.0111
R2 0.9994 0.9999 0.9994
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gas mixtures as a dilution system in our previous
work.11 This hints that the existence of CO2 in the
surrounding atmosphere will not a�ect the oxygen-
sensing properties of the sensor and CO2 gas can
be therefore considered as the same diluting e�ect
as N2 gas.

4.1.2 Response of the sensor in the presence of
di�erent CO2 partial pressures
The Mg-doped SrTiO3 sensor was examined at
700�C in atmospheres of di�erent PO2

in the pre-
sence of a constant CO2 partial pressure. First, the
resistance of the sensor was measured in the atmo-
spheres of di�erent PO2

in a sequence of (1) air (2)
1% O2 (3) pure N2. Then the measurement was
repeated by adding a constant CO2 content to the
above three gases and the CO2 content in gas
atmospheres was set at 20, 40 and 60%, respec-
tively. The oxygen partial pressure of the gas mix-
tures was determined by diluting calculation. It can
be observed in Fig. 6 that the resistance of the
sensor responds to the oxygen partial pressure
changes regardless of di�erent PCO2

conditions and
it still follows the oxygen partial pressure accord-
ing to the standard expression. The experimental
data (logR versus logPO2

) scattered at various
CO2 partial pressures roughly ®t to one straight
line.

4.1.3 Resistance behavior of the sensor in the dry
CO2/N2 gas mixtures
The Mg-doped SrTiO3 sensor was examined in the
CO2/N2 gas mixtures, varying the ratio of CO2/N2

from 0 to 80%. The oxygen partial pressure of the
CO2/N2 gas mixtures was measured by a commer-
cial ZrO2 oxygen sensor and the result was pre-
sented as the dot line in Fig. 7, which indicated that
the oxygen partial pressure of the CO2/N2 gas
mixtures was maintained almost constant since the
oxygen partial pressure in pure CO2 gas was at the
same level as pure N2. The solid line in Fig. 7

represents the resistance response of the sensor with
respect to the ratios of CO2/N2. It is very clear that
the sensor is insensitive to the di�erent CO2/N2

ratios. This measurement furthermore con®rms that
CO2 only plays a diluting role and has no in¯uence
on the oxygen-sensing properties of the sensor.
The above three measurements give a good proof

that the Mg-doped SrTiO3 sensor can still be used
as oxygen sensor e�ectively even in an atmosphere
containing CO2 gas.

4.1.4 Creation of an uncharged surface complex in
the dry CO2-containing atmospheres
Since the Mg-doped SrTiO3 sensor seems insensi-
tive to CO2, it is plausible to assume that the
introduction of CO2 to the gas atmosphere may
not a�ect the oxygen-sensing bulk e�ect of this
material and the oxygen-sensing mechanism of this
material described in Section 1 still holds in an
atmosphere containing CO2. However, it is also
proposed that carbondioxide molecules may be
absorbed at the surface of Mg-doped SrTiO3 and
uncharged complexes are formed according to the
following model:12

CO2�gas� �O�O ! �OOCO2�� �4�

The complex-formation process described by eqn
(4) may also make it possible that a change in
electronegativity at the surface occurs, which
means that a fraction of an elementary charge is
transferred from the absorbed CO2 gas to the sur-
face of Mg-doped SrTiO3 and this causes some
negative charge (�e0) is accumulated in the space-
charge zone.13

�OCO2� � ! �OCOVO��� � ��e0� � 1=2O2 �5�

This negative charge will counterbalance the posi-
tive holes in this p-type conducting material, lead-
ing to an `increasing' e�ect on the resistance of the

Fig. 6. logR versus logPO2
of the sensor at 700�C in the pre-

sence of constant PCO2
by using air/N2/CO2 gas mixtures.

Fig. 7. Resistence behavior of the sensor at 710�C in the dry
CO2/N2 gas mixtures.
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sensor. This surface chemisorption mechanism
implies that CO2 may have a catalytic function to
the oxygen-sensing properties of the sensor. This
may explain why the m value achieved in CO2-
containing atmospheres as described in Section
4.1.1 is closer to 4 than that obtained in non-CO2

atmospheres.

4.1.5 A comparison between the Mg-doped SrTiO3

and ZrO2 sensors in the dry CO2/air gas mixtures
With the testing system illustrated in Section 2, it is
possible to test the Mg-doped SrTiO3 sensor and
the ZrO2 sensor simultaneously, keeping the
experimental conditions identical. This measure-
ment was performed in the dry CO2/air gas mix-
tures and the ratio of CO2/air in the carrier gas was
changed from 0 to 92%. The oxygen partial pres-
sure of the carrier gas was simply calculated by
considering the dilution e�ect of CO2 in air as
shown in Fig. 8, which revealed that the logarithm
of the oxygen partial pressure in this measurement
was varied approximately from ÿ0.6 to ÿ1.8. The
behaviors of these two sensors are compared in
Fig. 9. The ZrO2 sensor is observed lacking the O2

sensing ability when the oxygen partial pressure is
only slightly changed by diluting CO2 with air and

the EMF signal of the ZrO2 sensor starts to
respond to the oxygen partial pressure changes
until the amount of CO2 in the carrier gas has
already exceeded 40%. By contrast, the Mg-doped
SrTiO3 sensor exhibits no such an insensitive
region. The resistance of the Mg-doped SrTiO3

sensor follows the oxygen partial pressure changes
in the entire testing range. It is therefore remark-
able that the Mg-doped SrTiO3 sensor appears
more capable to detect minute oxygen partial
pressure changes.

4.2 Mg-doped SrTiO3 in the wet CO2-containing
atmospheres

4.2.1 Response to the PO2
changes in the wet CO2/

air gas mixtures
The response of the sensor to the PO2

changes was
examined at 675�C in humidi®ed CO2/air gas mix-
tures with the CO2 content in the carrier gas vary-
ing from 0 to 100% and the oxygen partial
pressure of the testing gas was measured by a
commercial ZrO2 sensor. To make a better com-
parison, Fig. 10 shows the resistance of the sensor
interpolated as a function of oxygen partial pres-
sure under both dry and wet conditions. It is clear
that water vapor has no in¯uence on the response
of the sensor at CO2 concentrations below 70%
since the two lines corresponding to dry and wet
atmospheres, respectively, are coincident and both
®t to the linearity. However, the resistance in wet
conditions starts to deviate towards a lower value
at a CO2 concentration more than 70%. A severe
water-vapor interference with the oxygen-sensing
of the sensor is observed for the CO2 content
higher than 90% and the higher the amount of
CO2 existing in the measuring gas, the more the
resistance value deviates from the straight line.
This measurement was repeated at various tem-
peratures from 675 to 775�C and this same trend
occurs in the considered temperature range. The
corresponding results shown in Fig. 11 con®rm

Fig. 8. Calculated oxygen partial pressure values of gases with
the di�erent CO2/air ratios.

Fig. 9. Bahaviors of the Mg-doped SrTiO3 sensor (700
�C) and

the ZrO2 sensor in the dry CO2/air gas mixtures.
Fig. 10. Response to PO2

changes of the sensor at 675�C in
dry and wet atmospheres, respectively.
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that the coexistence of water with a high amount of
CO2 is found to deteriorate the oxygen-sensing
properties of the Mg-doped SrTiO3 sensor.

4.2.2 CO2 catalytic e�ect on the formation of
proton conduction in wet atmospheres
It has been reported14 that perovskite oxides may
become mixed hole and proton conductors in wet
atmospheres. Protons are formed by a reaction
between water vapor and the oxygen vacancies
present in these oxides according to:

H2O�g� � VO
�� ! O�O � 2H

�
i �6�

In this case, the total conductivity is the sum of
proton and hole conductivities.

�total � �P � �H
�
i

�7�

The resistance of this material will therefore be
decreased due to the introduction of partial proton
conductivity to the total conductivity. However it
is also evident that, even in wet atmospheres, hole
conduction still plays a predominating role in the
total conductivity and the resistance of the Mg-
doped SrTiO3 sensor will follow the oxygen partial
pressure according to the standard expression.15

It is furthermore proposed16 that CO2 may react
with water vapor to form carbonate species in an
atmosphere of the coexistence of H2O and CO2

according to:

H2O� CO2()H2CO3 �8�

H2CO3()H� �HCOÿ3 �9�

HCOÿ3 ()H� � CO2ÿ
3 �10�

It is very obvious that reactions (6), (8)±(10) will
commonly contribute to the formation of protons
in an atmosphere containing both CO2 and H2O. If
the CO2 partial pressure is raised, reactions (8)±
(10) advance toward the right, forming more pro-
tons. Consequently, the resistance of the sensor is
further reduced, which may explain why the in¯u-
ence of CO2 and H2O is stronger at high CO2

contents.
It is also plausible that this proton conducting

mechanism becomes more dominant than hole
conducting in wet high-CO2 atmospheres and
therefore the resistance of the sensor commences to
depend on the CO2 partial pressure according to
reactions (8)±(10) instead of following the prevail-
ing the oxygen partial pressure dependence in dry
atmospheres. This assumption is veri®ed by the
fact that the PCO2

dependence of the resistance of
the sensor is indeed observed at high CO2 partial
pressures if replotting the data of Fig. 11 in terms
of logR versus logPCO2

as shown in Fig. 12.

4.2.3 A comparison between the Mg-doped SrTiO3

sensor and the ZrO2 sensor in the wet CO2/air gas
mixtures
The measurement was performed on both Mg-
doped SrTiO3 and ZrO2 sensors in the wet CO2/air
gas mixtures, where the ratio of CO2/air was
changed from 0 to 92%. As the oxygen partial
pressure in this gas mixture is su�ciently high
(>10ÿ2 bar), the e�ect of water on the oxygen
partial pressure might be neglected. The oxygen
partial pressure of the carrier gas was thus calcu-
lated by only considering the dilution e�ect of CO2

in air as shown in Fig. 7.
It is clear in Fig. 13 that the behavior of the

ZrO2 sensor in wet conditions is in good agreement
with the results obtained in dry conditions in Fig. 9.
It also exists a blind oxygen-detecting region at
high oxygen partial pressure region and works
properly at lower oxygen partial pressure region,

Fig. 11. Plots of logR versus logPO2
of the sensor in the wet

CO2/air gas mixtures.
Fig. 12. Plots of logR versus logPCO2

of the sensor in the wet
CO2/air gas mixtures.
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which demonstrates that water have little in¯uence
on the EMF signal response of the ZrO2 sensor.
However, it is found that the Mg-doped SrTiO3

sensor can only operate without H2O interference
at higher oxygen partial pressure (low CO2 con-
centration) region and a water interference with the
oxygen-sensing is observed in lower oxygen partial
pressure (high CO2 concentration) region. By
comparing the behaviors of these two sensors, it
can be recognised that the ZrO2 sensor can be
considered insensitive to the presence of water
vapor in the CO2-containing atmosphere. However,
the coexistence of water with high CO2 contents
may deteriorate the oxygen-sensing properties of
the Mg-doped SrTiO3 sensor.

4.2.4 Sensing characteristic to CO2 in the presence
of H2O in a non-oxygen atmosphere
Asmentioned above, the resistance of theMg-doped
SrTiO3 sensor is found to depend on the CO2 par-
tial pressure at high CO2 contents in wet atmo-
spheres. In an attempt to make a better
understanding on the CO2-sensing characteristic of
this kind of sensor in the presence of H2O, it is
necessary avoiding the cross sensitivity of the sen-
sor to oxygen in the measurement. The measure-
ment was thus performed in the wet N2/CO2 gas
mixtures. The oxygen partial pressure during this
measurement could be considered constant and
very low as the oxygen partial pressure in pure CO2

is at the same level as pure N2. Figure 14 shows the
relationship between the resistance of the sensor
and the CO2 partial pressures at various tempera-
tures. It is very interesting to observe that the Mg-
doped SrTiO3 sensor exhibits a CO2 partial pressure
dependence in a wide CO2 concentration range
from 6 to 100%, which demonstrates that the sen-
sor can be used to sense CO2 su�ciently in this
speci®c humid atmosphere.
However, the limitation for the CO2-sensing

characteristic of the sensor is that the atmosphere
should be absent of oxygen. It may be ascribed to

the fact that the Mg-doped SrTiO3 sensor usually
exhibits a primary resistance dependence on PO2

,
which is based on the equilibrium between the
oxygen of the surrounding atmosphere and the
bulk defect of this oxide according to reaction (1).
Only when this equilibrium becomes insigni®cant
in an atmosphere free from oxygen, the surface
reactions between CO2 molecules and this oxide
in the presence of water vapor described by reac-
tions6±8 are able to play a predominating role
in determining the electrical properties of this
material. It is thus assumed that Mg-doped SrTiO3

becomes a pure proton conductor in a non-oxygen
atmosphere containing both CO2 and H2O.

4.2.5 CO2-Sensing mechanism in the presence of
H2O and the absence of oxygen
A strong interaction between CO2 and water vapor
is proposed in a humid atmosphere according to:17

H2O� CO2 !K1
H2CO3 !K2

H
�

�HCOÿ3  !
K3

2H
� � CO2ÿ

3

�11�

The reaction between the water vapor and the
oxygen vacancies may also be plausible:

H2O�g� � V
��
O  !

K3 � 2H
� �12�

In this case, the charge neutrality equation can be
written by:

2�VO
�� � � �H � � � �HCOÿ3 � � 2�CO2ÿ

3 � �13�

Assuming the primary defects at lower tempera-
tures are oxygen vacancy and bicarbonate ion, then
eqn (13) is simpli®ed as:

�VO
�� � � �CO2ÿ

3 � �14�

Equation (14) can be further expressed in a func-
tion of carbon dioxide partial pressure and water

Fig. 14. Plots of logR versus logPCO2
of the sensor in the wet

N2/CO2 gas mixtures.

Fig. 13. Behaviors of the Mg-doped SrTiO3 sensor (675 �C)
and the ZrO2 sensor in the wet CO2/air gas mixtures.
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partial pressure by including all the equilibrium
constants in eqn (11) and (12):

�H � �4 � K1K2K3K4P
2
H2O

PCO2
�15�

Proton conductivity is therefore given by:

�H
�
i
� e�H

�
i
�K1K2K3K4�

1
4P1=2

H2O
P1=4
CO2

�16�

Assuming the electronic hole conduction is negli-
gible in this atmosphere and the conductivity of
proton can be regarded as the total conductivity.
According to the relationship between the resis-

tance, R, and the conductivity, �, R / 1=�, a plot
of logR versus logPCO2

should therefore result in a
straight line with a slope(ÿ1/m) of ÿ1/4 if the
temperature and the water partial pressure are kept
at constant:

logR / ÿ1=4 logPCO2
�17�

It can be seen in eqn (14) that both the curves at
675 and 710�C appear linear with a slope (ÿ1/m) of
ÿ1/5.1308 and ÿ1/4.1356, respectively, which is in
an approximation with the theoretical value m of 4
derived above.
However, it is also evident in Fig. 14 that this

linear relationship between the resistance of the
sensor and the carbon dioxide partial pressure with
a slope of ÿ1/4 disappears when the temperature is
raised to 740�C and the slope of the logR versus
logPCO2

curve becomes much sharper approaching
to a value of ÿ1/2 in low PCO2

regions. It can be
possibly explained based on two factors. First, high
temperatures and low PCO2

favor reaction (11)
advancing toward to the left and it can be then
modi®ed as reaction (18). Second, reaction (12) is
greatly diminished as the equilibrium constant K4

decreases greatly with increasing temperature.18

The formation of protons is therefore mainly due
to the following reaction:

H2O� CO2 !K1
H2CO3 !K2

HCOÿ3 �H
� �18�

which gives the proton concentration by:

�H � � � K1K2PH2OPCO2
=�HCOÿ3 � �19�

and the charge neutrality equation can be
approximated as:

�H � � � �HCOÿ3 � �20�

Combining eqns (19) and (20) leads to

�H � � � K1K2PH2>OPCO2
�21�

The proton conductivity is thus given by:

�H
�
i
� e�H

�
i
�K1K2�1=2P1=2

H2O
P1=2
CO2

�22�

which gives the theoretical value of ÿ1/2 to the
slope (ÿ1/m) of the plots (logR versus LogPCO2

). It
is worth noting that both eqns (16) and (22) indi-
cate the CO2-sensing characteristic of Mg-doped
SrTiO3 is only associated with the presence of
water vapor. This kind of sensor can be only used
to detect CO2 stably in a humid atmosphere. It is
also important that the atmosphere should be free
from oxygen for the sensor detecting CO2.

4.2.6 A comparison between the Mg-doped SrTiO3

sensor and the ZrO2 sensor in the wet CO2/N2 gas
mixtures
A comparison between the behaviors of the Mg-
doped SrTiO3 sensor and the ZrO2 sensor in wet
CO2/N2 gas mixtures was also made. As stated
above, the Mg-doped SrTiO3 sensor is found to
exhibit an interesting CO2-sensing characteristic in
this speci®c situation. However no such character-
istic is observed for the ZrO2 sensor. Water and
CO2 seem no great e�ect on the EMF signal
response of the ZrO2 sensor and only a little
changes in the EMF value is detected, which
proves the ZrO2 sensor remain its oxygen-sensing
characteristic even in this speci®c atmosphere.

5 Conclusions

This work gives a comprehensive study on the
e�ect of CO2 on the response of the Mg-doped
SrTiO3 oxygen sensors both under dry and wet
conditions. The results show that the Mg-doped
SrTiO3 sensor exhibits p-type conducting char-
acteristic and good oxygen-sensing properties in
dry atmospheres containing O2, N2 and even CO2.
CO2 gas can be thus regarded as non-in¯uential

Fig. 15. Behaviors of the Mg-doped SrTiO3 sensor (700�C)
and the ZrO2 sensor in the wet N2/CO2 gas mixtures.
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gas in dry atmospheres and the resistance of the
sensor follows the oxygen partial pressure accord-
ing to the standard expression irrespective of PCO2

changes. If CO2 coexists with water vapor, the Mg-
doped SrTiO3 sensor can only operate properly as
the oxygen sensor at CO2 concentrations below
70% and its resistance starts to deviate from the
oxygen partial pressure dependence at CO2 con-
centrations more than 80%. However, the experi-
mental results furthermore demonstrate that an
interesting CO2-sensing characteristic of the Mg-
doped SrTiO3 sensor is observed in a non-oxygen
atmosphere containing both CO2 and H2O. A
model based on defect chemistry, grain structures
and conduction mechanisms of this material is
developed to explain the experimental results satis-
factorily. It is assumed that CO2 may be absorbed
at the surface of this oxide, forming an uncharged
complex in the dry conditions. In the presence of
H2O, the surface reactions between CO2 and water
vapor are responsible for the formation of protons
in this material, leading to the reduction of the
resistance of the sensor. In a non-oxygen atmo-
sphere containing both CO2 and H2O, this oxide
may become a protonic conductor. A comparison
between the response of the Mg-doped SrTiO3

sensor and the commercial ZrO2 sensor is also
made. Generally the Mg-doped SrTiO3 can be bet-
ter used for oxygen-detecting in a dry CO2-con-
taining atmospheres. However, the ZrO2 sensor
seems more resistant to the coexistence of water
vapor with CO2 gas, which therefore shows some
advantages of ZrO2 sensor for oxygen-detecting in
wet CO2-containing atmospheres. No CO2-sensing
characteristic of the ZrO2 sensor can be observed
in this work.
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