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The paper presents experimentally obtained results on the long-term stability tests of the solid electrolyte

amperometric sensor output signal during the operation in the O2 + N2 gas mixtures. These data prove the
stability and reproducibility of the output signal when measuring the oxygen concentration in air for
8000 hours. The output signal variation during the tests did not exceed * 2 %. We performed four
heating / cooling cycles of different durations, which did not influence either sensor integrity or operation
| characteristics. The structure of the solid electrolyte sensor and the solid electrolyte/electrode interfacial
r _ layer remained unchanged during the tests. Dynamic characteristics of the sensor, including the response
S time, were stable.
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processes, accumulation of the process product or slowed

1. Introduction adsorption at the three-phase boundary. However, these

Solid electrolytes with oxygen-ionic conductivity are
widely used in sensors aimed at the analysis of free oxygen
concentration in gaseous media and in metallic melts [I-
9]. There is a vast number of published works on the
development of potentiometric solid electrolyte sensors
with the mixed potential based on oxygen-conducting
solid electrolytes with unseparated gas areas, which are
used to measure the concentration of different gases in air
[10-15]. In such sensors when detecting the analyzed gas,
for instance, hydrogen in air or oxygen-containing media,
the processes resulting in the deviation of the
concentration dependence from the Nernstian one are
observed. Such behavior may be caused by the
simultaneous occurrence of potential-determining
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deviations are most likely caused by the processes that

proceed simultaneously at the sensor measuring
electrode:
1/, 0, + 2e7 = 077, ()]
Red + 0%~ = Ox + 2e~, (2)

where Ox = COz or H20; Red = CO or Ha.

For such sensors the dependence of the generated
electro motive force (EMF) on the concentration of the
combustible component in the analyzed gas is described
by Equation (3):

E = Ey + k- In[Hy,], 3)

where k is an empirically fitted constant.
Simultaneous Reactions () and (2) are the main
reasons for the so-called Nernstian or mixed potential.


https://journals.urfu.ru/index.php/elmattech/article/view/7357
http://creativecommons.org/licenses/by/4.0/
mailto:a.volkov@ihte.ru

Electrochem. Mater. Technol. 3(2024) 20243027

The difference in the mixed potential from the
equilibrium oxygen potential becomes greater when the
difference between the rates of Reactions (1) and (2)
increases. In addition, the value of the appeared mixed
potential is determined mainly by the composition and
concentration of the analyzed combustible component,
materials of the measuring electrode and operation
temperature.

Potentiometric oxygen sensors based on the YSZ solid
electrolytes are the most widely used. These sensors on
solid electrolytes with unipolar oxygen conductivity
proved themselves to be highly efficient in heat
engineering, metallurgy, chemistry, and motor industry.
These sensors are characterized by wide oxygen
concentration measuring range, high operation rate,
simplicity of construction and simple recalculation of the
obtained electrical signal (EMF) into the oxygen
concentration value. However, despite the above
mentioned advantages of such sensors, the reference gas
with known and stable oxygen concentration required for
the sensor operation is a significant drawback, as in some
cases the reference gas supply can hardly be provided and,
therefore, the sensor operation becomes more
complicated [16-22].

The increased number of published materials on solid
electrolyte amperometric sensors with diffusion barriers
aimed at the analysis of oxygen, hydrogen and moisture
concentrations in inert and oxidized gas media have
recently appeared [23-29]. The sensor designs,
perspective solid electrolytes compositions, electrode
materials, optimal operating temperatures for the
analysis, etc. have been suggested [30-35]. As opposed to
the potentiometric sensors, amperometric sensors on solid
electrolytes have a significant advantage, i.e. they do not
need any reference gas. This allows using them under the
conditions when oxygen or any other gas supply to the
sensor is hindered. Nevertheless, basic operation
conditions (calculation scale, reaction rate, accuracy,
simplicity of construction and operation, ability to
analyze oxygen micro concentration) make the
potentiometric sensors indispensable.

In view of the growing interest towards the
amperometric sensors with diffusion barriers, we
evaluated the long-term stability of the sensor output
signal during 8000 hours, as well as the reproducibility of
the measurement results and response time. The
structures of the sensor solid electrolyte and electrodes
during the tests were analyzed.
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2. Experimental

2.1. Samples preparation

The present paper reports on the analysis of the
sensor, i.e., an electrochemical cell, based on the oxygen-
conducting solid electrolyte of the 0.9ZrO: + 0.1Y203
composition. The plates of the solid electrolyte were
produced at the Chepetsky Mechanical Plant JSC (Glazov,
Russia). The schematic of the sensor is presented in
Figure 1 and its appearance is provided in Figure 2. The
sensor was made of two solid electrolyte plates with the
length of 25 mm, width of 12 mm, and thickness of I mm.
One of the plates had a cavity of 0.5 mm and a diameter
of 6 mm. Porous Pt electrodes of 1 mm thickness were
applied to the opposite sides of the solid electrolyte
concave plate by the method of screen printing. The
current leads were made of O.] mm Pt wire and located
together with the Pt electrodes. A ceramic capillary of the
267 ym inner diameter and 20 mm length was located
between the electrolyte plates. The plates were glued with
the heat resistant glass. To apply the constant current
voltage on the electrochemical cell a GPS-18500 constant
current source (“MORNSUN” Company, China) was
used; the value of the current that passed through the cell
was measured by a GDM-8246 type multimeter (“Good
Will Instrument” Company, Taiwan). Cylinder-stored
compressed air was used as an analyzed gas and Oz + N2
gas mixtures containing 0.5, 2,12 and 16 % of oxygen were
used as calibration gases.

A constant current voltage was applied to the sensor
electrodes with the polarity that enabled the oxygen
pumping out from the inner sensor cavity to the flow of
the analyzed gas. The exchange between input air to the
cavity and output nitrogen from the cavity proceeded via
the capillary. When a definite value of the applied voltage
was reached these processes equilibrated and the limiting
current appeared.

@

analyzed gas
(02+N2)

0.9Zr02+40.1Y203

0.9Z2r02+0.1Y203
e\ s :

Figure1l Schematic of the amperometric cell: - capillary,
2 - solid electrolyte plates, 3 — outer and inner electrodes, 4 -
glass sealant, 5 - cavity. A denotes amperemeter, V denotes
voltmeter.
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Figure 2 Photograph of the sensor after 8000 hours tests.

The value of the limiting current according to
Equation (4) is used to calculate the oxygen concentration
in the analyzed gas.

4F-P-Do,S
RT-L

Liimiting = ( ) “In(1 - Co,), (4)
where 4F is the amount of electricity required to transfer
one mole of oxygen; P is the total pressure of the analyzed
gas; D is the oxygen diffusion coefficient in nitrogen [36];
S and L denote the cross section and length of the
capillary diffusion channel; R is the gas constant; T is the
absolute temperature; Cy, is the oxygen concentration,
expressed in volume fractions. This is true for a common
molecular diffusion of the gas via a capillary, as it is in our

case. The diffusion coefficient depends on the
temperature and pressure as follows:
D=D .(L)a.l (5)
0 \273 p’

where D, is a standard value of the diffusion coefficient at
0 °C. When plugging Equation (5) into Equation (4) it is
seen that for a common molecular diffusion, the limiting
current of the sensor does not depend on the gas pressure
and it is proportional to T%~1,

2.2. Experiment procedures

The sensor presented in Figure | was placed into the
tubular furnace with a nichrome heater. The volume of
the tubular furnace was 0.65 I. The temperature in the
furnace was maintained with the accuracy of + 3 °C using
the TP 703 Varta regulator (“NPK Varta” Ltd, Saints-
Petersburg, Russia). The analyzed gas mixture was flown
through the inner chamber of the furnace with the flow
rate of 20 mlI/min. The gas mixture of the desired
composition was obtained by additional purification of
the cylinder-stored air from moisture and admixtures
(ciolite). The sampling was performed using the gas
consumption regulators of the F-201C-33-V type
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(“SONSTIGES” Company, Denmark). The sensor
operated in a pulse regime, i.e. during the whole operation
period there were 4 heating-cooling cycles to check the
sensor thermal resistance. The duration of heating-cooling
cycles varied from several hours to several days.

3. Results and discussion

When the sensor was heated up to the temperature of
700 °C the constant current voltage was applied to the
electrodes. As the applied voltage grew; the current
passing through the sensor solid electrolyte plate started
growing. When a definite value of the applied voltage was
reached the current reached a definite value and
stabilized. This stabilized value is a limiting current. For
each oxygen concentration in the analyzed gas mixture
the limiting current values are constant under otherwise
equal conditions (parameters of diffusion barrier,
temperature, gas mixture composition and pressure).
Figure 3 illustrates voltammetry characteristics of the
sensor during the oxygen content determination in air at
the temperature of 700 °C.
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Figure 3 Dependence of the sensor current on the applied
voltage.
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Figure 4 Dependence of the sensor limiting current on the
oxygen concentration.
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The limiting current is seen to appear only at the
voltage of 0.4 V. Determination of the sensor limiting
currents for gaseous mixtures containing from O to
20.5% of oxygen allowed obtaining the linear
dependence of limiting currents on the oxygen
concentration, illustrated in Figure 4.

Apart from the sensor characteristics, illustrated in
Figures 3 and 4, we recorded the dynamic characteristics
of the sensor before long-term stability tests (Figures 5, 6
and 7). We determined the time intervals for the
beginning of the sensor operation and the actual sensor
signal of 90 % of the nominal value. Time required for
the first response was 3-5 seconds and time required for
the sensor signal operation at 90 % of the nominal value
varied from 20 to 60 seconds (these values were obtained
using the transport delay, i.e. the time required for a gas
flow to move from the gas cylinder reducer to the sensor).
The time range of 40 sec of the sensor response needed to
reach 90 % of the nominal value may be explained by the
fact that dynamic characteristics differ both at the
significant increase and decrease in the oxygen
concentration.

The dynamic characteristics of the sensor were
verified after 4000 hours of operation and 8000 hours
(Figures 6 and 7, respectively).

Figures 5,6 and 7 illustrate that the dynamic
characteristics of the sensor remained stable during the
long-term endurance tests. The sensor proved to have
good reproducibility of the results. Deviations of the
limiting current values during the tests were + 2 % form
the average value.
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Figure 5 Dynamic characteristics of the sensor on the oxygen
concentrations changes at the beginning of the tests.
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Figure 6 Dynamic characteristics of the sensor on the oxygen
concentration changes after 4000 hours of operation.
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Figure 7 Dynamic characteristics of the sensor on the oxygen
concentration changes after 8000 hours of operation.

Figure 8 illustrates the dependence of the sensor
limiting current changes at oxygen content determination
in air for 8000 hours. There were four heating-cooling
cycles of different time. The abrupt temperature
variations did not cause any destruction or
depressurization of the sensor.

Figure 9 presents SEM images of the sensor
electrode / electrolyte interface before and after the tests.
It is seen that the structure of the solid electrolyte sensor

and the interfacial layer of the solid
electrolyte / electrode during the tests remained
unchanged.
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Figure 8 Changes in the sensor limiting current during the operation.

Figure 9 SEM-images of the sensor electrode / electrolyte
interface before and after the tests.

4, Conclusions

The stability of the amperometric sensor based on
the YSZ solid electrolyte with diffusion barrier was studied
when measuring oxygen concentration in air for
8000 hours. The sensor demonstrated stable operation
and stable reproducibility of results. The performed
heating-cooling cycles did not result in the sensor
operation failure. This sensor may be considered
promising for implementation.
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