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Abstract: The rapid development of science, technology, and engineering in the 21st century has
offered a remarkable rise in our living standards. However, at the same time, serious environmental
issues have emerged, such as acid rain and the greenhouse effect, which are associated with the
ever-increasing need for energy consumption, 85% of which comes from fossil fuels combustion.
From this combustion process, except for energy, the main greenhouse gases-carbon dioxide and
steam-are produced. Moreover, during industrial processes, many hazardous gases are emitted. For
this reason, gas-detecting devices, such as electrochemical gas sensors able to analyze the composition
of a target atmosphere in real time, are important for further improving our living quality. Such
devices can help address environmental issues and inform us about the presence of dangerous
gases. Furthermore, as non-renewable energy sources run out, there is a need for energy saving.
By analyzing the composition of combustion emissions of automobiles or industries, combustion
processes can be optimized. This review deals with electrochemical gas sensors based on solid oxide
electrolytes, which are employed for the detection of hazardous gasses at high temperatures and
aggressive environments. The fundamentals, the principle of operation, and the configuration of
potentiometric, amperometric, combined (amperometric-potentiometric), and mixed-potential gas
sensors are presented. Moreover, the results of previous studies on carbon oxides (COx), nitrogen
oxides (NOy), hydrogen (Hy), oxygen (O;), ammonia (NH3), and humidity (steam) electrochemical
sensors are reported and discussed. Emphasis is given to sensors based on oxygen ion and proton-
conducting electrolytes.

Keywords: electrochemical gas sensor; solid oxide electrolytes; high temperature; gas detection

1. Introduction

In many industrial fields, such as metallurgy, nuclear or thermal power plants, and
the petrochemical industry, high temperatures are required. By analyzing/measuring
the emissions, it is possible to reduce the released hazardous gases and optimize the
combustion process. This analysis can be applied by using sensors able to withstand
operating conditions and operate effectively under them. Moreover, electrochemical
sensing technologies are used for the online detection of gases. Electrochemical gas sensors
(EGSs) can provide information about the concentration of a wide range of gases by using
redox reactions. Their technology dominates over other technologies, as they provide real-
time information with good selectivity, accuracy, simple design, and low cost. Ideally, the
response of an EGS is directly related to the concentration of a specific chemical species [1].
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EGSs based on solid oxide electrolytes are employed in various applications, such as
environmental control, chemical processing, laboratory analysis, etc. EGSs, among other
gas sensing technologies, seem to be the most promising technology, offering simple design
and operation, high sensitivity, real-time response, and the possibility of miniaturization
even in really difficult environments. The output of these sensors is an electrical signal that
directly provides information about the measured chemical compounds. These advantages
render these sensors an attractive and promising technology to address emission-related
problems. Independently of the target gas or their design, most EGSs have the same or very
similar principles of operation. Based on their operation, these sensors are classified into
two categories. The first includes active sensors, where the sensing signal is the voltage
between two electrodes. This includes equilibrium potentiometric sensors (EPSs) and
mixed potential sensors (MPSs). The second are passive sensors, where an externally
applied voltage is required, and the output current is the sensing signal. This includes
amperometric sensors. Regardless of the type, in EGS, system functionality is based mainly
on the solid oxide electrolyte separating the two electrodes and offering the required ionic
conductivity, combined with thermal, mechanical, and thermodynamic stability in harsh
operating environments.

Conductivity in solids was reported for the first time more than a century ago. In
1883, Michael Faraday first discovered electrical conductivity in AgyS. Similar behavior
was reported for PbF,. Hittorf studied conductivity in AgS and Cu,S and stated that a
conduction mechanism in these materials is different from conduction in metals. Warburg
in 1884 proved that sodium ions could flow through the solid. This result changed the
Arrhenius claim that pure salt and pure water could not be conductors such as salt dissolved
in water [2].

One of the earliest applications of solid ceramic electrolytes was Nernst’s lamp. In
1897, Nernst discovered that ceramic based on oxides mixture could exhibit conduction
at high temperatures. In 1943, Wagner explained the conduction mechanisms in solid
electrolytes [3]. Later, many solid oxides with good ionic conductivity at increased temper-
atures, such as the particularly favorable compositions of 85 mass% zirconia and 15 mass%
yttria (YSZ), were identified.

In 1957, Kiukkola and Wagner performed thermodynamic investigations, using CaO-
stabilized ZrO; as a solid electrolyte [4]. These studies were the first step for many appli-
cations in solid-state electrochemistry in which ZrO;-based solid electrolytes dominated
over other ceramic electrolytes. For example, in 1961, Weissbart and Ruka described a
Z1O;-based galvanic cell for the detection of oxygen in named high-temperature oxygen
gauge [5]. Many families of materials were identified as ion conductors relative to different
kinds of ions; some of the most important include 3 and 3” aluminas, polymers, cerates,
and zirconates [6].

Herein, we provide the principle of operation and the configuration of the types
(potentiometric, amperometric, combined, and mixed potential) of solid oxide gas sensors,
followed by a discussion on the results of previous studies dealing with the detection
of several gasses (Hp, Oy, COx, NOy, NHj3, and steam) at high temperatures and harsh
operating environments. Our presentation focuses on sensors based on proton-conducting
and oxygen ion electrolytes.

2. Theory

Based on their principle of operation, EGSs are classified as potentiometric, ampero-
metric, combined (amperometric-potentiometric), and impedance-based gas sensors [7].

2.1. Equilibrium Potentiometric Gas Sensors

A potentiometric sensor consists of an electrolyte, usually in the form of a one-end
closed tube, covered with two electrodes on the internal (reference electrode, RE) and exter-
nal (sensing electrode, SE) sides of the electrolyte. During the operation of a potentiometric
sensor, an equilibrium potential is established at the SE. This potential depends on the
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concentration of the gas of interest (target gas). A standard potential is established at the
RE. The potential of the SE is measured against this standard potential. Electrodes are
coated with a catalyst, usually a noble metal such as platinum, to increase reaction speed
and, thus, improve the performance of the sensor [8].

The principle of operation of potentiometric sensors is based on open-circuit voltage
(OCV) measurements, where no electrical current flows through the sensor. The sensor
operates as a concentration cell, with different chemical potentials of ionic species on
each side. The open-circuit voltage can be calculated by Equation (1), known as the
Nernst Equation:

/
F Pgas

E=—t

Z -

where R is the ideal gas constant, T the absolute temperature, F the Faraday constant, z the
number of the involved electrons in the electrochemical reaction at the sensor electrodes, t;
the ion transference number, and pg,s the partial pressure of the electrochemically active
gas on each side of the sensor; here and below, single prime (') stands for inside atmosphere
and double prime () stands for outside atmosphere. If the operating conditions are
known (the concentration of the electroactive gas in the reference atmosphere and the
experimental OCV, i.e., the electromotive force (EMF) established between the SE and RE),
the composition of the target atmosphere can be analyzed. Most equilibrium potentiometric
sensors follow this principle [9]. For example, for an oxygen sensor with an oxygen ion
conductor with to = 1, Equation (1) is transformed into the following.
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here, z is equal to 4, and p,, is the oxygen partial pressure. A well-known potentiometric
oxygen sensor with a solid oxide electrolyte (YSZ) is the lambda sensor displayed in
Figure 1A, usually employed for the detection of oxygen in exhaust gases [10].

2.2. Mixed Potential Gas Sensors

The design and the principle of operation of mixed-potential gas sensors are similar
to that of potentiometric gas sensors described above. In an equilibrium potentiometric
sensor, oxidation and reduction reactions occur between electrodes and gas until a steady
potential is established. However, in mixed potential sensors, more than one reaction
takes place at the SE (sensing electrode). As a result, no equilibrium is established and
a mixed-potential is observed. This behavior is known as non-Nernstian. As this mixed
potential provides information about the gas of interest, these sensors are employed for
the detection of non-equilibrium gas mixtures containing H,, CO, CO,, hydrocarbons,
SO,, NOy, NHj3, and H,S [9,11-13]. Okamoto et al. first introduced the concept of mixed
potential sensors [14]. In Figure 1B, a typical CO mixed-potential sensor based on an YSZ
electrolyte and Pt-electrodes is schematically represented. During the operation of this
sensor, two reactions take place at the SE: reaction (3) generates oxygen anions, which then
are involved in an anodic reaction (4) with the target gas (in this example with CO).

O, + 4e~ — 207~ 3)

CO+0* = COy +2e~ (4)
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Figure 1. (A) A typical potentiometric sensor for the detection of oxygen in exhaust gases. Repro-
duced with permission from [16]; (B) schematic representation of a typical mixed potential sensor
with YSZ electrolyte and porous electrodes, reproduced with permission from [15]; (C,D) schematic
representation of amperometric sensors: (1) the diffusion barrier, (2) the solid electrolyte, (3) cathode,
(4) anode, and (5) surrounding gas. Reproduced with permission from [17,18].

Reaction (3) also takes place at the RE (reference electrode), exposed to the reference
gas or in some designs relative to the analyzed gas, if the RE is inactive to reaction (4),
resulting in an equilibrium potential at the RE that is determined by the reaction occurring
there. Note that this potential depends only on the oxygen concentration. Thus, between
the SE and RE, a potential difference is observed, which is mainly affected by the kinetics
of reactions (3) and (4) on the SE; thus, for the efficiency and the performance of the sensor,
it is important to choose a suitable SE [15].

2.3. Amperometric Gas Sensors

Amperometric sensors work by applying an external voltage. This applied voltage
drives certain reactions at the electrodes. Amperometric sensors are designed in such a
manner that the gas supply to one of the electrodes is limited by diffusion. This electrode
can be in an inner chamber, or it can represent a porous media. In order for the gas to reach
the electrode, it must be diffused through the porous or capillary barrier [7]. In Figure
1C,D, schemes of typical amperometric sensors are displayed. When the sensor is placed in
the tested atmosphere, the chamber (porous electrode) is filled with ambient gas. Then, an
external voltage is applied between the electrodes, and the reaction of the target gas at the
cathode begins. In the case of the oxygen amperometric sensor, this reaction is (3).
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In this manner, a dynamic balance is established between the amount of the target
gas, electrochemically pumped out from the chamber (porous layer), and the amount of
the target gas that diffuses through the diffusion barrier. According to Faraday’s law, the
generated electrical current relates to the diffusion flow of the target gas as follows:

I
n -

where I is the observed current, F the Faraday’s constant, and # is the number of electrons
involved in the reaction. By increasing applied voltage, the reaction rate increases until
a certain value, where the concentration of the target gas inside the sensor is negligible.
At this point, the diffusion flow of the target gas through the capillary barrier reaches the
maximum value. Under this condition, a further increase in applied voltage does not affect
current response. The corresponding current is denoted by Usui et al. [19] as the limiting
current, described by Equation (6):

z- F-Dgs-P-A
Bim = = R-T- L

In(1 — Xgas) (6)

here, I}y, is the limiting current, Dg,s the diffusion coefficient, A and L the area and length
of the diffusion barrier, respectively, P is the absolute pressure, Xgas the mole fraction of the
target gas, and z is the number of electrons transferred. In the case of low gas concentration
(<20%), Equation (6) is simplified to Equation (7).

Z~F~Dga5-P-A
Lim = R-T. L

Xgas @)

The diffusion coefficient depends on the operating conditions according to Equation (8),
known from Chapman-Enskog theory:

T\"P
o-n(3)}

where Dy, Ty, and Py are the diffusion coefficient, temperature, and pressure at standard
conditions (25 °C and 1 atm), P and T are the pressure and temperature at operating
conditions, and m is a coefficient depending on the composition and kind of gas mixtures,
ranging from 1.5 to 1.9 [19].

Amperometric sensors seem to provide more advantages over the potentiometric
ones as they can operate without a reference atmosphere. The establishment of a reference
atmosphere for the proper operation of a hydrogen potentiometric sensor can be really
problematic due to the environment of operation of these sensors; their working tempera-
ture is usually above 600 °C to achieve a stable reference potential. Another advantage of
amperometric sensors is that the limiting current is linearly related to the gas concentration,
as described by Equations (6) and (7), making amperometric sensors more precise for
medium and high target gas concentrations. On the contrary, potentiometric sensors are
less sensitive at such concentrations because the sensing signal is logarithmically related to
gas concentration. By employing many different materials and geometries, amperometric
sensors can identify many different gases, such as Oy, Hy, CO, NOy, CHg, and NHj [7].

2.4. Combined Gas Sensors (Amperometric-Potentiometric)

Apart from purely potentiometric or amperometric cells, there are more sophisticated
devices that combine both cells. Combined sensors consist of two electrochemical cells:
one operates as an amperometric sensor and the other as a potentiometric one. The joints
between the cells, or between the cells and the capillary barrier, are sealed with a high-
temperature glass sealant. The principle of operation of these devices is more complex
compared to single amperometric or potentiometric sensors. During their operation, the
first cell pumps target gas in or out of the sensor chamber, and the limiting current is mea-
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sured. The other cell measures the EMF and provides information about the concentration
of the target gas or the proper operation of the amperometric sensor. Therefore, the ability
of the combined sensor to measure simultaneously the limiting current in the target gas
pump and the EMF in the potentiometric cell increases the sensor’s reliability [8]. A detailed
description of the operation of combined sensors is presented in Sections 4.1.2 and 4.3.1.

2.5. Impedance-Based Gas Sensors

The impedance metric gas sensors employ a different approach for detecting the gas
of interest. The design of impedance-based sensors is similar to that of mixed-potential
sensors. For their operation, a sinusoidal voltage is applied, and the current response is
measured. By knowing the applied voltage and the current response, the impedance is
calculated. Impedance-based techniques are applied to semiconductor-based and solid
oxide-based sensors [20]. There are reports of YSZ-based impedancemetric sensors for
detecting steam (H,O), NOx, and CO [7,21-24].

3. Materials for Electrochemical Gas Sensors

An electrochemical sensor consists of at least two electrodes, the electrolyte, the wires
connecting the electrodes, the necessary sealants, and the shell that houses all components.
It is always important to carefully choose the employed materials for the electrodes and
the electrolyte, while seriously considering the operating temperature, the environment,
and the occurring reactions.

3.1. Electrolytes

In electrochemical devices, the electrolyte is the most important component. In elec-
trolytes, the electric current is transported by ions, while in metals it is transported by
electrons. During the last three decades, several solid materials were developed that exhibit
significant ionic conductivity, presenting almost negligible electronic conductivity. Solid
electrolytes are applied in many electrochemical devices (fuel cells, batteries, supercapaci-
tors, and electrochemical gas sensors). Solid electrolytes, in order to be applied in these
devices, must meet a set of properties, including thermal, mechanical, ionic-transport
characteristics, and long-term thermodynamic and chemical stability in the operating envi-
ronment. The main two groups of materials discussed herein are oxygen ion-conducting
and proton-conducting electrolytes.

The fluorite family includes ZrO,-based materials stabilized with Y, Yb, and Sc oxides
or their mixture [25] and CeO,-based materials doped with lanthanides [26]. ZrO,-based
electrolytes have oxygen ion conductivity in a wide range of oxygen partial pressures
and are utilized in sensors for measuring oxygen activity in atmospheres with free or
bonded oxygen (H,O + H; or CO; + CO mixtures). CeO,-based electrolytes become mixed
ionic-electronic conductors at low oxygen concentration [27]; therefore, they can be used in
the sensors for measuring the concentration of free oxygen.

Among the perovskite family materials, lanthanum gallate (LaGaO3)-based ones
were the only proved suitable for application as electrolytes. Ishihara et al. [28-30] first
developed optimized materials of general stoichiometry La;.xSrxGa;.yMgyO3 5 (LSGM).
LSGM exhibits higher conductivity at intermediate temperatures than the ZrO,-based
electrolytes and slightly lower conductivity than CeO,-based electrolytes, and it is a
promising electrolyte for application in sensors operating at lower temperatures. Another
family of oxide-ion conductors is BIMEVOX. They are Bi,O3-based ionic conductors, doped
with a transition metal (such as Cu or Mg) and vanadium (V), showing ionic conductivity
close to 0.1 S-em~! at 600 °C [31,32].
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Among the newly discovered electrolytes, proton conductors are the most promising
for future electrochemical devices. Iwahara et al. first discovered the proton-conducting
properties of LaYO3 and SrZrOs [33]. Following their findings, Maiti and Vikar reported
that pure BaCeOs and yttria-doped BaCeOj3 behave as proton conductors at po, < 10~° and
600-1000 °C [34]. In 1987, Mitsui et al. [35] proved proton conduction in BaCe 95 Ybg 0503-5
and BaZr95Ybp 505.5. Among these discoveries, the highest conductivity, close to
10~2S-cm ! at 600 °C, was achieved by BaCeOs-based materials [36,37]. Moreover, ma-
terials belonging to the alkali earth family, such as MCeOj3 (where M = Sr, Ca, Ba), were
investigated for their proton-conducting properties.

In the beginning of 1990s, only zirconates were known for their protonic conduc-
tivity; later, in 1993, Liang and Nowick proposed a mixed perovskite with formula
Ay (B1:xC1-)04.5, where A = Sr?*, Ba?*, B = Ga’*, Gd®*, and Nd3* and C = Nb°* and
Ta%*, while x ranges from 0 to 0.2 [38,39]. The most investigated materials, in terms of their
proton-conducting properties, are oxides based on BaCeO3 and BaZrOs. In addition to
those materials, other protonic conductors, such as LaNbOy, BayIn;Os, and LaYOj3, were
used in solid oxide electrochemical hydrogen sensors even if they exhibit lower proton
conductivity [40]. Among them, LaYO3 was the first oxide material in which Iwahara and
Takahashi observed proton-conducting properties.

3.2. Electrodes

The electrodes used in EGSs must exhibit excellent sensitivity to the target gas. How-
ever, apart sensitivity, long-term and porous structure stability is also required. It is
common to use a noble metal electrode because EGSs based on solid oxide electrolytes
usually have a small size; thus, the cost of the utilized noble metal is not high. The most
favorable materials for potentiometric and amperometric sensors are mainly noble metals.
This group includes platinum (Pt), rhodium (Rh), ruthenium (Ru), palladium (Pd), gold
(Au), iridium (Ir), and silver (Ag) [41].

In the first equilibrium potentiometric sensors, atmospheric air was supplied to RE
because oxygen concentration in air is known. On the other hand, hydrogen or inert gas
with a standard concentration of hydrogen was used as the reference gas in equilibrium
potentiometric sensors based on proton-conducting solid electrolytes [42]. However, as
already discussed, the constant supply of the reference gas is problematic; thus, other
solutions were suggested as alternatives. One solution seems to be the utilization of a
Metal/Metal Ox system as the reference electrode [9].

There is a wide range of materials for sensing electrodes (SE) in mixed-potential
sensors. At first, metals such as Au, Pt, and Mo or binary systems with Ag, Au, Ni, and
Cu based on Pt were mainly employed [15]. However, recent investigations proposed
materials based on NiO, WO3 [43], ZnO, and ZnO/CuO [15,44].

4. Solid Electrolyte-Based Electrochemical Gas Sensors (EGSs)

The materials, design, and principle of operation of EGSs employed for the detection
of combustible gases, such as carbon oxides, hydrocarbons, and hydrogen, are initially
discussed. Then, EGSs for the detection of nitrogen oxides and ammonia are presented.
Finally, oxygen and humidity electrochemical sensors are also described. Different sensors
are reported, operating in a wide range of temperatures from 300 °C to 1000 °C, based on
different electrolyte and electrode materials.

4.1. Detection of Combustible Gasses
4.1.1. Detection of COx (CO, CO,) and CHpn1» Hydrocarbons (HCs)

Nowadays, concerns about flammable and toxic gases are increasing. Toxic gases
appear in both industrial and domestic environments, causing severe, life-threatening, and
harmful environmental issues. Solid-state oxygen sensors are a well-known technology
for the regulation of internal combustion engines emissions. However, the control of
more stringent pollutant emissions requires the development of electrochemical sensors
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able to detect CO and HCs. Future emission control strategies and onboard diagnostic
systems require sensors to detect the above gases at very low concentrations, usually a
few ppm, at temperatures between 800 and 1000 °C. During internal combustion, CO is
generated from HCs’ incomplete combustion. The control of CO is important because it
is harmful to the environment and humans, while from its concentration levels, we can
obtain information about combustion efficiency. For direct on-board diagnostic strategies,
solid-state electrochemical sensors capable of operating at high temperatures and detecting
those combustible gases are employed downstream of a three-way catalytic converter [7].
As previously mentioned, the most common and well-established sensor for the control
of exhaust emissions is the lambda sensor. This sensor is based on YSZ electrolyte and
operates under the potentiometric regime. It is the most reliable technology, as it is
employed in gasoline-based vehicles since 1990. Among the advantages of YSZ electrolyte
include the great mechanical and chemical stability over a long period of time and good
oxygen-anion conductivity.

Mixed Potential Combustible Gas Sensors

Usually, solid-state EGSs employed for detecting hydrocarbons and CO operate under
the potentiometric regime. The signal in these sensors is given from the electromotive force
developed between the two electrodes. As is known, the most popular solid electrolyte
is YSZ, and Pt is the noble metal most widely used for the electrodes. CepgGag201.9
(CGO) [45] or B”-aluminas [46] are also suggested as electrolytes. The main requirement to
be fulfilled for a suitable mixed-potential sensor is the facilitation of the reaction kinetics
at the three-phase boundary. These sensors are suitable at temperatures between 500 and
600 °C as they operate in non-equilibrium conditions. At higher temperatures, the system
approaches equilibrium resulting in a decrease in response signal [47]. The investigations
on mixed potential sensors for combustible gases were mainly devoted to finding new
materials for electrode applications. WO3 [48], Nb,Os, GapO3, and InpyO3 [49] are some of
the most popular electrode materials for CO and HCs electrochemical sensors, operating
between 500 and 700 °C. Furthermore, doped-oxides and perovskites have also been
investigated as materials for sensing electrodes. However, mixed potential sensors suffer
from poor selectivity because of their detection mechanism. Moreover, they exhibit high
cross-sensitivity as both HCs and CO react with oxygen [7].

Amperometric Combustible Gas Sensors

Apart from YSZ-based electrochemical potentiometric sensors, amperometric sensors
have also been proposed for combustible gas analysis. They present several advantages,
including the operation without the need for a reference gas and the establishment of
an equilibrium potential. Although amperometric sensors have some advantages over
potentiometric ones, there are not many reports about their employment for the detection
of combustible gases. Additionally, the detection of combustible gases in mixtures of
combustible gas+Nj is interesting from a practical point of view, because most thermal-
catalytic analyzers cannot effectively detect combustible gases in oxygen-free atmospheres.
Recently, Fadeyev et al. [50] fabricated an amperometric sensor for the detection of Hy, CO,
and CHy in nitrogen for intermediate temperatures (450 °C). As observed from Figure 2A,
the abovementioned sensor consists of two cells based on 9YSZ (0.91Zr + 0.09Y,03). The
cells are sealed with glass sealant, forming an internal chamber between them. This
chamber is connected through a metal capillary with the environment. At the opposite
sides of one of the cells are deposited Pt electrodes with current wire leads.
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Figure 2. (A) Schematic representation of an amperometric sensor. Reproduced with permission
from [50]. (B) [-V characteristic curves of the tested sensor at 450 °C; (a) for the mixture N, + Hj at
different H, concentrations (0.5, 2, 4, 6 vol.% Hy); (b) for the mixture N, + CHy for different CHy
concentrations (2, 4, 6 vol.% CHy); (c) for the mixture N + CO for different CO concentrations (1, 2,
4, 6 vol.% CO); (d) the relation between the limiting current and different concentrations of the three
tested combustible gases (Hp, CHy, and CO). Reproduced with permission from [50]. (C) Schematic
representation of the amperometric sensor, (1) proton-conducting electrolyte, (2) glass sealant, (3—4)
Pt electrodes, and (5) platinum lead. Reproduced with permission from [51]. (D) I-V curves for (a)
Lag 9551005 YO3 electrolyte-based cell, (b) CaZr(99Scp.1O3 electrolyte-based cell, (c) CaTig955¢0.0503
electrolyte-based cell, for different H, concentrations in mixtures of N + 2%H,0O + Hj at operating
temperature of 800 °C, and (d) dependence of limiting current on hydrogen content for cell-1.
Reproduced with permission from [51].
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The operation principle of the amperometric sensors has already been discussed. A
positive potential is applied to the inner electrode. Due to the applied potential, steam
reacts at the outer electrode according to the following reaction.

H,O+2e~ — Hy, + O~ )

Steam decomposition occurs because some residual humidity (10 ppm) exists in
nitrogen and so at the analyzed gas. The oxygen anions generated from reaction (9) move
through YSZ to the inner electrode and react with the Hy, CO, and CHy in the chamber
according to the following reactions.

H, + 0™ — H,O +2e” (10)
CO+0%* — COy +2e (11)
CHy +40%*™ — CO, +2H,0 + 8¢~ (12)

Due to the reactions, the concentration of the combustible component inside the
chamber decreases. The diffusion flux of the combustible gas through the capillary reaches
a maximum value when its concentration inside the chamber is zero. Equation (7) for the
limiting current can be written as follows:

Zk'F'Dk'P'A
Lim = R T L

Xk (13)

where k represents the target gas (k = Hp, CO or CHy) and Xj represents the mole fraction
of the target gas; zy = 2 for H, and CO, and zy = 8 for CHy. By solving Equation (13), it is
possible to obtain the following Equation for the diffusion coefficient.

Iimk - R-T - L

Dy = 14
Kk 72 X P -A-F (14)

The tests were carried out in different mixtures of combustible gas + Nj at 450 °C. In
Figure 2B, the relation between the applied voltage and the current response of the sensor
is shown. The plateau region is observed when the limiting current is reached. Figure 2B(a)
shows the I-V curves for N, + H, mixtures, at 0.5, 2, 4, and 6 vol% H,. As observed, all
curves reach a plateau at 0.2-0.25 V.

From Figure 2B(a), for the mixture of N + 6%H; at 450 °C, the total resistance (the
slope of the region before the plateau) of the sensor is about 4 k2, of which about 12.5%
is the resistance of the electrolyte (0.5 k(2), and the rest is the polarization resistance of
the electrodes. In Figure 2B(b), the curves for the Ny + CHy mixture at different CH4
concentrations are displayed. Similarly to N, + Hy mixtures, all curves for the CH4 + Ny
mixtures reach the plateau between 0.2 and 0.25 V.

The total resistance of the sensor, for the Ny + 6%CH,4 mixture, is about 5 kQ), close to
the value obtained for the Ny + 6%H, mixture. In Figure 2B(c), the I-V curves for N + CO
mixtures with different CO concentrations (1-6 vol.%) are depicted. As noted, the current
response is considerably lower than that observed for N, + CHy and Nj + H, mixtures.
The main reason is the considerably lower diffusion rate of CO in N, compared to that of
CHy and H,.

Furthermore, due to the higher polarization resistance of the electrode, the total resis-
tance of the sensor for Ny + 6%CO is about 16 k(). In all the tested combustible gases, the
limiting current is linearly proportional to the concentration, as seen in Figure 2B(d) [50].
From Equation (14), the diffusion coefficient for each tested gas is calculated. The cal-
culated diffusion coefficients for H,, CH,, and CO were 3.54 + 0.6, 1.02 + 0.5, and
0.952 & 0.5 cm? /s, respectively.
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4.1.2. Hydrogen (H;) Sensors

A well-known electrolyte for these sensors is YSZ, which is stable and effective with
good ionic conductivity at elevated temperatures. Although there are many investiga-
tions about hydrogen detection sensors based on oxygen-conducting electrolytes using the
mixed-potential principle, they are not yet suitable for well-measuring hydrogen. Conse-
quently, for the development of electrochemical hydrogen sensors, the use of solid oxide
proton conductors (SOPCs) is reported.

Amperometric Hy Sensors

Hydrogen amperometric sensors were fabricated using Lag 9551905 YO3, CaZr(99Sc103,
and CaTig 955¢( 0503 proton-conducting solid electrolytes, synthesized and tested by Kalyakin
etal. [51] in Hy + N + H>O gas atmospheres at 800 °C. The configuration of the three sen-
sors was similar. Two parts of the solid electrolyte were sealed together using a glass sealant
to form an empty chamber between the two plates. Two Pt electrodes were placed at the
opposite sides of one of the plates. The sensor is schematically represented in Figure 2C. In
these sensors, the leakage between the sealed parts and through the porous solid electrolyte
plays the role of the diffusion barrier. In order to test the three sensors, they were placed
into a furnace to reach the needed temperature at around 800 °C. A direct current (DC)
voltage is applied to the electrodes for the electrochemical pumping of hydrogen out of the
chamber. Under these conditions, hydrogen generates protons and electrons at the internal
electrode. Protons move through the proton conductor to the external electrode and meet
with the electrons to form hydrogen molecules again. The electrochemical pumping-out of
hydrogen is described by the following equations.

Internal electrode : Hy — 2H' + 2™ (15)

External electrode : 2H' +2e~ — Hj (16)

The current—voltage curves of the sensor were obtained. The ohmic resistance of
the solid electrolyte and the electrode polarization resistance affect the slope of the I-V
curves, while the limiting current depends on the characteristics of the diffusion bar-
rier and the composition of the fed gas. The I-V curves of the sensors #1, 2, and 3,
based on Lag 955r¢ 05 YO3, CaZrg 99Scy 103, and CaTig 955¢0,0503, respectively, are presented
in Figure 2D(a—c). In the sensors based on Lag g5 Srg 05 YO3 and CaZrj 99Scy 103, three re-
gions can be distinguished. Sensor #1 was tested at hydrogen concentrations between
10 and 98%, while sensor #2 was tested at significantly lower hydrogen concentrations
(<10%). Finally, as observed, for sensor #3 based on CaTig955¢( 0503 electrolyte, the I-V
curves never reach a plateau, a fact attributed to the presence of a significant electronic
conductivity in the electrolyte. Consequently, this electrolyte is not suitable for hydrogen
sensors. As observed in Figure 2D(d), the relation between limiting current and H; content
for sensor #1 is strictly linear. Therefore, the Lag 95519 05 YO3 electrolyte can be used for the
detection of high hydrogen concentration in mixtures with N, at elevated temperatures.
From Figure 2D(b), it is observed that the dependence of limiting current and H, content is
also linear. Sensor #2 made with CaZr( 99Scy.103 can be used for the detection of low Hj
concentrations (<5%) in a mixture with N, [51].

Combined (Amperometric-Potentiometric) Hy Sensors

A combined Hj sensor is applied for measuring hydrogen content in N, + H, mixtures
containing also some amount of steam, usually less than 0.1% [18]. The sensor is composed
of two cells: The first one is based on a solid proton-conducting electrolyte, Lag 9Srg1YO3.5
(LSY), while the other one is based on an oxygen ion-conducting electrolyte, YSZ. Both
cells are rectangular plates with a recess on one side. The cells have Pt electrodes on the
opposite sides. The two cells form a chamber between them that connects with the ambient
gas through a ceramic capillary. The principal scheme and the used experimental cell of an
amperometric sensor are displayed in Figure 3A.
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Figure 3. (A) Schematic representation of the hydrogen amperometric sensor (left): (1) the ambient
gas, (2) the ceramic capillary, (3) the Pt electrodes, and (4) the glass sealants; (right) the experimental
cell. Reproduced with permission from [18]. (B) (a,b) Dependence of current on the applied voltage
for x vol.% Hj in N + Hj mixture at 550 °C, (c) dependence of limiting current to hydrogen content,
and (d) I and AV, plotted against U for the 0.7 vol.% Hj + Nj mixture at 550 °C. Reproduced with
permission from [18]. (C) Combined potentiometric (a) amperometric (b) hydrogen sensor, (1) BZCY
proton conductor, (2) chamber inside the sensor, (3) capillary barrier, (4) Pt electrodes, and (5) glass
sealant. Reproduced with permission from [52]. (D) (a) EMF-V curves for different hydrogen content
in x%Hj; + Ny + 2%H,0O gas mixtures at 500 °C; (b) the limiting current as a function of hydrogen
content in Ny + Hy mixture at 500 °C; (c) I-V curves for different temperatures of operation and (d)
for different H, concentrations at 500 °C. Reproduced with permission from [52].

By applying a positive potential to the inner electrode of the LSY plate, hydrogen
is electrochemically pumped out of the sensor chamber due to the transfer of protons
through the Lag ¢Srp 1YOs s electrolyte. When the hydrogen concentration inside the sensor
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chamber is negligible, a limiting current is observed. The latter for the hydrogen sensor is
calculated through Equation (7), where gas = H and z = 2.
2-F-Dy, P-A

= —XH

I;; 17
lim R-T L ( )

2

The YSZ-based cell operates as a potentiometric sensor. The generated OCV obeys
Nernst Equation (2). In both cell atmospheres, oxygen is bonded, and its partial pressure is
determined by the following Equation:

2

K- pu,0

Po, = <pH : ) (18)
2

where K is the equilibrium constant of reaction (19).

H,0 5 H, + 050, (19)

Taking into account that the steam partial pressure in the analyzed gas mixture and
inside the sensor chamber is practically the same, Equation (2) after substitution of po,
from Equation (18) is written as follows.

p- X Ty @ (20)
2-F PH,

In fact, the cell with the YSZ electrolyte continuously monitors hydrogen content inside
the sensor as the hydrogen pumping continues. The I-V curves of the sensor for different
H, concentrations in N, + Hy mixtures at different operating temperatures are shown in
Figure 3B(a,b). Three regions are observed on the curves for each H, concentration. At
the first region, the current is proportional to the applied voltage until the limiting current
is reached and a plateau is observed. At the plateau region, the current remains constant
under the rising voltage. The current starts increasing again at higher voltage values. The
observed rise is due to the appearance of electronic conductivity in the solid electrolyte.

As seen in Figure 3B(c), a linear relationship between the limiting current and the Hj
concentration is observed. This is an important condition concerning the amperometric
sensor suitability for the target gas detection [18]. Figure 3B(d) shows the dependence of
the current and the measured OCV on the applied voltage. The curves were obtained at
550 °C for 0.7 vol.% hydrogen in the Hy + N, mixture. As observed, the current increases
with the increase in applied voltage up to 0.7 V. The limiting current plateau lasts until the
voltage reaches ~1.4 V. At the same time, the OCV value, measured using the YSZ-based
cell, increases smoothly at the beginning as the applied voltage increases. However, when
the concentration of hydrogen inside the sensor tends to zero, there is a sharp increase in
the OCV value. At the plateau region, the hydrogen concentration is not more than 8 ppm.

BaCey7Zrp1Y020s.5 (BZCY) was employed in a combined amperometric—potentiometric
sensor for detecting hydrogen in wet (2% H,O) N, + H, mixtures at temperatures between
450 and 550 °C [52]. This sensor is made of two Pt | BZCY | Pt electrochemical cells, with an
empty chamber between them. The chamber is connected with the environment through a
capillary. The joints between the cells and between the cell and the capillary were sealed
with a high-temperature glass sealant. The configuration of the sensor is presented in
Figure 3C. Cell-1 operates under an amperometric regime as an electrochemical pump,
while cell-2 operates as a hydrogen potentiometric sensor. Depending on the applied volt-
age to the cell-1, the sensor operates either in potentiometric, Figure 3C(a), or amperometric
mode, Figure 3C(b).
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In the potentiometric mode, a DC voltage is applied to cell-1 for hydrogen pumping
inside the sensor chamber. The electrochemical pumping-in of hydrogen is described by
the following equations.

External electrode : Hy — 2H™ + 2e~ (21)

Internal electrode : 2H" +2e~ — H, (22)

The H; gradually replaces N; inside the chamber, and a pure hydrogen atmosphere is
created. The second electrochemical cell (cell-2) measures the potential difference generated
between its internal and external electrodes due to the difference in hydrogen concentration.
This potential is described by Nernst’s Equation (20). Note that inside the sensor, there is a
pure hydrogen atmosphere; therefore, piﬁl‘z =1 atm. From the measured EMF, hydrogen’s
concentration in the surrounding gas is calculated. The generated potential difference at
the electrodes enables the tested potentiometric cell to effectively measure low hydrogen
concentrations in N + Hj gas mixtures. Consequently, the potentiometric mode is suitable
for detecting hydrogen at the operating conditions.

Figure 3D(a) presents the typical EME-V curves for cell-2. As the applied voltage
at cell-1 increases, the rate of hydrogen pumping inside the chamber also increases. As
observed, EMF grows initially with the applied voltage (first stage) and then tends to a
constant value (second stage), when U reaches 2-2.5 V. The first stage is explained by the
partial displacement of nitrogen by the pumped hydrogen and, as a result, the growth of
difference in the hydrogen partial pressure between the opposite sides. Whereas, at the
second stage, there is a pure hydrogen atmosphere inside the sensor; thus, the pressure
difference in the opposite sides reaches its maximum value. The E-U curves obtained in
this experiment for different hydrogen concentrations are displayed in Figure 3D(a).

At the amperometric mode, Figure 3C(b), a DC voltage is applied between the elec-
trodes of cell-1 in such a manner that hydrogen in the form of protons flows from the
chamber to the outside of the sensor. The reactions on the electrodes are opposite to
reactions (21) and (22).

The limiting current for a hydrogen sensor based on a solid protonic conductor is
calculated by using Equation (17). Figure 3D(c) displays the I-V curves for the mixture of
Nj + 2%H,0 + 4%H; for different temperatures. As it is observed, the highest limiting
current is observed at the highest temperature of operation because the diffusion coefficient
is proportional to temperature. Figure 3D(d) shows the I-V curves for different H, content
at an operating temperature of 500 °C. The plateau region is observed between 0.2 and
0.3 V of the applied voltage. The ability of this sensor to operate in either potentiometric or
amperometric mode enables the sensor to effectively detect hydrogen in either low or high
hydrogen concentrations in mixtures of N + H,O + Hj. The dependence of the limiting
current on the hydrogen concentration is presented in Figure 3D(b). As observed, a linear
behavior between the limiting current and Hj content is obtained. In conclusion, apart
from the potentiometric mode, this sensor is suitable for the detection of hydrogen when
operating at the amperometric mode [52].

4.1.3. Carbon Dioxide (CO;) Sensors

Na-f3-alumina, NASICON-type (Lij;xAlxTiy_«(PO4)3), and sodium aluminosilicate
glass with NayCOj3 as an auxiliary electrode have been reported. Mixed carbonates have
been used with Nap,COj3 to form a more effective auxiliary electrode. The results from
the sensors with Nay;CO3, NapCO3-BaCOs, and NayCO;3-S5rCOj3 auxiliary electrodes are
reported in the literature [53] and displayed in Figure 4A.
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Figure 4. (A) Sodium ion-conducting electrolytes and different Na,CO3 based auxiliary electrodes
Reproduced with permission from [53]. (B) Configuration and operation of the amperometric CO,
sensor; (1) Lag9Srg 1 YO3.5 proton-conducting electrolytes; (2) capillary barrier; (3—4) Pt electrodes; (5)
glass sealant; (6) DC source and (7) amperometer. Reproduced with permission from [54]. (C) (a)
current-voltage curves for Ny + 2%H0 + x%CO; (x = 2.3 to 13.7) gas mixtures, (b) relation between
limiting current and CO, concentration, (c) current-voltage curves for N, + 2%H;O + 13.7%CO; for
500, 550, and 600 °C, and (d) experimental Do, values for different temperatures compared to the
values from literature. Reproduced with permission from [54].

Recently, an amperometric solid-state electrochemical sensor based on a proton-
conducting electrolyte was fabricated by Kalyakin et al. [54] for the detection of CO,
at elevated temperatures and in Ny + 2%H0O + CO, gas mixtures. This sensor consists
of two Lag 9Srg1YOs.5 electrolyte plates, sealed together using a high-temperature glass
sealant to form a chamber between them. Pt electrodes were deposited at each side of
one of the plates. An N, + CO; + 2%H;0 gas mixture is fed to the sensor heated to the
desired temperature. As shown in Figure 4B, A DC voltage is applied to the Pt electrodes in
order to force a water decomposition reaction at the external electrode. Due to the reaction,
protons are generated and moved through the proton-conducting material to the internal
electrode, where CO, reduction occurs. The two reactions are as follows.

H,0 — %Oz +2HT +2e” (23)

2H" + COy; — HyO+CO —2e~ (24)
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As a result, the concentration of CO, inside the chamber decreases. Reaction (23)
can technically keep proceeding as long as there is steam in the atmosphere, but reaction
(24) is limited by the CO, concentration in the sensor. As the CO, is reduced, more CO,
flows inside the sensor through the capillary. However, at a certain applied voltage, the
concentration of CO, tends to zero. Under this condition, a limiting current is observed,
which is calculated through Equation (7), where gas = CO, and z = 2.

2.F-Deo,-P-A
Lim = R T L Xco, (25)

The diffusion coefficient of CO, can be calculated from Equation (25) and can be eval-
uated with the theoretically calculated one with the aid of Equation (26). For Equation (26),
it is required to know only the temperature and pressure of operation and the standard
value Dy co,.

P T\"
Dco, = Do,co, FO (To) (26)

The characteristic I-V curves of the sensor are presented in Figure 4C(a,c). More
precisely, Figure 4C(a) displays the I-V curves for different CO, concentrations, ranging
from 2.3 to 13.7% at 550 °C. As observed, the current increases as the applied voltage
increases until a plateau region is formed. This means that, after a certain voltage, the
current response remains constant. However, by applying a much higher voltage, the
current starts to rise again. This is due to the electrolytic decomposition and the appearance
of electronic conductivity in the electrolyte. In all curves, a plateau region is formed. The
plateau is formed between 0.2 and 0.4 V and the current ranges from 1 to 10 mA, depending
on the CO; content in the initial mixture. As CO, concentration increases, a plateau is
formed at higher applied voltages, it narrows, and the limiting current value increases.
As presented in Figure 4C(b), the limiting current dependence on the CO, content is
linear. This dependence can be utilized as a calibration curve that helps to identify CO,
concentration in real gas mixtures.

Figure 4C(c) depicts I-V dependence curves at different operating temperatures. These
curves were obtained for the mixture of Ny + 2% H,O + 13.7% CO, at 500, 550, and 600 °C.
As observed, with a temperature increase, the observed current increases, and the plateau
region is obtained at lower applied voltages. Moreover, the width of the plateau is larger at
600 °C. Considering that the limiting current region corresponds to stationary conditions,
it is highly beneficial to operate at higher temperatures to enhance diffusion (see Equation
(26)). From this experiment, it is possible to measure the CO; diffusion coefficient at
any CO; concentration and temperature. The effect of temperature on the CO; diffusion
coefficient in the mixture of Ny + HyO + 13.7% CO; is displayed in Figure 4C(d). As
observed, the experimental results are in good agreement with the results reported in
the literature, suggesting the suitability and reliability of this electrochemical method
for measuring the diffusion coefficient at any given CO, concentration. Generally, Dco,
slightly increases with Cco, increase [54].

4.2. Detection of Nitrogen Oxides (NOy) and Ammonia (NH3) Gas
4.2.1. Nitrogen Oxides Sensors

In the 1950s and later, A.J. Haagen-Smit et al. [55,56] discovered that a certain type of
smog is generated in the atmosphere by reactions involving nitrogen oxides and reactive
hydrocarbons. Currently, this is known as photochemical smog and is generated when the
ultraviolet part of the sunlight interacts with the existing nitrogen oxides in the atmosphere.
Following this, most of the initial efforts to address this problem were oriented toward
reducing HCs emissions, as it was an easier problem at the time to solve. However, over
the years, research has also focused on reducing nitrogen oxide emissions. Over the last
two decades, a better understanding of nitrogen oxides has resulted in the development
of efficient NOy control technologies. Furthermore, due to the photochemical smog and
acid rain in many urban areas, the necessity of NOy emission control devices is obvious.
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The nitrogen oxides are N,O, NO, NO;, N,O4, N,O3, NO3, and N»Os. Among them, NO
and NO; are the most important pollutants because they are emitted in larger quantities.
In combustion exhaust emissions, NO is the main pollutant (7-80% of total NOy). Apart
from environmental issues, NOy also damages the human respiratory and the nervous
system. Consequently, it is necessary to develop sensors to detect NOx emissions in
harsh environments and at high temperatures. Many devices use NOy sensors, aiming to
reduce or eliminate NOx emissions from combustion processes. In order to be considered
suitable and used in commercial combustion applications, NOx sensors must fulfill some
requirements, such as the following: i) the ability to operate at elevated temperatures
(600900 °C) for a long period of time, and ii) the stable and accurate response in absence
of oxygen or environments with high moisture concentration [7,57].

Amperometric NOy Sensors

Among the NOy sensors, the most commonly used type is the amperometric one.
Most of them consist of two chambers. The first usually operates as an oxygen pump,
extracting oxygen by exhaust emissions, while in the second chamber, the decomposition
of NO to N; and O, takes place, and the total concentration of O, is measured. A NOx
sensor was fabricated by Kalyakin et al. [58] for detecting nitrous oxide (N,0O), operating
as an oxygen amperometric sensor. The sensor configuration is presented in Figure 5A. As
observed, it consists of two sealed solid electrolyte plates, creating an inner chamber inside
them. Both plates are made of YSZ, with Pt electrodes placed on the opposite sides of one
of the plates.

When the positive potential is applied to the external electrode, oxygen in the form of
oxygen ions is electrochemically pumped out of the chamber to the ambient gas, resulting
in a decrease in oxygen concentration inside the chamber. Due to the created concentration
difference, oxygen from the surrounding gas diffuses into the cavity through the capillary.
Furthermore, the decomposition of N,O occurs inside the cavity, forming N, and O,. When
oxygen concentration inside the chamber is close to zero, a limiting current is observed.
The ratio between the oxygen mole fraction in the analyzed gas for a wide range of oxygen
concentrations and the limiting current is related between them with Equation (6), where
gas = O,.

L — 4-F-Do, -P-A
lim — — R-T.L

Knowing the kind of the initial gas mixture, the concentration of oxygen can be

calculated from Equation (28):

In(1 - Xo,) (27)

1-05X
X5, = -~ UOAN0 (28)
2 1+0.5XNn,0
for a mixture of nitrous oxide + oxygen:
0.5X
Xh, = 20 (29)
2 1+0.5XNn,0
for a mixture of nitrous oxide + nitrogen:
0.5XNn,0 + X0, (1 =X
X62 _ N,O 0, ( NZO) (30)

1+ 0.5Xn,0

and for a ternary mixture of nitrous oxide + nitrogen + oxygen.
In particular, for a mixture of nitrous oxide + air, the following equation describes

the mixture.

~ 0.5Xn,0 4 0.209(1 — Xn,0)

X, =
0, 1+0.5Xn,0

(31)
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Figure 5. (A) A scheme of an amperometric NOy sensor. (1) Pt electrodes, (2) capillary, and (3) glass
sealants. Reproduced with permission from [58]. (B) Current-voltage curves at 700 °C for different
N,O concentrations in mixtures of (a) N,O + Ny, (¢) N>O + air, and (e) N,O + O,; dependences
of the limiting currents on N,O concentration (b), (d), and (f) for the corresponding gas mixtures.
Reproduced with permission from [58].
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In operating environments, there are more oxygen-containing gases, such as steam
(H>0) and carbon dioxide (CO5), that are stable at operating temperatures. The value of
the applied voltage should not be high enough to trigger electrochemical decomposition
of these gases (lower than 1 V at 700 °C) [58]. For the experimental part, the sensor was
tested in different environments of N,O + Ny, N>, O + air, or N,O + O,. The I-V curves for
all different mixtures at an operating temperature of 700 °C are presented in Figure 5B. It
is observed in Figure 5B(a,b) that the limiting current for the N,O + Nj increases linearly
with the N>O concentration, as N,O provides oxygen in the initial oxygen-free N, hot
mixture (Equation (27)). Figure 5B(c) displays the I-V curves for the mixture x%N,O + air,
where x ranges from 4.7 to 100%. Here, the limiting current is observed at 0.4 V. As shown
in Figure 5B(d), in this mixture, there is no significant increase in the value of the limiting
current as the N>O concentration increases because, with these N>,O concentrations, the
amount of oxygen in the initial air hot mixture slightly increases. In Figure 5B(e), with
respect to the x%N,O + O, mixture, by increasing the initial amount of N,O, a reduction in
the limiting current value is observed. This can be explained by the decrease in oxygen
concentration in the initial hot mixture due to the substitution of oxygen by nitrous oxide.
In conclusion, this sensor is capable of detecting N,O in various mixtures for a wide range
of N»,O concentrations.

Mixed Potential NOy Sensors

There are also reports employing potentiometric sensors for the detection of NOy in
high-temperature emissions. Equilibrium potentiometric sensors present several problems
during the detection of NOy emissions in the operating environment. The fundamental
problem is that there are no electrode or electrolyte materials yet that present the desired
characteristics at these working conditions. Consequently, non-equilibrium potentiometric
or mixed sensors are employed to overcome these problems. These sensors use electrode
materials with different catalytic activities. NOy sensors require an electrode that exhibits
considerable good thermal stability for high-temperature operation. Mixed potential sen-
sors have been intensively investigated, and many metal oxides have been tested. In earlier
years, CdMn, Oy [59], NiCr,O4 [60] ZnO [61], and WO3 [62] were tested for NOy detection
up to 600-700 °C. Among the tested metal oxides, Ni-family oxides showed the most
promising results for operation at temperatures above 800 °C. Mixed NOy sensors based
on Ni oxides as electrode materials showed great sensitivity in wet or dry environments
and at the highest sensing temperatures. Furthermore, NiO electrode characteristics can
be further improved by the addition of a noble metal. Noble metals such as Pt, Ir, Pd,
Ru, and Rh have been tested; among them, Rh provides a significant improvement in
electrode characteristics [7,63].

4.2.2. Ammonia (NHj3) Sensors

Most of the ammonia gas in the atmosphere is produced by human activities. Cur-
rently, 20% of ammonia (NH3) is produced for application in cleaning products, pharma-
ceuticals, refrigeration, and explosives, while the other 80% is for nitrogen-based fertilizers.
Today, in the atmosphere, ammonia is at a low ppb level (1-5 ppb). However, ammonia is a
toxic and corrosive gas; thus, even in low concentrations, it causes several life-threatening
problems to humans, affecting the skin, eyes, and lungs. As the use of ammonia grows and
the industry fields employing ammonia expand, so does the need for reliable and effective
ammonia sensors.

As a rule, in order for a gas sensor to be suitable for the detection of ammonia over
a long period, it must exhibit some major aspects. Among the sensing technologies,
electrochemical gas sensors seem to be more suitable for quantifying and detecting NH3 or
other hazardous gases. EGSs exhibit great sensitivity in real time for individual gas, even
in ppm or ppb levels.
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Amperometric NH3 Sensors

Most of the technological processes in metallurgical, chemical, and energetic fields
need to detect ammonia content in harsh environments and at high temperatures. Con-
sequently, solid-state electrochemical sensors are the most suitable type for operating
effectively under these conditions. These sensors normally operate under potentiometric
or amperometric regimes.

An amperometric ammonia sensor was fabricated by Kalyakin et al. [64]. This sensor is
based on two electrochemical cells forming an inner chamber and a capillary; the capillary
connects the surrounding environment with the chamber. Each cell is based on YSZ
electrolyte, and Pt electrodes are deposited at each side of the two cells. The cells are
glued together with the aid of a glass sealant. The configuration of this sensor is depicted
in Figure 6a.
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Figure 6. (a) Schematic representation of a NH; amperometric sensor. Reproduced with permission
from [64]. (b) Current response on the applied voltage for different ammonia concentrations at
400 °C. x is the NH3 concentration in vol.%. (c) The relation between the limiting current and
different NH3 concentrations and (d) current—voltage curves for different temperatures for 5 vol.%
ammonia. Reproduced with permission from [64].

During the experiment, the sensor was placed in the NH3 + N, gas mixture. In this
experiment, the content of impurities (steam) in the mixture does not exceed 0.1 vol.%.
When the chamber fills with N, + NH;3 gas mixture, a DC voltage is applied to the electrodes.
Due to the applied voltage, the decomposition of H,O occurs at the outer electrodes
according to reaction (9).

Oxygen anions generated by reaction (3) move through the solid electrolyte to the
internal electrodes. At the internal electrode, the oxidation of ammonia takes place. The
catalytic oxidation of ammonia occurs through three different reactions, generating N»
(molecular nitrogen), NO (nitrogen oxide), and N, O (nitrous oxide).

NH; + 1.50%~ — 0.5N; + 1.5H,0 + 3¢~ (32)
NH; 4 20>~ — 0.5N,0 + 1.5H,0 + 4e ™~ (33)
NHj; 4 2.50?~ — NO + 1.5H,0 + 5¢~ (34)

The limiting current is calculated by using Equation (7), where gas = NHj.

Z'F'DNH -P A
Lim = R T I XNH, (35)
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As will be observed later that z is determined from experimental results.

In this experiment, the sensor was tested in different ammonia concentrations starting
from 0.1 to 5 vol.% at temperatures between 375 and 430 °C. For these concentrations,
the limiting current is obtained for temperatures up to 400 °C, and it is linearly propor-
tional to the ammonia concentration. Thus, a calibration curve (limiting current vs. NHjz
concentration) is obtained for the determination of ammonia in N, + NH3 gas mixtures.

Figure 6b shows the sensor’s current response for a wide range of N, + NH3 mixtures
plotted against the applied voltage. In these curves, three different regions are distin-
guished. In the first region, when the DC voltage is applied, the current increases as the
voltage increases. In the second region, the concentration of ammonia inside the chamber
is close to zero, and the limiting current appears. The limiting current is depicted at the
curves as a plateau region. In the third region, the current starts growing again with the
applied voltage due to the appearance of oxygen inside the chamber according to the
inverse reaction (3); this current is attributed to the exceedance of the sensor operating
EMF and is not governed by diffusion. As expected, the limiting current value increases as
the content of ammonia in the N, + NH3 mixture increases. As already discussed, one of
the main advantages of amperometric sensors is the linear relation between the limiting
current and the target gas concentration under isothermal conditions. This function should
be close to the linear one, according to Equation (35); as observed from Figure 6¢, this
condition is satisfied for the tested sensor. Thus, it is suitable for the detection of ammonia.

Another important observation from Figure 6d is the effect of temperature on the
sensor’s operation. It is observed that, at temperatures between 375 and 400 °C, there is a
clear plateau region formed at about 1.1 V, while at 430 °C it has no limiting current region.
At this temperature, the catalytic decomposition of NHj takes place at the chromo-nickel
steel capillary according to reaction (36).

NH; — 0.5N; + 1.5H, (36)

Through reaction (36), H; is generated at the capillary, and it diffuses inside the
sensor. This hydrogen then reacts with oxygen ions that flow through the YSZ electrolyte,
according to Equation (10). Therefore, the observed current is higher because hydrogen’s
diffusion flow rate is higher. From this experiment, it is also possible to identify which
reactions, among reactions (33)—(35), dominate inside the sensor and, thus, which are the
main byproducts inside the chamber. This is accomplished by comparing the measured
diffusion coefficient values in the gas mixture with the ones that appeared in the literature.
The experimental values were calculated with the aid of Equation (13), where X = XN, -
Using Equation (13) and changing zy for every reaction (32)-(34) without changing the
other parameters, the diffusion coefficients can be calculated. The results are presented in
Table 1. On the other hand, the theoretical diffusion coefficient Dy, is calculated from the

following Equation [65].
0.01858 - T | 1 1
Dy, = + 37
"7 P o Opr | My, | Mg, 37)

Table 1. Experimental (Dexp) and theoretical diffusion (Dy,) coefficients for ammonia in nitrogen at

different temperatures [64].

T,°C Equation Dexp-10*m?/s Dy, -10°m?/s AD/Dy, % Byproduct
400 (35) 111 112 0.9 N,
(36) 0.83 2 N,O
37) 0.67 40 NO
375 (35) 1.01 1.05 3.8 N,
(36) 0.76 28 N,O

(37) 0.60 43 NO
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In Equation (37), Qpr is the collision integral for diffusion, o is the characteristic
distance for nitrogen/ammonia mixture, P and T are the absolute pressure and temperature,
respectively, and M is the molecular mass. In Table 1 the results for the experimental and
theoretical values for the diffusion coefficient are reported.

The diffusion coefficient for reaction (35) is the closest to the theoretical one, concluding
that the main byproduct from the electrochemical oxidation of ammonia is Ny and not N,O
or NO [64]; this means that z = 3 in Equation (35).

4.3. Detection of Oxygen (O,) and Humidity (H,O Vapor)
4.3.1. Oxygen Sensors

Today, there are several concerns about health and environmental pollution issues
from gases released during hydrocarbons combustion. The most promising technology
to address these issues is the one related with gas sensing devices. In particular, emission
control and optimization of internal combustion engines used in automobiles and industry
have been achieved with the help of solid electrolyte-based oxygen sensors. They are
mainly used for the control of the air—fuel ratio in combustion engines and are an integral
part of onboard diagnostics of the exhaust emission control system.

Potentiometric Oxygen Sensors

Equilibrium potentiometric oxygen sensors are well-known devices usually employed
for the control of exhaust emissions. These sensors are one of the most successful ap-
plications of solid electrolytes. It is a simple design with a ceramic electrolyte, usually
yttria-stabilized zirconia, because it is structurally and chemically stable for temperatures
up to 1500 °C, between two Pt electrodes and air as the reference gas. As already discussed
in previous chapters, the operation of these sensors is based on the open-circuit condi-
tions where no current is applied to the sensor. The oxygen concentration in the target
atmosphere is measured according to Nernst Equation (2).

As noted above, potentiometric sensors need a reference electrode to operate. Con-
ventional YSZ-based oxygen sensors use Pt/air as the reference electrode resulting in
some architecture limitations. Considering that they use air as reference gas, these sen-
sors must be in contact with the environment during their operation so that the oxygen
concentration can only be measured near the combustion chamber. In conclusion, to
achieve miniaturization and simpler configuration of the sensors and more precise mea-
surements of the concentration by placing the sensor in any location inside the chamber,
there is a need to change the reference electrode. An alternative that has been proposed
is the metal/metal oxide as the reference electrode. Many different oxides have been
investigated that can provide stable equilibrium oxygen partial pressure at a fixed tem-
perature, such as Sn/5SnO,, Pd/PdO, Ru/RuO,, In/In;O3, and Ni/NiO [66,67]. Most of
the abovementioned metal/metal oxides operate at temperatures below 500 °C. The latter,
however, Ni/NiO, is the most promising reference alternative for the environment of the
combustion chamber [7].

Amperometric Oxygen Sensors

In potentiometric oxygen sensors, as observed Equation (2), the output signal depends
logarithmically on the oxygen concentration. As a result, when the oxygen concentration
is high enough, as in the lean combustion gas, potentiometric sensors cannot effectively
measure oxygen concentration. Consequently, an amperometric sensor is preferable for
detecting higher concentrations, as it provides close linear outputs that depends on oxygen
concentration according to Equation (6). The principle of operation of amperometric
sensors was discussed previously.

When the sensor is operating properly, the current response increases practically
linearly with the oxygen low concentration (ppm to ppb), exhibiting great accuracy in
measurements and high sensitivity. For high-temperature amperometric oxygen sensors,
YSZ is the most effective solid electrolyte. However, Gd and Sm doped CeO; have been
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proposed as a possible alternative. For example, CepgSmg 2019 (CSO) has been reported
to present higher ionic conductivity than YSZ at temperatures ranging between 500 and
700 °C [68]. In addition to the solid electrolyte, diffusion barriers play an important role in
the proper operation of the sensor. Diffusion barriers are expected to perform good thermal
stability in the working environment.

Combined Oxygen Sensors

A sensor capable of operating simultaneously under both amperometric and poten-
tiometric regimes was fabricated and tested by Kalyakin et al. [69]. The sensor consists of
two electrochemical cells based on a YSZ electrolyte. The exact composition of the solid
electrolyte is 0.91ZrO; + 0.09Y,03. The two cells are fixed together with a heat-resistant
glass so that an inner chamber is formed. The Pt porous electrodes are deposited at each
side of both plates, and a metal capillary is used to connect the internal chamber with the
surrounding environment. The scheme of the described sensor is presented in Figure 7A.
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Figure 7. (A) Scheme of a combined potentiometric/amperometric oxygen sensor. (B) The sensor
characteristics. (a) Current—voltage curves at 500 °C, (b) typical EMF-V and I-V characteristics at
500 °C and oxygen’s concentration of 7.5, (c) relation between limiting current and oxygen concen-
tration at 500 °C, (d) calibration curves at 500 °C for the determination of oxygen’s concentration
through limiting current (green line), and dependence of the EMF on the limiting current (blue line).
Reproduced with permission from [69].

The principle of operation of these sensors has already been discussed. This sensor
can work under a potentiometric and amperometric mode of operation. As far as the
amperometric mode, a DC voltage is applied to the electrodes of one of the cells to force a
reduction in oxygen in the internal electrode. In this manner, oxygen is electrochemically
pumped out (oxygen anions) of the sensor to the ambient gas. With the help of the
potentiometric cell, it is possible to control oxygen content inside the sensor.
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For the experimental part, EMF-V and I-V dependences for different oxygen concen-
trations were measured simultaneously. In Figure 7B(b), the measurements of EMF and
current plotted against the applied voltage are displayed. Note that the concentration of
oxygen, for the EMF-V and I-V plots in Figure 7B(b), is 7.5%. It is observed that the limiting
current region starts at about 400 mV of applied voltage (blue line). At this condition, the
concentration of oxygen inside the sensor tends to zero. However, after about 800 mV
the current gradually grows again due to the electrolytic decomposition of steam. Indeed,
at about 1300 mV, a sharp growth is observed. The latter is a result of the appearance of
electronic conductivity in the YSZ electrolyte. Furthermore, it is observed that the EMF-V
plot (green line) also presents a plateau region. The plateau here testifies that for a wide
range of applied voltages (600-1000 mV), the concentration of oxygen inside the sensor is
constant. However, due to the decomposition of steam, there is a sharp rise in EMF as well.
In this region, the observed EMF is defined by the ratio of hydrogen to humidity in the
N>, + H,O + Hy mixture.

The current-voltage (I-V) curves of the amperometric cell at 500 °C for different oxygen
concentrations, between 20.5% and 80.5%, are presented in Figure 7B(a). As observed
from Figure 7B(a), the limiting current region is reached at an applied voltage ranging
between 400 and 600 mV for low oxygen concentrations (20.5%), while, for higher oxygen
concentrations (20.5-80.5%), it is reached at 600-800 mV. In conclusion, as the oxygen
concentration inside the analyzed gas increases so does the applied voltage at which the
limiting current is observed. Linear growth in limiting current’s value is observed as the
content of oxygen increases up to 20%, whereas a non-linear growth is observed for oxygen
concentrations higher than 20%, as shown in Figure 7B(c).

By simultaneously measuring EMF and the limiting current for different oxygen
concentrations and then plotting the oxygen concentration and the EMF against the limiting
current, Figure 7B(d) is obtained. Note that if, at a certain limiting current, the measured
EMF value is different from that from the EMF-I};,,, calibration curve, then the measured
oxygen concentration is incorrect. However, considering the deviation from the correct
value, two cases can be distinguished:

e  First, the EMF value is lower compared to that of the calibration curve. This condition
testifies that more than the expected oxygen reaches the electrode, either due to cracks
in the electrolyte or the sealant. As a result, the measured oxygen concentration is
higher than that in the analyzed gas.

e Second, the EMF value is higher compared to that of the calibration curve. This
testifies that the characteristics of the metal capillary have changed. Corrosion or
deposition of particles inside the capillary can change its inner diameter. As a result,
the measured oxygen concentration is lower than that in the analyzed gas [69].

In summary, in the combined sensor, the potentiometric cell has the role of a control cell.

4.3.2. Humidity (H,O Steam) Sensors

The first humidity sensor was developed by Iwahara et al. based on a SrCe 95 Ybg 0503-5
(SCY) electrolyte [70]. They designed a PtISCY | Pt type galvanic cell that operates as a
potentiometric humidity sensor. Concerning the experimental part, this cell was tested in
a wet air atmosphere at operating temperatures between 300 and 400 °C. At one side of
the sensor, humidity’s partial pressure was swept from 0.008 to 0.135 atm, while on the
opposite side, humidity’s partial pressure was kept constant. The dependence of the EMF
was linear to the logarithm of humidity content at the sensing side. In Figure 8A(a), the
configuration of the sensor is presented, and in Figure 8A(b), the measured EMF values
plotted against the logarithmic value of humidity’s partial pressure are shown. As observed,
there is a deviation (up to 10%) from the theoretical values obtained from Equation (37):
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Figure 8. (A) (a) Scheme of the humidity sensor fabricated by Iwahara et al.; (b) theoretical and exper-
imental E(mV)-log(pp,0) plot at 400 °C. Reproduced with permission from [70]. (B) Configuration of
the humidity sensor designed by Katahira et al. (Reproduced with permission from [71]). (C) Electric
potential as a function of applied voltage (a) and H,O (b) vapor content at 700 °C; (c) E(mV)-t(sec)
for cyclical changes in p'y,0 (Reproduced with permission from [8]). (D) (a) Reactions at the inner
electrodes and (b) the formation of pure nitrogen atmosphere as the applied voltage increases, (c)
(1) YSZ electrolyte, (2) LSY electrolyte, (3) capillary barrier, (4) Pt electrodes, (5) high-temperature
glass sealant, (6) amperometer, (7) DC source, and (8) voltammeter. Reproduced with permission
from [72]. (E) (a) Current-voltage curves for different H,O concentrations, (b) relation between the
limiting current and the H,O concentration and comparison between the theoretical and experimental
values, (c) I-V curves at different temperature for the mixture of N, + HO for py,0 = 0.004 atm; (d)
Temperature dependence of limiting current. Reproduced with permission from [72].
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The main reason for this inaccuracy is the presence of electronic conductivity in the
solid electrolyte. The electronic conductivity in the SCY electrolyte, under the operating
conditions, constitutes about the 10% of the total conductivity. Equation (38) can be

simplified to Equation (39).
/
E= R-T In p}fizo (39)
2-F Pm,0

In order to obtain Equation (39) from (38), it is assumed that the partial pressure of
oxygen at each side of the electrolyte is the same, p’o2 = pgz. However, for high H,O
partial pressures, this equality is not satisfied, resulting in an error of the measured EMF.

Another humidity sensor was developed by Katahira et al. [71] based on two similar
Pt1SCY | Pt type (pumping-sensing) cells glued together, with a high-temperature glass
sealant, such that a chamber and a special channel are formed. The chambers inside the
sensor and the outside of the sensor are connected through this special channel. The
configuration of the sensor is schematically displayed in Figure 8B.

When the sensor is placed in the wet air atmosphere, a voltage is applied to the
pumping cell such that hydrogen in the form of protons flows from the wet air inside the
sensor. Hydrogen is generated by the decomposition of the water vapor at the external
electrode. The decomposition of water occurs according to reaction (38). A reaction at the
inner electrode is identical to reaction (15).

The produced hydrogen is pumped inside the sensor, displacing nitrogen and eventu-
ally forming a pure hydrogen atmosphere. Practically, this atmosphere inside the sensor
can be utilized as a reference gas because the partial pressure of hydrogen inside is equal to
phz =1 atm. Consequently, by measuring the voltage difference between the electrodes of
the sensing cell, it is possible to calculate the hydrogen’s partial pressure of the surrounding

gas from Equation (40).
/
E-ol T1n<1°£‘z> (40)

Taking into account that hydrogen in wet air is bonded, its partial pressure can be
presented as follows:

" p iil (@]
pHZ = 2// 1 (41)
K- Po,2
where K is the equilibrium constant of reaction (42).
H, + 050, < H,0 (42)

Note that oxygen partial pressure in the atmosphere is 0.21 atm for low humidity
values and 0.21 - (1 - pth) atm for high humidity values.

The dependence of the potential difference (E) on the applied voltage and humid-
ity content in the wet air atmosphere is presented in Figure 8C(a,b) [8]. The red line
in Figure 8C(a) indicates that steady-state conditions have been established inside the
chamber and py, =1 atm.

As observed in Figure 8C(b), the experimental values are close to the theoretical ones.
Another important result presented in Figure 8C(c) is that the tgy parameter of the sensor is
equal to 30 s at 700 °C. This parameter refers to the time that the sensor needs to reach 90%
of the final value after a change in one of the system’s parameters. This makes the sensor
suitable for operation when a fast response is needed.

Another amperometric humidity sensor was fabricated by Medvedev et al. [72]. This
sensor combines a proton-conducting Lag¢Srg1YO3;_5 (LSY) electrolyte and an oxygen
ion-conducting YSZ electrolyte. The two ceramic electrolytes are sealed together, with
a high-temperature glass sealant, as shown in Figure 8D(c), and an empty chamber is
formed between them. Pt electrodes are deposited at each side of both electrolytes and a
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capillary is employed that connects the inner chamber with the surrounding environment.
It is important to note that, for this sensor, the inner electrodes are connected, forming a
common electrical circuit. For the experimental part, the sensor is heated in an oven and
is fed with a mixture of HyO + N to imitate the operating conditions. For the operation
of the sensor, a DC voltage is applied to the sensor in such a manner that the minus sign
corresponds to the external electrode of the LSY electrolyte and the plus sign at the external
electrode of the YSZ electrolyte.

The decomposition of water occurs at the inner electrodes according to reactions
(43)—(46) until a pure nitrogen atmosphere is formed in the inner chamber, as presented in
Figure 8D(a,b). Reaction (43) occurs at the YSZ’s inner electrode:

H,O +2¢~ — 0>~ +H, (43)

and reaction (44) occurs at the LSY’s inner electrode:
n _ 1
H,O — 2H™ +2e™ + EOZ (44)

as formed O, can react at the YSZ’s inner electrode according to the following reaction:

1 - 2

EOZ +2 =0 (45)
or as-generated Hj can react at the LSY’s inner electrode according to the following reaction.

H, — 2H' +2e~ (46)

Overall, reactions (43)—(46) result in a steam concentration decrease in the sensor
chamber. As the water is pumped out of the sensor, the water’s diffusion flux through the
capillary barrier increases. When the water’s concentration inside the chamber is negligible,
the limiting current appears. The limiting current is calculated with Equation (7), where
gas = HyOand z = 2.

2. F-Dyo-P-A
Lim = R T 1 XH,0 (47)

As far as the experimental part, Figure 8E(a) presents the I-V curves for different
initial H,O partial pressures. As Equation (47) suggests, as the water’s partial pressure at
the surrounding gas increases, the limiting current value increases as well. However, it
is also observed that the current response depends on the applied voltage until a certain
voltage value. This value differs depending on the water’s partial pressure. For example,
the plateau region is observed at 0.9 V when the py,p = 0.078 atm and at 0.4 V when
PH,0 = 0.004 atm. These curves refer to the 650 °C temperature of operation. Furthermore,
from Equation (47), it is expected that the relation between the limiting current and the
water’s partial pressure is linear.

Figure 8E(b) shows the comparison of the theoretical data (blue dots) obtained from
Equation (47) and the experimental data (red line), and a linear behavior is also observed.
The diffusion coefficient of water is calculated by Equation (49) if operation pressure
and temperature are known. D, is the diffusion coefficient of HyO measured at pressure
P, =1 atm and temperature T, = 0 °C, and 7 is considered equal to n = 2 for real gases or

n =3/2 for ideal gases.
T\" /P,
D10 = Popo) (7 | | 5 (48)

By combining Equation (47) with the equation of water’s diffusion coefficient (48),
Equation (49) is obtained.

2 F - Doggyo) - S - Po

i, = Py.o- T ! 49
llm R . L . (To)n H O ( )
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This equation is important because it suggests that Dy,0) and 7 can be estimated
from the experiment by the dependence of the limiting current on temperature, as shown in
Figure 8E(c). Modifying Equation (49) with the aid of logarithms and by plotting log(Ij;,)
against log(T), those parameters can be extracted from the graph, as shown in Figure 8E(d).
Equation (49) is modified to Equation (50).

log(Lim) = (n—1) -log(T)
2-F-S:Py - D, 50
+log ( R L. (To)“(HZO) PHZO) 0

In conclusion, this sensor is suitable for monitoring humidity in a mixture of N, + H,O
and temperature range of operation from 400 to 700 °C. As the authors suggest, the
temperature’s lower limit depends on the activity of the Pt electrodes, and the upper limit
is based on the increased oxygen anion conductivity of the LSY electrolyte. The sensor can
properly operate for py,o values between 0.001 and 0.1 atm. In this range, the limiting
current dependence of the H,O concentration is linear [72].

5. Concluding Remarks

In this study, several solid electrolytes for electrochemical gas sensors were reviewed.
Although many materials with different ionic conductivity were presented, proton-conducting
and oxide-ion-conducting materials are the ones that were thoroughly discussed. All the
discussed gas sensors were designed for operation at intermediate or high temperatures,
and they are based on oxide ion-conducting electrolytes and proton-conducting electrolytes.
Yttria-stabilized zirconia (YSZ) is the most effective electrolyte employed in many elec-
trochemical sensors for the detection of combustible gasses (such as Hy, CHy4, and CO),
nitrogen oxides (NOx), ammonia (NH3), and oxygen (O,). Regarding the reported sen-
sors based on oxygen-ion conducting materials, an electrochemical amperometric sensor
based on YSZ electrolyte with Pt electrodes and a metal or ceramic capillary was tested, in
operation-like conditions (high temperature and nitrogen atmosphere), for its potential to
detect combustible gases, such as Hp, CHy, and CO. According to the results, it is stated
that for a combustible gas concentration ranging from 0 to 6%, in the abovementioned
atmosphere, the limiting current present a linear dependence on Hy, CO, and CH4 content.
Another amperometric sensor is based on YSZ electrolyte, Pt electrodes, and metallic
capillary, which are proved suitable for the detection of nitrous oxide (N7O) in mixtures
of nitrogen/oxygen/air + nitrous oxide. The concentration of N,O can be determined by
using the calibration curves “concentration-limiting current” for each mixture. Moreover,
an NHj3 amperometric sensor based on YSZ electrolytes, Pt electrodes, and a chromo-nickel
diffusion barrier was tested for the detection of NHj3 in nitrogen atmospheres at 375-430 °C.
This device is suitable for the detection of ammonia concentrations between 0.1 and 5 vol.%
at 375-400 °C, and it is capable of providing information about the diffusion coefficients
and the electrochemical reaction that occurs at the inner electrodes. Finally, as far as the
YSZ-based sensors, a combined oxygen sensor was reviewed. This sensor can operate at po-
tentiometric and amperometric modes simultaneously, allowing the control of the sensor’s
stability and efficiency through the calibration curves [O;]-I};, and EMF-I};,,,. Moreover,
the sensor demonstrated great efficiency for an oxygen concentration range from 0.8 to
88% at 400-700 °C. Table 2 presents the abovementioned sensors based on oxygen-ion
conducting electrolytes.

Table 2. Electrochemical gas sensors based on oxygen anion-conducting materials.

Type Temperature Target Gas Electrolyte Refs
amperometric 450 H,, CHy, CO 9YSZ [50]
amperometric 700 N,O YSZ [58]
amperometric 375-430 NH;j; 8YSZ [64]

Amperometric/potentiometric 400-700 O, 9YSZ [69]
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On the other hand, regarding the proton-conducting materials, BaCe9Zr( 1Y 2035,
CaTig955¢g 0503, CaZrg9Scy 103, Lag 9Srg1YO3.5, and Lag 9551 05 YO3 were studied for their
potential application in electrochemical gas sensors for the detection of Hy, CO, CHy, COg,
and HO in a high-temperature nitrogen atmosphere.

Concerning proton-conducting materials, BaCe 9Zry1Y(203.5 is tested regarding
its suitability for an electrochemical H; sensor operating under either potentiometric or
amperometric mode. As stated, the combined potentiometric-amperometric H, sensor is
capable of detecting hydrogen (0.1-10 vol.%) at 450-550 °C. Furthermore, Lag ¢Srg1YO3.5
is reported as a proton conductor and it is employed, in combination with YSZ electrolyte,
in an amperometric hydrogen sensor. The sensor successfully detected even lower con-
centrations of hydrogen (0.1-3.3%) in a mixture of nitrogen at operating temperatures
between 500-600 °C.

Furthermore, a similar sensor, based on LagSrg1YOs3.5 + YSZ electrolyte for the
analysis of moisture in nitrogen atmospheres, is reviewed. This sensor is capable of
detecting humidity at 400-700 °C. Lag9Srg1YOs3.5 is also employed in an amperometric
CO; sensor.

This sensor proved suitable for the detection of CO, concentrations, ranging from 2 to
14 vol.%, in a nitrogen atmosphere at 500-600 °C. Moreovet, Lag 95510 05 YO3, CaTig 955¢0 0503,
and CaZr(9Scy 103 were tested for their applications in amperometric sensors. As stated,
Lag 9551005 YO3.5 is suitable for amperometric H, sensors able to detect high concentrations
(10-98%) of hydrogen and CaZr¢Scy 103 proved suitable for lower H, concentration
(0.5-5%). However, as stated, CaTig 955¢c,0503 is not suitable for application in hydrogen
amperometric sensors, as it exhibits high electronic conductivity. Table 3 presents the
abovementioned sensors based on ceramic proton-conducting electrolytes.

Table 3. Electrochemical gas sensors based on proton-conducting materials.

Type Temperature °C  Target Gas Electrolyte Refs
amperometric 500-600 H, LaggSrp1YO3.s [18]
amperometric 850 H, Ig;zgi Szggz \1{8;_ [51]

amperometric/potentiometric ~ 450-550 H, BaCey9Zry1Y0203.5 [52]
amperometric 650 H,O Lagg Sl‘\{og; Os-5 + [72]
amperometric 500-600 CO, LaggSrp1YO3.s [54]
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