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Abstract. Due to tightened emission limits, the efficiency of exhaust gas aftertreatment systems has to be fur-

ther enhanced. Therefore, inexpensive and robust NOx sensors are required to be installed not only in automotive exhausts, but also in any other kind of combustion-based application. In this contribution, an impedimetric NOx sensor is presented. The impedance of a functional thick film (KMnO4 , manufactured in a screenprinting technique on planar alumina substrates) depends selectively on the NOx concentration in the exhaust
but shows a dependency on the oxygen concentration. Therefore, an additional temperature-independent resistive oxygen sensor structure was integrated on the same sensor platform. BFAT (BaFe0.74 Al0.01 Ta0.25 O3−δ
(BaFe0.74 Al0.01 Ta0.25 O3−δ ) was used for this purpose, and the measurement was conducted in the dc resistance
mode. It serves not only to determine the oxygen concentration in the exhaust, but also to correct the oxygen
dependency of the NOx sensor.

1

Introduction

The emission limits for nitrogen oxides from combustion exhausts are becoming increasingly tightened over time. Various concepts exist to abate nitrogen oxide (NOx ) emissions by exhaust gas aftertreatment (Deutschmann and Grunwaldt, 2013). Monitoring such systems requires robust sensors. Commercially available NOx sensors are based on zirconium oxide and comprise a complex three-dimensional
setup with several chambers, diffusion areas, and electrodes.
They are manufactured in complex high-temperature co-fired
ceramics technology (HTCC) and are not inexpensive devices (van Basshuysen, 2002). Their sensor signal is only
in the µA range, and they show a pronounced NH3 crosssensitivity. As a cost-effective alternative, recently, an impedimetric NOx sensor was suggested. Typical NOx storage materials are used as functional materials. These materials form nitrates and nitrites under NOx impact. The chemical transformation leads to a change in the material properties (Groß, 2016; Yao and Shelef, 1973). So that NO can
be sorbed at the functional layer, it is first converted into

NO2 with O2 . In the second step, the NO2 is stored as nitrate in an oxygen-rich atmosphere over several oxidation
steps. Consequently, sufficient oxygen must be available for
the storage of nitrogen oxides (Groß, 2016; Roy and Baiker,
2009; Groß et al., 2012). If the sensor is operated at higher
temperature, above 600 ◦ C, the adsorption and desorption of
the nitrogen oxides are in equilibrium. Groß (2016) investigated the properties of NOx storage materials like barium
carbonate and potassium carbonate as pure materials as well
as deposited on manganese oxide or cerium oxide. It was
shown that potassium carbonate deposited on manganese oxide provided the best sensor behavior. Further work (Lattus
et al., 2018) confirmed the suitability of the material as a
high-temperature NOx gas sensor. If the sensor is operated
at temperatures below 600 ◦ C, the material shows the typical
storage behavior known from exhaust gas aftertreatment systems. Especially in the range from 300 to 400 ◦ C, the sensor
shows a non-reversible NOx storage in the form of nitrates.
In this temperature range, the adsorption of nitrogen oxides
predominates over their desorption. Thus, another possibility is to operate the sensor in low-temperature ranges as an
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accumulative gas sensor, also called a gas dosimeter. More
detailed information on gas dosimeters can be found in Marr
and Moos (2017), Groß (2016), Marr (2016), and Groß et
al. (2013). In the context of this study, the sensor shall be
operated as a classical concentration sensor. For this reason,
an operating temperature of 650 ◦ C and a film of potassium
permanganate (KMnO4 ) supported on lanthanum-stabilized
γ -Al2 O3 as functional materials are used.
In further studies it was found that the NOx -dependent
characteristics also depend on the oxygen content. Lower
oxygen concentrations lead not only to a lower resistivity of
the sensor material, but also to a lower sensitivity towards
NOx . Hagen et al. (2019) suggested that an additional oxygen signal may help to overcome this problem: NOx characteristic curves were taken in the lab under different oxygen and NOx concentrations. They were used to correct the
NOx sensor signal by considering the particular oxygen concentration. By that, the evaluation of dynamically changing
NOx and real diesel exhaust should be possible (Hagen et al.,
2019).
To be able to determine the influence of oxygen on the
NOx sensor film, an oxygen sensor is needed. There are
several investigations on different resistive oxygen sensors
that are suitable for harsh environmental conditions (Moos
et al., 2011). Typically, resistive oxygen sensors are operated in a temperature range above 600 ◦ C. In this range, the
volume defect chemistry governs the charge carrier density
in the material. Thermodynamics completely determine the
concentration of charged point defects like oxygen vacancies or free electrons. The sensor temperature and the ambient oxygen concentration (i.e., the oxygen partial pressure) determine the defect concentration. At a sufficiently
high temperature, the thermally activated processes of defect mobility and diffusion allow the metal oxide to interact rapidly with the surrounding gas atmosphere. An equilibrium is formed between the oxygen contained in the material and the oxygen molecules in the environment. Thus, at
high oxygen partial pressure, the oxygen molecules are incorporated into the crystal lattice by filling up the oxygen
vacancies and forming defect electrons. At low oxygen partial pressures, the process runs in the opposite direction. This
leads to a change in the conductivity of the sensor material
and can be detected as a change in its resistivity (Moseley, 1997; Moseley and Williams, 1989; Gerblinger et al.,
1995; Schönauer, 1991; Tragut and Härdtl, 1991). Such selective resistive oxygen sensors should ideally only react to
changes in oxygen concentration but not to changes in temperature. There are only a few materials that have a low or
negligible temperature dependency, like Co1−x Mgx O (Park
and Logothetis, 1977), SrMg0.4 Ti0.6 O3 (Yu et al., 1986), and
SrTi0.65 Fe0.35 O3−δ (STF35) (Menesklou et al., 1999; Moos
et al., 2003). Of these materials, STF has therefore been
very thoroughly investigated as a temperature-independent
oxygen sensor material from different groups (Menesklou et
al., 1999; Moos et al., 2011; Rothschild et al., 2005). HowJ. Sens. Sens. Syst., 9, 327–335, 2020

ever, it could be shown that STF has some problems with
sulfur poisoning in real exhaust applications. The material
is also unstable under rich conditions (Rettig et al., 2004).
Further investigations on temperature-independent oxygen
were carried out for sensors based on ceria using zirconia
to compensate for the temperature dependency (Izu et al.,
2005). Moseley and Williams (1989) therefore proposed barium iron tantalate BaFe1−x Tax O3−δ (BFT) as a temperatureindependent resistive oxygen sensor material. BFT shows
a fast and highly sensitive sensor response to changes in
the ambient oxygen atmosphere, with fewer stability issues
(Bektas et al., 2014a, b, 2018a, b). Because of that, barium
iron tantalate was used as the oxygen sensor material in this
study.
The present study combines both sensor principles on one
single device (Bleicker et al., 2020). This allows one to manufacture a combined O2 /NOx sensor to be mounted in one
position with almost no additional cost. To start with, laboratory measurements were conducted on each single element to reproduce previous results. Then, the sensor transducer was modified in a way that the NOx -sensitive as well
as O2 -sensitive layers are located together on one single platform, and both are connected with electrical feed lines. The
sensing devices were then operated in a heated furnace to
validate the basic functionality to measure both signals simultaneously with different electronic measuring devices. In
the last step, a thick-film heater was integrated. It is located
on the reverse side of the ceramic transducer to heat up both
front-side-located sensors. This enables fully self-heated operation.

2

Sensor setup and experimental details

The sensor transducer is shown schematically in Fig. 1. It
is made by using planar thick-film technology on alumina
substrates (CeramTec 708 S). On its front side, the measuring electrodes are located. They contact the sensor films.
On its reverse side, a thick-film platinum heater is integrated
for adjusting a constant operation temperature. Both sensing
parts, the NOx -sensitive as well as oxygen-sensitive functional film, require a certain operating temperature to obtain their maximum sensitivity and stability. For this reason, a meander-shaped heater structure was applied to the
reverse side of the substrate. This heating element is operated in a four-wire technique. The resistance in the area
where both gas-sensing parts are located in the sensor tip is
measured separately by two feed lines. Thus, the sensor tip
can be brought to a constant operating temperature. Temperature adjustment is controlled by the temperature-dependent
heater resistance itself, which has been calibrated before. For
this calibration a sensor device was integrated in a tube furnace in air. The resistance of the sensor heater was measured with a digital multimeter (Keithley 2700 series) in the
four-wire resistance mode. During the measurement the furhttps://doi.org/10.5194/jsss-9-327-2020
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layout with line = space = 100 µm (in an area of about 5 ×
5 mm) was used. Electrodes were made of platinum and were
also located on the front side of the transducers. Increasing NOx concentrations admixed to the base gas led to decreasing impedance values. Impedance measurements were
conducted at a constant frequency of 100 kHz (HP 4284A,
LCR-Meter). From each recorded impedance value (which
is part of a “semi-circle” in the impedance representation in
the complex plane), the resistance of the functional layer can
be determined by means of magnitude (|Z|) and phase (ϕ) as
shown in Eq. (2):
R=

|Z|
.
cos(ϕ)

(2)

When NOx is added, the resistance of the NOx sensor film
decreases. For better comparison, data were evaluated as relative change in the resistance signal (1R/R0 ). In this way
the sensor signal increases with increasing NOx concentration (Groß et al., 2013; Groß, 2016; Marr, 2016).
Figure 1. Scheme of the sensor setup (a: sensing side, b: reverse

side of the sensor with heating element); image of the sensing
side (c).

nace temperature was increased from room temperature to
750 ◦ C. With this measurement it was possible to investigate
the temperature-dependent characteristic curve of the heater
in Eq. (1):
ϑ(R) = 0.5404

◦C

2

· R 2 + 33.454

◦C



· R − 222.48 ◦ C,

(1)

where R is the resistance of the heater and ϑ is the resulting
temperature of the heater structure.
For all measurements, a lab setup to provide synthetic
gas mixtures was used. In such a test bench, different gas
flows are controlled by mass flow controllers. For an additional control of the adjusted gases, the signal of a wideband
lambda probe type LSU 4.2 (Bosch) was recorded during all
experiments.
2.1 NOx sensor film

In the present work, the NOx sensor film consisted of
potassium permanganate (KMnO4 ) supported on lanthanumstabilized γ -Al2 O3 . It was produced by the “incipient wetness impregnation” method (Marr, 2016; Groß, 2016; Roy
and Baiker, 2009; Haukka et al., 1999). For this, potassium permanganate is dissolved in water and impregnated
in several steps on lanthanum-stabilized γ -Al2 O3 powder
(3 % lanthanum content) as described in Marr (2016). Out
of this powder, a screen-printable paste was produced to
apply the gas-sensitive film as a thick film on top of also
screen-printed electrode structures. Therefore, an interdigital
https://doi.org/10.5194/jsss-9-327-2020

2.2 O2 sensor film

For the oxygen measurement, two additional platinum electrodes were applied on the front side in the space between the
IDE feed lines. In contrast to former investigations (Bektas et
al., 2014a, 2018a), a two-wire technique was used instead of
a four-wire technique to derive the sensor resistance.
The oxygen sensor material barium iron tantalate
(BaFe0.74 Al0.01 Ta0.25 O3−δ , abbreviated as BFAT) was produced using the conventional mixed-oxide technique (Azad
and Hon, 1998; Bonne et al., 2011). The starting materials were commercially available BaCO3 (Alfa Aesar,
99 %), Fe2 O3 (Alfa Aesar, 98 %), Al2 O3 (Almatis, CL3000,
99.8 %), and Ta2 O5 (Alfa Aesar, 99 %). These powders were
filled together with grinding tools and the grinding medium
cyclohexane into ZrO2 milling bowls of a planetary ball mill.
The mixture was ball-milled at 180 min−1 for 4 h and dried
for 1 d at 200 ◦ C. Afterwards the homogeneously mixed powder was calcined in a chamber furnace in air at 1350 ◦ C for
15 h. To further reduce the particle size, the powder was ballmilled again in the planetary ball mill and dried at 200 ◦ C
for 1 d. The powder was then sieved with 90 µm meshes
(Bektas et al., 2014a). Here also, the powder was processed
to a screen-printable paste and applied as a thick film on
top of the contacting electrodes. The oxygen-concentrationdependent resistance between the two electrodes was measured with a digital multimeter (Keithley 2700 series) in the
dc mode.
3

Preliminary tests

3.1 NOx sensor film

Figure 2 shows a first examination of the NOx -sensitive film.
During the whole period the sensor was kept at a constant
J. Sens. Sens. Syst., 9, 327–335, 2020
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operating temperature of 650 ◦ C using the integrated heater.
The sensor was exposed to a base gas that consisted of 15 %
O2 , 3 % CO2 , and 3 % H2 O with N2 as a balance. In the
course of the tests, NO, CO, NH3 , H2 , NO2 , or C3 H8 were
added in different concentration levels. In a second step, the
base gas was changed to 5 % O2 , 8 % CO2 , and 8 % H2 O balanced by N2 , and the mentioned gases were added again. The
base gas compositions represent two typical lambda states
occurring in real-world application. Since the existing oxygen concentration can be converted into lambda, the oxygen concentration is used for further consideration. In the
upper half of the diagram in Fig. 2, the concentrations of
the added gases are plotted over time. In the lower half, the
oxygen concentration and the resulting measuring signal of
the NOx sensor film are shown. For better comparison, the
data are normalized as relative change in the resistance signal (|1R/R0 |). For the base gas with a higher oxygen concentration (15 % O2 , 3 % CO2 , and 3 % H2 O), the NOx sensor signal responds to NO and NO2 admixture as known from
Groß et al. (2013). As soon as NO or NO2 is added to the
base gas, the sensor resistance decreases. However, a crosssensitivity to NH3 is visible as well. The sensitivity to NH3 is
in a similar range to the sensitivity to NO or NO2 . CO, H2 , or
C3 H8 do not interfere. If the oxygen concentration decreases,
an increase in the signal of the NOx -sensitive film can be observed. The sensor response to NO, NO2 , and NH3 in that atmosphere with lower oxygen content (5 % O2 ) behaves similarly to in the previous base gas level. Even more, it can
be seen that the sensitivity also decreases at lower oxygen
levels. So, it is necessary to correct the NOx results by secondary information about the actual oxygen concentration.
One possibility is to derive data from another sensor device
that might be installed anyway (e.g., lambda probe). Many
applications might not give this opportunity, and it would
generate additional costs. Ideally, the oxygen measurement
takes place directly on the same sensor transducer as the NOx
measurement is carried out. Furthermore, a drift in the sensor
signal can be observed, which may indicate that the operation
temperature of the NOx sensor film is too low. More details
on the drift behavior are given in Sect. 4.2.
3.2

Oxygen sensor film

As indicated above, the BFAT oxygen sensor film was also
investigated separately for a first characterization. These investigations were carried out by installing the sensor in a tube
furnace utilizing a sample holder. Here, an O2 variation in N2
was carried out, with 10 % O2 in N2 representing the base
level. At the used experimental setup, the gas feed lines are
not heated, so it was not possible to add water to the base
gas. The furnace heats both the test gas and the oxygen sensor to different operating temperatures, here 600, 650, 700,
and 750 ◦ C. The obtained result data can be seen in Fig. 3,
plotted as relative resistance changes over time, with R0 being the resistance at 10 % oxygen. At all temperatures, the
J. Sens. Sens. Syst., 9, 327–335, 2020

Figure 2. Sensor test procedure (a) and response of the NOx sensor

film (b) to NO, NH3 , CO, H2 , NO2 , and C3 H8 ; sensor temperature:
650 ◦ C; composition 1: 15 % O2 , 3 % CO2 , 3 % H2 O balanced by
N2 until 3700 s; composition 2: 5 % O2 , 8 % CO2 , 8 % H2 O balanced by N2 after 3700 s.

sensor responds clearly and quickly to the target gas oxygen
(please note that the sensor response and recovery times are
limited by the test bench to at least 40 s). The oxygen step
closest to the real-world application in Fig. 3 is between 1 %
O2 and 10 % O2 . Here, the sensor signal changes by 62 %.
For comparison, a temperature change of 100 ◦ C results in
a signal change of 6 %. Thus, the temperature dependency
can be considered relatively low. The sensor signal reaches a
stable final value for each oxygen level. For 600 and 650 ◦ C
the sensor response returns to its initial level, except when
changing from pure oxygen to a lower level. However, this
extreme case will not occur in real exhaust applications. This
corresponds to the optimum operating temperature of 650 ◦ C
for the NOx sensor film. Thus, all subsequent measurements
were carried out with a sensor temperature of 650 ◦ C. In realworld applications, temperature fluctuations of the exhaust
may cause small changes in the sensor temperature. In the active heating mode, the sensor temperature is controlled by a
four-wire heater. The four-wire resistance of the heater indicates the temperature applied to the sensor and can therefore
be used for mathematical temperature compensation.
4
4.1

Multi-gas sensor test: results and discussion
Without integrated heater (“passively heated”)

In the second step, functional tests were carried out with sensor devices comprising both sensor films on one substrate.
A sensor was installed in a tube furnace again to ensure the
https://doi.org/10.5194/jsss-9-327-2020
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Figure 3. Response of the oxygen sensor film at different temperatures, heated by a tube furnace (“passively heated” sensor); O2
variation balanced in N2 : 0.1 %, 1 %, 10 %, 100 %.

constant operating temperature of 650 ◦ C. Starting with the
base gas composition of 15 % O2 and 3 % CO2 (all balanced
in N2 ), two additional base gas compositions (composition 2:
7.5 % O2 and 6.5 % CO2 ; composition 3: 2 % O2 and 10 %
CO2 ) were investigated. To each of these three base gases,
NO was added in three steps (100, 600, 1200 ppm). Figure 4
shows the relative resistance changes in the NOx sensor film
(red) and the oxygen sensor film (black) over time. In the
lower part of the diagram, the different gas compositions are
shown by means of their oxygen concentration. The oxygen
sensor film responds in a stable manner to the changing oxygen concentrations. Also, no cross-sensitivity towards NO
can be detected. Likewise, the base level from the beginning of the test (at 15 % oxygen) is also reached again at
the end after approximately 4000 s. From the impedance of
the NOx sensor film, the NO levels are clearly reflected, not
depending on the base gas compositions. As in the previous measurements, the sensitivity of the NOx response decreases with decreasing oxygen concentration. Both data sets
show low noise. This verifies the possibility of integrating
an impedance-based and a dc-resistance-based measurement
within one device without electrical interferences.
4.2

Self-heated device (“actively heated”)

The final step was to realize a stand-alone device by utilizing the integrated heater for temperature control and operate the sensor as a self-heated device. For this purpose, a
complete transducer (as introduced in Fig. 1), comprising
both sensor films on the front side and also the heater on
the reverse side, was mounted in a gas-tight stainless-steel
housing. Four connections on each side of the substrate were
made by clamping in a sensor holder. This device was integrated into a 120 ◦ C heated chamber, so that no water could
condense, and then exposed to different gases (NO, NH3 ,
CO, H2 , NO2 , and C3 H8 ) in two different base gas composihttps://doi.org/10.5194/jsss-9-327-2020
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Figure 4. Initial test of the multi-gas sensor consisting of the NOx

sensor film and the BFAT oxygen sensor film, heated by a tube furnace at 650 ◦ C (“passively heated” sensor); NO variation (100, 600,
1200 ppm) at three different compositions: composition 1: 15 % O2
and 3 % CO2 ; composition 2: 7.5 % O2 and 6.5 % CO2 ; composition 3: 2 % O2 and 10 % CO2 , all balanced in N2 .

tions (composition 1: 15 % O2 , 3 % CO2 , 3 % H2 O, balanced
by N2 ; composition 2: 5 % O2 , 8 % CO2 , 8 % H2 O, balanced
by N2 ). The sensor operation temperature of 650 ◦ C was provided by the reverse side heater using Eq. (1).
Results are shown in Fig. 5. In the upper part of the
diagram, the concentrations of the added gases are given.
The lower part of the diagram shows the relative resistance change in the NOx sensor film (red) and the oxygen
sensor film (black). In addition, the oxygen concentration
(blue), measured by a wideband lambda probe type LSU 4.2
(Bosch), is also given. The NOx sensor film shows the expected response towards NO and NO2 as in the previous
tests. Also, the cross-sensitivity to NH3 can be seen again.
In addition, the sensor baseline resistance increases, and the
sensitivity of the NOx sensor film decreases with decreasing
oxygen concentration. It is possible, however, that the change
in the baseline resistance is not caused by the change in the
oxygen concentration but rather by the simultaneous increase
in water content. Groß (2016) showed that at high sensor
temperatures (about 420 ◦ C) water competes with NOx for
the storage spaces and thus leads to a decrease in resistance,
but this has to be studied more in detail in future investigations. Furthermore, it is shown again that further components
of the exhaust (CO, H2 , and C3 H8 ) do not affect the sensor
response. Concerning the oxygen sensor film, the influence
of oxygen is clearly visible (black). Additionally, an existing but very low cross-sensitivity to NO2 can be recognized.
Older studies of BFAT showed that BFAT becomes sensitive
to gases like NO and NO2 if the sensor temperature is too
low (Bektas et al., 2014a). However, the effect is different
for both base gas compositions (increasing at higher oxygen
concentration and decreasing at lower oxygen concentration)
and is yet understood. Moreover, a drift behavior of both senJ. Sens. Sens. Syst., 9, 327–335, 2020
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Figure 6. Characteristic curve of the O2 -sensitive functional layer;

sensor temperature: 650 ◦ C; O2 variation balanced by N2 : 2 %,
3.5 %, 5 %, 7.5 %, 10 %, 13.5 %, and 15 %.

Figure 5. Sensor response of the actively heated NOx sensor film
(red) and the oxygen sensor film (black) of a multi-gas sensor
to NO, NH3 , CO, H2 , NO2 , and C3 H8 ; sensor temperature: 650 ◦ C;
composition 1: 15 % O2 , 3 % CO2 , 3 % H2 O balanced by N2 until
3700 s; composition 2: 5 % O2 , 8 % CO2 , 8 % H2 O balanced by N2
after 3700 s.

sor signals is noticeable over the whole measurement. This
also indicates that the sensor temperature may be too low.
The sensor temperature is set by the heater on the reverse
side of the sensor. Due to flow effects and heating losses,
the temperature at the sensing part is lower than on the heating side. As explained in Sect. 1, the sensor films have to be
operated in a temperature range above 600 ◦ C. If the temperature of the O2 sensor film is too low, the sensor responds
more slowly to the ambient gas atmosphere, as described in
Sect. 1. This may cause a drift behavior of the O2 sensor film.
At the NOx sensor film, on the other hand, too low temperatures lead to a slower desorption of the nitrogen oxides from
the gas-sensitive materials. This would explain a drift in the
NOx sensor response. To keep the temperature at a higher
level, changes in the heater design will be tested.
5

Correction of the NOx signal using simultaneous
O2 measurement results

The integrated oxygen sensor film allows for correction of
the influence of the oxygen concentration on the NOx sensor
response. For this purpose, a detailed characteristic curve of
the oxygen sensor film at a sensor temperature of 650 ◦ C was
recorded in synthetic exhaust gas only consisting of oxygen
and N2 . As can be seen in Fig. 6, the correlation between
resistance change and oxygen concentration can be approximated by a second-degree polynomial in Eq. (3):

J. Sens. Sens. Syst., 9, 327–335, 2020

Figure 7. NO characteristic curve of the NO-sensitive layer for dif-

ferent oxygen concentrations; sensor temperature: 650 ◦ C; composition 1: 15 % O2 , 3 % CO2 , 3 % H2 O balanced by N2 ; composition 2: 5 % O2 , 8 % CO2 , 8 % H2 O balanced by N2 ; NO variation:
100, 300, 600, 900, 1200, 1500 ppm.


cO2

|1R|
R0


= 14.81 % − 0.83 ·



|1R|
|1R| 2
1
+ 0.013 ·
. (3)
R0
%
R0

This calibration curve enables us to determine the oxygen
concentration from the sensor signal. Such characteristic
curves at a sensor temperature of 650 ◦ C were also taken for
the NOx sensor film. Here the NO concentration was varied
between 100, 300, 600, 900, 1200, and 1500 ppm for two gas
compositions with different oxygen concentrations (composition 1: 15 % O2 , 3 % CO2 , 3 % H2 O; composition 2: 5 %
O2 , 8 % CO2 , 8 % H2 O; both compositions are balanced by
N2 ). The results are shown in Fig. 7. Again, the dependency
of the sensitivity towards NOx on the oxygen concentration
becomes clear. The characteristic curves of the NOx sensor
can also be expressed by second-degree polynomials. The
characteristic curves for 15 % and 5 % oxygen are shown as
examples. The characteristic curve for base gas with 15 % O2
https://doi.org/10.5194/jsss-9-327-2020
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Figure 8. Resulting sensor signal after application of the charac-

teristic curve correction; sensor temperature: 650 ◦ C; concentrations of the dosed gases NO (100, 300, 500 ppm), NO2 (100 ppm,
300 pm), and NH3 (100 ppm, 300 pm) added in the diagram; composition 1: 15 % O2 , 3 % CO2 , 3 % H2 O balanced by N2 until
3700 s; composition 2: 5 % O2 , 8 % CO2 , 8 % H2 O balanced by
N2 after 3700 s.

is given by Eq. (4):


|1R|
ppm |1R|
cNOx
= 39.45 ppm + 28.64
·
R0
%
R0

2
|1R|
ppm
.
+ 2.70 2 ·
R0
%

Conclusion and outlook

It was shown that two different sensors working with different operation principles can be integrated on one sensor
platform. Both the separate and simultaneous operations of
the functional layers were demonstrated. Even self-heating
by a reverse side heater is possible without influencing the
simultaneous measurement. The presented NOx sensing device shows a characteristic which depends on the ambient
oxygen concentration. By the simultaneous operation of both
functional layers it is possible to correct this influence and
enhance the NOx sensor’s performance. In further investigations the reasons for the observed drift behavior of both
sensor signals have to be found out. Therefore, the influence
of the sensor temperature and the influence of temperature
homogeneity on the sensor signal will be investigated. Also,
the influence of water will be tested in further studies.

Data availability. All relevant data presented in the article are

stored according to institutional requirements and, as such, are not
available online. However, all data used in this paper can be made
available upon request to the authors.

(4)

For an oxygen concentration of 5 %, the characteristic curve
is represented by Eq. (5):


|1R|
ppm |1R|
·
cNOx
= −50.67 ppm + 92.43
R0
%
R0

2
|1R|
ppm
+ 4.97 2 ·
.
(5)
R0
%
When the coefficients of the polynomials from Eqs. (4)
and (5) as well as other NOx characteristic curves for fixed
oxygen concentrations are plotted as a function of the oxygen concentration, the results are second-degree oxygendependent polynomials. The coefficients in Eqs. (4) or (5)
can thus be represented as a second-degree polynomial,
which is dependent on the oxygen concentration. So it is possible to replace both equations with a second-degree polynomial with oxygen-dependent coefficients. Due to the drift behavior in Fig. 5, a linear adjustment of the base level was additionally carried out by determining the slope between the
first measurement point and the last measurement point at
the higher oxygen concentration. The same procedure was
used for the lower oxygen concentration, so the drift behavior
could be corrected here as well. The described correction of
the sensor behavior is applied to the signals shown in Fig. 5.
The sensor signal is converted directly into a NOx concentration. The result of the correction can be seen in Fig. 8. It
can be seen that the influence on the oxygen concentrationdependent decrease in the sensitivity of the NOx sensor signal is much less pronounced.
https://doi.org/10.5194/jsss-9-327-2020
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