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Abstract. By applying the pulsed polarization technique, a thimble-type lambda probe can be used as a NOx

sensor in the low ppm range. Due to the robustness of the sensor in harsh exhaust gas environments, this approach

has many opportunities for application. The temperature operating range for best NO sensing properties is a cru-

cial parameter. The sensor temperature changes with the ambient gas temperature, but can be stabilized actively

by internal heating in a certain temperature range. This study evaluates in detail the temperature influence on NO

sensitivity, so that an optimum operating point can be derived from these results using a dynamic measurement

technique. Stepwise NO concentration changes between 0 and 12.5 ppm in synthetic exhausts demonstrate the

potential of the concept.

1 Introduction

Environmental issues like acid rain and smog are caused by

oxides of nitrogen (NOx), so that strong emission regulations

have been introduced for automotive emissions. For active

emission control of automotive exhausts, NOx detection in

the low ppm range is important – without cross-sensitivities

to other exhaust components. Despite many approaches in

the past years, which are reviewed in the literature (Zhuiykov

and Miura, 2007; Fergus, 2007; Guth and Zosel, 2004), only

one type of NOx sensor has made it to series production. This

sensor is a derivative of the planar oxygen sensor manufac-

tured in planar zirconia ceramic technology (Riegel et al.,

2002; Moos, 2005). Due to the complex setup of this am-

perometric double pumping cell (Siegberg and Kilinc, 2014;

Kato et al., 1996), cost issues must always be considered, es-

pecially with respect to the low sensitivities of the sensor raw

signal of only a few nA ppm−1 NO (Kato et al., 1996), which

requires costly circuitry and may also lead to a reduced ac-

curacy (Kim and Van Nieuwstadt, 2006).

The thimble-type lambda probe is a well-known robust

and reliable sensor that can be operated especially in the ex-

hausts of internal combustion engines between a few hun-

dred ◦C and almost 1000 ◦C (Baunach et al., 2006). As

shown in previous works, it is possible to operate a com-

mercial thimble-type lambda probe as a promising NO sen-

sor just by applying a so-called pulsed polarization technique

(Fischer et al., 2010). For this method, voltage pulses of alter-

nating signs with intermediate depolarization phases (Fischer

et al., 2010, 2012a, 2013) are applied. The self-discharge

voltage (open circuit voltage) after each polarization pulse

is strongly affected if NO is present in the exhaust. Since the

properties of this sensor element of oxygen ion conducting

yttria stabilized zirconia (YSZ) with porous platinum elec-

trodes also change widely with temperature, “temperature”

is a parameter with a large influence on the sensor response

to NO.

Thimble-type lambda probes can be heated internally by

the already available internal rod-type heater so that the sen-

sor temperature can be controlled independently of the outer
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Figure 1. Thimble-type lambda probe (scheme, adapted from

Moos, 2006).

exhaust gas temperature (in the case of a lower outer temper-

ature compared to the desired sensor temperature).

This study raises and answers the question of whether the

lambda probe can be applied as a NO sensor in a large tem-

perature range only by controlling the heater voltage depend-

ing on ambient temperature. This information is essential for

the development of an operating strategy and a possible sen-

sor application. The target operation temperature is in the

range of about 400 ◦C.

For that purpose, the discharge curves of the sensor af-

ter polarization pulses as well as polarization currents during

voltage pulses are recorded at different external gas temper-

atures and internal heater voltages.

2 Experimental

2.1 Measurement setup

Thimble-type lambda probes are well known and have been

described by many authors (Riegel et al., 2002; Moos, 2005;

Baunach et al., 2006). The illustration of a commercial

thimble-type sensor is shown in Fig. 1.

The porous Pt reference and exhaust electrodes on yttria

stabilized zirconia (YSZ), which is an oxygen ion conduc-

tor at temperatures above 350 ◦C, separate the reference and

the exhaust side. Due to the thimble-type design, the atmo-

sphere of the inner electrode is on a well-known oxygen par-

tial pressure reference level (pOref
2 ). Considering the chang-

ing oxygen content at the outer exhaust electrode (pOexhaust
2 ),

a sensor voltage according to Nernst forms. It depends on the

ratio of the oxygen partial pressure at both electrodes (Riegel

et al., 2002):

UNernst =
RT

4F
ln

pOexhaust
2

pOreference
2

, (1)

with the known temperature T , the universal gas constant

R and Faraday’s constant F . The outer electrode is coated

with a thick porous protection layer, mainly consisting of
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Figure 2. Scheme of the pulsed polarization technique with corre-

sponding signs of electrode polarization of the thimble-type lambda

probe and illustration of how U∗ is evaluated.

MgAl2O4 spinel to ensure long-term stability in the harsh ex-

haust gas environment. The minimum sensor temperature of

350 ◦C for sufficient oxygen ion mobility is controlled by ap-

plying a heater voltage (Uheater) to an internal rod-type heater,

so that a metering voltage (US) between the outer sensing and

inner reference electrode occurs according to Eq. (1).

To evaluate the temperature range for NO sensing by ap-

plying the dynamic measurement technique, various temper-

atures are adjusted by different gas temperatures Tgas from

300 to 450 ◦C in 50 ◦C steps without internal heating. Addi-

tionally, the sensor response is investigated at different heat-

ing voltages. For that purpose, Uheater was varied from 0 to

10 V in 1 V steps, which are applied at a constant gas tem-

perature Tgas = 350 ◦C.

The gas composition used as a baseline for the measure-

ments contains 10 % oxygen with a humidity level of 3 %

absolute and a flow rate of 1 L min−1. The NO response is

evaluated by adding 12.5 ppm of this gas.

2.2 Pulsed polarization technique

The pulsed polarization technique is a dynamic measurement

method. Voltage pulses of alternating signs but equal ampli-

tudes and discharges pauses in between are applied (Fischer

et al., 2010, 2012b). After polarization, the open circuit dis-

charge curves are recorded during the discharge phase. Fig-

ure 2 illustrates a typical single-measurement process. The

discharge curves are strongly dependent on the NO concen-

tration in the exhaust. This is also schematically depicted

in Fig. 2. The signs of the polarization pulses as related to

the design of the thimble-type lambda probe are depicted as

well. During the negative voltage pulse (as it is defined here),

the negatively charged oxygen ions are pumped to the outer

atmosphere driven by the higher potential of this electrode.

During opposite polarization sign, the ions are transported to

the inner reference electrode.

To obtain a single NO concentration value, for example at

defined parameters Tgas and Uheater or at a defined gas com-
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position, the evaluation of the whole discharge curve with

many measured points would be too time-consuming. There-

fore, only one parameter characterizing the discharge curve

is used. The slope of the discharge curves dU/dt , which is fit-

ted between 2 and 3 s after the polarization pulse, is used as

an indicator for the analyte concentrations in the investigated

exhausts. The extrapolation to 10 s defines the sensor output

signal, the voltage U∗. The process of how U∗ is evaluated

is also illustrated in Fig. 2 for positive and negative polariza-

tion.

Many parameters of the dynamic measurement technique

can be varied to optimize the setup for NO sensing. The

optimum parameter for NO detection by the pulsed polar-

ization method was found in a previous study by applying

a polarization amplitude of UA = 2.5 V with a pulse dura-

tion of t0 = 1 s and a subsequent discharge time duration of

t1 = 10 s. Using these defined voltage pulses of alternating

sign, high NO sensitivities in a low ppm range are measured

as already shown previously (Fischer et al., 2010, 2012a,

2013).

In addition to discharge voltage evaluation between al-

ternating polarizations, the polarization current (Ipol) dur-

ing the polarization pulses is recorded. The current value

is temperature-dependent, since the resistance of the oxygen

ion conducting YSZ changes. Therefore, this parameter can

be used as a good temperature indicator.

3 NO sensitivity at temperature variation

As described in Sect. 2.1, the sensor temperature is varied

actively using different heating voltages and passively only

by changing the gas temperatures. The NO sensitivities are

evaluated for each of these methods.

3.1 Sensor operation temperature dependence due to

gas temperature variations

When increasing the ambient exhaust temperature, the sen-

sor temperature changes accordingly. The polarization cur-

rent curves during positive and negative polarization pulses

are shown in Fig. 3 for gas temperatures in the range from

Tgas = 300 to 450 ◦C. For that investigation, the heater volt-

age Uheater was set to zero, so that no additional heating oc-

curred. Due to heat loss through the sensor mount, the sensor

temperature is roughly 10–20 ◦C less than the gas temper-

ature. As already known from the literature (Fischer et al.,

2013), the pulse voltage was UA = 2.5 V for a pulse duration

of t0 = 1 s.

The final values after 1 s were further evaluated. Due to

high resistance at low temperatures, a current of only 35 µA

at 300 ◦C flows, which is too low for electrode polarization

including charge separation. Only if the temperature exceeds

about 350 ◦C is the oxygen ion mobility of YSZ sufficiently

high enough so that a noticeable and time-dependent polar-

300 °C 
350 °C 

400°C 

420°C 

450°C 

eDuring negative pulse
During positive pulse

Figure 3. Polarization currents Ipol during positive and negative

pulses at various gas temperatures (Tgas) as indicated.

ization current occurs. At 450 ◦C, the current is increased by

a factor of 40 compared to 300 ◦C.

The current of both polarization processes with oppo-

site signs can be separated into two phases. After a time-

dependent phase at the beginning, the current becomes al-

most stationary. The time dependency can be seen above

350 ◦C. It is assumed that starting from that point, a suffi-

cient electrode polarization with associated charge separation

occurs. During the stationary current at the end of the polar-

ization process, only oxygen ions were pumped through the

ion-conducting YSZ without an effect on charge separation

and polarization magnitude.

The temperature-dependent polarization currents for pos-

itive and negative voltage pulses are almost the same, but a

closer look reveals differences in their time-dependent be-

havior. At the beginning of pulses, the absolute value of the

current during negative polarization pulses is higher level and

decreases more strongly with time compared to the opposite

sign. The stationary current at the end of polarization is, on

the other hand, clearly lower. This may be caused by two ef-

fects. The stationary current at the end of polarization, which

can be interpreted as oxygen pumping through the ion con-

ductor YSZ without an additional effect of polarization, is

dependent on transport of oxygen to the electrode surface and

removal of oxygen from the surface at the opposite electrode.

These differences in oxygen transport during both polariza-

tion signs can be explained by different gas volumes, which

are available for oxygen exchange. The reference atmosphere

at the inside of the thimble-type sensor contains less gas vol-

ume so that the oxygen transport is limited compared to oxy-

gen transport from the outer gas atmosphere to the inner ref-

erence electrode. The current differences at the beginning of

the polarization, however, are caused by different depolariza-

tion voltages at the end of the depolarization pause. This is

reported in detail in Fig. 5a and b below. After a positive po-

larization pulse, the voltage is at a higher voltage level (e.g.,

at 420 ◦C: ∼+300 mV) compared to the opposite polariza-
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Figure 4. Arrhenius-like dependency of the calculated resistance

with an activation energy of 0.91 eV.

tion sign (e.g., at 420 ◦C: ∼+50 mV). The effective voltage

difference |Uend of epolarization−Usubsequent voltage pulse | to the

subsequent 2.5 V voltage pulse is higher at negative polar-

ization [+300 mV−(−2.5 V)= 2.8 V] compared to positive

polarization [50 mV−2.5 V=−2.45 V]. With this consider-

ation the higher polarization current of 120 µA at 420 ◦C at

polarization with a negative voltage pulse can be explained

by the Ohmic law 1I =1U/R with respect to a resistance

of 3 k�[1I = 350 mV /3 k�∼ 120 µA].

Due to the Ohmic law U = R · I , the temperature-

dependent current correlates with a decreasing resistance.

During polarization pulses with applied voltage amplitudes

UA = 2.5 V each, the following resistances calculated from

the final values of the polarization current (Ipol) after 1 s

were further evaluated, and their temperature dependency is

shown in the Arrhenius-like diagram of Fig. 4 according to

Rcalculated = UA/Ipol. For that evaluation the mean values af-

ter both polarization signs are used.

The activation energy of 0.91 eV agrees with the literature

and is typical for 8 mol % stabilized zirconia (Badwal, 1992).

After a polarization pulse of 1 s, the self-discharge curves

(open circuit voltages) are recorded for 10 s between the

pulsed voltages with alternating sign as shown in Fig. 5a

and b.

At temperatures below 300 ◦C, discharging after applied

voltage pulses is very fast after both polarization signs, so

that already 1 s after the applied voltage pulse voltages, only

a few 10 mV occur. These measurements are not shown here,

because at this low temperature regime almost no oxygen ion

conductivity exists and polarization is negligible. At 300 ◦C,

a polarization including charge separation occurs, so that a

distinct discharge voltage is measured after both polarization

signs, whereby the voltage after a positive polarization sign is

50 mV higher. This polarization correlates with a significant

polarization current as already discussed.

300 °C 

450°C 

400°C 
420°C 
350°C 

300 °C 

450°C 

400°C 
420°C 
350°C 

(a)

(b)

Figure 5. (a) Discharge voltage after positive voltage pulse at vari-

ous temperatures. (b) Discharge voltage after negative voltage pulse

at various temperatures.

After positive voltage pulses, the voltage is shifted to a

more positive voltage up to 400 ◦C, so that the discharging

is delayed further on by increasing temperature. However, it

is apparent from observing alternating polarization signs that

there is another underlying effect due to the completely dif-

ferent behavior after negative voltage pulses. Due to oxygen

contents of 10 % at the outer electrode and 20 % at the ref-

erence electrode, an offset voltage occurs starting from this

temperature range. After negative voltage pulse, the offset

voltage is visible at 350 ◦C and especially at 400 ◦C, with a

corresponding voltage of 80 mV after 10 s.

This offset voltage occurs due to the Nernst Eq. (1)

UNernst =
RT
4F

ln
pOexhaust

2

pOref
2

, which indicates the oxygen gradi-

ent between the electrodes and increases with temperature.

Thus, the same voltage in sign and amplitude overlies the

whole discharge curve at temperatures at 350 ◦C and higher.

The slowest discharge occurs at 400 ◦C with a correspond-

ing voltage of 300 mV after 10 s. At higher temperatures (420

and 450 ◦C) the sample discharges faster for both polariza-

tion signs. The resistance R decreases by further increasing

temperatures (cf. Fig. 4), which leads to the observed faster

discharge. At these high temperatures, the voltage decay is
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Figure 6. Voltage differences 1US with 12.5 ppm compared to a

measurement without NO in the base gas. 1–11 s: discharge after

positive polarization. 12–22 s: voltage difference after negative po-

larization. Parameter: Tgas.

accelerated despite the strong polarization and overlying off-

set voltage. Thus, the decreasing resistance dominates the

discharge behavior and the Nernst voltage is only less vis-

ible.

The main question is, however, how the temperature varia-

tion influences the NO sensitivity. For that purpose, 12.5 ppm

NO are dosed additionally to the base gas. To evaluate the

NO effect on the discharge voltage, the voltage differences

1US(t)= U
base gas

S (t)−U
12.5 ppm NO

S (t) between the curves

with NO and without NO in the base gas are calculated for

the whole discharge process as shown in Fig. 6.

The voltage differences regarding 12.5 ppm NO are dif-

ferent for both polarization signs and are dependent on the

discharge time. At the lowest investigated temperature of

300 ◦C, almost no effect of NO after positive polarization

occurs, whereas after opposite polarization sign, a voltage

difference of around 40–50 mV occurs. The maximum sig-

nal is measured at the beginning of the discharge and de-

creases later slightly. At higher temperatures (350–400 ◦C)

the time-dependent voltage differences 1US are similar in

curve shape and amplitude for both polarizations of oppo-

site sign. This corresponds to accelerated discharging in NO-

containing atmospheres, in contrast to the base gas.

After positive voltage, the response to NO decreases when

the temperature is further increased, so that at the highest

investigated temperature of 450 ◦C there is only an almost

constant voltage difference 1US of a few mV. In contrast

to that, the NO effect after negative polarization voltage is

markedly increased at temperatures above 400 ◦C, so that

a strong time-dependent voltage response is measured. The

maximum voltage difference regarding 12.5 ppm NO occurs

at 450 ◦C and it is about 70 mV at the end of the discharge

time.
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Figure 7. Polarization currents Ipol (logarithmic scale) at various

heater voltages and Tgas = 350 ◦C.

3.2 Sensor operation temperature dependence due to

heater voltage variations

Applying a defined heater voltage is an alternative method

to vary the sensor operation temperature. The active heating

of the sensor causes a temperature difference 1T between

the inner and outer electrodes, in contrast to passive heating

by changing the gas temperature as described in Sect. 3.1.

To reduce this temperature difference 1T and an associated

thermoelectric voltage overlaying the discharge curves, the

ambient gas temperature was set to 350 ◦C and the heater

voltage was varied in 1 V steps between 0 and 10 V. The po-

larization current was measured during polarization pulses of

1 s (UA = 2.5 V). The results are plotted in Fig. 7; for clarity

reasons, only results for even heater voltages are displayed.

With increasing heater voltages, the current increases as

well, from almost 200 µA without additional heating at a gas

temperature of 350 ◦C up to about 4 mA with an additional

heating voltage of 10 V. In agreement with Fig. 3, the polar-

ization current is time-dependent at temperatures of 350 ◦C,

which corresponds to the measurement without active heat-

ing. By increasing the temperature, the time dependency be-

comes stronger, so that a current difference of 800 µA is

recorded between the beginning and the end of polarization

pulse at a heating voltage of 10 V (due to the logarithmic

scaling of the ordinate, this effect is barely visible in Fig. 7).

The difference between the opposite polarization signs is less

marked compared to the gas temperature influences, but still

noticeable. Thus, the same explanation as before can be sup-

posed: the various gas volumes, which are available at outer

and inner electrodes, and the different amount of pumped

oxygen ions causes the differences.

As before, the resistance R is calculated from the polariza-

tion current during the polarization pulse.

Due to the temperature increase, the resistance Rcalculated

drops down from nearly 13 k� without active heating to

630 � at Uheater = 10 V (Fig. 8). If one compares the resis-

tances with gas temperature variation with the one shown in

Fig. 4, the highest investigated temperature of 450 ◦C corre-
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Figure 8. Influence of the heater voltage on the polarization current

Ipol and the calculated resistance Rcalculated at Tgas = 350 ◦C.
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Figure 9. (a) Discharge voltage after positive voltage pulse at var-

ious heater voltages and Tgas = 350 ◦C. (b) Discharge voltage after

negative voltage pulse at various heater voltages and Tgas = 350 ◦C.

sponds to an additional heating voltage of about 8 V, in con-

junction with a gas temperature of 350 ◦C.

The influence of the active heating on the discharge curves

at base gas is shown in Fig. 9a and b for both polarization

signs.

As shown in the section before, the discharge curves after

opposite signs are not symmetrical with the zero line due to

the non-symmetric sensor design and the overlaying offset

voltage according to Nernst. Without additional active heat-

ing, the discharge curves are equal to the curve for 350 ◦C

shown in Fig. 5a and b, including strong polarization due

to sufficiently high charge transport. The discharge curve of

4 V is on the most positive voltage level and almost equal to

the results obtained for 400 ◦C. Furthermore, the polarization

currents also agree quite well.

At heater voltages up to 4 V both discharge curves are

shifted to more positive voltages. With increasing sensor

temperature, a Nernst voltage according to Eq. (1) forms due

to the oxygen partial pressure difference between both elec-

trodes. It adds to the open circuit voltage.

In contrast to temperature variation only by gas temper-

ature, an additional offset voltage caused by active heating

can be seen. We assume that a thermoelectric voltage oc-

curs due to the temperature difference between inner and

outer electrodes generated by the rod-type heater at the in-

side of the thimble-type lambda probe. Furthermore, heating

voltages above 4 V cause a faster discharge after both polar-

ization signs, which agrees with the aforementioned results.

The decreasing resistance of the ion conductor with higher

temperatures causes this accelerated discharging. Only at the

highest voltage of 10 V is the curve shape after negative volt-

age pulse changed compared to 8 V, but at the end of dis-

charging the voltages are both about 90 mV.

Again, the sensor response to NO when applying differ-

ent heater voltages is evaluated by the voltage difference

1US(t)= U
base gas

S (t)−U
12.5 pp NO

S (t). The results are shown

in Fig. 10 (analogously to Fig. 6).

In good agreement with temperature variation results that

were obtained when solely the gas temperature was varied,

discharging in a NO-containing atmosphere is also faster and

the temperature dependencies are also almost the same. Af-

ter positive voltage pulses, the voltage difference between

12.5 ppm NO in the base gas and the base gas continuously

decreases with increasing heater voltages. At heater voltages

of 8 and 10 V, almost no NO effect can be seen, so that the

discharge curves are almost equal, except for a few mV.

After negative polarization pulses, the NO effect is present

for all investigated heating amplitudes. Without active heat-

ing, a maximum voltage difference of 20 mV occurs, which

increases up to almost 120 mV at 8 V. All curves in NO dis-

charge faster compared to the base gas. The NO effect in-

creases with temperature up to a heating voltage of 8 V. Addi-

tionally, the evaluated voltage difference increases with dis-

charging time at higher temperatures. Applying higher heater

voltages (10 V), the NO influence is lower and the maximum

voltage difference is shifted to shorter discharging times.

All in all, the highest NO sensitivity is achieved by apply-

ing an additional heating voltage of 8 V at a gas temperature

of 350 ◦C, so that a sensor response of about 120 mV occurs

as a response of 12.5 ppm NO.

The NO sensitivity to different NO concentrations is eval-

uated for 0.5–12.5 ppm NO. The sensor characteristics were

J. Sens. Sens. Syst., 4, 321–329, 2015 www.j-sens-sens-syst.net/4/321/2015/
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Table 1. Dependency of the sensitivity to NO for several heater voltages, each after positive and negative voltage pulse. Tgas = 350 ◦C.

Uheater/V 0 2 4 6 8 10

NO sensitivity after positive 20.0 22.0 24.9 15.9 −3.1 −4.8

pulse in mV decade−1

NO sensitivity after negative −12.0 −14.0 −21.5 −56.7 −88.0 −50.7

pulse in mV decade−1

0 V 
2 V 
4 V 

6 V 
8 V 

10 V 

Figure 10. Voltage differences 1US with 12.5 ppm NO in the base

gas compared to a measurement without NO in the base gas. 1–

11 s: discharge after positive polarization. 12–22 s: voltage differ-

ence after negative polarization. Tgas = 350 ◦C. Parameter: heater

voltages.

obtained by evaluating the voltage difference after 10 s (right

before the next polarization starts) between the curve in the

base gas with and without NO. The sensor output in Fig. 11

is defined by 1U10 s = UNO
10 s −U

base gas

10 s .

The characteristics show a semi-logarithmic dependency

for all investigated heater voltages at NO concentrations

above 1 ppm. The deviations at even lower NO concentra-

tions from the semi-logarithmic behavior may be due to in-

accuracies when dosing such small amounts of NO.

As discussed, the NO sensitivity decreases with increasing

heater voltage after a positive voltage sign, whereas after the

opposite polarization sign, the influence is vice versa. The

highest sensitivity of −88.0 mV per decade NO is achieved

at a heater voltage of 8 V after negative voltage pulses. Using

these polarization parameters, there is almost no response af-

ter positive voltage pulses. The NO sensitivities at different

heater voltages after both polarization signs are summarized

in Table 1.

As illustrated in Fig. 12, the evaluation of 1U∗, which is

described in Sect. 2.2 and illustrated in Fig. 2, can be consid-

ered a very suitable sensor signal. Although only the slope of

the discharge curve between 2 and 3 s after voltage pulse is

determined every 22 s (the cycle time contains 1 s for polar-

ization and 10 s for discharging for each polarization sign),

the NO gas dosing program, which consists of 5 min long

steps for each concentration, is reflected very clearly, espe-

0 V 
2 V 
4 V 

6 V 

8 V 10 V 
ΔU

10
s 

po
s  

0 V 
2 V 
4 V 

6 V 

8 V 

10 V 

 

ΔU
10

s 
ne

g  

(a)

(b)

Figure 11. (a) Sensor characteristic towards small NO concentra-

tion obtained by evaluating voltage difference 1U
pos
10 s

after positive

voltage pulse at various heater voltages and Tgas = 350 ◦C. (b) Sen-

sor characteristic towards small NO concentration obtained by eval-

uating voltage difference 1U
neg
10 s

after negative voltage pulse at var-

ious heater voltages and Tgas = 350 ◦C.

cially at higher heater voltages as already discussed. The sen-

sor signal 1U∗ at the beginning and the end of the gas dosing

process is almost identical, too.

For application in exhausts with variable gas tempera-

tures, a constant NO response in a wide temperature range

is required. Therefore, the sensor temperature should be ad-

justed independently of the outside temperature. The resis-
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0 V 
2 V 
4 V 

6 V 

8 V 
10 V 

 
Figure 12. Sensor signal 1U∗neg (for a definition, see Fig. 2) after

negative voltage pulse at various heater voltages and Tgas = 350 ◦C.

The dosed NO concentrations in the base gas are shown on top of

the curve (in ppm).

tance (or also the impedance) between the inner electrode

and the outer electrode is an obvious parameter correspond-

ing to this sensor characteristic. According to these results,

an impedance control of the lambda probe seems to further

improve the applicability of the thimble-type lambda probe

for NO sensing using the pulsed polarization technique.

4 Conclusion and outlook

The sensor operation temperature of a thimble-type lambda

probe was varied by different gas temperatures as well as by

different heater voltages. The sensors were operated in the

pulsed polarization technique, and the discharge curves af-

ter both polarization signs as well as the sensor responses

regarding low NO concentrations (10 ppm range) were eval-

uated in detail. According to the asymmetric sensor setup

that includes a reference atmosphere at the inner electrode,

the discharge curves were different for opposite polarization

signs. This causes different NO response signals for both

polarization signs. Impedance (or resistance) control of the

sensor electrodes is suggested to compensate for exhaust gas

temperature fluctuations in order to keep the NO sensitivity

constant.

The robustness of the sensor in harsh exhaust gas environ-

ments offers many opportunities. However, with respect to

the reference electrode, one big disadvantage is immanent in

the setup: the high NO sensitivity occurs only after one po-

larization sign, so that the response time is not high enough:

22 s per polarization cycle may be too slow for automotive

applications.

A further sensor development should therefore step away

from the thimble-type design, but should instead use a

planar symmetric design (with electrodes on each side and

both electrodes facing the exhaust). Such a setup would

not need a reference atmosphere. This symmetric setup

should lead to a symmetric polarization and depolarization

behavior, which allows the use of positive and negative polar-

ization signs. As a result, the response time should be halved.
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