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Abstract. Symmetrical Pt|YSZ|Pt sensors were produced by screen printing with frit-containing and fritless
Pt pastes and fired at 950, 1100, and 1300 ◦C. Subsequently, the sensors were operated by pulsed polarization,
and the NO sensitivity was investigated. The sensitivity of the sensors with fritless pastes was found to be
significantly higher. The influence of the firing temperature was low in contrast to the influence of the paste. The
low NO sensitivity of the frit-containing electrodes was attributed to a blocking effect that probably occurs at the
triple-phase boundaries. Therefore, the oxygen transport through the sensor is inhibited, which, however, seems
to be necessary for the sensor effect.

1 Motivation

Most electrochemical sensors for the detection of nitrogen
oxides (NOx ; i.e., NO and NO2) are based on stationary
principles. Examples are amperometric NO sensors or po-
tentiometric mixed potential sensors (Zhuiykov and Miura,
2007; Liu et al., 2017; Miura et al., 1998; Ritter et al., 2019;
Park et al., 2009; Liang et al., 2011). What these principles
have in common is that the sensors provide a time-invariant
measurement signal in the form of a current or a voltage
at a constant analyte gas concentration. Dynamic methods
such as cyclic voltammetry (Ruchets et al., 2019), thermo-
cyclic operation (Zhang et al., 2015), or the pulsed polariza-
tion used here (Donker et al., 2019), on the contrary, use the
dynamic response to an external excitation as the sensor sig-
nal. This promises to provide additional information and thus
improves, in particular, the selectivity of the sensors. Elec-
trodes, especially, might have a great influence on the polar-
ization behavior, depending on morphology and impurities.
These effects will be investigated here.

2 Pulsed polarization method

Pulsed polarization is a novel measuring method for detect-
ing nitrogen oxides. It is based on the well-known Pt|YSZ|Pt
(YSZ – yttria stabilized zirconia) system as the sensor setup.
By cyclically applying a polarization voltage Upol, the sensor
is polarized for a defined period of time (tpol); see Fig. 1a.
The sensor is then disconnected from the voltage source.
The self-discharge, represented by the open circuit voltage
(OCV) of the sensor, is measured for a defined period of time
(tdischarge). After this discharge, the sensor is polarized again,
but with a negative polarity, and then discharged again. This
cycle that alternates the charging and discharging of the sen-
sor is continued. It has been shown that the self-discharge
of the sensor is significantly and selectively accelerated in
the presence of nitrogen oxides (Fischer et al., 2010). This
accelerated self-discharge can be used for nitrogen oxide
detection by evaluating the voltages at a fixed time of the
self-discharge, for example, 4 s after positive polarization
(U4s_pos). Due to the faster discharge, these voltage values
are lower in the presence of NO than without NO. In addition
to the good selectivity, this method has the advantage that no
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reference atmosphere is needed (Fischer et al., 2014). How-
ever, the processes leading to the sensor signal have not yet
been fully understood. An examination of different electrode
compositions and the influence of firing temperatures could
provide additional information about the underlying mecha-
nisms.

3 Experimental procedure

To investigate the influence of the electrode morphology on
the sensor behavior, the electrodes (A= 3.5 mm×3.5 mm)
were screen printed with two different Pt pastes (frit-
containing and fritless paste) on both sides of a 300 µm thick
8YSZ substrate (Kerafol GmbH) and then fired at 950, 1100,
or 1300 ◦C, respectively. The sensors produced in this way
were contacted with a 0.1 mm thick Pt-wire and then oper-
ated in a gas-purgeable furnace at 400 ◦C. This temperature
has been shown as being the optimum working temperature
for Pt|YSZ|Pt–NO sensors that are operated by the pulsed
polarization method (Fischer et al., 2015). As base gas, 10 %
O2 in N2 with approximately 2 % H2O was used. In addi-
tion, 5, 10, 25, and 50 parts per million (ppm) NO were step-
wise added to the base gas for 15 min each. The parameters
selected for the pulsed polarization measurements were po-
larization voltage Upol = 1 V, polarization duration tpol = 1 s,
and discharge duration tdischarge = 10 s.

Cross sections of sensor samples were studied under the
scanning electron microscope (SEM) and analyzed by energy
dispersive X-ray spectroscopy (EDX).

In order to investigate the polarization properties of the
sensors, stationary U–I characteristics were recorded. The
applied voltage was varied in 10 mV steps as indicated in Fig.
1b from 0 to 1 V and to−1 V and then back to 0 V. Each step
was held until a constant current value was reached but at
least 30 s and not more than 60 s. These measurements were
conducted in base gas and in base gas with additional 50 ppm
NO.

4 Results and discussion

4.1 SEM

Cross section SEM images of Pt|YSZ substrates (Fig. 2)
show for both pastes a decreasing porosity of the Pt-
electrodes with increasing sintering temperature (Fig. 2a–c
and d–f). In case of electrodes printed with frit-containing
paste (Fig. 2d–f), this frit is visible in dark gray. EDX anal-
yses (not shown here) show that this frit mainly consists of
a silica phase that is uniformly distributed in the electrode
fired at 950 ◦C (Fig. 2d) and fills some pores, while other
pores are still free (black area). At higher firing tempera-
tures (Fig. 2e–f), however, a continuous interface layer con-
sisting of frit is formed between the Pt electrode and the YSZ
substrate, which should ensure good adhesion. Nevertheless,
this layer probably can also reduce the length of the triple-

phase boundary (tpb) gas|YSZ| electrode. Since the oxygen
exchange takes place at the tpb, a reduction of its length is
expected to lead to a reduced current density (see U–I char-
acteristics).

4.2 Pulsed polarization measurements

The sensors produced with frit-containing and fritless paste
were polarized and depolarized using the pulsed polarization
technique. Sensor signals were generated from the discharge
curves by, for example, evaluating the voltage 4 s after each
positive polarization U4s_pos (see Fig. 1). Due to the cycle
period of 22 s (2 · tpol+ 2 · tdischarge), a new value of U4s_pos
was generated every 22 s.

The resulting signals for the sensors made of fritless paste
are shown in Fig. 3a. The straight course of these signals
shows the high stability of the cycles, comparable to sta-
ble cycles in cyclic voltammetry (CV) measurements. Only
a slight drift in the presence of base gas can be detected. If
NO is added to the base gas, the self-discharge of the sensor
is strongly accelerated. This acceleration in turn causes the
voltages to be lower than they would be without NO, which
is clearly visible in the sensor signals.

Among the sensors manufactured with fritless paste, the
sensors fired at 1100 ◦C provide the greatest voltage differ-
ence when NO is added. However, a clear NO-dependent ac-
celerated discharge can be seen at sensors fired at all temper-
atures. In the general discharge behavior, the sensors with a
fritless paste show a clear dependency on the firing temper-
ature. Thus, sensors fired at higher temperatures discharge
much more slowly than sensors fired at lower temperatures.
This is reflected in Fig. 3a in the higher voltages of U4s_pos
but is evident throughout the entire discharge. The difference
between 1300 and 1100 ◦C is particularly clear here.

The signals of the sensors produced with frit-containing
paste are shown in Fig. 3b. Here, the sensors fired at 950 ◦C
show the highest NO sensitivity. At higher firing tempera-
tures of the sensor electrodes, almost no discharge acceler-
ated by NO is visible. In contrast to the sensors made of frit-
less pastes, no clear correlation between firing temperature
and discharge rate can be seen.

If one considers the voltage difference 1U4s_pos between
the base gas signal before the sensor was first exposed to
NO and the respective voltages with NO, the sensors show a
logarithmic dependence between voltage difference and NO
concentration. The sensitivity is – especially with regard to
the fit accuracy – almost similar for all sensors with a fritless
paste. It reaches values between 93 and 107 mV per decade
cNO; see Fig. 4. The sensor fired at 1100 ◦C shows the high-
est absolute voltage difference. For sensors containing frit,
the sensitivity is highest for the sensor fired at 950 ◦C with
25 mV per decade cNO. At higher firing temperatures, the
NO sensitivity is lower than the drift with the selected pa-
rameters.
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Figure 1. Scheme of a pulsed polarization cycle (a), and the U–I measurements (b).

Figure 2. SEM cross section images of the electrodes without (a–c)
and with glass frit (d–f), fired at 950 ◦C (a, d), 1100 ◦C (b, e), and
1300 ◦C (c, f).

4.3 U–I characteristics

In order to characterize the electrodes during polarization,
U–I curves were recorded in “steady-state” measurements
for both sensors with different pastes. Results in the form of
Tafel plots are seen in Fig 5. In this context, the calculated
current densities (|j |) of electrodes without glass frit (a–c)
are clearly higher than those obtained from electrodes with
frit (d–f). Thus, the current density of the electrodes with frit
is about 2–3 times smaller than the current density of the
electrodes without frit.

Among the fritless electrodes (Fig. 5a–c), the sensor fired
at 950 ◦C shows the lowest current densities when polarized.
The current densities of sensors fired at higher temperatures
are almost 10 times higher. However, there are only very
small differences in the current density between sensors fired
at 1100 and 1300 ◦C. For all samples, the currents are signif-
icantly higher during NO exposure. Furthermore, the sensors
show a slight hysteresis due to the previous polarization. The

presence of NO reduces the hysteresis for the electrodes fired
at 950 and 1100 ◦C. This means that the hysteresis with NO
being present in the gas is almost nonexistent for these sen-
sors.

As written above, the current densities of frit-containing
electrodes are significantly lower than those of fritless elec-
trodes. The maximum current densities of these sensors de-
crease with increasing firing temperature. The hysteresis is
even more pronounced with these sensors. Here, too, the ad-
dition of NO leads to higher currents and to a smaller hys-
teresis.

5 Discussion

5.1 Processes during polarization

For a detailed discussion of the presented results, it must first
be clarified what happens during the polarization of the sen-
sors. Without applying a polarization voltage, oxygen and
oxide ions in the electrolyte on both electrodes are in equi-
librium Eq. (R1).

O2+ 4e−�2O2−. (R1)

For similar electrodes on both sides, and since both elec-
trodes are exposed to the same gas atmosphere, a voltage dif-
ference of 0 V between both electrodes is the consequence,
according to the Nernst equation Eq. (1).

U =
RT

zF
ln

(
pOI

2

pOII
2

)
. (1)

Here, U is the sensor voltage, R is the universal gas constant,
T is the absolute temperature, z is the number of electrons
transferred, and F is the Faraday constant. The terms pOI

2
and pOII

2 represent the oxygen partial pressure at the elec-
trodes I and II, respectively.

By applying the polarization voltage of 1 V, this equilib-
rium Eq. (R1) is shifted at both electrodes. Even if the ap-
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Figure 3. Sensor signal of the sensors (a) with fritless and (b) with frit-containing Pt paste.

Figure 4. Sensor characteristics towards NO for different pastes.

plied voltage does not lead in full to a partial pressure dif-
ference according to Eq. (1), (kinetic and ohmic losses may
also have to be taken into account), a shift in the partial pres-
sures can still be assumed. An indicator for that is the high
voltage even 4 s after polarization (Fig. 3), which otherwise
would have to be much lower. If the oxygen exchange is also
considered in more detail, the adsorption of oxygen from the
gas phase occurs at the cathode (Eq. R2).

O2(gas)→ O2(Pt). (R2)

This oxygen dissociates as illustrated in Fig. 6a (Eq. R3).

1
2

O2(Pt)→ O(Pt). (R3)

It then diffuses to the triple-phase boundary (tpb), as repre-
sented by Eq. (R4; cf. Fig. 6b).

O(Pt)→ O(tpb). (R4)

Then oxygen is incorporated at the triple-phase boundary
into YSZ, including a charge transfer reaction (Eq. R5; cf.
Fig. 6c).

O(tpb)+ 2e−→ O2−
(YSZ). (R5)

At the anode, all these reactions occur in the opposite direc-
tion.

Although no 3D reconstruction of the three-phase bound-
aries and the electrodes was performed as in Flegel et al.
(2017), it can be assumed that, for sensors made of frit-
containing paste, a large part of the three-phase boundaries is
blocked by the frit (see Fig. 2d–f). According to the literature
(Mogensen, 2002; Hauch et al., 2007; Hertz et al., 2009; Mu-
toro et al., 2009, 2010), this leads to a lower exchange current
density. It makes other oxygen exchange mechanisms con-
ceivable as well. On the one hand, part of the frit and other
impurities may be reduced or oxidized (Mutoro et al., 2009;
Fig. 6d). On the other hand, in the presence of anodic polar-
ization, blistering might be possible under the dense Si layer;
Eq. (R6; Fig. 6e).

O2−
(YSZ)→ O(tpb)+ 2e−. (R6)

This blistering has already been observed with dense plat-
inum electrodes (Pöpke et al., 2011; Mutoro et al., 2008).

The amount of oxygen transported by the polarization cur-
rent can be determined using Faraday’s law Eq. (2) as fol-
lows:

m=
M ·Q

z ·F
, (2)

with m being the mass of transported species, Q the amount
of charge transported during polarization, z the charge num-
ber of oxygen ions, and F the Faraday constant. Q was de-
termined by integrating the polarization currents over the du-
ration of the positive polarizations for each cycle.

The calculated mass of oxygen mO transported during the
positive polarization cycles is displayed in Fig. 7 for all elec-
trodes. In the case of the frit-containing electrodes, only a
very small amount of oxygen is transported compared to the
fritless electrodes. This correlates well with the significantly
lower currents during the steady-state polarization measure-
ments (see Fig. 4).

Furthermore, the sensor with the fritless electrodes shows
a slight NO dependence on oxygen transported during the
polarization. One reason is probably the additional reduction
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Figure 5. Polarization curves of sensors without (a–c) and with glass frit (d–f) , fired at 950 ◦C (a, d), 1100 ◦C (b, e), and 1300 ◦C (c, f).

Figure 6. Possible processes indicated by (a)–(e) at the Pt|YSZ
interface for fritless and frit-containing electrodes.

of NO and thus a larger oxygen transport. A second reason
could also be the reduction of NO2. NO2 is probably also
present at the electrodes’ tpb since, at a sensor temperature
of 400 ◦C in conjunction with the high catalytic activity of
the platinum electrodes, one may expect that the thermody-
namic equilibrium NO/NO2 (approx. 50/50) can be estab-
lished (Bhatia et al., 2009).

This NO dependency on the transported oxygen is not vis-
ible for sensors with frit-containing electrodes. This con-
tradicts the steady-state polarization measurements. They
showed higher currents with NO, which should also lead to a
higher oxygen transport during polarization.

Figure 7. Pumped oxygen mO pumped during positive polarization
pulses of 1 V.

These current differences are probably too small to be
visible during the short polarization times (approx. 1 µA or
1 µC s−1) compared to the sensors with fritless electrodes
(approx. 10 µC s−1). Furthermore, the long polarization time
of the steady-state measurements differs significantly from
the pulsed polarization measurements. Therefore, the differ-
ent mechanisms may occur more strongly during long polar-
izations rather than during short polarizations. An example
would be to crack the abovementioned bubbles under SiOx

during long polarizations, which would allow an exchange
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with the surrounding gas phase. This exchange would not oc-
cur with short polarizations and thus closed bubbles. More-
over, any reactions with the frit or impurities would also be
completed, or at least slowed down considerably, at some
point. This would lead to the fact that the oxygen exchange
is more important again. This oxygen exchange is supported
by NO.

5.2 Processes during self-discharge

After polarization, the sensor discharges and its behavior
tends to thermodynamic equilibrium or to the steady state
due to formation of a mixed potential, namely its nonequi-
librated stable value. To achieve this, the oxygen gradient
between the electrodes, which is forced by the applied po-
larization voltage, must be reduced. To achieve this, on the
one hand oxygen must adsorb on the depleted cathode, and
on the other hand oxygen must desorb on the oxygen-rich an-
ode. Although the exact effect is yet under study, the added
NO has two possible functions to accelerate this. On the one
hand, NO, just like NO2, can be reduced at the oxygen-
depleted electrode. Thus, it supplies additional oxygen to
the cathode. Secondly, NO might be oxidized to NO2 at the
oxygen-rich anode and thus help to decrease the oxygen con-
centration at this electrode. Both effects would lead to a faster
reduction of the oxygen gradient and thus to a faster self-
discharge behavior.

However, this discharge, accelerated by NO, hardly occurs
in sensors with electrodes that contain a frit (Fig. 2). A dis-
tinction must therefore be made between them and sensors
with fritless electrodes. Compared to the influence of the frit,
the firing temperature has only a very small influence on the
NO sensitivity (see Fig. 3).

The polarization measurements show significantly higher
current densities when the sensors are exposed to an NO-
containing base gas. This corresponds to a faster charge
transfer that could explain the faster decay of the charge dif-
ference. However, this would apply to electrodes made from
both pastes. The difference in the frit-containing electrodes
probably lies in the combination of the small polarization
currents, on the one hand, and in the hysteresis of the po-
larization measurements, on the other hand.

As shown in Fig. 7, the frit-containing sensors transport
significantly less oxygen during polarization than the fritless
sensors. With the latter, there seems to be a correlation be-
tween the previously transported charge and the speed of dis-
charge. The more oxygen was previously pumped, the slower
the sensor discharges.

A large amount of transported oxygen correlates with a
small resistance between the electrodes when a constant volt-
age is applied. With a low resistance, however, a faster self-
discharge would also be expected. The measurements show
that this is not the case. Rather, it seems to take longer for the
larger amount of previously transported oxygen to return to
equilibrium.

Based on these considerations, the sensors containing frit
would have to discharge very quickly. Since the tpb sites are
probably blocked by the frit, almost no oxygen is pumped
through the sensor. The fact that they discharge only slowly
is probably related to the high hysteresis of the polarization
measurements. This high hysteresis, in combination with the
slow measurements (<0.3 mV s−1), shows very high capac-
itances. Such pseudocapacitive behavior has been attributed
in the literature to the formation of gas reservoirs (Bay and
Jacobsen, 1997) and to charge storage in the form of chemi-
cal species (Jaccoud et al., 2007). Both could also occur with
these sensors and would explain the slow discharge. In ad-
dition, both effects take place mainly at the Pt|YSZ inter-
face without access to the surrounding gas atmosphere. Thus,
bubbles would only form if the anodically generated oxygen
cannot escape into the gas phase via a triple-phase contact.
And the reactions with the frit also occur mainly without ac-
cess to the gas phase. This is likely, since the geometric area
without gas access is significantly larger than the area with
gas access (Fig. 2). So both processes could lead to a slower
discharge of the sensor, but both processes would also hardly
be influenced by the presence of NO. This might be the case
especially because the NO does not reach a large part of the
relevant areas.

6 Summary

Symmetrical Pt|YSZ|Pt sensors were prepared with plat-
inum electrodes made of two different pastes, and each one
was fired at three different temperatures. Subsequently, the
NO sensitivity of these sensors during cyclic discharge af-
ter pulsed polarization was investigated. It could be shown
that the firing temperatures, and thus the porosity of the
electrodes during pulsed polarization, have only a relatively
small influence on the NO sensitivity. In contrast, the choice
of the paste is much more critical. Sensors with a paste that
contains a frit have a significantly lower sensitivity than sen-
sors with electrodes without frit. This is probably due to a
passivation layer between electrode and electrolyte caused by
the frit. It probably hinders the transfer of charge at the triple-
phase boundary or blocks the gas transport in the porous
layer. However, the charge transfer, especially the exchange
of oxygen, seems to be a prerequisite for the sensor effect.
In the frit-containing paste, pseudocapacitive effects seem to
dominate the self-discharge of the sensor.
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