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Sensor for operational control of oxygen and combustible
gases concentration in waste gases of thermal units

Anatoly Kalyakin ?, Alexander Volkov **

A new sensor has been developed for continuous monitoring of oxygen and combustible gases content in
the waste gases of thermal units. The target application of the sensor is its installation in shunt pipes of
thermal units, directly into the waste gas flow. The sensor is characterized by one reference gas electrode
and three measuring electrodes applied on the surface of a solid electrolyte tube made of a zirconia
electrolyte (e.g., 8YSZ). The reference gas electrode and one of the measuring electrodes were made of silver,
the second measuring electrode was made of platinum, the third measuring electrode was made of a mixture
of zinc oxide (95 wt %) and lanthanum-strontium manganite (5 wt %). The oxygen content in the gas
mixture was determined by the well-known potentiometric method in accordance with the Nernst equation,
i.e. an Ag|8YSZ| Ag electrochemical cell was used. To determine the products of incomplete combustion of
fuel, the method of mixed potential between Pt- and Zn-based electrodes was used; the obtained potential
value was determined by the difference in the oxidation rate of carbon monoxide as the main component of
unburned fuels, on different materials of measuring electrodes. The experimental results of the sensor for
the determination of carbon monoxide, hydrogen, and methane in a gas mixture are presented.
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1. Introduction

http://creativecommons.org/licenses/by/4.0/).

The control of combustion processes in metallurgical
and cement furnaces, as well as in boiler units of thermal
power plants is an important issue, since the selection of
optimization mode of fuel combustion requires data on
oxygen concentration and products content for
incomplete combustion of fuels in the exhaust gases in real
time [1-3].

Typical furnaces and boiler units use various fuels
with different calorific values, resulting in exhaust gases of
different compositions. The optimum fuel/air ratio varies
depending on the fuel used. Coal, gas, or oil are the most
common fuels used in stove burners. For optimum
combustion, oxygen excess and fuel must be minimized
[3-5].
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For the purpose of operative control over the content
of Oz and fuel residues in waste gases, the most promising
are solid-state electrolyte sensors [6-8], because they are
sufficiently reliable and stable to withstand severe process
conditions, and demonstrate a fast response at the same
time. Usually, solid-state potentiometric-type oxygen
sensors based on the Nernst principle are used for these
applications [9-12]. But there is no similar reliable sensor
for simultaneous monitoring of fuel residues in gases.

Electrochemical cells based on yttria-stabilized
zirconia (YSZ) are widely used in solid oxide fuel cells,
oxygen pumps, oxygen generators, and gas sensors [13-15].
To analyze gas media, the classical electrochemical oxygen
sensor is traditionally used, which has the form of a solid
electrolyte tube with electrodes on its inner and outer
surfaces [16].

A number of analytical methods can be used to
control the combustible gas content in the waste gas
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stream of thermal units, which are unburned fuel residues.
These methods include:

— Chemical methods, which are based either on
sequential selective absorption of gas mixture components
by different absorbers or on combustion of gases with
subsequent analysis of oxidized products;

— Physical methods, which are based on the
measurement of any physical quantity, which is in a
regular dependence on the gas composition.

In turn, the physical methods of analyzing
combustible gases include:

— Thermoconductometric [I7]. The method is based
on the comparison of relative thermal conductivity of
gases. When analyzing a multi-component mixture, it is
possible to determine the concentration of only one
component, and the thermal conductivity of the
remaining components should be approximately the
same. This method is applicable to determine primarily
hydrogen in combustion products, and when determining
one of these components, the other two should be
removed from the gas mixture.

— Thermochemical [I8]. This method is applicable to
the analysis of combustible gases (CO, CH4, Hz). It uses the
thermal effect of the combustion reaction of these
components. By burning CO, Hz, and CH4 at different
temperatures, it is possible to analyze them separately;

— Optical [I9]. The method is based on the different
ability of gases to absorb infrared or ultraviolet rays,
comparison of refractive indices of the analyzed gas and
gas of known concentration, spectral measurements;

- Sorption [20]. The method provides for the
determination of adsorption or desorption of the
analyzed component of gas mixtures. The most common
type of this analysis is a chromatographic method based
on adsorption of the components of a complex gas
mixture and then the sequential separation of individual
components.

However, both chemical and known physical
methods of analysis are quite labor-intensive and require
complex equipment. And their main disadvantage is the
fact that sampling, sample delivery, sample preparation
and analysis operations are required for the analysis.
Although the optimal option is continuous analysis of the
gas mixture in real time. In order to realize the optimal
option, the electrochemical method using mixed potential
is the most promising [2]]. The use of this method allows
creating a rather miniature sensor working directly in the
flow of the analyzed gas, for example, in a shunt tube. A
lot of research has been carried out in this direction,
various combinations of measuring electrodes have been
considered, both for the selective analysis of combustible
gases and for the analysis of individual gases.
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The operation principle of solid-state potentiometric
sensors is well known. Usually, a YSZ-based solid
electrolyte tube is used. Platinum electrodes are applied
on the opposite surfaces of such a tube. One of the
electrodes is supplied with a reference gas with known
oxygen content (usually air), and the other electrode is
fed with the analyzed gas. When analyzing gas mixtures
containing oxygen and an inert gas, the electrochemical
circuit of the sensor is as follows:

OZ(p'OZ),Me'|02'|Me",02(p"02), ()]

where pO2 and p’Oz are the oxygen partial pressures at
the reference and measuring electrodes. Usually,
platinum is used as the material for the reference and
measuring electrodes. When analyzing gas mixtures
containing oxygen and combustible gases such as CO, Ha,
and CHg, the electrochemical circuit of the sensor is as
follows:

02 (p ’02) + red(pred)' Me ’| 02—|Me "'02 (pHOZ)I (2)

where pres is the partial pressure of combustible gas,
red = CO or Ha.

On the measuring electrode, the following
electrochemical reactions occur:
1/20, + 2¢ 2 0%, 3)
red + 0%~ 2 ox + 2e. 4

The simultaneous occurrence of reactions (3) and (4)
causes the appearance of the so-called mixed potential.
The mixed potential differs from the equilibrium potential
due to the delayed chemical reactions. The reaction
kinetics are highly dependent on the type of electrode
material and its structure. For example, the potential at
the measuring electrode made of some oxides differs
significantly from the potential at the Pt-electrodes, which
is a good catalyst [22]. In the works [23, 24], it was noted
that such parameters of electrochemical sensors as
sensitivity, selectivity, and stability of measurements are
conditioned by the mechanism of mixed potential and
peculiarities (nature) of the measuring electrode
materials. Low sensitivity and reproducibility, as well as
slow dynamics of response to combustible gas at
temperatures below 700 °C and unsatisfactory temporal
stability of mixed potential sensors remain serious
problems [25, 26] preventing their widespread use.

The purpose of this work is to study the capability of
the sensor for the simultaneous measurement of oxygen
and carbon monoxide contents in the analyzed gas



Electrochem. Mater. Technol. 2 (2023) 20232019

mixtures. If there is enough information on the
determination of oxygen content in various gas mixtures
by solid-state potentiometric sensors, there is little
information on the study of the response of various oxide
electrodes to the content of combustible gases in the
oxygen-containing gas  mixtures, especially at
temperatures from 500 to 550 °C.

2. Experimental part

Silver was chosen as a material for the reference
electrode and one of the measuring electrodes of the
sensor. This allows the operating temperature for oxygen
analysis to be reduced to 500-550 °C. Taking into
account the fact that even at these temperatures silver can
evaporate and affect the normal operation of other
measuring electrodes due to condensation of silver vapor
on them, the silver measuring electrode was coated with a
solid electrolyte slurry. This coating prevented the
transfer of silver vapor to the other electrodes and had
virtually no effect on the measurement dynamics.
Regarding two other electrodes of the sensor, the
following compositions were used: one measuring
electrode was made of Pt, while the second electrode was
performed from a mixture of ZnO (95wt %) and
Lao.Sro.4MnOz-s (5 wt%). The choice of Pt and ZnO as
measuring electrode materials was based on the results of
previous work [27]. The addition of lanthanum-strontium
manganite to the zinc oxide was found to improve
adhesion of the ZnO electrode to the surface of the YSZ
electrolyte tube.

The experiments were carried out over a temperature
range of 500-550 °C. The concentration of oxygen in the
analyzed gas mixtures was between 0.2 and 4 vol %, while
the content of combustible gases in the analyzed oxygen-
containing gas mixtures varied from 10 to 2000 ppm.

The fabricated sensor represents a tube made of the
YSZ electrolyte with four potential electrodes: two Ag
electrodes formed on the opposite sides of the tube and
two (Pt- and ZnO-based) electrode rings formed onto the
inner tube surface, as it is shown in Figure 1.

For the testing of the sensor, it was first placed in a
quartz tube with a diameter of 30 mm, which was also a
tube furnace with a nichrome heater. The operating
temperatures were maintained with an accuracy of = 3 °C
using a TP 703 temperature controller (Varta, Russia).
The interior of the quartz tube was fed by a gas mixture,
the composition of which was adjusted by mixing air,
nitrogen, and combustible gases using a F-201C-FAC-33-V
gas flowmeters (Bronkhorst, Germany).

Gas mixtures with known component concentrations
(purchased from a manufacturer of technical gases) were
used as analyzed atmospheres: Oz + Nz, CO + Ny,
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Figure1 A scheme of the fabricated sensor allowing the joint
measurements of Nernst and mixed potentials: 1 - YSZ tube,
2 - reference Ag electrode, 3 - measuring Ag electrode,
4 - measuring Pt electrode, 5-measuring ZnO-based
electrode.

Hz + N2, and CH4 + N2. The total flow rate of the gas
mixtures was 60 ml/min. Steady-state electrode potential
measurements were performed using a B7-77 digital
voltmeter (MNIPI, Russia). The accuracy of voltage
measurement was 0.5 mV. Measurements were made after
30 min of holding the sensor at constant temperature.

3. Results and discussion

At the preliminary stage, the influence of the oxygen
content on the mixed potential value between the
measuring Pt- and ZnO-based electrodes was determined
in the presence of a constant concentration of carbon
monoxide in the analyzed O2+ CO + N2 gases.
Measurements were carried out in the temperature range
at 550 °C. According to Figure 2, the mixed potential
value is almost stable and almost does not depend on the
oxygen concentration with its variation from 0.15 to
2 vol %, when the CO concentration in these gas mixtures
is constant. The slight signal fluctuations observed may be
related to the different degrees of combustion over the Pt
electrode, which is known to catalyze various conversion
processes at elevated temperatures.

Figure 3 shows the changes in the mixed potential
value depending on the carbon monoxide concentration
in oxygen + carbon monoxide + nitrogen gas mixtures at
500 and 550 °C. As can be seen, there is an almost linear
relationship between the mixed potential value and the
carbon monoxide concentration, indicating that the
sensor is characterized by high sensitivity, which is around
23 mV/1000 ppm CO at 550 °C. The linearity of the
sensor response is well maintained in the CO
concentration range from O to 0.5 vol %. As the CO
concentration increases above O.I5vol %, a slight
decrease in response is observed. This can be explained by
the fact that the amount of adsorbed carbon monoxide at
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Figure 2 Mixed potential change at 550 °C depending on the
oxygen content in Oz + CO + N2 gases.
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Figure 3 Mixed potential value between Pt- and ZnO-based
electrodes depending on the carbon monoxide content in
O2 + CO + N2 gases.

the electrode-electrolyte interface reaches a certain
saturation level for a given temperature.

The Pt/ZnO electrode pair is not selective for carbon
monoxide solely. It is more collective for the whole group
of combustible components that may be present in the
exhaust gases of thermal units. In addition to CO,
hydrogen and methane may also be present. The effect of
the cross-sensitivity of the sensor towards Hz and CH4 is
shown in Figure 4.

Figure 4a shows that the mixed potential value of the
sensor increases with increasing hydrogen in gas mixtures.
However, the sensitivity to hydrogen at 550 °C is
negligible, reaching only 2.2 mV/1000 ppm. The weak
response of hydrogen is caused by its low autoignition
temperature (560 °C); when a platinum electrode is used,
this temperature can be even lower. Although the sensor
signals for CO and H: are generally incomparable in
magnitude, taking into account that the sensor is designed
to control combustible gases in the aggregate, we end up
with a total signal for these two gases. The same occurs for
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the presence of methane in the exhaust gases. The
dependence of the mixed potential of the sensor on the
methane content in the analyzed gas is shown in
Figure 4b. The corresponding dependence at 550 °C is
nearly linear in the methane range from O to 2000 rpm,
while at 500 °C the linearity range is weakened up to
1500 rpm followed by a sign of stabilization. The
magnitude of the response is larger than that of hydrogen
but smaller than that of carbon monoxide. Because
methane is less reactive than carbon monoxide, its
absolute response values are lower. The presence of
methane, as well as hydrogen, will increase the total signal
of the sensor, increasing its efficiency.

The measured dynamic characteristics of the sensor
(Figure 5) show good signal reproducibility and short
response time. But even at 550 °C, the dynamics can
generally be considered satisfactory. The time to reach
90% of a nominal signal is quite significant and is about
one minute.
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Figure 4 Mixed potential value between Pt- and ZnO-based
electrodes depending on (a) the hydrogen content in
O2+H2+N2 gases and (b) the methane content in
Oz + CHa4 + N2 gases.
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Figure 5 Time dependence of the sensor response towards the
CO changes in the analyzed gas mixtures at 550 °C.

According to the recent review [28], a large number
of mixed potential sensors have been fabricated for
monitoring various gas compounds (NHz, NO, CO,
alkanes, HzS) in the environment. These sensors are able
to operate in a wide detection range (from 1 to 2000 ppm)
at elevated temperatures (400-1000 °C). Taking CO as an
example, the fabricated sensor has good sensitivity and
detection range. In addition, this sensor is capable of
analyzing not only CO-containing gas mixtures, but also
H2- and CH4-based gas.

4. Conclusions

The design of an electrochemical sensor for
simultaneous measurement of the content of oxygen and
products of incomplete fuel combustion in the exhaust
gases of thermal units is proposed.

The experimental data of the measurement of the
contents of carbon monoxide, hydrogen, and methane in
the gas mixtures are obtained.

It is established that the oxygen content of the gas
mixtures does not affect the determination of the content
of carbon monoxide, hydrogen, and methane when the
mixed potential method is used.

The dynamics of the fabricated sensor is studied.

The obtained results allow us to evaluate the use of
the mixed potential method as promising for its practical
application.

Supplementary materials

No supplementary materials are available.

Funding

This work was prepared within the framework of the
budgetary plans of the Institute of High Temperature
Electrochemistry (IHTE).

LETTER

Acknowledgments

None.
Author contributions

Anatoly Kalyakin: Resources; Software; Data
curation; Formal Analysis; Investigation.

Alexander Volkov: Conceptualization;
Methodology; Validation; Visualization; Writing -

original draft; Writing — Review & Editing; Project
administration; Supervision.

Conflict of interest

The authors declare no conflict of interest.

Additional information

Web-site of the Laboratory of Electrochemical
Devices Based on Solid Oxide Proton Electrolytes (IHTE):
https://ihte.ru/?page id=3787.

References

1. Steiner C, Wohrl T, Steiner M, Kita ], et al., Resistive
multi-gas sensor for simultaneously measuring the oxygen
stoichiometry (A) and the NOx concentration in exhausts:
Engine tests under dynamic conditions, Sensors, 23 (2023) 5612.
https://doi.org/10.3390/s23125612

2. Steiner C, Piils S, Bektas M, Miiller A, et al., Resistive,
temperature-independent metal oxide gas sensor for detecting
the oxygen stoichiometry (air-fuel ratio) of lean engine exhaust
gases, Sensors, 23 (2023) 3914.
https://doi.org/10.3390/s23083914

3. Hagen G, Herrmann ], Zhang X, Kohler H, et al.,
Application of a robust thermoelectric gas sensor in firewood
combustion  exhausts, Sensors, 23 (2023) 2930.
https://doi.org/10.3390/5s23062930

4. Li Q,Zeng W, Li Y, Metal oxide gas sensors for detecting
NO: in industrial exhaust gas: Recent developments, Sens
Actuators B Chem. 359 (2022) 131579.
https://doi.org/10.1016/j.snb.2022.131579

5. Herrmann J, Hagen G, Kita J, Noack F, et al., Multi-gas
sensor to detect simultaneously nitrogen oxides and oxygen, ]
Sens Sens Syst. 9 (2020) 327-335. https://doi.org/10.5194/]sss-
9-327-2020

6. Qin C, Wei Z, Wang B, Wang Y, Sn and Mn co-doping
synergistically promotes the sensing properties of Coz0O4 sensor
for high-sensitive CO detection, Sens Actuators B Chem. 390
(2023) 133930. https://doi.org/10.1016/j.snb.2023.133930

7.Zhang C, Liu K, Zheng Z, Debliquy M, Defect
engineering of nanostructured ZnSnOz for conductometric
room temperature COz sensors, Sens Actuators B Chem. 384
(2023) 133628. https://doi.org/10.1016/j.snb.2023.133628

8.Meng F-J, Guo X-M, Co/Au bimetal synergistically
modified SnO2-In203 nanocomposite for efficient CO sensing,
Ceram Int. 49 (2023) 15979-15989.
https://doi.org/10.1016/j.ceramint.2023.01.195



https://ihte.ru/?page_id=3787
https://doi.org/10.3390/s23125612
https://doi.org/10.3390/s23083914
https://doi.org/10.3390/s23062930
https://doi.org/10.1016/j.snb.2022.131579
https://doi.org/10.5194/jsss-9-327-2020
https://doi.org/10.5194/jsss-9-327-2020
https://doi.org/10.1016/j.snb.2023.133930
https://doi.org/10.1016/j.snb.2023.133628
https://doi.org/10.1016/j.ceramint.2023.01.195

Electrochem. Mater. Technol. 2 (2023) 20232019

9. Liang R, Zhu H, Yang L, Qi M, et al., Performance of
potentiometric oxygen sensors with LSCF electrode in lead-
bismuth eutectic loop, Ann Nucl Energy, 190 (2023) 109909.
https://doi.org/10.1016/j.anucene.2023.109909

10. Jung S-W, Chang MH, Jo K-], Jung M-H, et al,,
Electrochemical bulk and film-type oxygen sensors: Strategies
for detecting extremely low concentration in hydrogen
environments, ] Vac Sci Technol B Nanotechnol Microelectron.
41 (2023) 05220L. https://doi.org/10.1116/6.0002631

1. Courouau J-L, Fouletier ], Steil MC, HfOgz-based
electrolyte potentiometric oxygen sensors for liquid sodium,
Electrochim Acta, 331 (2020) 135269.
https://doi.org/10.1016/j.electacta.2019.135269

12. Itagaki Y, Mori M, Sadaoka Y, EMF response of the YSZ
based potentiometric sensors in VOC contaminated air, Curr
Opin Electrochem. 1l (2018) 72-77.
https://doi.org/10.1016/j.coelec.2018.08.002

13. Mathur L, Namgung Y, Kim H, Song S-]J, Recent
progress in electrolyte-supported solid oxide fuel cells: a review,
] Korean Ceram Soc. 60 (2023)  614-636.
https://doi.org/10.1007 /s43207-023-00296-3

14. Maiti TK, Majhi ], Maiti SK, Singh ], et al., Zirconia- and
ceria-based electrolytes for fuel cell applications: critical
advancements toward sustainable and clean energy production,
Environ Sci Pollut Res Int. 29 (2022) 64489-64512.
https://doi.org/10.1007 /s11356-022-22087-9

15. Guan S-H, Liu Z-P, Theoretical aspects on doped-
zirconia for solid oxide fuel cellss From structure to
conductivity, Chin ] Chem Phys. 34 (2021) 125-136.
https://doi.org/10.1063/1674-0068/ cicp2103044

16. Gorbova E, Tzorbatzoglou F, Molochas C, Chloros D, et
al., Fundamentals and principles of solid-state electrochemical
sensors for high temperature gas detection, Catalysts, 12 (2021)
1. https://doi.org/10.3390/ catall2010001

17. Middelburg LM, Ghaderi M, Bilby D, Visser JH, et al.,
Impedance spectroscopy for enhanced data collection of
conductometric soot sensors. 2020 IEEE 29th International
Symposium on Industrial Electronics (ISIE), IEEE; 2020.
https://doi.org/10.1109/1SIE45063.2020.9152484

18. Aversano G, Ferrarotti M, Parente A, Digital twin of a
combustion furnace operating in flameless conditions: reduced-
order model development from CFD simulations, Proc Combust
Inst. 38 (2021) 5373-538l.
https://doi.org/10.1016/]j.proci.2020.06.045

19. Shi L, Endres T, Jeffries B, Dreier T, et al., A compact
fiber-coupled NIR/MIR laser absorption instrument for the
simultaneous measurement of gas-phase temperature and CO,
COg2, and H20 concentration, Sensors, 22 (2022) 1286.
https://doi.org/10.3390/522031286

20. Butorina IV, Butorina MV, Vlasov AA, Semenova AV,
Assessment of the possibility of ferrous metallurgy
decarbonization, Chernye Metally. 3 (2022) 71-77.
https://doi.org/10.17580/chm.2022.03.13

21. Ritter T, Zosel ], Guth U, Solid electrolyte gas sensors
based on mixed potential principle - A review, Sens Actuators
B Chem. 382 (2023) 133508.
https://doi.org/10.1016/j.snb.2023.133508

22.Di Bartolomeo E, Grilli ML, Traversa E, Sensing
mechanism of potentiometric gas sensors based on stabilized
Zirconia with oxide electrodes, ] Electrochem. Soc. 151 (2004)
H133. https://doi.org/10.1149/1.1695387

LETTER

23.Vogel A, Baier G, Schiile V, Non-Nernstian
potentiometric zirconia sensors: screening of potential working
electrode materials, Sens Actuators B Chem. 15 (1993) 147-150.
https://doi.org/10.1016/0925-4005(93)85041-8

24. Zosel ], Schiffel G, Gerlach F, Ahlborn K, et al.,
Electrode materials for potentiometric hydrogen sensors., Solid
State lon. 177 (2006) 2301-2304.
https://doi.org/10.1016/].ssi.2006.01.004

25. Zosel ], Au-oxide composites as HC-sensitive electrode
material for mixed potential gas sensors, Solid State lon. 152-153
(2002) 525-529. https://doi.org/10.1016/50167-
2738(02)00355-7

26. Hibino T, Kakimoto S, Sano M, Non-nernstian
behavior at modified Au electrodes for hydrocarbon gas
sensing, ] Electrochem Soc. 146 (1999) 3361-3366.
https://doi.org/10.1149/1.1392478

27. Kalyakin AS, Fadeev GI, Volkov AN, Gorbova EV,
Demin AK, Electrodes for potentiometric solid-electrolyte
sensors with nonseparated gas spaces for measuring the contents
of combustible CO and H: gases in gas mixtures, Russ ]
Electrochem. 51 (2015) 134-141.
https://doi.org/10.1134/51023193515020068

28. Ritter T, Zosel ], Guth U, Solid electrolyte gas sensors
based on mixed potential principle — A review, Sens Actuators
B Chem. 382 (2023) 133508.
https://doi.org/10.1016/j.snb.2023.133508



https://doi.org/10.1016/j.anucene.2023.109909
https://doi.org/10.1116/6.0002631
https://doi.org/10.1016/j.electacta.2019.135269
https://doi.org/10.1016/j.coelec.2018.08.002
https://doi.org/10.1007/s43207-023-00296-3
https://doi.org/10.1007/s11356-022-22087-9
https://doi.org/10.1063/1674-0068/cjcp2103044
https://doi.org/10.3390/catal12010001
https://doi.org/10.1109/ISIE45063.2020.9152484
https://doi.org/10.1016/j.proci.2020.06.045
https://doi.org/10.3390/s22031286
https://doi.org/10.17580/chm.2022.03.13
https://doi.org/10.1016/j.snb.2023.133508
https://doi.org/10.1149/1.1695387
https://doi.org/10.1016/0925-4005(93)85041-8
https://doi.org/10.1016/j.ssi.2006.01.004
https://doi.org/10.1016/S0167-2738(02)00355-7
https://doi.org/10.1016/S0167-2738(02)00355-7
https://doi.org/10.1149/1.1392478
https://doi.org/10.1134/S1023193515020068
https://doi.org/10.1016/j.snb.2023.133508

