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Preface
Increasing energy demands and atmospheric pollution require identification and
quantification of chemical species in many industrial applications involving high
temperatures and chemical contaminants. With increased communication and transportation, the world has become metaphorically smaller. As a result, more countries
and their people are becoming developed and the level of development is increasing
in all countries and at an increasing rate in most countries. Consequently, there is a
continuing need for the development of low-cost sensors for applications in such
harsh industrial environments as the metal-processing, heat-treating, glass, pulp,
ceramic, automotive, aerospace, power, combustion, petrochemical, chemical, and
security industries. In many industries, the monitoring and control of combustionrelated emissions are top priorities. On the other hand, the need for reliable sensors
along with predicted emission-modeling tools has been driven by environmental
legislation in most of the developed countries. Therefore, sensors capable of providing emission profiles for such gases as carbon monoxide (CO), carbon dioxide
(CO2), nitrogen oxides (NOx), oxygen (O2), hydrocarbons (HxCy), and volatile
organic compounds (VOCs) will allow for feedback control systems, resulting in
lower pollutions and more efficient use of fuels.
The ability to develop single-gas or multigas sensors to the requirements of
different industrial applications expands in size and in complexity the sensor’s parts
that can be produced, as well as increasing structural efficiency and design flexibility,
optimizing materials compatibility, maximizing sensor properties, and minimizing
cost. Unfortunately, it has to be admitted that the advances in sensor development
have not kept pace with the advances in materials.
Today, principally new materials often require totally new methods and processes. Traditional sensor materials or improved versions of them usually simply
require improved versions of traditional manufacturing processes to reach new levels
of performance. Such improvements may be achieved in the sensor development
process itself, or through development of special procedures for employing a traditional process. These facts are directly related to the development of solid electrolyte
sensors in general and zirconia-based sensors measuring specific gaseous species in
particular.
More types of oxides used for electrodes of the zirconia-based sensors both
enable and encourage more possible combinations. Greater diversity in zirconia
structures and types of oxide electrodes leads, in turn, to more incompatibilities in
chemical, physical, electrochemical, and mechanical properties. The irony is that
the more diversity achieved with advanced solid electrolyte and electrode materials,
the bigger the challenges that arise for their joining. Beyond sheer diversity, modern
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designs tend to place higher demands on the sensor materials being selected and
used. Modern design approaches also demand state-of-the-art techniques and tools
allowing higher operating temperatures and providing greater durability in hostile
environments. To address these demands, carefully created composites and structures
of zirconia must be preserved in the sensor structures, and the exotic combinations
of electrode materials have to be used in the hybrid structures of electrodes to
optimize their performance, manufacturing efficiency, reliability, life, cost, and environmental compatibility. In short, modern electrode materials and structures being
produced from them are being pushed to new limits.
Consequently, this book addresses a range of different stages of development of
zirconia-based sensors for gaseous and molten metal environments, focusing in
accessible form from analysis of interaction at the measuring environment–zirconia
sensor interface to the reliability testing of the sensors. Furthermore, the coverage
focuses on different fundamental aspects of the electrochemistry and physical chemistry of zirconia, mathematical modeling, optimization parameters, and structures of
the electrode materials. The book will fill the gap among pure academic research of
the zirconia-based (O2, CO2, SO2, NOx, and CxHy) gas sensors: their electrochemistry,
the development of the sensing electrodes, mathematical modeling and optimal
design, an explanation of the influence of the double electrical layer on the sensor
output signal, and the applied, technological, down-to-earth approaches adopted by
the vast majority of the industrial companies working in this field.
Electrochemistry of the triple-phase-boundary (TPB): gas-electrolyte-semiconductor electrode is as yet not entirely understood. Unfortunately, in the gas sensors
industry as well as in the advanced materials development field, the inalterable
methods used early in the 21st century are still nothing more than empirical.
As far as TPB electrochemistry is concerned, modern surface science still unambiguously throws crossword puzzles at us. In these puzzles one discovered letter
offers only the clue to other words while each empty square awaits its letter.
Notwithstanding the brilliant advances of the recent years, many empty squares have
yet to be filled before it would be possible to decipher the expression, “Electrochemistry of gas-zirconia-semiconductor TPB.” This book attempts to conquer this. If
this crossword puzzle will be solved, we would acquire absolute power over the
TPB reactions and the power to control them.
This book is addressed principally to scientists, applied researchers, and production engineers working in the fabrication, design, testing, characterization, and
analysis of new materials for the zirconia-based sensors. It can be useful for students
studying materials science and engineering, for those working in the analysis and
characterization of new ceramic materials, and for those developing various technologies of sensor fabrication. The chapters include a large number of literature
citations, which will be of interest to those seeking more information on the fundamental aspects of zirconia electrolytes, semiconductor oxides, applied technologies,
and sensor performance in different measuring environments.
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1

Introduction to
Electrochemistry of Solid
Electrolyte Gas Sensors

1.1 ELECTROCHEMISTRY OF ZIRCONIA SOLID
ELECTROLYTES AS THE BASIS FOR
UNDERSTANDING ELECTROCHEMICAL GAS
SENSORS
1.1.1 SOLID OXYGEN-IONIC ELECTROLYTES
Solid electrolytes based on stabilized zirconia have been studied since the discovery
of electrolytic oxygen evolution from ZrO2-Y2O3 solid solutions (Nernst glower) by
Nernst in 1899. Perhaps this was the first finding which clearly illustrated that ionic
conductivity exists in the solid state. The ionic conductivity in those solid solutions
occurs via oxide ionic vacancies (VÖ) generated due to charge compensation. Stabilized zirconia ceramics have been the subject of extensive scientific research during
the last 30–35 years owing to the diverse technological applications. These materials
have been used in fuel cells, oxygen separators, oxygen pumps, and electrochemical
gas sensors, throughout which there have been two primary areas of research: (1)
optimization of the manufacturing technology and structure of the stabilized zirconia,
and (2) development of knowledge relating to the solid electrolyte–electrode interface. While it is well recognized that both directions reached the level of their
maturity, there still seems to be some dispute regarding the explanation of complexity
of physical and electrochemical processes on the electrolyte-electrode interface.
The first comprehensive review of the properties of zirconia ceramics was published in 1970 [1]. Since then, the number of publications has been constantly
growing, and now it can be concluded that the task of development of the zirconiabased solid electrolyte sensors for measurement of oxygen and oxygen-containing
gases is almost completed. Although research of zirconia/electrode interfaces is still
developing, the first breakthrough for the zirconia-based gas sensors occurred
recently owing to the introduction and commercialization of in-situ λ-sensors based
on yttria-stabilized zirconia (denoted as YSZ) for the detection of equilibrium oxygen
partial pressure in automotive exhausts [2]. Despite this attention, a number of
questions remain to be resolved, including the temperature and concentration dependence of the structural disorder and its interrelation with the high ionic conductivity
which underlies many of the industrial uses of these electrolytes.

1
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The vast majority of the zirconia-based solid electrolytes can be represented by
two types of oxide solid solutions: ZrO2 + M1O or ZrO2 + R2O3 (R: rare-earth
element). These solutions have a centered cubic lattice (fluorite type), and they can
appear when the dimensions of the base cation M4+ and the substitutive cations
(M12+, R3+) are close enough. In general terms, the zirconia-based solid solutions
can be expressed as follows:
ZrO2 + xM1O,

(1.1)

ZrO2 + xR1O1,5,

(1.2)

ZrO2 + xR2O3,

(1.3)

where x is the mole part of the substitutive ion or the mole part of R2O3 solid solution.
The mole part of R1O1,5 can be shown as
[R1O1,5] = [2 R2O3]/(1 + [R2O3]).

(1.4)

Zirconia-based ceramics can be stabilized by adding such binary oxides as CaO,
MgO, Sc2O3, and Y2O3 to zirconia. However, Y2O3 doping is particularly effective
in producing high ionic conductivity and is the most widely used [3, 4]. The
published literature in relation to the structural properties of stabilized zirconia is
extensive, and therefore only a brief summary of properties regarding gas-sensing
principles is presented in this chapter. A ZrO2-Y2O3 partial phase diagram [5, 6],
shown in Figure 1.1, must be considered for better understanding various properties
of the YSZ-based solid electrolytes and their behavior during longtime exposure to
high temperatures. This diagram illustrates the effect of Y2O3 on the stability ranges
of the three zirconia polymorphs—monoclinic (M), tetragonal (T), and cubic (C)—
as well as the regions where the stable solid solutions with the fluorite structure can
be defined.
Pure zirconia, ZrO2, changes its crystalline structure at least three times during
heating from the normal temperature up to the melting point. Pure ZrO2 adopts the
monoclinic baddelyite structure (M-ZrO2, space group P21 / c) under ambient conditions, with the Zr4+ in a distorted sevenfold coordination. On increasing the temperature, it transforms to a tetragonal distorted fluorite structure (T-ZrO2, P42 / nmc)
at T ~1097°C, with Zr4+ surrounded by eight anions, but with two slightly different
Zr4+-O2– distances [7]. Perfect eightfold coordination is achieved at T ~2371°C, with
a transformation to a cubic fluorite structured phase (F-ZrO2, Fm3m), followed by
melting at T ~2715°C. The ambient temperature structure of yttria, Y2O3, has space
group 1a 3 and can also be derived from that of fluorite by removal of 1/4 of the
anions [8]. There are two sixfold-coordinated and symmetry-independent Y3+, which
have the anion vacancies arranged along either a face diagonal or a body diagonal.
The only known ordered phase in the ZrO2-Y2O3 system is Zr3Y4O12. This adopts a
rhombohedral structure which is also strongly related to that of fluorite [7]. It is
important to note that the tetragonal-to-monoclinic transformation is well-known to

47612_C001.fm Page 3 Wednesday, June 27, 2007 11:41 AM

Introduction to Electrochemistry of Solid Electrolyte Gas Sensors

3

Liquid
3000
L+C

Cubic (C)

2000
Tetragonal (T)

Temperature [K]

2500

1500

T+C

M+T

Monoclinic (M)

1000

500
0

M+C

2

4

6

8

10

Y2O3 mol %

FIGURE 1.1 Partial phase diagram for ZrO2–Y2O3. (From Nowotny, J. et al., Charge transfer
at oxygen/zirconia interface at elevated temperatures. Part 1: Basic properties and terms, Adv.
Appl. Ceramics 104 (2005) 147–153. With permission.)

result in microstructural degradation owing to a volume expansion of 3–5% [9]. At
low Y2O3 concentrations (x < 0.15), there are regions of the crystal ~20 angstrom
units (Å) in size which contain relatively few oxygen vacancies, causing the lattice
to undergo a slight tetragonal distortion of the type observed in the tetragonal phase
of (ZrO2)1–x (Y2O3)x at x < 0.09. The oxygen vacancies are preferentially arranged
in pairs on nearest-neighbor anion sites in the ‹111› fluorite directions, with a cation
located between them and extensive relaxations of the surrounding nearest-neighbor
cations and anions. As the yttria content increases, these ‹111› vacancy pairs pack
together in ‹112› directions to form aggregates, whose short-range defect structure
resembles the long-range crystal structure of the ordered compound Zr3Y4O12 and
other anion-deficient fluorite-related systems. The aggregates are typically ~15 Å in
diameter, though both their size and density increase slightly with x. As temperature
increases, these aggregates remain stable up to the melting point. There is also an
increasing number of single vacancies and ‹111› vacancy pairs (with surrounding
relaxation fields) as x increases, and these isolated clusters become mobile at
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T > 727°C and result in the high ionic conductivity of the material. In light of these
observations, it has been proposed [10] that the anomalous decrease in the ionic
conductivity with increasing x is a consequence of the decreasing mobility of the
isolated defects, possibly owing to blockage by an increasing number of the static
aggregates.

1.1.2 TRANSPORT PROPERTIES
The electrochemical performance of zirconia is determined by the mechanism and
kinetics of charge transfer between the zirconia lattice and the oxygen-containing
environment. It has been generally assumed that the charge transfer between oxygen
and zirconia occurs on the triple-phase boundary (TPB): zirconia, gas, and electrode
[5, 11, 12]. The charge transfer in ionic crystals is usually carried out by ions. Their
transference is possible due to the availability of some point defects in the lattice,
representing the deviation of periodic atomic structure of this lattice from the ideal
one.
Point (microscopic) defects in contrast from the macroscopic are compatible
with the atomic distances between the neighboring atoms. The initial cause of
appearance of the point defects in the first place is the local energy fluctuations,
owing to the temperature fluctuations. Point defects can be divided into Frenkel
defects and Schottky defects, and these often occur in ionic crystals. The former are
due to misplacement of ions and vacancies. Charges are balanced in the whole crystal
despite the presence of interstitial or extra ions and vacancies. If an atom leaves its
site in the lattice (thereby creating a vacancy) and then moves to the surface of the
crystal, it becomes a Schottky defect. On the other hand, an atom that vacates its
position in the lattice and transfers to an interstitial position in the crystal is known
as a Frenkel defect. The formation of a Frenkel defect therefore produces two defects
within the lattice—a vacancy and the interstitial defect—while the formation of a
Schottky defect leaves only one defect within the lattice, that is, a vacancy. Aside
from the formation of Schottky and Frenkel defects, there is a third mechanism by
which an intrinsic point defect may be formed, that is, the movement of a surface
atom into an interstitial site. Considering the electroneutrality condition for the
stoichiometric solid solution, the ratio of mole parts of the anion and cation vacancies
is simply defined by the valence of atoms (ions). Therefore, for solid solution MnXm,
the ratio of the anion vacancies is equal to m/n.
Usually the concentration of Frenkel and Schottky defects is relatively small.
The maximum mole part of these defects does not exceed several tenths of a percent.
Thus, the electroconductivity of such solid solutions is minimal even at the temperatures close to their melting point.
Apart from the point defects, there are impurity defects in ionic crystals due to
some impurities in raw materials. The impact of impurity segregation on ionic
conductivity of the solid electrolytes will be considered in detail in section 1.4 of
this chapter. The vacancies, developed in the solid solutions during the substitution
of the main ion (M in the solid solution M(M1)O2–x) by the ion substituent (M1) of
the different valence, have special meaning for solid electrolytes among impurity
defects. In this case, the vacancies must appear from one of the solid-state sublattices
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at the preservation of its crystal structure. Most of the solid oxygen-ionic electrolytes
represent themselves as solid solutions with this particular type of defect structure.
These solid solutions have several types of charge carriers. They can be represented by anions, cations, electrons, and holes. The Ohm law is fair for each of
them. The full current represents itself as a summary of the partial currents by n
particles:
I=

∑ In = U ∑ σ
n

n

,

(1.5)

n

where σn is the partial electroconductivity by the nth particle, which is equal to
product of charge (qn), concentration (cn), and mobility (Bn) of this particle:
σn = qn cn Bn .

(1.6)

The temperature dependence of σn can be determined by the following equation:
σn = σ0 exp (—En/RT),

(1.7)

where σ0 is the constant and En is the transference activation energy. R is the gas
constant, and T is the absolute temperature. Portion of the partial conductivity
tn = σn/σ

(1.8)

is the transference number by n particles.
The flow of the charged particles in the chemical (µ) and electrical (ϕ) fields
can be described by the Wagner equation:

jn = –

σ n ⎛ dμ
dϕ ⎞
+ qn
⎟ .
2 ⎜
⎝
qn dx
dx ⎠

(1.9)

Considering the Nernst–Einstein correlation, establishing the dependence of the
coefficient of diffusion (D) on transport characteristics,
Dn = RT σn/qn2 cn ,

(1.10)

(1.9) can be transformed into the following equation [13]:

jn = –

dϕ ⎞
Dn cn ⎛ dμ
+ qn
⎟ .
⎜
dx ⎠
RT ⎝ dx

(1.11)

The last correlation is acceptable to any particles, including the neutral atoms.
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The diffusion of charged particles plays a very important role in solid electrolytes. Sometimes, it can be referred to as the Wagner diffusion mechanism [14]. In
accordance with the electrostatic laws, the following condition of electroneutrality
can be fulfilled in any element of the volume of solid state:

∑q

n

cn = 0.

(1.12)

n

This leads to the important feature of the charged particle’s diffusion within the solid
state, manifested in the fact that the transfer of charged particles does not accompany
the proceeding of electric current. For the particles of two different types, the
correlation (1.12) can be transformed:
q1dc1/dx + q2dc2/dx = 0.

(1.13)

Consequently, the correlations for the particle’s flow in accordance with the first
Fick law are given as follows:
j1 = – D12 dc1/dx and j2 = – D12 dc2/dx,

(1.14)

with the total effective coefficient of diffusion (D12) represented as
D12 = t1D2 + t2D1.

(1.15)

The correlation (1.15) plays an important role in the analysis of processes stipulated
by the small electron conductivity of solid electrolytes, such as the electrolytic
permeability of the solid state or the establishment of the chemical potential profile
of the elements of solid electrolytes.

1.2 ELECTROPHYSICAL PROPERTIES OF SOLID
ELECTROLYTES
It is evident that in crystals of the perfect structure (ideal situation), when they have
no vacancies (cV¨ = 0), it is impossible to have direct transfer of the electrical charges.
Only the appearance of vacancies allows the possibility for transfer of oxygen ions
from the engaged assembly into the vacant one. This reaction is usually accompanied
by the transfer of both charge and mass. In this case, the probability of “jumping
over” the oxygen ions is proportional to the concentration of vacancies. Subsequently, the particles, responsible for the current transfer in the solid electrolyte
systems, are the oxygen vacancies. Therefore, the transfer mechanism of the oxygen
ions in the solid electrolyte systems should be named the vacant mechanism. It
means that the transfer of oxygen vacancies in the electrical field occurs from anode
to cathode. As a result, vacancies behave as particles with charge q = – (2e). The ratio
between ionic and vacant mechanisms of the current transfer in solid electrolytes is
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similar to the ratio between electron and hole conductivities. In both cases, the
second ones are additional to the first ones.
It is following from the above that the concentration of the oxygen vacancies,
that is, cn = cV¨, can be used as the concentration of the ionic current carriers in
equation (1.6). Based on the ionic conductivity theory, considering the appearance
of couple complexes of the admixture cation-vacancy type, as well as interactions
of nonassociated defects, it is expected that the electroconductivity can be a growth
monotony with the increase in concentration of the oxygen vacancies up to 50%.
However, in reality, the electroconductivity/composition dependence has its maximum at about ~8–10% of vacancies [15]. When the high-temperature cubic zirconia
is stabilized by doping with alkali or rare-earth oxides, the dopant cations, substituting the Zr+4 sites in the crystal structure, stipulate the appearance of oxygen
vacancies in order to maintain the charge neutrality of the crystal. For example, 8
mol % Y2O3 in stabilized zirconia contains about 4 mol % oxygen vacancies [16].
Such a high vacancy concentration facilitates the selective O2 diffusion via a vacancy
diffusion mechanism. Furthermore, the electrical conductivity remains predominantly ionic even at elevated temperatures with practically no concomitant electronic
conductivity over a wide range of oxygen activities [17]. In other words, the average
ionic transference number remains near unity (i.e., ti > 0.99), indicating that almost
all current through YSZ is carried by the oxygen ions.
High conductivity in the solid state has been stipulated not only by high concentration of the current carriers, but also by their mobility (see Equation (1.6)).
High conductivity in the solid solutions has been provided by their crystalline
structure and the optimal correlation between the radiuses of the main cations and
anions, as well as by the ratio between radiuses of the cation substituent and the
main cation (see Figure 1.2). Thus, two factors—high concentration of oxygen
vacancies and their substantial mobility—provide superior ionic conductivity of the
solid solutions transferring them into the solid electrolytes.
The main principle, determining the application of solid electrolytes in gas
sensors, is based on type of conductivity and on stability of the electrophysical
properties at alteration parameters of the measuring environment. In one’s turn, type
(character) of conductivity depends on structural characteristics of the solid electrolyte, working temperature, and measuring partial pressure.
Based on the Wagner method [16], the required character of conductivity can
be achieved by the introduction of admixture into the basis oxide, which has a
common anion with the basis oxide, and the cation has less valence. Type and
quantity of the defects are stipulated by the admixture and its concentration. As a
rule, the majority of well-known solid electrolytes with pure oxygen-ionic conductivity have a fluorite CaF2 crystalline structure [17].
Appearance of the electronic conductivity in oxide electrolytes is connected to
the development of conductive electrons in the lattice of solid solution, forming as
a result of the reduction of cations Mez → Mez+1 + Θ, where Θ is an electron.
Moreover, a part of the anion is removed from the solid oxide lattice (n type of
conductivity).
Appearance of the current carriers as electron holes is connected to the oxidation
of cations, that is, with their loss of electrons Mez → Mez–1 + ⊕, where ⊕ is the hole.
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FIGURE 1.2 Ratio range between dimensions of the cation substituent (rd) to the main cation
(rh), at which the fluorite type of structure exists.

In spite of all this, the admixture conductivity is stipulated by excess of the negative
component (p type of conductivity).
Thus, the total conductivity of oxide electrolytes can be described as follows
[17]:
σ = σion + σΘ + σ⊕.
and the relative conductivity can be expressed as an ionic transference number

tion =

σ
.
σ ion + σ Θ + σ ⊕

(1.16)

Interaction of the solid electrolyte lattice with the oxygen-containing environment can be expressed by the following equations [18–20]:
1

/2 O2 + VÖ ↔ O2– + 2⊕;

(1.17)

/2 O2 + VÖ + 2Θ ↔ O2–.

(1.18)

1

In the simplest case, behavior of defects in the solid electrolyte is described by
the mass law in force. Considering independence of the concentration of vacancies
and anions from the oxygen partial pressure in gas (PO2), the following correlation
of conductivity in the solid electrolyte can be obtained from the equilibrium reactions
(1.17) and (1.18):
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FIGURE 1.3 Dependence of electronic conductivity in solid oxygen-ionic electrolytes on the
oxygen partial pressure. 1: region of an electronic conductivity of p type; 2: region of an
electronic conductivity of n type; and 3: region of pure oxygen-ionic conductivity. (From
Zhuiykov, S., Electron model of solid oxygen-ionic electrolytes used in gas sensors,
Int. J. Applied Ceramic Techn. 3 (2006) 401–411. With permission.)

σ = σion + k1PO21/n + k2PO2–1/m.

(1.19)

Values n and m are determined by the type of the dominated defects within the
levels of the oxygen partial pressure. Conductivity dependence on the oxygen partial
pressure (PO2) is shown in Figure 1.3 for the constant temperature. The curve XYZ
is typical for pure oxides (ZrO2, ThO2), which possess the mixed conductivity in
the wide PO2 range excluding the region around the minimum point, where t = 1.
The XSKZ curve characterizes the dependence of total conductivity (1.19) on the
oxygen partial pressure for the mixed zirconia-based oxide electrolytes. Section SK
corresponds to the pure oxygen-ionic conductivity region ( ti > 0.99) at PO2 changes
within Pθ < PO2 < P⊕. Pressures Pθ and P⊕ are characterized as the beginning of the
electron and hole conductivities in the solid electrolyte, respectively.
The existence of the relatively large region of the pure oxygen-ionic conductivity
in the zirconia-based electrolytes provides their wide use in the solid electrolyte
oxygen sensors [21]. So far, most of the solid electrolyte sensors accepted by industry
are based on dioxide zirconia (ZrO2-Y2O3) possessing a pure oxygen-ionic conductivity within the wide temperature range of 380–1400°C and measuring oxygen
partial pressures from 10–25 up to 105 Pa [3, 22, 23]. However, it has to be admitted
that the conductivity character substantially depends on such technological parameters of material as an admixture concentration, the average crystalline size, and so
on [24].
The emf, generated by the following solid electrolyte cell,
Pt (µ1) || solid electrolyte || (µ2) Pt,

(1.20)

is inseparably connected to chemical potential µ and to the ionic transference number
t by the following Wagner equation [16]:
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1
E=
4F

μ1

∫ t ( μ ) dμ .

(1.21)

μ2

In case t = 1, considering that µ = µ0 + RT ln P, the following equation takes place:
E=

μ 2 − μ1 RT P2
ln
=
.
4F
4 F P1

(1.22)

The correlation between t and PO2 for t < 1 can be expressed as follows [25]:
⎡ ⎛ P ⎞ 1/n ⎛ P ⎞ –1/ m ⎤
t = ⎢1 + ⎜
⎥
⎟ + ⎜⎝
⎟
P *⎠
⎢⎣ ⎝ P ⊕ ⎠
⎥⎦

−1

,

(1.23)

where P* corresponds to σion = 0.50.
For the zirconia-based electrolytes in the region where PO2 < 105 Pa, Equation
(1.23) can be expressed as
−1

⎡ ⎛ P ⎞ –0.25 ⎤
t = ⎢1 + ⎜
⎥ .
⎟
⎢⎣ ⎝ P * ⎠
⎥⎦

(1.24)

This is connected to the fact that for these electrolytes, the hole conductivity does
not exist up to PO2 = 105 Pa. Then emf for the electrochemical cell (1.20) can be
written as follows:
0.25

E=

0.25
RT ( P *) + P2
ln
.
F
( P *)0.25 + P10.25

(1.25)

The electrolyte dissociation from the lower partial pressure side does not initially
result in the decrease of emf for cell (1.20) because the average ionic transference
number plays the crucial role and can be given as follows [26]:

t =

1
μ 2 − μ1

μ2

∫ t (μ) dμ .

(1.26)

μ1

After substitution of (1.24) into (1.26) and considering (1.22) for the zirconia-based
electrolytes, the following Wagner appears:
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(1.27)

It can be observed from Equation (1.27) that the average ionic transference number
indicates on the emf deviation of the electrochemical cell (1.20) from the thermodynamic emf at the presence of electronic conductivity in solid electrolytes.
At the critical partial pressure,
lg P** = 23.5 – (60500/T),

(1.28)

the electronic conductivity appears in the ZrO2-CaO electrolytes and the emf deviation of the cell (1.20) from the thermodynamical value is no more than 1% ( t =
0.99) [27, 28]. Therefore, the measuring emf in this case can be represented as
follows:
E ** = t

RT
P
In 2 .
4F P * *

(1.29)

After substitution of Equation (1.28) into Equation (1.29), the critical emf for the
zirconia-based electrolyte at t = 0.99 for P2 = 0.21•105 Pa is as follows:
E** = 2.96 – 1.19•10–3 T.

(1.30)

Consequently, the critical temperature for the zirconia electrolyte at t < 1 can be
determined from the emf dependence on temperature, presented by Equation (1.29).

1.3 AGING OF SOLID ELECTROLYTES
Zirconia-based electrolytes are generally operated at the high-temperature range of
650–1200°C. Such electrochemical devices as oxygen sensors and solid oxide fuel
cells can provide the highest total efficiency at a temperature of about 1000°C, where
the ionic conductivity reaches the required high level. However, such high temperatures often lead to reactions between the components, thermal degradation, or
thermal expansion mismatch. Aging of solid electrolytes is the process of changing
their electrical conductivity during prolonged exposure to high temperatures. From
the practical point of view, it is very important to know how the conductivity may
decrease in time, referred to as aging as a result of longtime annealing at temperatures
of ~1000°C and higher. The aging of a solid electrolyte system has an influence on
the major characteristics of the gas sensor. The accuracy and stability of the sensor
may be affected during the high temperature measurements as a result of aging. The
aging process for stabilized zirconia was first investigated for solid electrolyte ZrO2CaO [29], and it was concluded that a defect-ordering process was taking place.
Later, the aging was found and studied for ZrO2-Y2O3, ZrO2-Sc2O3 [30–33], and
Zr(Y, Sc)O2–x/2 [34].
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It was reported that the initial decrease of conductivity was attributed to precipitation of tetragonal zirconia from the cubic matrix and further decreases to the
ordering in the cubic phase [35]. However, even after annealing for 42 days (1000
hours), the slight relative X-ray diffraction (XRD) intensity changes of the cubic
phase are detected. It was examined and reported that the short-range ordering of
oxide ion vacancies around Zr ions, resulting from relaxation of the lattice distortion,
is responsible for the decrease in conductivity with aging [36]. In addition, a noticeable contribution, which can be both positive and negative, to the aging intensity by
the change in electrical conductivity of grain boundaries of polycrystalline solid
electrolytes has been established [37].
The following equations have been proposed for describing the kinetics of the
aging process [13]:
Rτ = R∞ – B exp (–kτ),

(1.31)

Rτ = R0 + Bτ 0.5,

(1.32)

where R0, Rτ, and R∞ are the resistances of the electrolyte before aging, at the
moment of aging τ, and at τ → ∞, respectively; and k and B are constants. Equation
(1.31) determines the change of the current carriers at the monomolecular quasichemical reaction, and Equation (1.32) describes the change of the current carriers
as a result of a stationary diffusion process at the growth of a new phase. However,
only (1.32) confirms experimentally measured dependencies within the narrow time
interval.
Results of the modern experimental research have shown that all solid electrolytes can be divided into two major groups by the character of the aging process.
The aging kinetic has a different nature for single- and two-phase polycrystalline
electrolytes. Based on the solid solution phase diagrams, these two groups correspond to the single- and two-phase solid solutions. Moreover, it is also dependent
upon which stabilizing oxide (Y2O3, MgO, Yb2O3, Sc2O3, etc.) was selected for the
preparation of a ZrO2-based electrolyte.

1.3.1 SINGLE-PHASE SOLID ELECTROLYTES
Let us consider regularity of the aging processes for the single-phase solid electrolytes. It was concluded that each chemical composition of electrolyte has its own
unique start aging temperature (Tst) [13, 33]. For example, the start aging temperature
for the solid electrolyte Zr(Y)O2–x/2 is increased gradually from 1027 to 1200°C
when the parameter x was changed from x = 0.091 to x = 0.248. Therefore, each
chemical composition of electrolyte has its own limiting of aging (Figure 1.4), which
depends only on temperature, as is clearly shown in Figure 1.5. From the analysis
of kinetic curves, the aging process in the close vicinity of Tst proceeds relatively
quickly within dozens of hours. The aging speed is decelerated substantially with
the decrease of the working temperature and can be represented by thousands and
dozens of thousands of hours. The limiting deep of aging (R∞/R0) is grown with the
decrease of temperature.
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FIGURE 1.4 Kinetics of the aging process for electrolyte Zr(Y)O2–x/2 in the single-phase
region at 1100°C: Y2O3, mol. %. 1: 10; 2: 12.1; 3: 15; 4: 20; 5: 33.
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FIGURE 1.5 The aging of the solid electrolyte Zr(Y)O1.909 at the consecutive temperature
changes.

One of the reasons of aging in the single-phase electrolytes is the development
of the ordering structure in the cation sublattice of the solid solution [30]. However,
it is impossible to use ordinary XRD methods for investigating these ordering
structures owing to the same value of the X-ray dissipation factor for Zr4+ and Y3+.
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Another possible reason of aging in such solid electrolytes can be the appearance
and growth of the microdomains of a small size possessing equal to the lattice value.
These microdomains of size 5–30 nm have been discovered by the electron-graphical
method in the system ZrO2-CaO [38, 39]. However, no direct experimental data have
been reported so far about their existence in the solid solutions ZrO2-R2O3.

1.3.2 TWO-PHASE SOLID ELECTROLYTES
Solid electrolytes Zr(R)O2–x/2 possess the maximum ionic conductivity corresponding to the lowest boundary of the solid solution of the fluorite type at x = (0.16 –
0.20). If x < 0.16, the solid solution dissociates on two phases with a following sharp
decrease of its electroconductivity. It was shown [33] that the correlation between
the change in the phase composition and the decrease of electroconductivity in time
does exist for the zirconia-based electrolytes.
In contrast from the single-phase electrolytes, the two-phase electrolytes are
characterized by the deeper aging, and the duration of aging is usually much longer.
The absence of equilibrium was reported for the zirconia-based electrolytes held at
the temperature of 1100°C for 2000–3000 hours [13], for the ZrO2-Sc2O3 electrolyte
part of the aging curve has the S-shape form [34].
The aging of oxygen sensors based on HfO2-ZrO2-Y2O3 and ZrO2-Y2O3 solid
electrolytes with platinum electrodes and with 15 and 10 mol % of Y2O3, respectively,
was investigated [40]. The sensors were annealed for 42 days (1000 hours) at 1000°C.
It has recently been found [41] that the aging process does not occur before 1000°C
in electrolytes doped with 10 mol % of Y2O3. Figure 1.6 illustrates how the conductivity of YSZ with different yttria content has changed after annealing for 30 days
at 1000°C [42]. This investigation of the aging processes has shown that a ZrO2
electrolyte containing 10 mol % of Y2O3 is much less affected by the aging process
than the same electrolyte containing 8 mol % of Y2O3. With a lower than 10 mol %
of Y2O3, the cubic solid solution gradually breaks up into two phases, thus leading
to a drop in its electrical conductivity [43]. Therefore, zirconia electrolytes containing a 10 mol % of Y2O3 are more preferable to use in practical gas sensors working
at the high-temperature range of 900–1200°C.
Figure 1.7 shows the results of the resistivity measurement for both electrolyte
specimens before and after annealing. The deterioration of conductivity of the ZrO2Y2O3 sample is significant; however, the level of reduction is still such that the total
conductivity remains high. It is also well-known that the rate of conductivity deterioration of ZrO2-Y2O3 electrolytes is very rapid during the initial stages of annealing.
Nevertheless, it slows down considerably and it appears that the deterioration will
settle down after prolonged heat treatment. A number of features of these results
require further elaboration. This is a trend in the amount of conductivity reduction
with time which is related in some way to the amount of HfO2 present in the HfO2ZrO2-Y2O3 system. The HfO2-ZrO2-Y2O3 electrolyte showed a similar degradation
rate in conductivity to the ZrO2-Y2O3 electrolyte as a function of time, but the
degradation rate decreased with an increase in the HfO2 content. For example, the
resistivity of the HfO2-ZrO2-Y2O3 electrolyte (15 mol % of Y2O3 and 65 mol % of
HfO2) at a temperature of 1000°C was increased by ~50% after 42 days of annealing.
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FIGURE 1.6 Conductivities of YSZ solid electrolytes at 1000°C versus yttria content: ()
before annealing; and (●) after 30 days of annealing. (Reprinted from Zhuiykov, S., Development of dual sulphur oxides and oxygen solid state sensor for “in-situ” measurements, Fuel
79 (2000) 1255–1265, with permission from Elsevier Science.)

In contrast, the resistivity of the ZrO2-Y2O3 (10 mol % of Y2O3) electrolyte at the
same temperature was increased by ~110%. This may suggest that the main cause
of aging of solid electrolytes in the two-phase region appears to be the precipitation
and growth of the second conductive phase. The kinetics of the aging process is
determined by the kinetics of two processes running independently of each other:
growth of the number of second-phase centers, and the growth of their bulk. In the
case of polycrystalline solid electrolytes, the process of the second-phase growth is
connected with the diffusion of solid solution components. Therefore, an increase
in the HfO2 content in the HfO2-ZrO2-Y2O3 system diminishes the degradation rate
in conductivity of the composite electrolyte. These results also appear to indicate
that the HfO2-based electrolytes are more likely to be used in sensors measuring
extremely low oxygen partial pressure at temperatures higher than 1000–1100°C
[40].

1.4 AN ELECTRON MODEL OF SOLID OXYGEN-IONIC
ELECTROLYTES USED IN GAS SENSORS
For the zirconia-based gas sensors, the low level of threshold temperature, when the
zirconia electrolytes possess pure ionic conductivity, is approximately 500–550°C
for polycrystalline structures [44–46] and around 380–420°C for single crystals [47,
48]. The conductivity of the YSZ-based electrolyte below these temperatures is
compatible with the conductivity of isolators. Moreover, any reduction in operating
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FIGURE 1.7 Measurements of the resistivity of solid electrolyte systems before and after
annealing at 1000°C for 1000 hours: (*) ZrO2–10 mol% Y2O3 before annealing; ()
HfO2–ZrO2–15 mol% Y2O3 before annealing; (▫) ZrO2–10 mol% Y2O3 after annealing; and
(●) HfO2–ZrO2–15 mol% Y2O3 after annealing. (Reprinted from Zhuiykov, S., Investigation
of conductivity, microstructure and stability of HfO2–ZrO2–Y2O3–Al2O3 electrolyte compositions for high-temperature oxygen measurement, J. Europ. Ceram. Soc. 20 (2000) 967–976,
with permission from Elsevier Science.)

temperature of the oxygen sensor by the fabrication technology has a considerable
effect on materials selection and on lifetime predictions for such devices. As a result
of that, the electron processes, stipulated by the admixture and the structural defects,
start to influence the properties of oxygen-ionic electrolytes at low temperatures.
In addition, modern solid electrolyte theory considers electrons only as a secondary charge carrier [23]. Furthermore, theory uses the definition chemical oxygen
potential as a binding element of the electrode reactions for description of galvanic
systems with oxygen-ionic electrolytes. However, the change of the chemical potential for oxygen vacancies within the zirconia-based electrolyte is restricted by the
narrow region of homogeneity of the solid electrolyte, and the concept of gaseous
oxygen for the single-crystal electrolytes has no physical sense. The chemical potential of electrons is much more preferable to use as a binding element for the electrode
reactions on the boundaries of both polycrystalline and single-crystal electrolytes.
In the electrochemical form, the chemical potential of electrons represents the Fermi
level EF , detaching, by the definition [49], the free conditions from the engaged ones
at the absolute zero temperature. The electrical fields at the solid electrolyte-electrode
interfaces depend on the chemical potential differences of both mobile species: ions
and electrons. The mobility of ions results in variations of the chemical composition
of compounds and even in the formation of new interfacial materials, which generate
changes in the performance and cause short lifetimes [50]. Moreover, the electrical
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FIGURE 1.8 a: Surface SEM images of polished YSZ substrate; b: Pt electrode deposited
on YSZ substrate; and c: three-dimensional image of the surface of the Pt electrode deposited
on YSZ. (From Zhuiykov, S., Electron model of solid oxygen-ionic electrolytes used in gas
sensors, Int. J. Applied Ceramic Techn. 3 (2006) 401–411. With permission.)

field at the contact between a metal electrode and a solid electrolyte is much stronger
and extends over a much smaller regime than in the case of a semiconductor junction.
This is owing to the much higher concentration of charge carriers in metals and
solid ion-conductive electrolytes compared to semiconductors.
Figure 1.8 shows the roughness of the typical polished (ZrO2)0.9(Y2O3)0.1 surface
(a); the roughness of the Pt electrode, made of Pt paste, deposited on this surface
(b); and the three-dimensional image of the surface of the Pt electrode deposited on
YSZ (c). This figure clearly illustrates that the difference between the lowest and
highest peaks for the polished YSZ substrate does not exceed 0.73 µm, and for the
deposited Pt electrode on the YSZ substrate is about 2.03 µm. Magnified scanning
electron microscopy (SEM) images of YSZ substrate and Pt electrode up to the same
nanoscale, shown in Figure 1.9, indicate that the YSZ structure consists of small
and large developed YSZ grains with an average size from 300 nm up to 1 µm. A
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similar situation has been observed for the Pt electrode (see Figure 1.9, b). The vast
majority of Pt particles have an average size of about 1 µm. In addition, the TEM
image, shown in Figure 1.10, indicates that the vicinity of interface between YSZ
and NiO-sensing electrode in the YSZ-based NOx planar sensor is only 2 nm [51,
52]. Both provided SEM and transmission electron microscopy (TEM) images, and
referenced data support the aspect that the thickness of the space charge layer is
usually in the range of a few nm instead of µm, which consequently results in much
higher sensitivity in regard to the formation of interfacial layers.
From the solid-state zone theory point of view, solid electrolytes are dielectrics
with the wide forbidden zone E = 4 – 6 eV [23]. In contrast from the ordinary
dielectrics, which have a fixed Fermi level EF in the middle of the forbidden zone,
the position of the Fermi level for the solid electrolytes depends on the thermodynamical oxygen potential on crystalline boundaries. This is due to the fact that the
solid electrolytes are not just dielectrics, but rather crystalline phases with ionic
conductivity, stipulated by the high density of oxygen vacancies (nV = 1026 – 1028
m–3), in the anion sublattice of the electrolyte.
Then, for example, if the oxygen partial pressure decreases in the measuring
environment, the solid electrolyte loses part of the oxygen atoms in correspondence
with the Equations (1.17) and (1.18) for the electrode reactions.
Partial dissociation of the electrolyte results in reduction of density of the
electron conditions in the valent zone and, consequently, to the electron transfer into
the conductivity zone. Owing to this, the Fermi level increases within the forbidden
zone of the electrolyte. On the analogy of semiconductors, the solid electrolytes can
be considered as admixture semiconductors in which the content of donor (or
acceptor) admixture depends on the oxygen partial pressure in the analyzing environment [53].
The chemical potential of electrons µθ in dielectric material can be represented
as µθ = EF – EC, where EC is the bottom level of the conductivity zone. In this case,
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FIGURE 1.9 Nanoscaled SEM images of (a) YSZ electrolyte and (b) Pt electrode. (From
Zhuiykov, S., Electron model of solid oxygen-ionic electrolytes used in gas sensors,
Int. J. Applied Ceramic Techn. 3 (2006) 401–411. With permission.)
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FIGURE 1.10 TEM image in the vicinity of interface between YSZ and the NiO-SE sintered
at 1400°C. (From Zhuiykov, S., Electron model of solid oxygen-ionic electrolytes used in
gas sensors, Int. J. Applied Ceramic Techn. 3 (2006) 401–411. With permission.)
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from the thermodynamic equilibrium condition for reactions described by Equations
(1.17) and (1.18), the following correlation can be easily obtained:
(EF)f = EC + µ* – 1/2 µV – 1/4 µO2.

(1.33)

Here, index f designates the electrolyte surface, µ* is the constant, and µV is the
chemical potential of the oxygen vacancies. µO2 = kT ln PO2 represents the thermodynamical oxygen potential in the environment, where k, T, and PO2 denote the
Boltzmann constant, temperature, and oxygen partial pressure, respectively.
Dependence of the Fermi level on the thermodynamical oxygen potential at the
boundaries of solid electrolyte µO2 is simple, owing to the small density of the
electron conditions in the forbidden zone of dielectric and on account of high density
of the vacant (V) groups in the anion sublattice of the electrolyte. Analytically, it
can be shown as
∂μ v
1 .
∂ ( EF − EC )

(1.34)

Both correlations (1.33) and (1.34) point out that the electrons play an important
role in the electrophysics of solid electrolytes. They also point out the singleness of
purpose of describing the properties of electrolytes within the solid-state zone theory.
Let us consider the contact phenomena on the boundary of the solid electrolyte–metal interface, schematically shown in Figure 1.11. In this case, the work
function of electrons from the metal χM is bigger than the work function of electrons
from the oxide electrolyte χE. Electrons immediately transfer from the metal into
the solid electrolyte after establishment of initial contact between electrolyte and
electrode. This is caused by the electron diffusion driven by the electron concentration gradient. Only under working conditions (i.e., low oxygen partial pressure)
would the electrons produced by the oxygen oxidation at the surface be transported
into the metal electrode. The Fermi level displaces to the middle of the forbidden
zone; however, in contrast from semiconductors, the volume charge of the solid
electrolyte is neutralized by the oxygen ions going away off the surface of the
electrolyte. The oxygen vacancies, accumulated on the surface of the electrolyte,
form the dense part of the electric double layer [54]. In the zirconia-based electrolytes, as in the metals, the screening length LD = (εkT/8πe2nV)1/2, determining the
thickness of the electric double layer, is equal by the order of magnitude to the
interatom distance. This small screening length is stipulated by high density of the
oxygen vacancies–charge carrier in the solid oxygen-ionic electrolytes.
The displacement of Fermi level EF disturbs the thermodynamic equilibrium in
the solid electrolyte-electrode system, expressed by Equation (1.33). Subsequently,
the solid electrolyte dissociates in accordance with reaction (1.17) followed by the
appearance of free electrons on its surface, increasing density of the oxygen vacancies in the double layer and rising of the Fermi level. The equilibrium restores (see
Figure 1.11, b) when the contact potentials difference Ek becomes equal to
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FIGURE 1.11 Schematic interpretation of the energetic structures for electrons in metal and
solid electrolyte (a) before their contact and (b) after establishment of contact. (From
Zhuiykov, S., Electron model of solid oxygen-ionic electrolytes used in gas sensors,
Int. J. Applied Ceramic Techn. 3 (2006) 401–411. With permission.)

Ek = (χM – χE )/e,

(1.35)

where e is the charge of the electron.
Similar to semiconductors, the work function of electrons from the oxide electrolyte χE can be expressed by the Wagner equation [14]:
χE  ηe – EF + EC ,

(1.36)

where ηe is an electron affinity of the solid electrolyte.
Then the linear dependence of the contact potentials difference Ek on the thermodynamic oxygen potential µO2 in the measuring environment can be obtained
from Equations (1.33) and (1.35):
Ek = (χM – ηe + µ* – 1/2 µV)/e – µO2/4e.

(1.37)

Therefore, the output emf, which is equal to the difference of contact potentials
difference, appears at the different oxygen partial pressures PO2 on the opposite
boundaries of the solid electrolyte in open circuit (schematically shown in Figure
1.12):
E = Ek (0) – Ek (h) = [χE (h) – χE (0)]/e,

(1.38)

where h is the electrolyte thickness.
Correlation (1.38) with due regard for the Wagner Equation (1.36) can be
transformed to
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FIGURE 1.12 Equivalent scheme of the galvanic concentration element. 1: first electrode
(ϕ1); 2: solid oxygen-ionic electrolyte; and 3: second electrode (ϕ2). (From Zhuiykov, S.,
Electron model of solid oxygen-ionic electrolytes used in gas sensors, Int. J. Applied Ceramic
Techn. 3 (2006) 401–411. With permission.)

E = [EF (0) – EF (h)]/e.

(1.39)

The emerging gradient of the chemical potential of electrons brings to the
diffusive charges transfer. As a result, the electrical field dϕ/dx, which decreased the
emf of circuit in accordance with (1.37), appears within the electrolyte. It is graphically shown in Figure 1.12 as a pitch of power levels of electrons. In one’s turn the
electrical field provokes the ionic current compensating diffusive transfer of the
electrons and supporting the difference of the Fermi levels on the boundaries of the
solid electrolyte. If the electrical field within the solid electrolyte cannot be ignored,
then the difference of the electrostatic potentials,
h

Δϕ =

dϕ

∫ dx dx ,
0

should be added to Equation (1.38):
h

E = ⎡⎣ χ E ( h ) − χ E ( 0 ) ⎤⎦ / e +

dϕ

∫ dx dx .
0

(1.40)
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If the Fermi level within the electrolyte can nominally be expressed by Equation
(1.33), then Equation (1.40) can be transformed to the well-known Wagner’s integral
[16]:

E=

1
4e

h

∫ t ddxμ
i

02

dx ,

0

where ti is the ionic transference number. Such transformation indicates on correspondence of the presented model to the Wagner’s solid electrolyte theory [14].
Based on the fact that Δϕ = –ΔEC, the correlation (1.39), in difference from
Equation (1.38), does not change in the presence of the electrical field within the
solid electrolyte. Therefore, the output emf of the opened galvanic circuit can be
determined by the difference in Fermi levels on the boundaries of the solid electrolyte
regardless of the electronic-to-ionic conductivities ratio.
Maximum allowable emf of the opened circuit does not exceed the width of the
forbidden zone divided on the electron charge: E < εg/e. This restriction is stipulated
by the high density of the electron conditions in the conductivity zone and in the
valent zone, in comparison with the forbidden zone of the electron energy in dielectric. In this case, insignificant shift of the Fermi level in the permitted zones leads
to substantial growth of the electron-hole conductivity, acceleration of the diffusive
transfer of electrons and holes through the electrolyte, extension of the internal
electrical field dϕ/dx, and, consequently, the reduction of the output emf of the
galvanic circuit, determined by correlation (1.40).
Hence, from the electron model of the solid electrolyte following that the emf
of the opened galvanic circuit, firstly, can be determined by the difference of the
Fermi levels on the boundaries of solid electrolyte and, secondly, can be restricted
by the ratio between the width of the forbidden zone and the charge of electron.
Otherwise, the properties of the electrolyte can be changed by its dissociation. In
view of the fact that the electrons have high density within the conductivity zone
and within the valent zone by comparison to the forbidden zone, the correlation
(1.34) for these parts of the energetic spectrum of electrons does not fulfill. Thus,
in order to change the Fermi level within the conductivity zone, that is, break
inequality,
E < εg/e,

(1.41)

it is necessary to change the electrolyte composition by its dissociation. In this
scenario, the value of the oxygen partial pressure PO20, corresponding to the minimum
electron-hole conductivity of the oxide electrolyte, allows defining the lowest level
of PO2m at the admitted oxygen pressures, at which the electrolyte can yet be used
in oxygen sensors. Based on the presented electron model of oxygen-ionic electrolytes, the minimum electron-hole conductivity can be achieved when the Fermi level
EF disposes in the middle of the forbidden zone. If the Fermi level EF corresponds
to the oxygen partial pressure PO20 (T), then from the correlation (1.41) with due
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regard for the polar correction Vp [55, 56] and the Nernst equation, the following
inequality yields,

(εg − 2Vp ) / 2e ≥

kT ⎛ P020 ⎞
In ⎜
⎟,
4 e ⎝ P02m ⎠

(1.42)

where PO2″ = PO20 and PO20′ = PO2m. Then, the minimum measuring PO2m can be
expressed as
– ln PO2m = – ln PO20 (T) + (2 εg – 4Vp)/kT.

(1.43)

From the data [57] concerning determination of the emf of the dissociated
electrolyte in relation to the air reference electrode, it can be found that for the
electrons localized on the anion vacancies in electrolyte (ZrO2)0.9(Y2O3)0.1, the polar
correction is equal to ~0.4 eV.
Let us suppose that the polar correction Vp for the (ZrO2)0.85(CaO)0.15 electrolyte
has the same order of magnitude as for (ZrO2)0.9(Y2O3)0.1. Then the temperature
dependence of the minimum PO2m (T) for (ZrO2)0.9(Y2O3)0.1 and (ZrO2)0.85(CaO)0.15
electrolytes can be calculated by inserting the values of PO20 (T), εg, and Vp, respectively, in Equation (1.43):
– (lg PO2m)Y = – 10 + 53 (103/T);

(1.44)

– (lg PO2m)Ca = – 5.4 + 70.5 (103/T).

(1.45)

Figure 1.13 shows the low boundary of the oxygen-ionic conductivity region based
on Equation (1.44) for the (ZrO2)0.9(Y2O3)0.1 electrolyte. The logarithm of the dissociation pressure for oxide Na2O is also shown for comparison. It is evident from
- lg PO2, Pa

1
80

2
60

40
1,4·10-3

1,6·10-3

1,8·10-3 1/T , K-1

FIGURE 1.13 1: Low boundary of the oxygen-ionic conductivity for the solid
(ZrO2)0.9(Y2O3)0.1 electrolyte; and 2: and the temperature dependence of logarithm pressure
of dissociation for oxide Na2O. (From Zhuiykov, S., Electron model of solid oxygen-ionic
electrolytes used in gas sensors, Int. J. Applied Ceramic Techn. 3 (2006) 401–411. With
permission.)
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this figure that the YSZ allowing control of the oxidizing potential not only oxygen
saturated by admixture, but also deoxidized sodium in the low temperature region.
Taking into consideration the data of solubility oxygen in sodium, the YSZ-based
solid electrolyte sensors ensure control of the activity of the oxygen admixture in
liquid sodium in the range of a = 1 – 10–10.
Basically, the nature of the electron conductivity in the solid electrolytes depends
on two mechanisms of charge transfer: (1) transfer of electrons in the conductivity
zone, separated from the valent zone in the solid electrolyte by the wide enough
forbidden zone; and (2) the spasmodic transitions of electrons from one local level
to another within the forbidden zone.
Apparently, the admixture atoms of the metals with alternative valence, local
levels of which are adjacent to the valent zone of electrolytes, bring the greatest
contribution into the electron conductivity of solid electrolytes. This fact, in one’s
turn, increases the density of electrons on these levels simply because the equilibrium
between electrons within the conductivity zone and on the local levels can be
expressed by the following law in force:
ΔGe
n−e n−z
=
exp
,
Ne
n
RT

(1.46)

where ne_ is the density of electrons on the local levels, Ne is the density of the local
levels, and nz_ is the density of electrons within the conductivity zone. ΔGe is the
activation energy of the electron transfer from the local level into the conductivity
zone, n = (mkT/2πh)3/2, and m is the mass of the electron.
Consequently, it can be concluded that the “deeper” the level within the forbidden
zone, the larger the value of ΔGe and, therefore, the higher the density of electrons
on local levels.
In the close vicinity between atoms forming the local levels in the energetic
spectrum of electrons, the value of the potential barrier between them is less ΔGe
on some value ΔGz (see Figure 1.14). The total conductivity of electrons on the local
levels and in the conductivity zone, considering that both uniformity and isothermal
conditions of the polycrystalline solid electrolyte are met, can be described by the
following equation:
⎡
⎛ ΔG − ΔGe ⎞⎤
σ _ = F ⎢n z _ u z _+ n e _ u z _ exp ⎜ z
⎟⎥ ,
⎠⎦
⎝
RT
⎣

(1.47)

where uz_ is the mobility of electrons. If ne_ can be substituted in this equation from
the correlation (1.46), the conductivity turned out,
⎛ N *e
ΔGz ⎞
σ _ = Fn z _ u z _ ⎜1 +
exp
⎟,
⎝
n
RT ⎠

(1.48)
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FIGURE 1.14 Potential energy of electrons on the local level. (From Zhuiykov, S., Electron
model of solid oxygen-ionic electrolytes used in gas sensors, Int. J. Applied Ceramic Techn.
3 (2006) 401–411. With permission.)

where N*e is the density associations of two and more atoms of metal, forming the
local levels of electrons.
As long as we have an equilibrium between electrons on the local levels and
electrons in the conductivity zone, that is, µz_ = µe_, the ionic transference number
(ti) can be described by the following equation:
N *e
ΔG
Gz
−3/ 2 1 +
exp
⎧⎪ ⎡
n ⎛ nO ⎞
n
RT ×
ti = ⎨1 + ⎢
⎜ ⎟ ⋅
nO′′ uO′′
⎪⎩ ⎢⎣ 2 N ⎝ N ⎠
1+
⋅
nO uO
,

(1.49)

−1

⎛ ΔG 0 ⎞ u z _ ⎤ −1/ 4 ⎫⎪
× exp ⎜−
⎥ P02 ⎬
⎟
⎝ 4 RT ⎠ uO ⎥⎦
⎪⎭

where N is the number of groups of oxygen sublattices in the unit of volume and
nO″, n are the density of the oxygen vacancies and intergroup oxygen ions, respectively, corresponding to the electroneutrality condition; nÖ – nO″ – (n_/2) = nbO″ n_
is the density of electrons, and nb0 is the density of surplus oxygen vacancies. The
second item in Equation (1.49) represents the conductivities ratio σ_/(σÖ + σO″).
Therefore, by designating the multiplier independent on the oxygen partial pressure,
as P_, the correlation (1.49) can be transformed into the well-known equation for
the oxygen ions transference number:
−1

⎡ ⎛ P_⎞⎤
ti = ⎢1 + ⎜
⎟⎥ .
⎣ ⎝ P02 ⎠ ⎦
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Nonregulating of such ionic crystals as solid electrolytes is insignificant at low
temperatures, that is, nÖ » nO″. Moreover, it is known that the ratio of the mobility
of vacancies and electrons in the conductivity zone can be linked to the temperature:
⎛ const ⎞
u_
~ exp ⎜
⎟.
⎝ T ⎠
uO
Then the functional dependence of the logarithm P_ on temperature can be expressed
as
– lg P_ = A + B (103/T) – 4lg [1 + c* exp (A′m + B′m (103/T))],
where A, B, A′m, and B′m are the constants and c* is the concentration of associations
for two admixture atoms, forming the local levels in the energetic spectrum of
electrons.
Thus, as long as associations are in equilibrium with the atoms making them
available, then at the condition of observance of law in force, the correlation c* ~
c takes place, where c is the concentration of appropriate admixture atoms. Consequently,
– lg P_ = A + B (103/T) – 4lg [1 + c2 exp (Am + Bm (103/T))].

(1.50)

Equation (1.50) evidently expresses an extra contribution of the admixture atoms
into the electron mechanism of conductivity, which leaves a restriction on the area
of the primary anion conductivity [58].
Therefore, even small traces of technological admixtures in the solid oxygenionic electrolytes (for example, iron, vanadium, and titanium), which usually accumulate on the grain boundaries, can substantially influence the limits of the practical
applicability of electrolytes by temperature and by the level of partial pressure.
The quadratic dependence of the technological admixture in Equation (1.50),
relating to the complex influence of the admixtures on the conductivity of the solid
electrolyte, has expressed at least in their twin interactions. Since the requirements
for the close vicinity of two or more atoms, forming the local energetic levels, are
relatively easy to meet, there are many possibilities for uninterruptible spasmodic
electron transfer from one level on another. Otherwise, the transference of electrons
would be carried out only within the conductivity zone. In fact, the height of the
potential barrier for the electron displacement from one potential level to another
depends substantially on the distance between levels. Taking into account that the
surrounding ions are exerting a screening influence on the electrons transfer in the
crystalline structure, only the close vicinity with a view to the bonded couple of
atoms decreases the height of potential barrier.
Using the assumptions given above, it was possible to determine the binary metal
compositions with unlimited solubility, which is illustrated in Figure 1.15. These
binary metal compositions are vital for the selection of materials for a sensing
electrode of the mixed-potential zirconia-based gas sensors [23, 24]. This is because
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FIGURE 1.15 Binary metallic compositions with unlimited solubility; the solid line represents systems with transfer without breach of homogeneity, and the dotted line represents
systems with solubility within the wide temperature range.

the ideal sensing electrode is likely to be a mixture of two or more oxides or one
oxide doped by the admixture of another metal or metal oxide, which usually
enhances sensitivity to the measuring gas or, alternatively, suppresses unwanted
sensitivity to another gas [25]. The metallurgical stability of such a composite system
is determined by the character of the phase equilibrium of metals, speed of their
interdiffusion, and adhesion to each other. Basically, there are two approaches to
the selection of the multiphase system nowadays: (1) the selection of materials
developing a continuous row of the solid solutions with high speed of the diffusive
“eroding” boundaries at the immediate contact (see Figure 1.15), and (2) the binary
compositions with the minimum speed of the interdiffusion, which do not form
intermediate phases in the working temperature range of the gas sensors (see Figure
1.16).
Verification of the proposed model can be illustrated by the investigation of the
influence of the iron admixture on the conductivity of the YSZ electrolyte at the low
threshold temperature. The following electrochemical cell has been investigated:
Pt | Fe, FeO || YSZ solid electrolyte || O2 (PO2 = 0.21 × 105Pa) | Pt.
Five samples of the YSZ with different concentrations of iron, impregnated into the
electrolyte, have been studied. For investigation of the influence of the iron admixture
on the electrophysical properties of the solid electrolyte, four samples from five were
saturated by a FeCl solution of different concentrations (1, 3.8, 7.5, and 15%),
followed by the annealing of all samples at 1600°C for 3 hours. The fifth sample
had the minimum iron admixture (0.001%). After annealing, all samples had a
density of 5.4 g/cm3 with zero open porosity. Figure 1.17 shows experimental emf
measurements for all samples of the prepared electrolyte. The thermodynamical emf
( t = 1) corresponding to Equation (1.22) is shown as well. The results of the
experimental measurements in this figure clearly show that the more iron admixture

47612_C001.fm Page 29 Wednesday, June 27, 2007 11:41 AM

Introduction to Electrochemistry of Solid Electrolyte Gas Sensors

29

Cu

Ta

Fe

Nb

Ni
Ti

Zn
Au
Co

Ag
Al

Pd
Cr

Mn
Pt

FIGURE 1.16 Binary metallic compositions with minimum speed of interdiffusion of metals.

E,V
1.1

Thermodynamical
emf

1.0

0.9
0.07%
0.18%
0.30%

0.001%
0.030%
0.8
550

600

650

700

750

T,°C

FIGURE 1.17 Calculated and measured dependences of the zirconia electrochemical cells
with different percentages of the iron admixture on temperature. (From Zhuiykov, S. [52].
With permission.)

the solid electrolyte possesses, the higher the threshold temperature is required for
zirconia to be a pure ionic conductor. The functional dependence of the threshold
temperature (Tt) on the logarithm of the iron admixture concentration (CFe) in the
solid electrolyte can be expressed as follows:
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1000/Tt = 0.83 – 0.43 lg CFe.
This temperature characterizes the transfer from the mix of electrolyte electroconductivity into the oxygen-ionic conductivity by correlation E/E0 = 0.98. As a result,
these experiments concluded that the decrease of percentage of the iron admixture
in zirconia from 0.3 to 0.001% allows decreasing the lower level of threshold
temperature Tt from 740 to 560°C.
From a structural perspective, the degree of interface modification is responsible
for regulating the kinetics of the emf measurement as a function of its influence on
the structural gas permeability of electrodes, which controls the initial rate of physicchemical reactions of adsorption–desorption and diffusion on electrodes. In addition,
the sensitivity of the zirconia gas sensors is highly sensitive to chemistry and can
be lost by minor changes either in the phase purity or at the presence of metallic
admixtures in the ceramic ionic conductors.
Consequently, the proposed model allows the necessary information regarding
the electrolyte–metal electrode interface and about the character of the electronic
conductivity in solid electrolytes to be obtained. To an extent, this is additionally
reflected by the broad range of theoretical studies currently published in the scientific
media and is inconsistent with some of the research outcomes relative to both
physical chemistry of phenomena on the electrolyte-electrode interfaces and their
structures. Partially, this is due to relative simplifications of the models, which do
not take into account multidimensional effects, convective transport within interfaces, and thermal diffusion owing to the temperature gradients. An opportunity may
exist in the further development of a number of the specific mathematical and
numerical models of solid electrolyte gas sensors matched to their specific applications; however, this must be balanced with the resistance of sensor manufacturers
to carry out numerous numbers of tests for verification and validation of these models
in addition to the technological improvements.

1.5 ELECTRODE PROCESSES IN SOLID ELECTROLYTE
SENSORS
1.5.1 ELECTRODE REACTION WITHIN THE TRIPLE-PHASE BOUNDARY
If gaseous, electrochemically active components of the measuring environment are
not dissolved in the electrode, then the electrode process will consist of the following
stages (also shown in Figure 1.18). They are adsorption–desorption of electrochemically active gaseous components on gas-electrolyte (GE) and gas-metal (GM) interfaces, ionization reaction (with electron transfer) on the metal-electrolyte (ME) and
gas-electrolyte interfaces, and mass-transfer processes on all boundaries of three
phases (gas-metal, gas-electrolyte, and metal-electrolyte). Furthermore, mass transfer of electrons and holes on the surface electrolyte layer may also occur. It is evident
that the quantity of the current in the stationary state is equal to the quantity of the
nonmetal component adsorbing on the gas-metal and gas-electrolyte surfaces as a
result of ionization of this component on the ME and GE surfaces.
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FIGURE 1.18 Model of the electrode structure (a), and schemes of the development of
electrode process in the TPB at the surface diffusion of (b) oxygen atoms, (c) subions, and (d)
electron holes. (From Zhuiykov, S. [52]. With permission.)

Mass transfer, basically taking place by the diffusion on the interphase surfaces,
stipulates the transfer of electrochemically active components from the places of
adsorption to the places of the electrochemical reaction. A scheme of the electrode
process development allows various scenarios determined by the combination of the
separate stages. For example, electrode system M,O2⏐O2– variants, considering the
extension of the reaction zone in the contact of the TPB by the surface diffusion of
oxygen atoms, subions (O–), and electron (holes), come to the following (scheme
for anodic reaction):
1. Discharge of the oxygen ions on the metal-electrolyte boundary to the
atoms (reaction DR; see Figure 1.19); diffusion of the oxygen atoms on
the metal-electrolyte, gas-metal, gas-electrolyte boundaries (Stages D1,
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FIGURE 1.19 Scheme of the anodic process at the TPB for oxygen sensor without consideration of surface diffusion of electrons and holes. DR: discharge reaction with an electron
transfer; D1, D2, D3: diffusion of oxygen by TPB interfaces; and Ad1, Ad2: reactions of oxygen
desorption.

D2, and D3, respectively); and desorption from the gas-metal and gaselectrolyte surfaces (reactions Ad1 and Ad2).
2. Discharge of the oxygen ions O2– to subions O–; diffusion of subions O–
by the metal-electrolyte and gas-electrolyte interfaces; and disproportion
of subions O– on O2– and O on the gas-electrolyte interface with following
desorption of oxygen molecules into the gaseous phase and transfer of
ions O2– into the zirconia electrolyte. This case can take place at the surface
diffusion of subions (see Figure 1.18, c).
3. Discharge of oxygen ions on the gas-electrolyte surface with the following
electron withdrawal (holes admission) on the surface layer of solid electrolyte and the removal of molecular oxygen from the surface of the
electrolyte as a result of desorption (see Figure 1.18, d). It is also possible
that the diffusion on the gas-metal interface can take place, with desorption
following.
There is no doubt that the variants described above cannot comprehend all the
possible ways of the reaction zone extension, even for the relatively simple electrode
system. It is possible that some of the electrode processes can take place simultaneously on the gas-electrolyte, gas-metal, and metal-electrolyte interfaces. The
removal of oxygen in the second variant, for instance, can be represented by the
following reactions: diffusion of subions along the metal-electrolyte interface, and
diffusion of oxygen atoms on the gas-metal interface. Prior to this, the oxidation
reaction of subion O– to atom O should take place with the transfer of electrons into
the metal.
If the speed of the reactions on the exchange interfaces (reactions Ad and DR;
see Figure 1.19) as well as the equations describing transfer of the electrochemically
active component on the gas-metal, gas-electrolyte, and metal-electrolyte interfaces
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are known, then such electrochemical characteristics of the electrode reaction as
polarization curves, equations of the transference processes at the changing of
electrode potential, and so on can be calculated. As an example, the calculation
method of stationary polarization characteristics for the system, representing itself
as an oxygen metal electrode contacting to the zirconia electrolyte, can be shown
in the next section.

1.5.2 DIFFUSION

OF

OXYGEN ATOMS

Let’s consider the electrode system O2, Pt⏐Zr(Y)O2–x/2 at the diffusion of oxygen
atoms on metal with the following two assumptions: the electrode represents itself
the dense platinum stripe with width 2x0, attached to the zirconia electrolyte, and
the coefficient of oxygen diffusion in the adsorption layer is independent from the
oxygen concentration. We will deduce an equation of polarization curve for this
system.
Assume that the electrode process develops by the scheme illustrated in Figure
1.19: adsorption-desorption reaction of oxygen takes place only on the metal surface
(the electrolyte surface is not taken into consideration for the simplicity of calculations) by the dissociative mechanism and adsorption isotherm corresponding to the
Henry equation. Then,
j(y) = j0 (c02(y) – PO2),

(1.51)

where j0 is the exchange current for reaction Ad at PO2 = 1, expressed in the electrical
values; and c0(y) is the ratio between the local concentration of oxygen atoms at the
point y on the gas-metal surface to the equilibrium concentration of oxygen atoms
at PO2 = 1. Considering Fick’s second law, the diffusion of oxygen atoms at the gasmetal layer can be written as
j(y) = DGM (d2c0(y)/dy2),

(1.52)

where DGM is the coefficient of diffusion of atomic oxygen on the GM surface.
The process, shown in Figure 1.19, usually can be split into two stages: on the
first stage the accumulation of oxygen on the metal occurs, and on the second stage
the “throw off” of oxygen from the electrode takes place. This allows considering
that the general electrode overpotential process also consists of two parts corresponding to the previous stages.
The solution of Equations (1.51) and (1.52) carries out at the following boundary
conditions:
jGM (∞) = 0; dc0(∞)/dy = 0;
dc0(0)/dy = I/DGM,

(1.53)

where I is the electric current from the electrode on the unit of the TPB length. The
following equation will be a solution of Equations (1.52) and (1.53):
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I = I0GM [exp (6Fη1/RT) – 3exp (2Fη1/RT) + 2]1/2,

(1.54)

where I0GM = (3/2 j0GM DGM PO23/2]1/2 = j0GM PO2 λGM [13], η1 is the overpotential of
the stage 1 equal to

η1 =

c0 ( 0 )
RT
RT
=
ln
ln θ ,
2 F c0 ( 0, p ) 2 F

(1.55)

where cO(0) is the concentration of oxygen atoms on metal at y = 0, cO(0, p) is the
concentration of oxygen atoms on metal at the equilibrium with PO2 in the gas phase,
and λGM is the deepness of the surface diffusion saturation on the gas-metal boundary,
λGM = (3/2 DGM/j 0 PO21/2]1/2.

(1.56)

For the second stage of the electrode process, using Fick’s second law and the
ionization reaction O + 2e– ↔ O2–, the local current density on the ME interface can
be written considering that the activity of oxygen ions in zirconia is a constant value:

j ME ( x ) = − DME

⎡
d 2 c0 ( x )
⎛ 2βF η ⎞⎤
2αF η c0 ( x )
0
exp ⎜−
= j ME
−
P02α /2 ⎢exp
⎟⎥ ,
2
⎝ RT ⎠⎥⎦
dx
RT
c0 ( 0 )
⎢⎣
(1.57)

where j0ME is the density of the exchange current at PO2 =1, η is the overpotential
of the transition reaction, and α and β are transference coefficients. In case of
unlimited width of contact between metal and electrode in calculation on the unity
of the TPB, the solution of (1.57) is as follows:
⎡
(1 + α) F η2 − θ exp ⎛ βF η2 ⎞⎤⎥ ,
0
I = I ME
⎢exp
⎟
⎜
⎝ RT ⎠⎦
RT
⎣

(1.58)

where I0ME = (j0ME DME PO2 (1 + α)/2)1/2 = j0ME PO2α/2 λME , η2 is the overpotential of the
second stage of the reaction [η2 = (RT/2F)ln(cO(∞)/cO(0))], and λME is the deepness
of the surface diffusion saturation on the metal-electrolyte boundary,
λME = (DME PO2 (1 + α)/2/j 0ME )1/2.

(1.59)

Dependence of the total overpotential of the electrode reaction on current can be
found by the mutual solution of Equations (1.54) and (1.58). However, this solution
cannot be found by analytical calculation. The curves’ turn of this dependence is
defined by the I 0GM/I 0ME ratio. The calculated polarization curves are presented in
Figure 1.20. The cathode current was restricted by the value of I 0GM, and the
polarization curves become similar to the Taffel dependencies with the increase of η.
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FIGURE 1.20 Polarization curves of the oxygen electrode at the surface diffusion of oxygen
atoms; digits on curves represent I0GM/I0ME ratio.

Both correlations (1.54) and (1.58) are related to the electrodes with the uniform
structure, when the width of both gas-metal and metal-zirconia surfaces is much
bigger than the values for λGM and λME. In the case of correspondence of their values,
the speed of the electrode process will be predominantly determined by the exchange
reactions, and Equation (1.58) will be as follows:
I = I0ME [ exp (2αFη/RT) – θexp (–2βFη/RT) (λME/x0) th (x0/λME)], (1.60)
where x0 is half of the width of the metal-electrolyte boundary. At the λME » λME, th
(x0/λME) = x0/λME, and Equation (1.60) can be transformed into the equation of the
delay discharge.
Two important conclusions follow from the correlations for the stationary polarization curve, which characterize in principle the processes described above and are
independent of the reaction schemes at the TPB:
1. Each of the two stages of the above reaction represents itself as the
interconnected processes consisting of the exchange and the interphase
diffusion of the electrochemically active components. They are characterized by the exchange currents, which are proportional to the average
geometrical value of the exchange current reactions and the coefficient of
diffusion (Equations (1.54) and (1.58)). The fact is pointed out that it is
impossible to determine characteristics of the separated stages of the
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electrode process (adsorption–desorption, ionization, and diffusion on
each of the interfaces) by only the results of polarization measurements.
2. The nature of the polarization process is the concentration–activation one,
it being known that the correlation of these overstrain types change by
the deepness of electrode. The consecutive result of this change is the
decrease of oxygen activity on the surface of the electrode down to 10–20 –
10–30 at the cathode polarization. Such substantial alterations of PO2 on
the surface of metal can cause the irreversible changes in the structure
and properties of electrodes.

1.5.3 ROLE OF THE ELECTRIC DOUBLE LAYER
REACTIONS

IN

ELECTRODE

The double-layer model on the TPB is used to visualize the ionic environment in
the vicinity of a charged surface: gas-zirconia-SE (sensing electrode). It can be either
a metal under potential or due to ionic groups on the surface of the TPB [54]. It is
easier to understand this model as a sequence of steps that would take place near
the surface if its neutralizing ions were suddenly stripped away. One of the first
principles which we must recognize is that matter at the boundary of three phases
possesses properties which differentiate it from matter freely extended in either of
the continuous phases separated by the interface. When referring to a gas-zirconiaSE interface, it is perhaps relatively easy to visualize a difference between the
interface and the gas. Where we have a charged surface, however, there must be a
balancing countercharge, and this countercharge will occur on the TPB. The charges
will not be uniformly distributed throughout the gas phase, but will be concentrated
near the TPB. Thus, we have a small but finite volume of the gas phase which is
different from the extended gaseous-measuring environment. This concept is central
to electrochemistry, and reactions within this interfacial boundary that govern external observations of electrochemical reactions. It is also of great importance to solidstate chemistry, where ionic particles with different charges play a crucial role. There
are several theoretical treatments of the solid-gas interface. We will look at a few
common ones, not so much from the position of needing to use them, but more from
the point of what they can inform us about the charged interface.
1.5.3.1 Helmholtz Double Layer
This theory is a simple approximation that the surface charge is neutralized by
opposite-sign counter-ions placed at an increment of d away from the surface [59].
The surface charge potential is linearly dissipated from the surface to the counterions satisfying the charge. The distance, d, will be that to the center of the counterions, that is, their radius. The Helmholtz theoretical treatment does not adequately
explain all the features, since it hypothesizes rigid layers of opposite charges. This
does not occur in nature, as is schematically shown in Figure 1.21.

47612_C001.fm Page 37 Wednesday, June 27, 2007 11:41 AM

Introduction to Electrochemistry of Solid Electrolyte Gas Sensors

compact layer

diﬀuse layer
+

+

–
+

–
Metal

+

+ –

φ1

–
+

–
+

+
–
+

φm

–

+
+

37

–

φ2
–
+

φS
0

X1

X2

X

Outer Helmholtz Plane
Inner Helmholtz Plane

FIGURE 1.21 Model of the Helmholtz electric double layer.

1.5.3.2 Gouy–Chapman Double Layer
Gouy suggested that interfacial potential at the charged surface could be attributed
to the presence of a number of ions of a given sign attached to its surface, and to
an equal number of ions of opposite charge in the gas. In other words, counter-ions
are not rigidly held, but tend to diffuse in the gas phase until the counterpotential
set up by their departure restricts this tendency. The kinetic energy of the counterions will, in part, affect the thickness of the resulting diffuse double layer [60]. Gouy
and, independently, Chapman developed theories of this so-called diffuse double
layer, in which the change in concentration of the counter-ions near a charged surface
follows the Boltzmann distribution:
n = noexp(–zeΨ/KBT),

(1.61)

where no is the bulk concentration, z is the charge on the ion, e is the electron charge,
and KB is the Boltzmann constant. However, in relation to the YSZ-metal-gas interface, there is a discrepancy since derivation of this form of the Boltzmann distribution
assumes that activity is equal to molar concentration. This may be an acceptable
approximation for the gas phase, but will not be true near a TPB. Now, since we
have a diffuse double layer, rather than a rigid double layer, we must concern
ourselves with the volume charge density rather than surface charge density when
studying the coulombic interactions between charges. The volume charge density ρ
of any volume i can be expressed as
ρi = Σzieni.
The coulombic interaction between charges can, then, be expressed by the Poisson
equation. For plane surfaces, this can be expressed as
d2Ψ/dx2 = –4πρ/d,
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where Ψ varies from Ψo at the surface to 0 in the gas phase. Thus, we can relate
the charge density at any given point to the potential gradient away from the TPB.
Combining the Boltzmann distribution with the Poisson equation and integrating
under appropriate limits yields the electric potential as a function of distance from
the TPB. The thickness of the diffuse double layer,
λdouble = [εrkT/(4πe2Σniozi2)]1/2,
in other words, the double-layer thickness, decreases with increasing valence and
concentration.
The Gouy–Chapman theory describes a rigid charged surface, with a cloud of
oppositely charged ions in the gas phase, the concentration of the oppositely charged
ions decreasing with distance from the TPB. This is the so-called diffuse double
layer. This theory is still not entirely accurate. Experimentally, the double-layer
thickness is generally found to be somewhat greater than calculated. This may relate
to the error incorporated in assuming activity equals molar concentration when using
the desired form of the Boltzmann distribution. Conceptually, it tends to be a function
of the fact that both anions and cations exist in the gas phase, and with increasing
distance away from the TPB the probability that ions of the same sign as the surface
charge will be found within the double layer increases as well.
1.5.3.3 Stern Modification of the Diffuse Double Layer
The Gouy–Chapman theory provides a better approximation of reality than does the
Helmholtz theory, but it still has limited quantitative application. It assumes that
ions behave as point charges, which they cannot, and it assumes that there is no
physical limit for the ions in their approach to the TPB, which is not true. Stern,
therefore, modified the Gouy–Chapman diffuse double layer. His theory states that
ions do have finite size, so they cannot approach the TPB closer than a few nm [54,
60]. The first ions of the Gouy–Chapman diffuse double layer are in the gas phase
but not at the TPB. They are at some distance δ away from the zirconia-metal-gas
interface. This distance will usually be taken as the radius of the ion. As a result,
the potential and concentration of the diffuse part of the layer are low enough to
justify treating the ions as point charges. Stern also assumed that it is possible that
some of the ions are specifically adsorbed by the TPB in the plane δ, and this layer
has become known as the Stern layer. Therefore, the potential will drop by Ψo – Ψδ
over the “molecular condenser” (i.e., the Helmholtz plane) and by Ψδ over the diffuse
layer. Ψδ has become known as the zeta (ζ) potential.
The double layer is formed in order to neutralize the charged surface and, in
turn, causes an electrokinetic potential between the TPB and any point in the mass
of the oxygen ions. This emf difference is on the order of millivolts and is referred
to as the surface potential. The magnitude of the surface potential is related to the
TPB charge and the thickness of the double layer. As we leave the surface, the
potential drops off roughly linearly in the Stern layer and then exponentially through
the diffuse layer, approaching zero at the imaginary boundary of the double layer.
The potential curve is useful because it indicates the strength of the electrical force
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FIGURE 1.22 Interpretation of the change in charge density through the diffuse layer.

between particles and the distance at which this force comes into play. The particle’s
mobility is related to the dielectric constant and viscosity of the measuring gas and
to the electrical potential at the boundary between the moving particle and the gas
phase. This boundary is called the slip plane and is usually defined as the point
where the Stern layer and the diffuse layer meet. The relationship between zeta
potential and surface potential depends on the level of ions in the gas phase. Figure
1.22 schematically represents the change in charge density through the diffuse layer.
Although zeta potential is an intermediate value, it is sometimes considered to be
more significant than surface potential as far as electrochemistry of solid electrolytes
is concerned.
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Mathematical Modeling
of Zirconia Gas Sensors
with Distributed
Parameters

2.1 COMPLETE MATHEMATICAL MODEL OF
ELECTROCHEMICAL GAS SENSORS
Electrochemical gas sensors based on ceramic materials with high ionic conductivity have been technologically improved over the last twenty years and have been
successfully used in many practical applications [1, 2]. A detailed mathematical
model of the transport of both physical and electrochemical processes on the surface
and within the sensing electrode (SE) as well as on the triple-phase boundary (TPB)
YSZ-SE-gas can be a powerful tool for further development of these sensors. The
activity in the ﬁeld of computer-aided optimum design in engineering of the
electrochemical gas sensors has also been increasing steadily over the last decade.
A vast range of models exists today, varying in complexity and in the number of
assumptions employed. There is no doubt that the considerable progress in computational modeling of the YSZ-based gas sensors over the last two decades has
led to an improved understanding of the relevant physical, electrical, and chemical
phenomena. However, the emphasis in a majority of the models has been either on
the transport processes or on the electrochemical processes. Sometimes, the lack
of complete understanding of the complexity of various reactions occurring on and
within the SE and on the TPB has been substituted by the oversimpliﬁed sensing
mechanism. A clear example of this approach is the zirconia-based mixed-potentialtype gas sensors. These sensors with the oxide SE and Pt reference electrode (RE)
have been developed for nitrogen oxide (NOx), carbon monoxide (CO), and hydrocarbon (CxHy) detection at high temperatures of 500–900°C [3–28]. The oversimpliﬁed mixed-potential sensing mechanism has often been used in publications in
order to explain the sensor behavior [11, 14, 18]. The domination of the mixedpotential theory has led to a situation where the potentially interesting results or
phenomena obtained during experiments have not been reported simply because
they could not be explained by the widely accepted mixed-potential theory. Furthermore, some of the results, which have recently been published, completely
contradict the mixed-potential theory [29], showing that the sensor’s output to
both hydrocarbons CH4 and C3H8 changes polarity from negative to positive for
the NiO-SEs sintered at high temperatures of 1300°C and 1400°C. Fortunately,
43
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another gas-sensing mechanism, “differential electrode equilibria” [27, 28], has
also been proposed to explain the NOx sensitivity that is caused not only by the
electrochemical reactions, but also by the different electrocatalytic activity and/or
sorption-desorption behavior of two electrodes. Although the proposed mechanism
has enhanced our knowledge in relation to the NOx sensing, it does not explain the
complexity of the electrochemical and physic-chemical processes on and within
the SE. Both molecular and dissociative adsorption of gaseous NO2, O2, and H2O
are observed on many oxide and transitional metal SEs. As a consequence of
dissociative adsorption, a variety of surface species such as (NO)2, N2O, and N and
O adatoms have been found on the surfaces under different reaction conditions
[30]. Apart from the competition between molecular and dissociative adsorption,
the situation becomes even more complex when the surface topology changes
during adsorption at high temperatures in excess of O2. Consequently, the most
important developments in the improvement of the mathematical models of the
zirconia-based gas sensors must be based on understanding the mechanism of
detailed electrochemical reactions and by accounting for the complex heat-masstransfer processes occurring at the microscale level.
Recent modiﬁcation of the design of the YSZ-based gas sensors has already
been shifted toward the planar structure [2]. With the advent of micro- and nanotechnology, that is, with reduction of the bulk volume in many sensors’ design, it
is evident that the role of interfaces and phase boundaries becomes increasingly
important, especially in nonequilibrium thermodynamics and solid-state kinetics.
From the designer’s point of view, an adequate mathematical model of the speciﬁc
gas sensor has to be numerically implemented in order to optimize characteristics
of the sensor, as designers are constantly faced with the need to compromise between
often antagonistic measures of design success: sensor performance, robustness to
thermal shock, cost of development and manufacturing including applied technology
for SEs and REs, cost of the sensor failure, and impact of the measuring environment.
Expert knowledge, combined with the model-based decision-making computer tools,
can provide a framework for optimization of a greater diversity of candidate solutions
by assessing the variety of compromises at hand. The discretization of the mathematical model must be conducted extremely carefully to avoid inﬂuence of slight
changes in accuracy. This is because these tiny changes can create an overwhelmingly different output. The formal name of this phenomenon is “sensitive dependence
on initial conditions” [31]. Its informal and more popular name is butterfly effect.
Simply stated, it means that the oversimpliﬁcation in mathematical modeling and/or
in making assumptions of both elementary and boundary conditions can have the
power to transform the output signal of the sensor.
The proposed methodology for computer-aided optimal design in the development of YSZ-based gas sensors comprises three phases. Firstly, the complete mathematical model with distributed temporal and spatial parameters for electrochemical
gas sensors is presented as a system of the differential equations in private derivatives
of parabolic and hyperbolic types. The complexity of physical and chemical interactions, represented in this model, allows performing a mathematical description of
the electrochemical gas sensors toward standardization of the calculating procedures.
The complete mathematical model and the algorithm of transfer from the complete
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FIGURE 2.1 Summarized structural scheme of measuring transformations in the solid electrolyte gas sensors. (Reprinted from Zhuiykov, S., Mathematical modelling of YSZ-based
potentiometric gas sensors with oxide sensing electrodes part II: Complete and numerical
models for analysis of sensor characteristics, Sensors and Actuators B, Chem. 120 (2007)
645–656, with permission from Elsevier Science.)

model to models of the real gas sensors provide a decision-making tool for better
optimal design of these sensors. Secondly, the general computational gas dynamics
methodology is adopted to solve numerically the foregoing model equations. Thirdly,
numerical simulations are carefully carried out to investigate the effects of changes
in working temperature and in the gas concentration gradients on the sensor performance. This step can be repeated for each individual working temperature and
for each measuring gas concentration.
Figure 2.1 illustrates the summarized structural scheme of the measuring transformations in the solid electrolyte gas sensors. As is clearly shown in this ﬁgure,
the main measuring transformations are: transfer of the measuring gaseous component, its adsorption-desorption on the SE (RE), passage of the adsorbed gas through
the phase boundary interface, surface and bulk diffusion in the SE toward the TPB,
regeneration and recombination of the charge carriers, and, consequently, changing
the electrophysical properties of the sensor or its polarization. For the solid electrolyte sensors, it corresponds to the change of electromotive force (emf). Other parameters can also be used as the output informative values for the zirconia-based gas
sensors [2, 3].
The descriptive details of the physical and chemical processes and their a priori
mathematical formulation for the YSZ-based electrochemical gas sensors allow one
to combine them into the complete mathematical model, represented as a system of
the differential equations in private derivatives of parabolic and hyperbolic types
[32, 33]:
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considering the elementary conditions
U (t , x ) Ω = U 0 ( x ) ,

(2.2)

and the boundary conditions of two types: Robin-type boundary conditions
∂U
⎡
⎤
Σ = f1 ⎣U , P2 , Ψ (t , P2 )⎦
∂n

(2.3)

or Dirichlet-type boundary conditions
U Σ = f2 ⎡⎣U , P2 , Ψ (t , P2 )⎤⎦ .

(2.4)

Here, U (t, x ) = [U1, … , Uk]T is the conditions’ vector, components of which depend
on the temporal coordinate t ∈ (0, tK) and the vector of spatial coordinate x = (x1,
… , xn) ∈ Ω, Ω ∈ Rn, n ≤ 3. Spatial region Ω has a boundary Γ, and Σ = (0, tK) ×
Γ represents itself as the sideway surface of the cylinder with base Ω and height tK.
ai,j ( U , t, x , P1 ) and bi ( U , t, x , F , P1 ) are the continuous nonlinear and positive
functions of ( U , t, x , P1 ) and ( U , t, x , F , P1 ), respectively, and F ( t, x ) is the
nonlinear function determining the inﬂuence of the external conditions on the boundary Γ. In this case, F and Ψ can be accidental or determining functions, and f1
and f2 are the nonlinear functions, calculating the character of the processes on the
boundary of the region Ω. n is the external normal to the boundary Γ of the region
Ω. P1 = (P1′ … , P1q) and P2 = (P2′, … , P2g) are the vectors of physical, chemical,
thermodynamical, geometrical, and other parameters, respectively, determining the
most important characteristics of the YSZ-based electrochemical gas sensors in the
region Ω and on the boundary Γ.
The parts of every equation of the complete system (2.1) are as follows:
n

∑
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∂U ( t , x )
∂t
is the nonstandard part,
n

∑
i =1

(

)

⎡bi U , t , x , F , P1 ⎤ ⋅
⎣
⎦

∂U ( t , x )
∂xi

is the convective part, and F (t, x ) is an additional term. The convective part
determines the process of thermo-mass transfer. The variable term U (t, x ) can
represent different physical parameters such as partial pressure or concentration of
the measuring gas, enthalpy or temperature, and so on. Consequently, the functions
ai,j, bi, F , f1, and f2 can then be transferred as appropriate to each of these variable’s
physical value.
By using the deduction principle, the complete mathematical model of the
electrochemical gas sensors with distributed parameters can be transformed to the
mathematical models of the speciﬁc gas sensors, which is important for organization
of their optimal design.
Based on analysis of equations (2.1)–(2.4) of the complete mathematical model,
it can be conﬁrmed that some of the parameters of the YSZ-based gas sensors (initial
concentration of the charge carriers, concentration of the measuring gas, working
temperature, etc.) are included directly into the system of equation (2.1). Other
parameters, for example, thickness of the SE, are included into the boundary conditions (2.3) or (2.4). In this case, some of the functions ( f1, f2 , Ψ , U 0 ( x )),
characterizing the interactions of the measuring environment with the SE (RE) of
the sensor, must be taken into consideration at determination of the elementary and
boundary conditions for the complete model (2.1)–(2.4).
Therefore, the complete mathematical model (2.1)–(2.4) can be used for the
different tasks of the sensors’ optimal design, including analysis the objects of
measurement, development of engineering recommendations, organization of manufacturing technology, and selection of the rational conditions of use for the various
measuring systems. Speciﬁcally, the algorithm, shown in Figure 2.2, provides the
guidance for the transfer from a complete model with distributed parameters to the
models of the real YSZ-based gas sensors. The main stages of this algorithm are as
follows:
1. The minimum quantity of the interconnected variable parameters U ( t, x )
is determined based on the preliminary analysis of the sensor. This quantity must be reﬂected in the model. The measured and referenced data, as
well as data from the handbooks, can be used.
2. The main interchanges for the selected parameter, involving the measurement process within the sensor structure (Block 2), are considered. It
should be determined whether the diffusion and/or thermoconductivity
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FIGURE 2.2 Algorithm of the transfer from the complete mathematical model with distributed parameters to the models of the real gas sensors. (Reprinted from Zhuiykov, S., Mathematical modelling of YSZ-based potentiometric gas sensors with oxide sensing electrodes
part II: Complete and numerical models for analysis of sensor characteristics, Sensors and
Actuators B, Chem. 120 (2007) 645–656, with permission from Elsevier Science.)

has an inﬂuence on the sensor output signal (Block 3). If these processes
cannot be ignored, then the operator
n

Ai =

∑ ∂∂x ⎡⎢⎣a (U, t, x , P ) ⋅ ∂∂x ⎤⎥⎦ ≠ 0
i

i =1

i

1

i
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and the transfer to Block 4, where the structure and coefﬁcients of this
operator will be determined, should be done. If the diffusion and/or
thermoconductivity processes are negligible, then the operator Ai = 0 and
the transfer to Block 5 takes place.
3. Block 4 is used for determination of the structure and parameters of the
diffusive operator Ai on the basis of the calculative-experimental method.
4. The presence or absence of the thermo-mass transfer in the sensor structure is analyzed. If a thermo-mass-transfer process is absent, then the
differential operator
n

Bi =

∑ ⎡⎣b (U, t, x , F, P )⎤⎦ ⋅ ∂∂x
i

i =1

5.

6.

7.
8.

9.

10.

1

=0

i

and the transfer to Block 7 occurs. If, in contrast, the thermo-mass transfer
has taken place in the sensor structure, then Bi ≠ 0 is established and the
transfer to Block 6 should be conducted for further determination of the
structure of this operator.
Structure of the differential operator Bi ≠ 0 is determined (Block 6) on
the basis of the physical laws, describing the thermo-mass-transfer processes (analytical method), or, alternatively, as a result of the structureparametric identiﬁcation tasks (experimental-calculative method).
Blocks 7 and 8 are used for forming function F (t, x ), determining the
inﬂuence of the external conditions (deterministic or accidental). Deterministic part, as a rule, forms on the basis of the analytical approach; the
accidental part forms on the experimental basis.
The elementary value of the variable member U (t, x )Ω = U 0 ( x ) on the
region can be set by using Block 9.
Based on the analysis of the physical processes on the region boundary
Γ, the presence or absence of the ﬂow of variable member Ui (t, x),
directing by the normal toward Γ, is determined (Block 10). If the ﬂow
of the variable member Ui (t, x) is absent, the transfer to Block 12 should
be performed. Block 12 will form the Dirichlet-type boundary conditions.
Otherwise, transfer to Block 11 takes place for development of the Robintype boundary conditions.
By using Blocks 13 and 14, transfer to the next variable member Ui+1
(t, x ) has occurred. The determination of the differential equations and
of elementary and boundary conditions for the next variable member has
to be performed again using Blocks 3–12.
After completion, the selection of all variable members (Block 13), the
system of the partial differential equations, together with elementary and
boundary conditions, is formed, calculated, and printed (Block 15).

The nature of the developing YSZ-based gas sensors is such that in the general
outline, the main characteristics of these sensors (selectivity, sensor’s response,
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sensitivity, etc.) are stipulated by the processes of transfer of the measuring component in the spatial region with simultaneous thermo-mass transfer with a gaseous
environment. Therefore, the combination of the complete mathematical model and
proposed algorithm provides a decision-making tool for the transference of the
complete model into a mathematical model of the real YSZ-based gas sensors.

2.2 MODELING INTERACTIONS OF OXYGEN WITH
THE ZIRCONIA SENSOR
The approach, described in the previous section, can be illustrated on the example of
the zirconia-based potentiometric oxygen sensor with the Pt SE and metal-metaloxide
(Me-MeO RE). Based on analysis of the electrochemical processes on the gas-electrode-YSZ interfaces, one of the key components of the mathematical model of the
real YSZ-based sensors is modeling of the ion and electron transport. It is sometimes
assumed that the YSZ is a sole contributor to ohm losses, and, therefore, the charge
transport in the electrodes is often neglected. Nevertheless, electronic and ionic transports are fundamental processes of partial gas pressure measurement, since both electrons and ions must be present at the reaction site. The YSZ-based sensor is assumed
to operate under steady-state conditions. Figure 2.3 illustrates the interaction scheme
of the measuring gas with the YSZ-based oxygen sensor with the Me-MeO RE [32].
Stage 1 is diffusion of molecular oxygen in a gaseous measuring environment through
the porous Pt SE, allowing for the effect of nonuniform gas pressure and sensor
temperature, and Knudsen diffusion. Stage 2 is the adsorption-desorption and partial
dissociation of oxygen molecules (O2 → 2O2– + 4e–) on the gas-SE-YSZ interface.
N SE (x, t)
Nf
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SE
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(t)
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E (t)
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FIGURE 2.3 Schematic presentation of the interaction of the solid electrolyte oxygen sensor
with gas environment: 1–6 stages of interaction. (From Zhuiykov, S., Mathematical model of
electrochemical gas sensors with distributed temporal and spatial parameters and its transformation to models of the real YSZ-based sensors, Ionics 12 (2006) 135–148. With kind
permission of Springer Science and Business Media.)

47612_C002.fm Page 51 Friday, June 22, 2007 12:47 PM

Mathematical Modeling of Zirconia Gas Sensors with Distributed Parameters

51

Moreover, the oxygen ions O2– can subdissociate to subions O–, which can diffuse on
the metal-electrolyte and gas-electrolyte boundaries toward the gas-SE-YSZ interface.
Stage 3 is the electrochemical reaction of oxygen (O2 + 4e– → 2O2–), which initiates
changing the capacity of the double electric layer on the gas-SE-YSZ interface and,
consequently, altering the potential of the SE (Stage 4). It should be noted that oxygen
might be oxidized in different forms of O2–, O22–, O2–, O–, and O depending on the
working temperature, the oxygen partial pressure, and whether the SE is a reversible
or irreversible electrode. The analogous processes occur on the RE (Stages 2–4) with
the only difference being that the oxygen partial pressure is a characteristic of the solidstate RE, which represents a heterogeneous mixture of metal and its oxide decomposing
under the temperature changes (Stage 5). The output informative parameter of the
sensor on Stage 6 is the difference of potentials between the SE and RE: E (t) = ϕRE
– ϕSE (t).
In the case of the YSZ-based oxygen sensor with the Me-MeO RE, the electrochemical reactions take place at different kinetic rates on the dissimilar electrodes.
On Stage 1, the dependence of the concentrations of physically adsorbed NO2 f
molecules on the partial pressure PO2 of the measuring gas can be determined. For
Stage 1, the following assumptions should be taken into account:
•
•

•

•

The surface of the SE is energetically uniform in the sense that the
probability of adsorption and desorption is equal for all parts of the SE.
The elementary adsorption process takes place at the interaction of gas
molecules with the surface of the SE. Therefore, the concentration of
adsorbed molecules is proportional to the number of gas interactions with
the surface.
The action radius of the adsorbing forces is relatively small, and therefore
only molecules which interact with the clear surface can be adsorbed. The
adsorbed molecules do not interact to each other.
Adsorption takes place only within a monolayer. The number of adsorption centers is constant, independent of temperature, typical only for the
current surface, and stipulated by its roughness.

In our case, the dissociative form of adsorption dominates for the oxygen sensor
working at temperatures of 700–900°C, and consequently the adsorption isotherm
differs from the linear Langmuir adsorption isotherm [34].
Based on the assumptions given above, the density of the adsorption stream is
proportional to the probability of the existence of two free neighboring adsorption
centers, and the density of the desorption stream is proportional to the probability
of the existence of two engaged neighboring adsorption centers:
dNO 2 f (t ) 1
2
2
= (1 − bNO 2 f (t )) P − c (bNO 2 f (t )) ,
dt
a
where

(2.5)

47612_C002.fm Page 52 Friday, June 22, 2007 12:47 PM

52

Electrochemistry of Zirconia Gas Sensors

1
ωSN *
=
, b = 1 / N *, c = υN * e−Q / kt .
a
2πmkT
NO2 f is the concentration of the physically adsorbed gaseous molecules of O2 on the
surface of the interactive system of the gas-oxide SE. m is the mass of the gas
molecule. ω is the probability of adsorption (ω = 1 at calculations [32]). S is the
effective square of the adsorbed O2 molecules. N* is the number of adsorption centers.
P is the partial pressure on the surface of the SE. k = kB is the Boltzmann constant.
υ is the probability of desorption of adsorbed O2 molecules. υ = 1/τ0 and τ0 are the
minimum time for the gaseous component to be at the adsorption state. Q is the
activation energy of adsorbed atoms, which is equal to the activation energy of
adsorption of gaseous molecules plus the dissociation energy of the molecule: Q =
Qads + Qdis. P / 2πmkT is the number of hits of O2 molecules with the surface based
on the kinetic theory of gases.
Initial conditions for Equation (2.5) are as follows:
NO2 f (0) = N′f 0 = const.

(2.6)

Value NO2 f can be determined by the primary conditions of the sensor in the working
chamber.
Diffusion of gaseous components may take place with three mechanisms: bulk,
Knudsen, and surface diffusion [34]. Considering that the O2 molecules of gas ﬂow
contact with the SE and reach the TPB among gas, YSZ, and the SE by diffusion
in accordance with Fick’s second law [35] the gas diffusion is expressed as a
parabolic-type equation:
⎛ ∂ 2 N ( x, t )
∂N ( x, t )
N ( x, t ) ∂Ψ ( x, T ) ⎞
⎟⎟ , 0 < x < δ; 0 < t < ∞ ,
= D ( N , x, T ) ⋅ ⎜⎜
+d
⋅
2
∂t
∂x
k BT
⎝ ∂x
⎠
(2.7)
where N (x, t) is the concentration of the gaseous components (oxygen molecules,
atoms, and ions) in pores created by the grain boundaries in the thin-ﬁlm SE. x is
the spatial coordinate toward the surface of YSZ. D (N, x, T) is the coefﬁcient of
diffusion, which generally depends on the concentration of diffusing gas, spatial
coordinate and temperature.
At a set temperature and concentration, the coefﬁcient of diffusion D is constant
and its temperature dependence, calculated by the Arrhenius law [36], can be ignored.
However, in the presence of external forces F and F1, stipulating the appearance of
an additional ﬂow of the gaseous components by electrodiffusion and by thermodiffusion (Soret effect [37]), respectively, the coefﬁcient d in Equation (2.7) describes
the force of the convective diffusion as follows:
d=

D ( N , x, T )
D ( N , x, T )
F+
F1 .
k BT
k BT

(2.8)
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The ﬁrst and the second terms on the right-hand side of Equation (2.8) represent
the effect of electrotransfer of the diffusing ions and the Soret effect (thermal
diffusion due to temperature gradients), respectively. The electrical force is given by
F = (ζef /s) z* q EF ,
where ζef is the effective width of the grain boundary, and s is the average grain
size. The effective charge of the ionized gas can be written as z*q = z – z′σ*/σ– in
electron units, where z′ is the number of conductivity electrons on one diffusive
atom, σ* is the integral cross-section of the dissipation of conductivity electron on
the diffusive ion (it is equal at rough estimate to the square of the atom cross-section
σ* = πr2; r is the radium of atom), σ– = z′q2ρ/(2mEF)1/2 is an average cross-section
of dissipation, ρ is the speciﬁc electroresistance, and EF is the tension of the electrical
ﬁeld.
The external force, stipulated by the Soret effect [37], can be calculated by the
following equation:
F1 = −

Qi * ∂T
⋅
,
T ∂x

(2.9)

where Qi* is the heat of gas transfer, which is ﬁgured out by experiment (for example,
for oxygen diffusion Q* = 12 kJ/mol [32]) and ∂T/∂x is the temperature gradient.
Initial conditions for Equation (2.7) are as follows:
NO2 f (x, 0) = N′O2 0 = const,

(2.10)

and, similarly to Equation (2.6), they can be determined by the primary conditions
of the sensor in the working chamber.
The concentrations of O2 on the gas-SE boundary at x = 0 are constant and equal
to the gas concentrations in analyzing environments N, gas streams through the TPB
(x = δ), which are equal to zero since it has been assumed that there are no gas
streams to the YSZ substrate or along boundaries between the ﬁlm SE and the YSZ
electrolyte:
N ( 0, t ) = N = const;

∂N
∂x

=0 .

(2.11)

x =δ

This is a very idealistic boundary condition because it has been presumed that any
ﬂows toward the SE and YSZ substrate or along the SE-YSZ interfaces are absent.
However, considering the assumptions to the mathematical model given above, these
ﬂows can be ignored [32].
The next stage of oxygen interaction with the Pt SE of the YSZ-based sensor is
the electrochemical reaction of oxygen ionization at the TPB. We assume that the
oxygen atom accepts two electrons from the Pt SE at the TPB and as ion O2– transfers
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through the double electrical layer on the boundary YSZ-SE. The reaction of the
oxygen charge can be presented as follows: O + 2e– → O2–. Corresponding to this
reaction, the current charge density j can be determined by the kinetic equation j
= j + j , where j and j are the current density of the direct and reverse reactions,
respectively.
Opening the values of j and j , the following correlation takes place:
⎧⎪ ⎛ −2βF ηe (t ) ⎞
⎛ 2 (1− β) F ηe (t ) ⎞⎫⎪
j (t ) = j00 N 1-α (t ) NO 2− (t ) ⎨exp ⎜
⎟ − exp ⎜
⎟⎬ ,
RT
RT
⎠
⎠⎭⎪
⎝
⎩⎪ ⎝
(2.12)
where R is the universal gas constant; j00 is the density of the standard exchange
current, corresponding to the concentrations N and NO2–; β is the transfer coefﬁcient,
characterizing the energy part of the double electrical layer; and ηe is the overstrain
of the SE stipulated by deceleration of the electrochemical stage. ηe represents itself
the deviation of potential from the equilibrium value at this moment of time.
The correlation for density of the standard exchange current can be expressed
as follows [38]:
⎡ 2 (1 − β) F ϕ 0 ⎤
⎛ 2βF ϕ 0 ⎞
⎛ U ⎞
⎛ U0 ⎞
j00 = 2 Fk1 exp ⎜− 0 ⎟ exp ⎜−
⎥,
⎟ = 2 Fk2 exp ⎜−
⎟ exp ⎢
⎝
⎝ RT ⎠
⎝ RT ⎠
RT ⎠
RT
⎦
⎣
(2.13)
where k1 and k2 are constants of the speed of the direct and reverse reactions,
respectively. U0 is the jump of potential between the SE and YSZ, and ϕ0 is the
standard electrode potential.
During the transfer of oxygen ions through the SE-YSZ boundary, the double
electric layer changes by changing the quantity of charges of opposite sign on both
sides of the SE-YSZ boundary. The charge-discharge reaction of oxygen atoms takes
place directly in this layer. Therefore, the distribution of the electrode potential and
the exact location of the reacting particles inﬂuence both the value of the electrode
overstrain and the speed of electrochemical reaction. The following assumptions
were made at the analysis of the forming of the double electrical layer:
1. The existing double electrical layer can be described by the Stern model
[38]. Based on this model, the dense Helmholtz layer does exist in the
close vicinity of the TPB, and the oxygen ions O2– are bound near the
surface due to specially adsorbing and coulomb interactions. The rest of
the ions, taking part in the double electrical layer, are distributed diffusively with a gradual decreasing of the charge density (see Figure 2.4).
2. Only particles in the close vicinity of the solid electrolyte surface take
place in the electrochemical reaction. According to this fact, the surface
layer possessing the defect structure in the double electrical layer can be
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distinguished from the bulk layer. Thus, the capacity of the double electrical layer C can be calculated as follows:
1
1
1
=
+
,
C C′ C D + CS
where C′, CD, and CS are the capacity of the dense Helmholtz, diffusive,
and surface layers, respectively.
The equivalent scheme of the boundary impedance of the SE-YSZ (Figure 2.5,
a) can be represented as two parallel branches: one of each is characterized by the
capacitance of the double electrical layer C. The second one, stipulated by the
Faraday process, is characterized only by the transference resistance Rt for the SE,
reversible to oxygen ions. The active resistance, equal to the ohm resistance of
electrolyte RSE, is connected in consecutive order. The scheme can be transformed
to the more simple scheme, illustrated in Figure 2.5, b, where R = (Rt • RSE/(Rt +
RSE)). If the current is absent in the circuit, then R = Rt. Then the development of
the double electrical layer on the SE-YSZ boundary can be considered as the process
of charging the capacitor C by the current I through the resistance Rt. The value of
current I can be calculated by Equations (2.12) and (2.13). In this case, the SE
potential can be expressed as follows:
ϕSE(t) = ϕ0SE + Δϕ (t),

(2.14)
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FIGURE 2.5 Equivalent scheme of the boundary impedance of the SE-YSZ (a) at the presence and (b) at the absence of the current in the circuit. (Reprinted from Zhuiykov, S.,
Mathematical modelling of YSZ-based potentiometric gas sensors with oxide sensing electrodes part II: Complete and numerical models for analysis of sensor characteristics, Sensors
and Actuators B, Chem. 120 (2007) 645–656, with permission from Elsevier Science.)

where ϕ0SE is the value of potential at the initial moment of time, and Δϕ (t) is the
changing of the SE potential during the charge reaction, which can be calculated as
1
Δϕ ( t ) =
C

t

∫ I (t ) dt .

(2.15)

0

I (t) changes proportionally to the changing of overstrain on the SE ηe (t):
I (t) = (S/Rpol) • ηe (t),
where Rpol is the polarization resistance at the electrochemical overstrain. Rpol represents the kinetic analog of resistance in the Ohm law. S = SSE • (1–υ′), where υ′
is the porosity of the SE and SSE is the area of the SE.
By the analog to the charge-discharge process of the capacitor, the value ηe (t)
changes in time as follows:
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⎡ SSE i(1 − p ) ⎤
ηe (t ) = Δϕ exp ⎢−
it ⎥ ,
Rpol C
⎣
⎦
where Δϕ is the deviation of the SE potential at the new equilibrium state ϕ0SE from
the previous one ϕ0. Based on the Nernst law, the equilibrium value of potential
with respect to the air electrode is calculated as follows:
ϕ 0 SE =

RT
ln N eql ,
2F

where Neql is the concentration of oxygen atoms on the zirconia-SE boundary at the
equilibrium stage.
Considering Equations (2.14) and (2.15), the temporal change of the SE potential
with the speed equal to the speed of electrochemical reaction is expressed by the
following equation:

ϕ SE (t ) =

⎡ SSE i(1− p ) ⎤
⎞
⎛
RT
RT
ln N eql + ⎜ ϕ 0 −
ln N eql ⎟ exp ⎢−
it ⎥ .
⎠
⎝
2F
2F
Rpol C
⎣
⎦

(2.16)

Consequently, the change of the SE potential ϕSE (t) at the changing of the oxygen
partial pressure P can be described by Equations (2.5)–(2.11) and (2.16).
The oxygen partial pressure PRE on the RE is determined by the thermodynamic
dissociation of the metal oxide MelO2n ↔ lMe + nO2 and is calculated by the
following equation [39]:
PRE = 105 exp (ΔG/nRT),

(2.17)

where l and n are the coefﬁcients, and ΔG is the standard Gibbs energy of formation
of MeO. ΔG has the linear temperature dependence and has been tabulated for many
metal oxides.
Considering the processes on the RE, it is assumed that the external environment
does not affect the properties of the RE; therefore, PRE = const at the ﬁxed temperature. Furthermore, it is accepted that the processes at the RE are equilibrated. It
means that the value of ϕRE is independent of time. Then the potential of the RE
with respect to the air electrode is calculated as follows:
ϕ RE =

RT
RE
ln N eql
,
2F

(2.18)

where N REeql is the concentration of oxygen atoms on the YSZ-RE boundary at the
equilibrium stage.
Therefore, the following system of equations is represented as the mathematical
model of the YSZ-based O2 sensor with the Pt SE and Me-MeO RE:
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dNO 2 f (t ) 1
2
2
= (1 − bNO 2 f (t )) P − c (bNO 2 f (t )) ,
dt
a
where
ωSN *
1
=
, b = 1 / N *, c = υN *e– Q /kt .
a
2πmkT
⎛ ∂ 2 N ( x, t )
∂N ( x, t )
N ( x, t ) ∂ψ ( x, T ) ⎞
⎟,
= D ( N , x, T ) ⋅ ⎜⎜
+d
⋅
2
∂t
x ⎟⎠
k BT
⎝ ∂x
0 < x < δ, 0 < t < ∞.
NO2 f (0) = N′f 0 = const.

d=

D ( N , x, T )
D ( N , x, T )
F+
F1 .
k BT
k BT
F = (ζef /s) z* q EF ,
F1 = −

Qi * ∂T
⋅
.
T ∂x

NO2 f (x, 0) = N′O2
N ( 0, t ) = N = const .

0

= const.

∂N i
∂x

=0 .
x =δ

⎧⎪ ⎛ −2βF ηe (t ) ⎞
⎛ 2 (1− β) F ηe (t ) ⎞⎫⎪
j (t ) = j00 N 1-α (t ) N O 2− (t ) ⎨exp ⎜
⎟ − exp ⎜
⎟⎬ .
RT
RT
⎠
⎠⎭⎪
⎝
⎩⎪ ⎝
⎡ 2 (1 − β) F ϕ 0 ⎤
⎛ 2βF ϕ 0 ⎞
⎛ U ⎞
⎛ U0 ⎞
j00 = 2 Fk1 exp ⎜− 0 ⎟ exp ⎜−
⎥.
⎟ = 2 Fk2 exp ⎜−
⎟ exp ⎢
⎝
⎝ RT ⎠
⎝ RT ⎠
RT ⎠
RT
⎦
⎣
ϕSE(t) = ϕ0SE + Δϕ (t),
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1
Δϕ ( t ) =
C

ϕ SE (t ) =

59

t

∫ I (t ) dt .
0

⎡ SSE i(1− p ) ⎤
⎞
⎛
RT
RT
ln N eql + ⎜ ϕ 0 −
ln N eql ⎟ exp ⎢−
it ⎥ .
⎠
⎝
2F
2F
Rpol C
⎦
⎣
PRE = 105 exp (ΔG/nRT),
ϕ RE =

RT
RE
.
ln N eql
2F

Consequently, the sensor output parameter represents the electromotive force
emf E (t), which is equal to the changing of the sensor potentials of electrodes, RE
ϕRE and SE ϕSE (t):
E (t) = ϕRE – ϕSE (t).

(2.19)

This model can be employed for analyzing the sensor performance at the different working temperatures and at the different measuring O2 concentrations.
The ﬁnal conclusions about such characteristics of the YSZ-based gas sensor as
sensitivity, response and recovery time, and so on, which are stipulated by the
mechanism of permeability of the measuring gas though the SE of the sensor, can
only be done on the basis of comprehensive analysis of all thermodynamic and
kinetic processes observed with the use of the mathematical model provided. The
proposed algorithm of transfer from the complete mathematical model to the models
of the real YSZ-based gas sensors has also been successfully employed for modeling
the mixed-potential-type YSZ-based potentiometric NO2 sensor [40, 41]. The
designer must always seek a compromise between high sensitivity, low water vapor
inﬂuence, long-term stability, and high selectivity of the YSZ-based sensors with
the different materials of the SE (RE) and applied technologies for deposition of the
SE on the YSZ substrate. This can lead to the conclusion that the development of
the YSZ-based sensor with the metal or oxide SE can progress for more speciﬁc
applications rather than target multipurpose devices designed for all markets. However, it should be noted that a success in this direction is very hard to predict because,
in general, the optimal design is usually dependent on the designer’s ability to select
correctly both the optimizing parameters and the combination of the different metals
or oxides together with necessary additives to the SE in order to achieve the optimal
result attainment. However, acquaintance with the present decision-making tool will
provide an opportunity to develop new YSZ-based gas sensors with greater success.
New design and concepts for YSZ sensors, derived from improved theoretical understanding of the surface and bulk processes in the SE (RE), ensure that the development of the YSZ-based gas sensors will be more targeted on the speciﬁc applications
and also will be simpler and relatively inexpensive.
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2.3 MODELING INTERACTIONS OF VARIOUS GASES
WITH NON-NERNSTIAN ZIRCONIA SENSORS
2.3.1 DESCRIPTION

OF

NON-NERNSTIAN BEHAVIOR

The situation when the typical zirconia-based oxygen electrochemical cell with Pt
electrodes generates emf which differs from the Nernstian equation at a relatively
low temperature, when at least two simultaneous oxidation/reduction reactions occur
competitively on the SE at the presence of oxidizing/reducing gases, has been
reported by many researchers [42–45]. This anomalous emf represents a mixed
potential at the SE, which appears as a consequence of the coupling between
electrochemical oxidation and reduction reactions [7, 46]. For example, in relation
to NOx sensing, the electrode reactions of NO2 (NO) and O2 proceed simultaneously
at the TPB among gas, zirconia, and the oxide-SE, as was reported for the ﬁrst time
[47, 48], and are combined as follows:
for NO2: NO2 + 2e– → NO + O2– and O2– → 1/2 O2 + 2 e
for NO: NO + O2– → NO2 + 2e– and 1/2 O2 + 2 e– → O

–

2–

(2.20)
(2.21)

Both NO2 and NO tend to be partially reduced or oxidized, respectively, to form an
equilibrium mixture of NO2 and NO. Consistent with this tendency, each undergoes
a cathodic or anodic reaction to be coupled with an anodic or cathodic reaction of
O2– or 1/2 O2, respectively. Quantitative veriﬁcation of the mixed-potential mechanism
usually can be done by measuring polarization curves for the sensor in air, NO +
air, and NO2 + air at working temperatures. As the NO or NO2 concentration in air
increases, the polarization curves consequently shift upward or downward from that
in air. The shifts of polarization curves are owing to the electrochemical reaction of
NO or NO2 in addition to that of oxygen. Thus, the mixed potential can be estimated
from the intersections of these polarization curves. The estimated values then can
be compared with those emf values which were experimentally observed for the
same concentration of NO or NO2 at the same temperature. Depending on the
catalytic activity of the used SE materials, the electrodes behave differently in
nonequilibrated gaseous environments. On the surface of the SE with high catalytic
activity, the cathodic reaction of NO2 may lead to the following decomposition
reaction of NO2 in the vicinity of the electrode:
NO2 → NO + 1/2 O2.

(2.22)

Consequently, high NO2 sensitivity of the sensor will be lowered. To avoid NO2
conversion on the SE at high working temperatures, the sintering temperature of the
oxide SE can be increased to provide a relatively porous structure with larger grains
and pores compared to the SE structure sintered at low temperatures [49]. Based on
our previous results [15, 29], low catalytic activity of the gas-phase reaction (Equation 2.22) would lead to high NO2 sensitivity. Schematically, the effect of the
sintering temperature of the SE matrix on the catalytic activity to the gas-phase
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FIGURE 2.6 Effect of the sintering temperature of the SE matrix on the catalytic activity to
the gas-phase decomposition reaction of NO2. (Reprinted from Zhuiykov, S. and Miura, N.,
Development of zirconia-based potentiometric NOx sensors for automotive and energy industries in the early 21st century: What are the prospects for sensors? Sensors and Actuators: B
Chem. 121 (2007) 639–651, with permission from Elsevier Science.)

decomposition reaction of NO2 is shown in Figure 2.6. Larger pore sizes for the
NiO-SE sintered at 1400°C compared to the NiO-SE sintered at 1100°C were
conﬁrmed by SEM investigation [49]. It is evident that NO2 gas diffusing through
the larger pores toward the TPB makes fewer contacts with the surface of SE grains.
Thus, NO2 can reach the TPB interface as such without serious decomposition to
NO. This leads to the conclusion that in the case of porous structure of the SE, NOx
can be far from equilibrium when the measuring gas reaches the TPB after diffusing
though the SE ﬁlm. The conﬁrmation of this explanation is shown in Figure 2.7,
where the catalytic activity of the gas-phase decomposition of NO2 (Equation 2.22)
was measured for each of the NiO powder sintered at different temperatures. It can
be clearly seen from this ﬁgure that the percentage of NO2 conversion tends to be
decreased as the sintering temperature is increased. These results indicated that the
matrix of the SE and applied technology play signiﬁcant roles in deciding the NO2
sensitivity of the zirconia-based mixed-potential sensor.
Taking into account the results obtained by the different research groups, it can
be concluded that the sensing mechanism of the solid electrolyte NOx sensor with
the oxide-SE is based on the mixed-potential model under the coexistence of NOx
and O2. This mechanism is rather complex, and the NO2 sensitivity can be indirectly
determined by the following factors [50]:
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FIGURE 2.7 Temperature dependence of NO2 conversion to NO for the gas-phase reaction
(Equation 2.22) on each of the NiO powders sintered at different temperatures. (Reprinted
from Zhuiykov, S. and Miura, N., Development of zirconia-based potentiometric NOx sensors
for automotive and energy industries in the early 21st century: What are the prospects for
sensors? Sensors and Actuators: B Chem. 121 (2007) 639–651, with permission from Elsevier
Science.)

•

•

•

•

Adsorption-desorption behavior of NO2 on the SE. If the NO2 adsorption
is strong on the SE, this may lead to the high catalytic activity for cathodic
reaction NO2 + 2e– → NO + O2–.
Adsorption-desorption behavior of oxygen on the SE and oxygen-sensing
performance of the SE. Strong oxygen adsorption not always directly
correlated to the low catalytic activity for anodic reaction O2– → 1/2 O2 +
2 e–. However, the catalytic inactiveness of the SE toward O2 is essential
for establishment of a mixed potential responding to NO and NO2 [51].
Simultaneous changes in the capacitance of the double electric layer Cdl
at interfaces YSZ-Pt-RE and YSZ-oxide-SE. The capacitance Cdl of Pt
(Au)-RE-YSZ is usually independent of the temperature and PO2, and has
a value of about 30–150 µF/cm2 [52]. In contrast, Cdl for YSZ-oxide-SE
is dependent on the temperature and PO2, and is approximately one order
of magnitude lower than Cdl of SEs in the “metallic” state.
The catalytic activity of the SE for the nonelectrochemical gas-phase
decomposition reaction of NO2: NO2 → NO + 1/2 O2. The lower the
catalytic activity, the higher the NO2 sensitivity at high temperatures.

All of the above-mentioned factors entangle each other in a complicated manner
and usually depend on the chemical composition and morphology of the SE. The
last factor also depends on technology applied for making SEs.

2.3.2 NON-NERNSTIAN ZIRCONIA-BASED NOX SENSORS
The planar YSZ-based potentiometric NOx sensor conﬁguration is presented in
Figure 2.8. This ﬁgure shows the views of the (a) front and (b) back sides of the
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FIGURE 2.8 Front (a) and back (b) views of the planar non-Nernstian YSZ-based NOx sensor
with the NiO-SE and Pt-RE. (Reprinted from Zhuiykov, S. and Miura, N., Development of
zirconia-based potentiometric NOx sensors for automotive and energy industries in the early
21st century: What are the prospects for sensors? Sensors and Actuators: B Chem. 121 (2007)
639–651, with permission from Elsevier Science.)

sensor. This planar sensor was fabricated at KASTEC, Kyushu University, Japan,
by using an YSZ plate (8 wt % Y2O3-doped, 10 × 10 mm; 0.2 mm thickness). Pt
paste (Tanaka Kikinzoku, Japan) was printed on both sides of the YSZ plate and
was ﬁred at 1000°C for 2 hours in air. On one side of the YSZ plate, two rectangular
Pt stripes were formed as the RE of the sensor; and on the other side, six narrow
Pt stripes were formed as a base (current collector) for the thin-ﬁlm NiO-SE. Both
the NiO-SE and Pt-RE were exposed simultaneously to the sample gas or to the
base gas. The difference in potential E (emf) between the NiO-SE (ϕ1) and Pt-RE
(ϕ2) was measured as the sensor output signal. This planar sensor can be best
described in the form of electrochemical cells as follows:
In a base gas O2, NiO |YSZ| Pt, O2

(2.23)

In a sample gas NO2 + O2 + H2O, NiO |YSZ| Pt, NO2 + O2 + H2O

(2.24)

One of the main assumptions for the thin-ﬁlm YSZ-based sensors is the negligible
interinﬂuence of the thin-ﬁlm layers. This means that the mechanical, physical,
chemical, and electrostatic components of their interactions are close to zero [53].
In order to achieve such conditions, the following requirements must be implemented: the purity of raw materials for thin ﬁlms should be ultra-high (99.999%),
and raw materials should have compatible coefﬁcients of thermal expansion and
parameters of the crystalline structure. They should also be characterized by the
minimum value of the contact difference of potentials.
Modeling the interactions of various gases with the YSZ-based sensors, it is
important to acknowledge that the state of a SE (RE) surface can determine various
important characteristics of these sensors. Usually, statistical parameters of the
surface height distribution function, such as the root-mean-square, slope, curvature,
average height, average surface area, average roughness, and surface fractal number
(dimension), have been used to characterize the surfaces of thin-ﬁlm electrodes.
However, experiments have shown that the surface topography cannot be adequately
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described by means of the obtained statistical parameters, and corrugation of the
surface height of the SE may have a broad bandwidth [54]. This is because nonregularities are inherent in thin-ﬁlm structures. These include the nonuniformity in pore
distribution on the surface and within the thin-ﬁlm electrodes, which may determine
instability in various electrode processes such as adsorption-desorption, chemisorption, surface diffusion, diffusion by grain boundaries, molecular or Knudsen diffusion, and so on, or ﬂuctuations in the SE electrical surface resistance [55]. Inadvertently, the tortuous pore structure slows down the dynamic performance of the
sensors, and, consequently, the gas diffusion changes drastically within the structure
of the SE over a relatively small distance. It has already been reported that the
changes in sintering temperature and in the pore size and distribution have a substantial effect on the catalytic activity of the electrochemical reactions of oxygen
and the gas-phase decomposition reaction of NO2 on the YSZ-based planar NOx
sensors [9].
Physical and chemical properties of the surface of SEs in potentiometric gas
sensors are sensitive to, and in some cases determined by, random roughness or
surface disorder. Irregularities at an atomic level deﬁne electronic energy distribution
at surface sites, and irregularities at a micrometer level determine the accessibility
of particles to surface sites [56]. Recently, a new phenomenological method for the
analysis of nonlinear system dynamics was proposed [57]. The methodology is based
on a postulate that key information relating to the sensor system dynamics is contained in nonregularities of measured dynamic variables (temporal or spatial), as
well as on the acceptance of a new scaling equation.

2.3.3 MATHEMATICAL FORMULATION
SENSORS

OF

ZIRCONIA-BASED NOX

One of the key components of the mathematical model of YSZ-based sensors is the
modeling of the ion and electron transport. The scheme describing the interactions
of the measuring gas with the planar potentiometric non-Nernstian YSZ-based NOx
sensor is shown in Figure 2.9. This scheme has been developed on the analysis of
the electrode processes in the electrochemical systems [40] and is similar to the
scheme for the Nernstian O2 sensor (Figure 2.3). The main difference is the number
of gaseous components reacting on and within the SE and the kinetics of the
electrochemical reactions in the SE and on the TPB. Stage 1 is the multicomponent
diffusion of gaseous species through the porous SE and RE, allowing for the effect
of nonuniform gas pressure, sensor temperature, and Knudsen diffusion. This stage
is the same as has previously been described for the Nernstian YSZ-based O2 sensor.
Stage 2 is the adsorption-desorption and partial dissociation of nitrogen dioxide
molecules within the oxide SE (NO2 ↔ NO + 1/2 O2), accompanied by dissociation
of water vapors (H2O + 2e– → H2 + O2–) and oxygen molecules (O2 → 2O2– + 4e–)
on the gas-SE-YSZ interface [41]. Furthermore, oxygen ions O2– can subdissociate
to subions O–, which can diffuse on the metal-oxide-electrolyte and gas-electrolyte
boundaries toward the gas-SE-YSZ interface. Stage 3 is the cathodic reaction of
nitrogen dioxide (2NO2 + 4e– → 2NO + 2O2–) within the SE and on the gas-SE-YSZ
interface, which changes the potential of the electrode. Stage 4 is the electrochemical
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FIGURE 2.9 Schematic presentation of the interaction of the non-Nernstian solid electrolyte
sensor with a gas environment: 1–5 stages of interaction. (Reprinted from Zhuiykov, S.,
Mathematical modelling of YSZ-based potentiometric gas sensors with oxide sensing electrodes part I: Model of interactions of measuring gas with sensor, Sensors and Actuators B,
Chem. 119 (2006) 456–465, with permission from Elsevier Science.)

reaction of oxygen (O2 + 4e– → 2O2–), which initiates the change of capacitance of
the double electric layer Cdl on the gas-SE-YSZ interface and, consequently, changes
the potential of the SE (thin-ﬁlm Pt-RE). The output parameter of the sensor in
Stage 5 is the difference of potentials between the SE and RE: E (t) = ϕ1 (t) – ϕ2 (t).
In the case of the planar non-Nernstian NOx sensor, shown in Figure 2.8, the
electrochemical reactions take place at different kinetic rates on the dissimilar
electrodes. In Stage 1, the dependence of the concentrations of physically adsorbed
NNOx f and NO2 f molecules on the partial pressure PNOx and PO2 of the measuring
gases can be determined.
The dissociative form of O2 and NO2 adsorption is dominated for the NOx sensor
working at temperatures of 500–900°C. Desorption is accompanied by recombination of adsorbed atoms into molecules. The coordinate system and the sign convention for various ﬂuxes in the electrochemical cell are illustrated in Figure 2.10 [40].
The species indices (1, 2, and 3) correspond respectively to NO2, O2, and H2O,
respectively, in the SE (RE).
The density of the adsorption stream is as follows:
dN i f (t )
=
dt
where

3

∑ 1a (1 − bN
i =1

if

(t ))

2

2

Pi − c (bN i f (t )) ,

(2.25)
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FIGURE 2.10 Coordinate system and the sign convention for various ﬂuxes in the YSZbased electrochemical cell. (Reprinted from Zhuiykov, S., Mathematical modelling of YSZbased potentiometric gas sensors with oxide sensing electrodes part I: Model of interactions
of measuring gas with sensor, Sensors and Actuators B, Chem. 119 (2006) 456–465, with
permission from Elsevier Science.)

1
ωSi N i *
=
, b = 1 / N i *, c = υi N i * e−Q /kt , and i = 2, 3 .
a
2πmkT
Ni* is the number of adsorption centers. Pi is the partial pressure (i = 1, 2, 3)
of NO2, O2, and H2O, respectively, on the surface of the SE. k = kB is the Boltzmann
constant. υi is the probability of desorption of adsorbed NO2, O2, and H2O molecules. υi = 1/τi 0 and τi 0 are the minimum time for the gaseous component to be at
the adsorption state. Q is the activation energy of adsorbed atoms, which is equal
to the activation energy of adsorption of gaseous molecules plus the dissociation
energy of the molecule: Q = Qads + Qdis. Ni f is the concentration of the physically
adsorbed gaseous molecules (NO2, O2, and H2O) on the surface of the interactive
system of the gas-oxide SE. m is the mass of the gas molecule. ω is the probability
of adsorption. Si is the effective square of the adsorbed gas molecules (NO2, O2,
and H2O). Pi / 2πmkT is the number of hits of NO2, O2, and H2O molecules with
the surface based on the kinetic theory of gases.
Initial conditions for Equation (2.25) are as follows:
NNO2 f (0) = Nf 0 = const.

(2.26)

NO2 f (0) = N′f 0 = const.

(2.27)
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(2.28)

Values NNO2 f , NO2 f, and NH2O f are based on the primary conditions of the sensor in
the working chamber, where NO2 and H2O are practically absent, and therefore for
calculation it can be assumed that NNO2 f (0) = 0 and NH2O f (0) = 0.
The gas mixture ﬂow (molecules and atoms) within the porous oxide-SE (Pt
RE), θse (θre), can be represented by the following equation:

θse = −

α ( x ) ∂μ
,
k BT ∂x

(2.29)

where µ = kB T ln N (x, t) + ψ (x, T) is the chemical potential of dissolved gas. N
(x, t) is the concentration of atoms (molecules) of gas at point x at the moment t, α
is the kinetic coefﬁcient, and ψ(x, T) is a function of spatial coordinate x and
temperature T.
As mentioned above, diffusion of gaseous components may take place with three
mechanisms: bulk, Knudsen, and surface diffusion. Each of the electrodes in the
YSZ-based gas sensor is porous and may be described as a combination of two
distinct layers (see Figure 2.10). A boundary functional layer I is for the critical
electrochemical reactions to occur, and an “adjacent” porous diffusion layer II must
conduct current (ions and electrons) through the metal-ceramic (SE) or metal (RE)
matrix and allow for the diffusion of the chemical species. Layer I characterizes the
surface concentrations Ci0 (Cim) or Ciδ (Cil), i = 1, 2, 3; and layer II characterizes
the volume concentrations Ci, from which the process of random roaming begins.
The performance of individual electrodes is inﬂuenced by the properties and composition of the constituent material as well as the microstructural parameters such
as the particle size, the porosity and pore size, and the thickness. In the porous SE
(RE), when the permeability becomes sufﬁciently small, the mean free path of the
molecules becomes comparable to the pore size, and the collisions of molecules
with the walls start to signiﬁcantly affect the transport process via Knudsen diffusion.
To assess the potential importance of this effect in modeling gas transport processes
through the porous electrodes, consider that the molecules of the gas ﬂow contact
with the SE (RE) and reach the triple-phase boundary (TPB) among gas, YSZ, and
electrode by diffusion that is expressed as the following equation:
∂N i ( x, t )
=
∂t

3

⎛ ∂ 2 N i ( x, t )

∑ D ( N , x, T ) ⋅ ⎜⎜⎝
i

i =1

i

∂x

2

+d

N i ( x, t ) ∂ψ ( x, T ) ⎞
⎟,
⋅
k BT
x ⎟⎠ ,

(2.30)

i = 2, 3; 0 < x < δ; m < x < l; 0 < t < ∞,
where Ni (x, t) is the concentration of the gaseous components (molecules, atoms,
and ions) in pores created by the grain boundaries in the thin-ﬁlm SE (RE). x is the
spatial coordinate toward the surface of ZrO2 (see Figure 2.10). Di (Ni, x, T) is the
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coefﬁcient of diffusion, which generally depends on the concentration of diffusing
gas, spatial coordinate, and temperature.
The presence of external forces F and F1, stipulated by electrodiffusion and by
thermodiffusion, respectively, can be expressed as follows:

d=

Di ( N i , x, T )
Di ( N i , x, T )
F+
F1
k BT
k BT

(2.31)

The terms in Equation (2.31) are essentially similar to those presented in Equations
(2.8) and (2.9). Initial conditions for Equation (2.30) are as follows:
NNO2 f (x, 0) = NNO2 0 = const.

(2.32)

NO2 f (x, 0) = N′O2 0 = const.

(2.33)

NH2O f (x, 0) = N″H2O 0 = const.

(2.34)

Similar to Equation (2.6), they can be determined by the primary conditions of the
sensor in the working chamber. Therefore, for calculation purposes, it can be
assumed that NNO2 0 (x, 0) = 0 and NH2O 0 (x, 0) = 0.
The concentrations of NO2, O2, and H2O on the gas-SE boundary at x = 0 are
constant and equal to the gas concentrations in measuring environments Ni, gas
streams through the TPB (x = δ; x = l), which are equal to zero since it has been
assumed that there are no gas streams to the ZrO2 substrate or along boundaries
between the ﬁlm SE (RE) and the substrate:
N i ( 0, t ) = N i = const;

∂N i
∂x

= 0.
x =δ

∂N i
∂x

= 0. i = 2, 3 .

(2.35)

x =l

This is a very idealistic boundary condition because it has been presumed that any
ﬂows toward electrodes and the YSZ substrate or along the SE-YSZ (RE-YSZ)
interfaces are absent. However, considering the assumptions to the mathematical
model given above, these ﬂows can be ignored [34]. For obtaining the boundary
ˇ and Š = G + Γ,
conditions to Equation (2.31) in the forms of By = z, z = Cy, z ∈ S,
the method, developed in [58], has been employed. The conditions on the surface
phase distribution make sense, as the materials balance equations at the transference
of molecules and atoms between these conditions and the diffusive zone (see, for
example, the SE in Figure 2.9):
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∂C0i
∂t
∂N i
∂x
∂Cδi
∂t

( )

69

2

= I 0 − ν0C0i − ξ0C0i + ρ0 C0i ; 0 ≤ x ≤ δ; 0 ≤ t ≤ ∞ i = 1, 2, 3.
x =0

= 0; λ 0C0i = β0C i + θse ;
x =δ

= ξδCδi .
x =δ

(2.36)
Here, I0 is the ﬂow of the gaseous molecules from the gas phase on the surface (I0
= 0). λ0(δ), β0(δ), and ν0 are the constants of the speeds on the appropriate transfers
on these surfaces. ξ0(δ) is the constant of the speed for dissociation reaction of a gas
molecule to atoms.
It is worthwhile to note that in the case of substantial deviation of the described
gas-YSZ-SE system from the equilibrium state, the above-mentioned constants are
also dependent on the gaseous ﬂows θse and I0, that is, λ0 = λ0 (θse, I0), β0 = β0 (θse,
I0), ν0 = ν0 (θse, I0), and ξ0(δ) = ξ0(δ) (θse, I0). At the equilibrium state, when θse = 0,
λ0* = λ0 (θse, I0), β0* = β0 (θse, I0), ν0* = ν0 (θse, I0), and ξ0(δ)* = ξ0(δ) (θse, I0), the
quantity Φ (in mol of gas on m3), dissolved within the SE, has been determined:
l

Φ = 1 2 N A–1/2 ( 2 πmk BT )

–1/ 4

(

α 0 * β0 *2

−1/ 2

) ( )
Pi SE

–1/ 2

δ –1

∫e

– ω( x )

dx; i = 1, 2, 3 .

0

(2.37)
Here, NA is the Avogadro number, m is the mass of the gas molecule, and PiSE is the
partial pressure of different gases (NO2, O2, and H2O) on the SE:

ω ( x) =

⎡⎣ψ ( x ) − ψ ( 0 )⎤⎦
; α 0(δ) * = ν0 * ξ−0(1δ) λ 0 *−2 .
k BT

(2.38)

Gas ﬂows through the SE will be different (“ventilation” effect) and will depend
on how the oxide SE was applied on the surface of YSZ and how it was heat-treated
and sintered afterwards. The vast majority of the modern technologies will allow
creating a uniform thickness of SEs (REs). However, the structural orientation of
an oxide SE and, especially, its surface and bulk porosity will change from one
technology to another and from one sintering temperature to another [9]. This fact,
in turn, will inﬂuence characteristics of the YSZ–based sensor, such as sensitivity,
reproducibility of measurements, response and recovery time, and so on. Let’s
indicate both necessary and sufﬁcient conditions of existence of such a “ventilation”
effect within the SE.
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If the gas ﬂow through SE does not depend on the applied technology and
orientation of the oxide grains, then the value of θse should correspond to the
correlation
((I0 – γ(δ) θse)/α(δ))1/2 – (β(δ)/λδ)·e–ωδ · (γ(0) θse/α(0)) 1/2 =
= ((βδ/β0)·eωδ + β0 e–ωδ Fδ + 1) θse

(2.39)

at any values of the ﬂow I0. In Equation (2.39), ωδ = ω(δ), γ(δ) = (ν0 + ξ0(δ))/2 ξ0(δ) , and
δ

Fδ =

∫
0

e ()
dx (i = 1, 2, 3) .
Di ( N i , x, T )
−ω x

It is only possible at the simultaneous existence of the following conditions:
[α0β02/(αδβδ2)]1/2 = e–ωδ;

γ 0 = γδ .

(2.40)

If correlations (2.40) are performed (for example, the material of the SE is symmetrical), then the “ventilation” effect is absent. However, if one of the correlations (2.40)
is violated, then the gas permeability of the SE will be strongly dependent on its
structure. It is important to know that the “ventilation” effect can be seen in the close
proximity of the equilibrium state when α0(δ) = α0(δ) *, β0(δ) = β0(δ)*, and γ0(δ) = γ0(δ) *.
For this condition it is only necessary that γ0 * ≠ γδ *. Considering that Iδ = 0
(connection of the SE to YSZ) and at the big diffusive resistance of the SE (Fδ → ∞),
the following equation comes from Equation (2.39):
1/ 4

W = θ se / 2 I 0 = 1 2 N 1/2
A ( 2 πmk BT )

2 −1/ 2
0 0

(α β )

( )

Di ( N i , x, T ) H δ–1 Pi SE

−1/ 2

,

δ

Hδ =

∫e

− ω( x )

dx, i = 1, 2, 3,

0

(2.41)
where W is the gas permeability of the SE [40].
When the gas ﬂow θse reaches the TPB (x = δ), the ionization of the atom or
molecular gas takes place depending on the correlation of the speed of exchange
reactions as well as the concentration and diffusion coefﬁcients of various forms of
the adsorbed gas particles. Different scenarios of extension of the electrode process
zone are also possible.
Based on the fact that the potentiometric gas sensors establish thermodynamic
equilibria at the interfaces with gases, let’s consider this process for the YSZ-based
sensor measuring the NO2 concentration in a humidiﬁed atmosphere. The discharge
reactions at the TPB (at x ≥ δ) can be shown as follows:
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NO2 + 2e– → NO + O2– ; O2 + 4e– → 2O2– ; H2O + 2e– → H2 + O2–. (2.42)
Corresponding to these reactions the current discharge density can be determined
by the kinetic equation [40]:
⎧⎪ ⎛ −2βF ηe (t ) ⎞
⎛ 2 (1 − β) F ηe (t ) ⎞⎫⎪
j (t ) = j x 0 (t ) N 1−α (t ) N x (t ) ⎨exp ⎜
⎟ − exp ⎜
⎟⎬ ,
RT
RT
⎪⎩ ⎝
⎝
⎠
⎠⎪⎭
(2.43)
where R is the universal gas constant; jx0 is the density of the standard exchange
current, corresponding to the concentrations N and Nx; β is the transfer coefﬁcient,
and ηe is the overstrain of the SE stipulated by deceleration of the electrochemical
stage.
Consequently, the sensor output, emf E (t) = ϕ1 (t) – ϕ2 (t), where the change of
the sensor potentials of the SE ϕ1 (t) and RE ϕ2 (t), can be determined by Equations
(2.25)–(2.36) and (2.43).

2.4 NUMERICAL MATHEMATICAL MODELS OF
ZIRCONIA GAS SENSORS
To numerically solve equations of the above mathematical models, the general
computational gas dynamics is adopted in the present work. The general differential
equations (2.7) and (2.31) are then discretized by the control volume-based ﬁnite
difference method, and the resulting set of algebraic equations is iteratively solved.
The numerical solver for the general differential equations can be repeatedly applied
for each scale variable over a controlled volume mesh. This process must be conducted extremely carefully to avoid the inﬂuence of slight changes in the accuracy
of discretization.
Let us introduce the difference net into the region Q = [0, tK] × [0, zK] considering
that the coefﬁcients of Equations (2.7)–(2.11) are inseparable within the reserved
region Ω = [0, zK] [59]:
ω ΔtΔz = {tm = mΔt, m = 0, M , Δt = tK/M, zn = nΔz, n = 0, N , Δz = zK /N}.
Then,
Ni (mΔt, nΔz) = Nim,n, Si {mΔt, nΔz, N1, … , NK } = Sim,n .
Differential equation of diffusion (2.7) then is discretized by using a doublelayered by time and triple-layered by spatial coordinate centered ﬁnite difference
scheme:
Nim+1,n = bi1(m) Nim,n–1 + bi2(m) Nim,n + bi3(m) Nim,n+1 + c*i(m) Sim,n, i = 1, K ,
(2.44)
where
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⎞
⎛ 2b i {i} Δt
⎛ b i {i} Δt Δt ⎞
⎟⎟ , b2i ( m ) = ⎜⎜1 −
b1i ( m ) = ⎜⎜
−
+ ci {i} Δt ⎟⎟ ,
2
2
2 Δz ⎠
Δz
⎠
⎝
⎝ Δz
⎛ b i {i} Δt Δt ⎞
⎟⎟ , ci * ( m ) = Δt .
+
b3i ( m ) = ⎜⎜
2
2
Δ
z
z
Δ
⎠
⎝
The following difference schemes were used for approximation of the boundary
conditions for the equation of diffusion:
N mi ,n − N m,n−1
− Y i N mi ,n = γi ( m ) , z = 0, t ≥ 0, i = 1, K ,
Δz

(2.45)

N mi ,n+1 − N mi ,n
+ U i N mi ,n = ψi ( m ) , z = zk , t ≥ 0, i = 1, K ,
Δz
from where
Nim,n–1 = (1 + Y iΔz) Nim,n – Δz γ i(m) , z = 0, t ∈ (0, tK),
Nim,n+1 = (1 – UiΔz) Nim,n + Δz ψi(m) , z = zK; t ∈(0, tK).

(2.46)

Scheme (2.44) can be rewritten in the vector-matrix form for n = 0, N , utilizing
conditions (2.46) at the boundary points n = 0 and n = N :
N i (m + 1) = Bi (m) N i (m) + Ci (m) , i = 1, K ,
⎡ x1i ( m )
⎢ i
⎢ b1 ( m )
⎢ 0
Bi ( m ) = ⎢
⎢
⎢ 0
⎢
⎢⎣ 0

x2i ( m )
b2i ( m )
b1i ( m )
0
0

0
b (m)
b (m)

...
...
...

0
0
0

0
0
0

0
0

...
...

b1i ( m )
0

b2i ( m )
x3i ( m )

i
3
i
2

(2.47)
⎤
⎥
⎥
⎥
⎥,
⎥
b3i ( m ) ⎥
⎥
x4i ( m ) ⎥⎦
0
0
0

xi1 (m) = [bi2 (m) + bi1 (m) (1 + Y i Δz)], xi2 (m) = bi3 (m),
xi3 (m) = bi1 (m), xi4 (m) = [bi2 (m) + bi3 (m) (1 – Ui Δz)] ,
N i (m) = [Ni m,0 , Ni m,1 , .... , Ni m,N] T,
where T is the transpose symbol
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⎡ ci* ( m )
⎢ *
⎢ ci ( m )
Ci ( m ) = ⎢
⎢ *
⎢ ci ( m )
⎢ c* ( m )
⎣ i
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Smi,0 − b1i ( m ) Δz γ i ( m ) ⎤
⎥
Smi,1
⎥
⎥.
⎥
i
Sm, N −1
⎥
i
i
i
Sm, N + b3 ( m ) Δz ψ ( m ) ⎥⎦

The elementary conditions are expressed as follows:
T

N i ( 0 ) = N 0i ; N 0i = ⎡⎣ N 0i ,1, N 0i ,2 ,..., N 0i , N ⎤⎦ .

(2.48)

Naman’s spectral steadiness criterion was used for analysis of the accuracy and
steadiness of the ﬁnite difference scheme (2.44) and for estimation of the approximation error. According to this criterion, the scheme must be steady for any elementary conditions, including for the ﬁrst harmonic Y0,n = eiμn, where μ is the
harmonic’s frequency (0 ≤ μ ≤ ∞), i = −1 . Then Nn,m = λm eiμn, where λ is the
coefﬁcient of change, which for the steadiness of difference scheme must be |λ| ≤ 1.
Let us deﬁne λm+1eiμn – λmeiμn = h (λmeiμ(n+1) – 2λmeiμn + λmeiμ(n–1)), where λ – 1
= 2h (cos μ – 1); h = bi {•} (Δt/Δz2). For the steadiness of scheme (2.44), it is
necessary that h has to be within the following range: 0 ≤ h ≤ 0.5. Consequently, at
bi {•} (Δt/Δz2) ≤ 0.5, the scheme (2.44) is a conditionally steady evident scheme;
however, it is not a very accurate one. To improve its accuracy, the following
conditions should be applied: bi {•} (Δt/Δz2) = 1/6.
The decomposition function Nim,n in the Taylor’s row was used in the region
point (m, n) for determination of the approximation error of the scheme (2.44):
∞

N mi ,n =

i+ j

∑ i!1j ! ⋅ ∂∂t N∂z
i

m ,n
i

i

(Δt ) (Δz )

j

.

(2.49)

i , j =0

By substituting (2.49) into (2.44) and the exclusion of the boundary points z = 0
and z = zK in interval (0, zK), we will receive
pN =

2
N tI
N IV
2 N zIII Δz 2
4
Δt + 2 z Δz 2 +
+ 0 ( Δt ) + 0 [ Δzz ] ,
2
24
6

(

(

2

)

(2.50)

)

pN = 0 ( Δt ) + 0 ( Δz ) .
The equation of diffusion (2.7) with the boundary conditions (2.11) has no analytical
decision. It is possible, however, to ﬁnd out the concentration of the measuring gas
in the discrete points through the electrodes for nonidentical boundaries along spatial
coordinate x by using the numerical model proposed. The accuracy of this calculation
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is also dependent on the level of discretization. Then the average values between
the calculated and experimental concentrations can be deﬁned as a single task for
the accumulating or declining summary at the present moment of time:

K cal (t ) =

1
N −2

N −1

∑ (U

cal i

− U exp i ) ,

(2.51)

i =2

where Ucal i is the calculated value in the group i at the time t, and Uexp i is the
experimental value measured simultaneously. N is the common number of discrete
points along the spatial coordinate x. It is rare that the value’s order of the declining
summary at the ﬁnite difference approximation can be deﬁned accurately. Usually,
the following situation takes place: the small step of the net, selected at the ﬁrst
place for good approximation of the differential equation, increases potential likelihood for the maximum deviation at the different equation decisions. In order to
avoid that, the variation of the net steps along the temporal and spatial coordinates
must be done. In our case, the following steps were chosen along the spatial coordinate x (Δx = 0.2, 0.15, 0.1, 0.005) and along the temporal coordinate t (Δt = 0.01,
0.005, 0.0025, 0.00125), respectively. The chosen net dimensions Δx and Δt are
inﬂuenced by the accuracy of the numerical decisions in a different manner. The
approximation deviation is decreased with the decrease of Δt in respect to the
experimental value. Figure 2.11, a, shows the deviation proﬁles for the different
values of Δt at ﬁxed Δx = 0.1. It is clear from this ﬁgure that the decrease value Δt
from 0.0025 to 0.00125 does not practically change the error proﬁle. The effect from
the changes in the net steps along the spatial coordinate Δx is more complex. Figure
2.11, b, shows the deviation proﬁles of approximation at Δt = 0.005 for three values
Δx. The deviation constantly decreases at Δx = 0.2 (very rough net). If the step Δx
can be decreased further down to 0.1, Figure 2.11, b, shows considerably lower
deviation. However, at the next decrease step down to Δx = 0.05 (very small net),
some increases of the deviation approximation are possible. Consequently, every
step in the decrease of the spatial coordinate Δx must be accompanied by the
appropriate step in the decrease of the temporal coordinate Δt to obtain convergent
decisions. However, the calculation time increases substantially as the step in spatial
coordinate Δx becomes too small. Hence, the compromise combination for the single
measured task was found at the Δx = 0.1 and Δt = 0.0025 (Figure 2.11, c). Ratio
Δt/Δx = 0.025 provides the sufﬁcient decision accuracy and steadiness for calculations. It has been characterized that the deviation has a maximum value at the
beginning of the transitional process for all calculated concentrations and working
temperatures. It was stipulated by big initial concentration gradients at the boundary
conditions.
In 2005, it was experimentally found that the slow recovery rate to NO2 of the
YSZ-based mixed-potential sensor with the NiO-SE can be signiﬁcantly improved
when the sample gas was humidiﬁed with 5 vol. % water vapor. These results were
published in 2006 [13]. Figure 2.12 [41] illustrates numerical and experimental
values for the response/recovery transients to 400 ppm NO2 in 5 vol. % O2 with a
N2 balance in the absence (a) and presence (b) of 5 vol. % H2O at 850ºC. Sample
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FIGURE 2.11 a: Deviation proﬁles for the different values of Δt at ﬁxed Δx = 0.1; b: deviation
proﬁles of approximation at Δt = 0.005 for three values Δx; and c: the compromise deviation
proﬁle for the single measured task at Δx = 0.1 and Δt = 0.0025. (Reprinted from Zhuiykov,
S., Mathematical modelling of YSZ-based potentiometric gas sensors with oxide sensing
electrodes part II: Complete and numerical models for analysis of sensor characteristics,
Sensors and Actuators B, Chem. 120 (2007) 645–656, with permission from Elsevier Science.)

gas containing various NO2 concentrations was prepared by diluting standard NO2
gas with nitrogen. The NiO-SE was sintered on the YSZ surface for 2 hours at
1300ºC. The thickness of the SE was 7 µm (as is clearly shown in Figure 2.13). The
ﬂow rate was constant during all measurement and was 100 cm3/min. YSZ sensors
and all experimental measurements were obtained at KASTEC, Kyushu University,
Japan. Figure 2.12 shows the changes in measuring emf of the planar sensor when
400 ppm NO2 was introduced into the working chamber and changes in measuring
emf when the sample gas was changed on the base gas. The deviation error between
numerical and experimental values did not exceed 7% and decreased with the
increasing of the working temperature. Noteworthy, the sensitivity of the sensor
under wet conditions was higher than that under dry conditions, and the recovery
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FIGURE 2.12 Numerical and measured response/recovery transients to 400 ppm NO2 in 5
vol. % O2 (N2 balance) in the (a) absence and (b) presence of 5 vol. % water vapor at 850°C.
(Reprinted from Zhuiykov, S., Mathematical modelling of YSZ-based potentiometric gas
sensors with oxide sensing electrodes part II: Complete and numerical models for analysis
of sensor characteristics, Sensors and Actuators B, Chem. 120, (2007) 645–656, with permission from Elsevier Science.)

rate was improved. Clearly, this feature cannot be explained in terms of the classical
oversimpliﬁed mixed-potential theory. It was speculated that the exchange reaction
between the adsorbed O2 on the surface of NiO and the oxygen ions O2– in the YSZ
bulk proceeds more smoothly by the help of hydroxyl ions formed on the surface
of NiO [13].
Following 2005–2006 publications, the comprehensive analysis of processes
occurring at the TPB in the presence of water vapor for the YSZ-based NO2 sensor
with the NiO-SE has been done by using the complete mathematical model
(2.1)–(2.4). This analysis has taken into account that the electrical ﬁelds at the solid
electrolyte-electrode interfaces depend on the chemical potential differences of both
mobile species: ions and electrons. The mobility of ions results in variations of the
chemical composition of compounds and even in the formation of new interfacial
materials, which generate changes in the performance and cause short lifetimes [60].
Moreover, the electrical ﬁeld at the contact between a metal electrode and a solid
electrolyte is much stronger and extends over a much smaller regime than in the
case of a semiconductor junction. This is owing to the much higher concentration
of charge carriers in metals and solid ion-conductive electrolytes compared to semiconductors. These assumptions suggest that the electric double layer at the TPB and
the oxygen ions O2– play a more signiﬁcant role at the development of measuring
potential on the NiO-SE interface than has been considered before. One of the ﬁrst
principles which must be recognized is that matter at the boundary of two phases
possesses properties which differentiate it from matter freely extended in either of
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FIGURE 2.13 SEM images of the YSZ-based NO2 sensor with the 7 μm NiO-SE sintered at
1300°C: (a) top view, and (b) cross-section view. (Reprinted from Elumalai, P. and Miura, N.,
Performances of NO2 sensor using stabilized zirconia and NiO sensing electrode at high temperature, Solid State Ionics 176 (2005) 2517–2522, with permission from Elsevier Science.)

the continuous phases separated by the interface. Where we have a charged surface,
however, there must be a balancing countercharge, and this countercharge will occur
in the gas phase. The charge carried will not be uniformly distributed throughout
the gas phase, but will be concentrated near the charged surface. Thus, we have a
small but ﬁnite volume of the gas phase which is different from the extended gas.
This concept is central to electrochemistry and reactions within this interfacial
boundary that govern external observations of electrochemical reactions. The discharge reactions at the TPB in the presence of water vapor can be shown as follows:
NO2 + 2e– → NO + O2– ; O2 + 4e– → 2O2– ; H2O + 2e– → H2 + O2–.
In all reactions given above, we have oxygen ions O2– on the right part of the equations.
Corresponding to these reactions, the current discharge density j can be determined
by the kinetic equations (2.12)–(2.16). Furthermore, the capacitance of the electric
double layer at the TPB among gas-oxide-SE-YSZ is different from that of the electric
double layer at the TPB among gas-metal-SE-YSZ [38, 61]. In fact, for SEs,
based on metal Pt or Au, the capacitance of the electric double layer is about 50–150
µC/cm2 and basically independent of temperature and PO2 ﬂuctuations. However, for
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FIGURE 2.14 Response/recovery time of the hydrogen sensor based on the (NH4)4Ta10WO30
solid electrolyte (C1 = 10 ppm; C2 = 100,000 ppm). (From Zhuiykov, S., Hydrogen sensor
based on a new type of proton conductive ceramic, Int. J. Hydrogen Energy 21 (1996) 749–759.
With permission.)

semiconductor oxides, which are usually employed as SEs in the mixed-potential-type
NOx sensors, the capacitance of the electric double layer, ﬁrstly, is usually about an
order of magnitude less than that for the noble metals and, secondly, depends on the
temperature and PO2 level. Therefore, the presence of water vapor changes the concentration of oxygen ions O2– and ultimately increases the capacitance of the electric
double layer, which promotes faster kinetics for the recovery rate.
Another example of using the double-layered by time and triple-layered by spatial
coordinate centered ﬁnite difference scheme (2.44) for calculation of the response/recovery transients of the hydrogen solid electrolyte sensor based on (NH4)4Ta10WO30 at the
different temperatures is shown in Figure 2.14 [62, 63]. Analysis of both Figure 2.12
and Figure 2.14 has led to the conclusion that the majority of the physic-chemical and
electrochemical processes, such as adsorption–desorption, diffusion, and changing the
capacitance of the double electrical layer, exist in the most solid electrolyte gas sensors.
The rate and kinetics of the above processes are based on the nature of the material of
the SE (RE) and measuring gas, the TPB, the working temperature, and the coexistence
of the oxygen partial pressure in the measuring gas.
The presented numerical approximation is preferable in comparison with other
approximations because it provides high enough accuracy and can be easily executed
on the ordinary PC. Moreover, from the experimental research point of view, one
of the consequences of dependences of equilibrium values α0*β0*2 on the ﬂows is
the possibility of deviation of the sorption isotherm from the parabolic pattern (see
(2.37)). In this case, when the parameters shown above depend on θse (“nonequilibrium” system), new quality effects can appear at a mass transfer of the gas through
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the SE. Speciﬁcally, the gas permeability of the “thick” electrodes can be determined
by the status of their surfaces, which would consequently inﬂuence the sensitivity
of the sensor. The high surface-to-volume ratio of the SE provides better sensitivity
of the sensor toward the measuring gas concentration. However, the reproducibility
of the measurement would not be stable enough. On the other hand, in the case of
the higher sintering temperature, the larger grains are present at the TPB. Hence,
the larger grains may produce fewer reaction sites at the TPB during NO2 measurement. Thus, in the case of the higher sintering temperature of SEs, the catalytic
activity to the cathodic reaction of NO2 [9] would be lower compared with the high
surface-to-volume ratio, which is usually observed in the SEs sintered at lower
temperatures.
Another modiﬁcation of the sensor characteristics can be achieved by using
technologies for making a nanoparticle SE. Figure 2.15 illustrates the cross-sectional
SEM image of the YSZ-based sensor with the nanostructured NiO-SE. As is clearly
shown in this ﬁgure, the thickness of the NiO-SE can decrease to 10–15 nm. The
shift from microsize toward nanosize in the thickness of the SE is allowed to decrease
the response/recovery time of the sensor and, sometimes, to enhance the NO2
sensitivity by using nanoparticle seeds of BaO, La2O3, and CuO [10]. However, in
spite of numerous publications about using nanotechnology for the YSZ-based gas
sensors, to the best of our knowledge, none of these sensors so far has been involved
in wide practical use. The reason is simple. Most YSZ sensors are working at high
temperatures. The size of nanograins of the SE is growing in time at high temperatures and changing the TPB, and consequently all sensor characteristics will be
entirely different in 6–12 months’ time. Thus, no long-term stability (at least 12
months) has been reported so far. In the vast majority of publications, “long-term
stability” has usually been reported for 3–4 months, and no further publications have
followed. These facts have also shown that there is no universal technology or
technological decisions for simultaneous improvement of all sensor characteristics.
Therefore, the surface and bulk modiﬁcations of microstructure of the SE in any
particular case can change the metrological characteristics of the YSZ-based gas
sensor. This fact has been proven by various publications, where the same material
of the SE has been sintered at the different conditions, and subsequently, such
characteristics of the gas sensor as sensitivity and response/recovery time at the
same temperature differ signiﬁcantly from one publication to another. The efﬁciency
of such modiﬁcations can be determined by changing the value for α0β02 in nonequilibrium conditions from its equilibrium condition α0*β0*2. In case of α0β02 =
α0*β0*2, the surface modiﬁcations cannot change the permeability of the “thick”
electrodes because the value of α0*β0*2 = αδ*βδ*2 exp (–2ωδ) can only be determined
by the concentration of the measuring gas within the SE and does not connect to
the state of the interphase boundaries.
When the superpermeability of the measuring gas through the material of the SE
takes place, the big value of W ≤ 0.1 ÷ 1 can be achieved by different ways, including
realization of “diffuse” rate in the SE if the conditions D (N, x, T) H–1δ(α0β02 )–1/2 ~
NA–1/2 (mkBT)–1/2 (PiSE)1/2 are fulﬁlled. In this situation, the establishment of the time
for gas ﬂow diffusing through the SE can differ signiﬁcantly from the typical time
for the diffusion processes value δ2/(6D (N, x, T)).
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FIGURE 2.15 SEM image of cross-sectional view of the YSZ-based non-Nernstian potentiometric NO2 sensor with the nanostructured NiO-SE. (Reprinted from Zhuiykov, S., Mathematical modelling of YSZ-based potentiometric gas sensors with oxide sensing electrodes
part II: Complete and numerical models for analysis of sensor characteristics, Sensors and
Actuators B, Chem. (in press), with permission from Elsevier Science.)

2.5 IDENTIFICATION PARAMETERS OF
MATHEMATICAL MODELS
Although it is essential to validate mathematical models of gas sensors, this process
is an extremely challenging one. High temperatures coupled with small size make
it difﬁcult to probe and measure parameters of interest even in a single test chamber.
Many researchers validate models with single electrochemical performance data,
which are usually the polarization curves (current versus voltage). This is a good
practice. However, it must be done with care of other parameters which cannot be
validated. The problem with this approach is that several combinations of parameters
can yield similar results. Models often have some signiﬁcant simpliﬁcations, and it
is possible that different effects cancel each other out. More importantly, caution
must be taken when a model is validated with a polarization curve because it is very
easy to adjust parameters within the model so that the model matches the data.
Another approach to identiﬁcation parameters of the presented model is based
on validation of the coefﬁcient of diffusion D (x). Both external and internal factors
can inﬂuence this coefﬁcient substantially. Therefore, its precise mathematical
description cannot be obtained on the basis of a priori data, but only by using the
special mathematic methods of data processing of the conditions of measurement u
(t, z) at a set temperature. These data can be determined by the limited number of
measurements in points xj, j = 1, … , M of the spatial region [0, xu] and temporal
region [0, T]; (xj ∈[0, xk]), (t ∈[0, T]), j = 1, … , M, where M is the total number
of measurement points. By taking these features into account, the equation for
measurement can be presented in the following form:
z (t) = H (t) uM (t),

(2.52)
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where z (t) = [z1 (x1, t), z2 (x2, t), …, zm (xm, t)]T is the M-measured vector of
measurement, uM (t) = [u (x1, t), u (x2, t), …, u (xm, t)]T is the M-measured vector
of conditions in the points of measurement, and H (t) = diag [H (x1, t), H (x2, t), …,
H (xm, t)] is the diagonal matrix scaled (M × M), characterizing the mode of
measurement. Suppose that the solution of Equations (2.30)–(2.37) exists and it is
the sole one. Then the identiﬁcation of the coefﬁcient of diffusion D (x) can be
formulated in the following way.
It is necessary to calculate the real coefﬁcient of diffusion D (x) of Equations
(2.30)–(2.37) on the basis of the discrete data in the space of measurement zj (x) (j
= 1, …, M), which causes the minimum to the quadratic function:
xk

J=

T
2

∫ ∫ ⎡⎣u (t, x) − z (t, x)⎤⎦ dx dt → min
j

0

(2.53)

0

considering the restrictions Dl ≤ D ≤ Dh , where Dl and Dh are the lowest and the
highest limits of measurement of the coefﬁcient of diffusion, respectively.
The formulated task is related to the class of problems on conditional extremes
with due regard for Equations (2.30)–(2.37) as restrictions. It is necessary to import
the Lagrange function L(D) for criterion (2.52) and Equation (2.30) in order to
transfer the formulated task to the task solution on unconditional extreme [64]:
xk

L ( D) =

∫∫
0

xk

T
2

⎡⎣u (t , x ) − z j (t , x )⎤⎦ dx dt +

∫ ∫ p (t , x )
0

0

T

0

(2.54)

⎫⎪
⎪⎧ ∂u (t , x ) ∂ ∂u (t , x )
∂u (t , x )
− D
+υ
− F (t , x )⎬ dx dt ,
⎨
⎪⎭
∂x
⎪⎩ ∂t
∂t
∂t
where F (t, x) is the function determining the inﬂuence of external environment on
the diffusion and thermo-mass-transfer processes, and p (t, x) is the Lagrange
function–multiplier determining the solution of the following differential equation
[64]:
−

∂p (t , x )
∂p (t , x ) ∂
∂p
− D ( x) − υ
=
∂x
∂x
∂t
∂x
M

∑

= −2

j =1

xj
Ωj

⎧⎪
1
⎨
⎪⎩ Ω j

xk

∫
0

⎫⎪
⎡⎣u (t , x ) − z j (t , x )⎤⎦dz ⎬ ;
⎪⎭

∂p (t , x )
= 0 on ( 0, xk )( 0, T ) ;
∂x

(2.55)

p (T , x ) = 0 on ( 0, xk ) ,

where xj is the characteristic value of the spatial subregion Ωj , where the measurement is carried out.
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For determination of the coefﬁcient of diffusion D and minimizing the criterion
(2.52), it is essential to calculate the derivative of this criterion by the variable value
D:
dL ( D )
=
dD

xk

⎡ T ∂u t , x
( ) p t , x dt ⎤⎥ dx +
⎢
( )
∂t
⎢⎣
⎥⎦
0

∫ ∫
0

xk

T

0

0

∫ ∫ ∂∂x D ( x)

∂p (t , x )
dt dx,
∂x

(2.56)

where u (t, x) is calculated from the solution of Equations (2.30)–(2.37), but p (t, x)
from the conjugate system (2.55).
The correlation obtained for derivative dL(D) / dD can be used as an essential
condition for minimization of the criterion (2.53) and, consequently, (2.54) by the
coefﬁcient of diffusion D employing one of the gradient methods.
Therefore, the algorithm for calculating the coefﬁcient of diffusion D can be
presented as follows:
1. The initial value of the coefﬁcient of diffusion Dn (x) is introduced as a
function of the spatial coordinate x on the n step of the calculating
procedure.
2. The differential Equation (2.30) works out on temporal t[0, T] and spatial
x [0, xk] coordinates. Determination of u (t, x) should be done when the
solution of Equation (2.30) is found.
3. The conjugate system (2.55) is resolved on temporal t[0, T] and spatial x
[0, xk] coordinates. Determination of p (t, x).
4. The value of dL (D)/dD should be calculated by using Equation (2.56).
5. A more accurate value of the coefﬁcient of diffusion should be calculated
by using the following gradient procedure:

D n+1 ( x ) = D n ( x ) − ι

dL ( D )
,
dD

where ι is the positive increment step.
6. The values of both functions J(Dn) and J(Dn+1) are determined on the basis
of correlation (2.53). If J(Dn) > J(Dn+1), then the value of ι should be
increased on the multiplier κ1 ≥ 1, the value of J(Dn+1) then can be used
as the previous value, and the return to item 5 should be made.
7. Items 5 and 6 should be repeated until J(Dn+1) ≥ J(Dn). If this correlation
is fulﬁlled, then the following condition should be checked:
|J(D n+1) – J(D n) | ≤ ε,
where ε is some set error of calculation (ε > 0).

(2.57)
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If condition (2.57) cannot be fulﬁlled, then the value of ι should be decreased
by multiplication on the multiplier κ2 < 1, and the return to item 5 should be made.
In contrast, if condition (2.57) is fulﬁlled, then the calculation is completed.

2.6 VERIFICATION ADEQUACY OF MATHEMATICAL
MODELS TO REAL GAS SENSORS
The comprehensive analysis of physical, chemical, and electrochemical processes
occurring in the solid electrolyte gas sensors, allows verifying the adequacy of
mathematical models to the real gas sensors. Processing the results of multiple
experimental measurements of the gas sensors consists in elucidation of the type of
experimental data distribution, evaluation of the parameters of the established distribution, and veriﬁcation of the adequacy of the mathematical model to the real
sensor.
Figure 2.16 illustrates the scheme of the algorithm of processing the results of
multiple measurements. The arithmetical mean of the raw observations R = Ň[R]
n

=

∑ Ri / n can be used as an estimation of the mathematical expectation of precise
i =1

measurements. Then the incidental errors at the ith observation can be deﬁned as
υ′i = Ri – R .
The dispersion of deviation of the observation result Ď[R] = ǧ2 (Ri ) =
n

=

∑ V 2 / (n − 1) can then be used as an estimation of the dispersion.
i

i =1

Both mathematical expectation and the dispersion of incidental value are characterized by the most important distribution features — its posture and the order of
incoherence. The dissipation interval of the incidental value around its mathematical
expectation characterizes the average quadratic divergence ǧ(Ri). The Bessel function for the estimation of average quadratic error of the observation result can be
represented as follows:
n

g ( Ri ) =

∑ (Vi2 / (n − 1)) .
i =1

The moments of the highest orders [65] are used for more descriptive characterization of distribution. The asymmetry coefﬁcient γ1 = µ3σ3, where µ3 is the central
N

moment of the third order and µ3 = (1/N)

∑ (Ri − R)

3

is used for characterization

i =1

of the symmetry or asymmetry of the extract volume N.
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FIGURE 2.16 Scheme of the algorithm of processing the results of multiple measurements.
(From Zhuiykov, S., Mathematical model of electrochemical gas sensors with distributed
temporal and spatial parameters and its transformation to models of the real YSZ-based
sensors, Ionics 12 (2006) 135–148. With kind permission of Springer Science and Business
Media.)

The excess γ2 = µ4σ4 – 3, where µ4 is the central moment of the fourth order
N

and µ4 = (1/N)

∑ (Ri − R)

4

is used for characterization of the steepness of distri-

i =1

bution for the extract volume N.
The normal type of distribution, among all other distributions used in practice,
has taken a special place because owing to the limiting theorem, the vast majority
of distributions asymptotically approaches the normal distribution with the growth
of the extract volume [65]. The asymmetry coefﬁcient γ1 and excess γ2 are compared
with the dispersions of these parameters D(γ1) and D(γ2) for veriﬁcation of the
correspondence of the distribution character of the incidental values Ri to the normal
distribution. The dispersion functions can be expressed as follows:

D ( γ1 ) =

6 ( N − 1)
24 ( N − 2 ) ( N − 3)
; D ( γ2 ) =
.
2
( N + 1) ( N − 3)
( N + 1) ( N + 3) ( N + 5)

In accordance with consent criterion, the asymmetry coefﬁcient γ1 and excess γ2
must comply with the following inequalities:
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(2.58)

Veriﬁcation of the results, obtained by the criteria given above for the solid electrolyte gas sensors, shows that the extract with volume N = 20 complies with the
criterion (2.58). This allows making a conclusion that the results obtained correspond
to the normal distribution.
The faithful interval εp, in which the true value Rtrue can be found with the faithful
probability p, is determined by the following equation εp = ± tp σ ( R ), where σ ( R )
is the average quadratic deviation, σ ( R ) = (σ (Ri)) / N , and tp is deﬁned by the
type of distribution. For the normal distribution and the extract number N ≤ 20, the
faithful interval can be calculated by the Student’s equation εp = ± tp,N σ ( R ), where
tp,N is the coefﬁcient of Student’s distribution.
At p = 0.995 and N = 20, tp,N = ± 3.15 [66]. Consequently, the true value of the
measuring parameter for the solid electrolyte gas sensor with the faithful probability
p = 0.995 is located within the faithful interval εp max = ± 5.1 × 10–3 V by relation
to the mathematical expectation E = ± 1.3 %.
During veriﬁcation of adequacy of the mathematical models and the real gas
sensors, statistical approaches have usually been employed, since both input and
output parameters of the sensors in some respect are incidental quantities. Sometimes
in practical engineering tasks, the average or maximum deviation of some characteristics, calculated by the model from the corresponding experimental values, can
be used as an adequacy criterion. However, such a criterion is implemented at the
practical measurement of partial gas pressures in different environments, assuming
that both informative and noninformative parameters of the sensor are constant and
strictly follow the scope and conditions of the laboratory experiments. This is not
always the case. Furthermore, the allowed deviation between calculated and measured characteristics (10–15%) is subjective estimation.
Statistical criteria are more correct for veriﬁcation of the adequacy of the model
[67]. First of all, as for the question about equality, the average values of A1 and A 2
(index 1 corresponds to the model, and index 2 to the experimental data) should be
considered during the veriﬁcation of data. It is possible to compare the average
values of dispersions S12 and S22 only at the uniformity of complex results.
Then the average values can be evaluated by the Fisher criterion [68]. If tcalul ≤
ttable, both A1 and A 2 have very similar values. They are within the limits of the
experimental error. A1 and A 2 are the average values of the output emf of the sensor
calculated by the presented model and measured during experiment, respectively.
The uniformity check of two results can be done by characterizing the dissipation
level of the output value from its mathematical expectation. If both dispersions S12
and S22 are homogeneous and Fcalc. ≤ Ftable for the set value of signiﬁcance, then the
proposed mathematical model is adequate to the real sensor. Comparison by using
the above criterion is especially effective if the results of measurement are corresponded to the normal Gauss distribution.
The following equation shows calculation of the Fisher criterion:

47612_C002.fm Page 86 Friday, June 22, 2007 12:47 PM

86

Electrochemistry of Zirconia Gas Sensors

⎛
n +n
t calul. = ( A1 − A2 ) / ⎜⎜ S1,2 1 2
n1n2
⎝

⎞
⎟⎟ .
⎠

(2.59)

An average standard deviation can be expressed as follows:
⎛⎛ n2
S1,2 = ⎜⎜
A1,2k −
⎜⎜
⎝⎝ k =1

∑

nl

∑
l =1

1/ 2

⎞
(n1 + n2 − 2)⎟⎟
⎠

⎞
A ⎟
⎟
⎠
2
1,l

,

(2.60)

where n1 is the extract volume for the model, and n2 is the number of parallel
experiments. Then, using the t-distribution table and the order of freedom for combined extract (n1 + n2 – 2) and for selected signiﬁcance level q (usually 0.005), the
calculated and measured values of the criterion compared to each other. If tcalul <
ttable, then it can be stated that the hypothesis about equality of the average values
with deﬁnite probability of error was not rejected [68].
Based on the Fisher criterion, the hypothesis that the mathematical model is
adequate to the real process makes sense only if the residual dispersion Sres2 of the
output emf A1 , calculated by model in relation to the experimental data A 2 , is not
superior to the error of experiment, determined by the reproduction of dispersion S02.
The residual dispersion Sres2 is calculated as follows:
n
2
res

S

= (1 f1 )

∑( A − A )
2

1

2

,

(2.61)

n=1

where f1 = m – 1 is the number of orders of freedom, m is the quantity of parallel
experiments, n2 is the extract volume, and
n1

(

A2 = 1 n 2

)∑ A

(2.62)

2k

k =1

is the average emf value by the results of the parallel experiment within one group.
The reproduction dispersion S02 is calculated from equation
m

S02 = (1 m )

n2

∑(1 f2 )∑( A2i − A2 )
n=1

2

,

(2.63)

i =1

where f2 = n2 – 1. Hypothesis of the adequacy of the mathematical model is not
rejected if the following inequality is fulﬁlled:
F = (Sres2/ S02) < Ftable (f1, f2),
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where Ftable is the value of the Fisher criterion, which can be found in the Fisher
distribution table for the selected signiﬁcance level and set f1 and f2. If (Sres2/S02) <
1, then the mathematical model is adequate with a signiﬁcance level of q = 0.01.
As an example, the veriﬁcation of adequacy of the mathematical model of the
YSZ-based sensor, by using the statistical Fisher criterion, is shown that the hypothesis about the adequacy of the presented model to the real YSZ-based sensor with
the NiO-SE sintered at 1300°C for measurement 200 ppm NO2 at T = 800ºC is not
rejected by the uniformity of dispersions with a signiﬁcance level of q = 0.05.

2.7 NOMENCLATURE
R
P
NA
D
E
Q*
e
me
m
F
µ
Q
kB
ω
υ
α
θ
x
T
d
N
Neql
ΔG
r
s
ζ
z’
p
C
C’
CD
CS
j
β

universal gas constant (8.3143 J/mol K)
partial gas pressure (Pa)
Avogadro number (6.02 · 1023 1/mol)
diffusivity of gaseous component i in electrode (m2/s)
sensor output emf (mV)
heat of gas transfer (kJ/mol)
charge of electron (1.6 · 10–19 Kl)
mass of electron (9.1 · 10–31 kg)
mass of the gas molecule (kg)
Faraday’s constant (96487 C/mol)
chemical potential of dissolved gas
activation energy of the adsorbed gas
Boltzmann constant (1.38 · 10–23 J/K)
probability of adsorption
probability of desorption
kinetic coefﬁcient
gas mixture ﬂow within the porous electrode
spatial coordinate in electrode cross-section direction
temperature
force of convective diffusion
concentration of atoms (molecules) of gas (ppm)
concentration of oxygen atoms on the YSZ-SE boundary at the equilibrium stage
standard Gibbs energy of formation of MeO
radius of oxygen atom (6.6 · 10–5 µm)
average grain size
width of the grain boundary
number of conductivity electrons
porosity of SE
capacity of the double electrical layer
capacity of the dense Helmholtz layer
capacity of the diffusive layer
capacity of the surface layer
density of the standard exchange current
transfer coefﬁcient
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η
ϕ
ψ(x, T)
σ*
Ω
τ
k1, k2
U0
ϕ0
S
l, n
I
q
Rt
RSE
Rpol
t
ˇ
D[R]
ˇ i)
g(R
γ1
N
D
εp
σ( R )
E
A
S2
γ1
H2O
02
NOx
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overstrain of the electrode
potential of the electrode
function of coordinate x and temperature T
integral cross-section of the dissipation of the conductivity electron on
the diffusive ion
subregion
minimum time for the gaseous component to be at the adsorption state
constants of speed for the direct and reverse reactions, respectively
jump of potential between SE and YSZ
the standard electrode potential
an effective square of adsorbed oxygen molecules
coefﬁcients
current
signiﬁcance level
transference resistance
resistance of solid electrolyte
polarization resistance at the electrochemical overstrain
time (s)
dispersion of deviation
the average quadratic divergence
asymmetry coefﬁcient
extract volume
dispersion
faithful interval
average quadratic deviation
mathematical expectation
average value
average value of dispersion
excess
water
oxygen
nitrogen oxides

2.7.1 SUBSCRIPTS
f
eql
pol
se
re
0
res
diag
p

physically adsorbed
equilibrium
polarization
sensing electrode
reference electrode
initial value
residual
diagonal
faithful probability
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Metrological
Characteristics of NonNernstian Zirconia Gas
Sensors

3.1 NON-NERNSTIAN ZIRCONIA GAS SENSORS
3.1.1 MIXED-POTENTIAL NOX SENSORS
So far, the zirconia-based gas sensors have been developed using trial-and-error
techniques rather than following an insightful scientific approach. Many of the
existing technologies utilize complex mixtures of several different materials, yet the
functionality of each component is not known or well understood. Moreover, the
degradation mechanisms leading to the aging behavior of zirconia sensors, which
was explained in Chapter 1, are not fully understood in most cases. Fundamental
knowledge and understanding of the sensing mechanisms are imperative for further
development of existing and new composite materials for the SE and RE. There are
several factors that determine the feasibility of a sensor technology, such as the
magnitude of sensitivity to the measured gas concentration, the response rate, and
the cost of the final product. A fundamental understanding of the characteristics of
the materials is also important in selecting the appropriate combination of sensing
elements to achieve selectivity in complex sensor array structures. Therefore, essential sensor performance parameters (e.g., stability, sensitivity, and selectivity) need
to be improved, even in commercially available products. These parameters depend
largely on the physical and chemical characteristics of the materials used to build
the sensing devices. The specifications for sensing systems are also becoming more
demanding (e.g., operation of sensors at higher temperatures or harsh environments,
or lower detection thresholds for measuring pollutants).
Some of the most dangerous air pollutants, nitrogen monoxide (NO) and nitrogen
dioxide (NO2) (collectively referred to as NOx), have been of great concern in past
years owing to their adverse health effects and their abundance in the vicinity of
roads, in particular in high-density urban areas. Many toxicological and epidemiological studies established adverse health effects by NOx. Therefore, great efforts
have been taken to reduce the emissions, and the regulations since the start of the
new millennium have become stricter. For example, in the United States, the EPA
on December 21, 2000, signed emission standards for model year 2007 and later
heavy-duty highway engines. The first component of the regulation introduces new,
very stringent NOx emission standards: 0.20 g/bhp-hr for all vehicles in use. The
93
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TABLE 3.1
EU Emission Standards for HD Diesel
Engines
Phase of Standard
1
2
3

Euro III
Euro IV
Euro V

Year

NOx, (g/kWh)

2000
2005
2008

5.0
3.5
2.0

Source: Data from Miura, N., Nakatou, M., and
Zhuiykov, S., 2003.

NOx and NMHC standards will be phased in for diesel engines between 2007 and
2010. In Japan, diesel emission standards require that in-use, on-road, light commercial vehicles in the specified categories should meet NOx emissions of 0.25 g/km
starting from the end of 2005 and achieve full implementation by 2011. Also, Table
3.1 illustrates some European limits for NOx emissions applied for on-road engines.
All limits are defined in mass per energy (g/kWh) over a defined test cycle. However,
it has already been proved that off-road engines contribute about half of NOx
emissions from combustion engines [1]. The main emitters are construction engines
and engines used in agriculture and forestry. As a lifetime of these off-road engines
is longer than that of on-road engines, the NOx reduction takes more time to become
effective. Consequently, the contribution of these engines to the total NOx emissions
will relatively increase in the future. More information on NOx limits and the
corresponding test cycles in a number of countries can be found at http://www.dieselnet.com/standards.html.
Optimization of the engine combustion process has already lowered NOx emissions significantly [2]. Specifically, an ultra-lean-burn (or direct-injection-type)
engine system has been developed within the last few years to improve fuel efficiency, to reduce NOx and CO2 emissions from the engine during the lean cycle,
and to release oxygen while oxidizing the hydrocarbons (HCs) during the rich cycle.
In this new engine system, as shown in Figure 3.1, a newly developed NOx-storage
catalyst must be used in order to compensate for the low NOx-removal ability of the
conventional three-way catalyst under the lean-burn (air-rich) conditions [3]. This
new engine system requires reliable high-performance NOx sensors to be installed
at the points before and after the NOx-storage catalyst in order to improve its
efficiency. Furthermore, the need for novel sensor materials and processes for reliable
device operation in hostile environments is now greater than ever. The positions of
different sensors in new engine systems are shown in Figure 3.2. These sensors
should be able to work in the temperature range of 600–750°C for several years,
ideally up to 10 years (100,000 miles), without replacement [4]. Practical implementation of these new engine systems in the future, on one hand, and strict government legislations in most of the developed countries, on the other hand, are
becoming driving forces for developing NOx sensors that work in exhaust environments. Moreover, the use of a selective catalyst reduction system for NOx mitigation
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catalyst
Three way
catalyst

Oxidation catalyst
Oxygen sensor

Direct-injection
type engine
A/F sensor

NOx sensor
NOx sensor

FIGURE 3.1 Catalytic converter system equipped with NOx sensors for the exhaust gas
emitted from a new-type car engine. (Reprinted from Miura, N., Nakatou M., and Zhuiykov,
S., Impedancemetric gas sensor based on zirconia solid electrolyte and oxide sensing electrode
for detecting total NOx at high temperature, Sens. Actuators B, Chem. 93 (2003) 221–228,
with permission from Elsevier Science.)

EGR
Exhaust Gas
Recirculation

Temperature Sensor
LSF
Lambda
Sensor
(NOx
Sensor)

(optional)

LSF Lambda
Sensor
Precatalyst
heated

Secondary
Air Valve

LSU Wide Band
Lambda Sensor

FIGURE 3.2 New advanced engine system and positions of different sensors. (Reprinted
from Zhuiykov, S. and Miura, N., Development of zirconia-based potentiometric NOx sensors
for automotive and energy industries in the early 21st century: What are the prospects for
sensors? Sens. Actuators B, Chem. 121 (2007) 639–651, with permission from Elsevier
Science.)

in diesel engines has made the need for NOx sensors for combustion environments
more urgent.
One of the successfully commercialized sensors in the last century was the
zirconia-based potentiometric oxygen sensor (λ-sensor), which has greatly improved
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FIGURE 3.3 Demands of the automotive industry for exhaust gas sensors.

energy efficiency and reduced pollutions from vehicles [5]. Since its success in 1976,
the number of oxygen sensors in vehicles has continuously increased and their
worldwide production level has reached several hundred million parts over the last
thirty years. Although λ-sensors are still dominating the applications of the zirconiabased gas sensors in the world, new and improved NOx sensors are required in the
twenty-first century to meet more stringent efficiency and pollution standards that
will be inevitably mandated by various government agencies.
The development of new NOx sensors has been driven by the strong demand of
the automotive and combustion industries worldwide. Figure 3.3 shows market trends
of the automotive exhaust gas sensors since 2003. The worldwide production of
vehicles will presumably reach saturation by 2010 [5, 8], in contrast, the automotive
exhaust gas sensors market is still predicted to grow to over 100 million sensors per
year in the next few years. Furthermore, approximately one half of all NOx emissions
into the environment are currently due to power plants and industrial boilers [6].
Although it has been more than two decades since the commercial use of λ-sensors
began, the deployment of NOx electrochemical sensors in combustion control has
been lacking. The requirements for NOx sensors to be used in a commercial combustion application are summarized in [7, 8], and they are as follows:
1. To enable a fast response, the sensor should be placed close to the combustion zone, and it must withstand high temperatures (600–900°C) for
a long time.
2. The sensor output signal should be insensitive to the moisture content.
3. The sensor should provide stable signals even in the absence of oxygen.
4. The sensor needs to be inexpensive.
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Unfortunately, the use of sensors in the energy and automotive industries has
been driven more by emissions legislation than by improvements in combustion
efficiency. Therefore, careful control and accurate measurement of NOx emissions
by the zirconia-based sensors have received substantial scientific interest [2, 9].
Much of this work has centered on the development of a non-Nernstian type of
sensor that can measure NOx using cheaper technologies and materials than those
currently being employed. Since the publication of reviews in relation to NOx sensors
for exhaust gases [9–11] at the beginning of the new millennium, the drive to improve
NOx sensors has already resulted in a number of highly successful sensors [2, 11–76].
Therefore, these types of solid-electrolyte sensors have great promise for in-situ
monitoring of gaseous pollutants in high-temperature combustion exhausts and in
other environments.
3.1.1.1 Description of Nernstian Behavior
The traditional potentiometric zirconia-based sensors widely used for automotive
industry and for combustion monitoring are composed of yttria or scandia [41, 42],
stabilized zirconia, and porous Pt electrodes. It has been proven that, for most
automotive and combustion environments, this combination of materials is reliable,
is robust, and provides accurate measurement without recalibration and refurbishment. The shape of the zirconia electrolyte in the sensor is usually designed to
separate measuring and reference gases with different oxygen partial pressures. At
a sufficiently high temperature, the gaseous oxygen, the mobile oxygen ions in the
zirconia, and the electrons of the electrodes are in thermodynamic equilibrium. At
each electrode, the following equilibrium takes place:
O2 (gas) + VÖ + 4e– ↔ 2O2–,

(3.1)

where VÖ represents a positively charged (+2) oxygen vacancy, given that it represents a site in the lattice in which the normal net charge of 2– is missing [67].
Electronic charge transfer occurs between Pt electrodes and the zirconia electrolyte
as oxygen is incorporated or removed from the zirconia lattice. Moreover, the
electrochemical potential of the oxygen ions has to be constant throughout whole
zirconia, and especially at the TPB with both electrodes. The zirconia-based electrochemical cell, therefore, can be shown as follows:
O2 (PO2 (gas)), Pt | Zirconia (mobile ions O2–) | Pt, O2 (PO2 (reference)). (3.2)
If the SE and RE of the zirconia-based sensor are exposed to different oxygen partial
pressures, PO2 (gas) and PO2 (reference), this induces different chemical potentials
of oxygen ions in zirconia at the interfaces with gas phases. In order that the
electrochemical potential remains constant, the electrical potential has to be different.
Therefore, the output emf of the electrochemical cell (3.2), represented as a difference
between potentials on the RE and SE, obeys the well-known Nernst’s law:
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E = ti ⋅

PO2 ( gas )
RT
,
⋅ ln
PO2 ( reference )
2 nF

(3.3)

where ti is an average ionic transference number, R the universal gas constant, F
Faraday’s constant, n the valence of the measuring gas, T the absolute temperature
in Kelvin, and PO2 (gas) and PO2 (reference) the oxygen partial pressures at the SE
and RE, respectively. Based on knowledge of PO2 (reference) and the measurement
of the output E, it is possible to determine the unknown partial pressure PO2 (gas)
on the measuring side.
This equation contains only thermodynamic quantities and does not require any
information about the microstructure of the system. Hence, aging effects on the
microstructure of typical YSZ/Pt electrodes do not influence the sensor signals, and
current λ-sensors have lifetimes of more than 100,000 miles (10 years) [51].
It is noteworthy that the surface chemistry of zirconia sensors under practical
operating conditions is much more complicated than expected from the oxygen
partial pressures in a simple Equation (3.3). This equation implies that only oxygen
is involved in the potential forming electrode reaction, whereas in reality, a series
of electrode reactions occurs together with Equation (3.1) on the SE [8]:
2NO + 2O2– → 2NO2 + 4e–,

(3.4)

CO + O2– → CO2 + 2e–,

(3.5)

CH4 + 6O2– → CO2 + 2H2O + 12e–,

(3.6)

H2 + O2– → H2O + 2e–,

(3.7)

C3H8 + 10O2– → 3CO2 + 4H2O + 20e–.

(3.8)

These reactions determine the apparent potential of the zirconia-based sensor. Since
the raw exhaust gas at automotive and combustion applications constitutes a nonequilibrium gas mixture, thermodynamic equilibrium has to be achieved at the SE
surface of the zirconia-based sensor before monitoring the potential. Consequently,
such sensors contain catalytically active materials and are operated at temperatures
above 600°C, when the average ionic transference number ti ≥ 0.99. For less active
materials or temperatures below 600°C the apparent emf starts to deviate significantly
from the value under equilibrium conditions due to insufficient catalytic activity.
Earlier research of the YSZ-based sensors was focused on the electrode materials
with high exchange currents and high catalytic activity for the desired electrode
reactions. Pt electrodes were found to be the most suitable for this type of application.
3.1.1.2 Mixed-Potential Gas Sensors
When the zirconia sensor with dissimilar electrodes is exposed to the combustion
exhaust, the presence of at least two independent nonequilibrium gases of different
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natures are able to induce the competitive oxidation and reduction reactions at the
same electrode without charge exchange between electroactive chemical species.
Under such circumstances, the output emf of the zirconia sensor departs from the
theoretical performance resulting in a non-Nernstian potential. The SE potential
value establishes between the Nernstian potentials of the two individual processes
because the SE potential can have only one value. The system, consequently, moves
to reach a saturation in which the potentials of the two electrochemical reactions
are the same [23]. This value is called mixed potential, and it depends on the current
density of two processes in the open circuit conditions [52, 53].
The mixed potential developed is a function of various electrode parameters
including, morphology, adsorption, catalytic, and electrocatalytic properties [54]. To
get a measurable potential difference between two electrodes, there must be asymmetry between them. Therefore, in most of the mixed-potential sensors the RE is
usually Pt and the SE is oxide and/or an oxide mixture [13]. As a result, depending
on the nature of the SE, it is possible that both reducible and oxidizable gases can
be analyzed by the single sensor having a simple design.
An example would be the case of the oxide-SE on a zirconia sensor exposed
to an atmosphere containing oxygen and a NO + NO2 mixture at high temperatures.
The oxidation of NO to NO2 takes place depending on oxygen partial pressure at
temperatures lower than 600°C. The equilibrium shifts with decreasing temperature and rising PO2 in the sample gas toward the side of NO2. The oxidation of
NO is a suitable reaction for mixed-potential electrodes on zirconia because
oxygen is involved, and the reaction takes place in a temperature range in which
the thermodynamic equilibrium is not established [77]. It is clear that under such
circumstances, a change in the concentration of one of the gases contributing to
the current balance will alter the potential of null current flow to a different degree
on different electrocatalytic surfaces. Thus, the measuring potential should be very
strongly influenced by the temperature and the NO concentration. In the sample
gas is not playing a decisive role since oxygen reaction is slow at temperatures
lower than 600°C. Consequently, the two following competitive reactions take
place on the SE [77]:
1 / 2O2 + Vad → Oad
Oad + Vad + 2 e– ( Me) → O0x + Vad ,
1 / 2O2 ( g ) + V0′′ + 2 e– ( Me) → O0x

(3.9)

for the oxygen reaction, and
NO + Oad ↔ NO2 + Vad .
for the NO oxidation with adsorbed oxygen, and

(3.10)
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NO( g ) + Vad → NOad
NOad + O0x → NO2,ad + V0′′+ 2 e–

.

(3.11)

NO2,ad ↔ NO2 ( g ) + Vad
NO( g ) + O0x → NO2 ( g ) + V0′′+ 2 e–
for the NO oxidation with oxygen from the zirconia. The fastest reaction has the
strongest influence on establishing the mixed potential. In fact, the mixed-potential
NOx sensors can be represented as single-chamber gas sensors [28, 31, 57] or twochamber gas sensors [2, 12, 14, 17, 23]. For the single-chamber sensors, both the
SE and RE are exposed to the same gas mixture, and for the two-chamber sensors,
the SE is exposed to the measuring gas and the RE is exposed to the reference gas
with a fixed O2 concentration. Air has been used as a reference gas for the most of
the two-chamber NOx sensors. Characteristically, the direction of the emf response
was positive and negative to NO2 and NO, respectively, as was seen in the previous
publications [2, 55, 56]. Figure 3.4 shows typical dependence of emf on the logarithm
of NO and NO2 concentration for the YSZ-based sensor using the NiCr2O4-SE [17].
The vast majority of researchers investigating mixed-potential-type zirconiabased sensors in recent years discovered that the sensing properties of these devices
120
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FIGURE 3.4 Typical dependence of emf on the logarithm of NO and NO2 concentration for
the YSZ-based sensor using a NiCr2O4-SE. (Reprinted from Zhuiykov, S. et al., Potentiometric
NOx sensor based on the stabilised zirconia and NiCr2O4 sensing electrode operating at high
temperatures, Electrochem. Comm. 3 (2001) 97–101, with permission from Elsevier Science.)
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can be improved substantially by replacing the Pt-SE with a suitable semiconductor
oxide electrode. Electron-conducting metal oxides offer many possibilities in the
design of mixed-potential sensors [52]. As far as practical implications are concerned, this replacement is in favor of the cheaper oxide-SE. In relation to the NOx
mixed-potential sensors, single and spinel oxides can adopt relatively high operating
temperatures and, therefore, could be incorporated into practical sensors capable of
detecting NOx in vehicle exhausts and in combustion applications. Our search for
oxide electrode materials since the new millennium revealed that among 12 spineltype oxides derived from trivalent transition metals (Co, Fe, Mn, and Cr) and divalent
transition metals (Cu, Zn, and Cd) tested as SE materials, ZnO and zinc-family
oxide-SE (ZnCr2O4 and ZnFe2O4) provided the largest emf response to both NO and
NO2 in the temperature range of 550–700ºC [2, 13, 15, 20, 23]. Independently,
several research groups found that some of the oxides, such as Cr2O3 [12, 24, 35,
50, 59, 70, 75, 76], WO3 [39, 45, 71], LaFeO3 [32, 45], as well as mixed oxides
(CuO+CuCr2O4 [42] and ITO [41]), could provide promising NOx-sensing characteristics in the same temperature range, if the sintering conditions of the SE were
appropriately selected. This suggested the importance of a further search of both
modified sintering conditions and electrode materials capable of working at temperatures as high as 700–900°C. The temperature of engines can occasionally reach
about 900ºC during vehicles’ acceleration. Therefore, it is vital to have an SE
material which can withstand such high temperatures for a long time. Recently, we
found that the NiO-SE was capable of working at temperatures up to 900ºC [19, 31,
57, 60–62, 68, 76]. Figure 3.5 illustrates that among many investigated single-metal
oxides, NiO provides the highest NO2 sensitivity at 850°C [60]. Furthermore, we
also found that the NiO-SE is relatively stable and gives the highest sensitivity to
NOx in a temperature range of 700–900°C among all the oxides tested and reported
so far [19, 31, 60]. Table 3.2 summarizes the sensing characteristics to NOx for the
mixed-potential zirconia-based sensors using the nonmetal SE reported by different
authors to date.
3.1.1.3 Concepts of the Total-NOx Sensor Based on Mixed
Potential
Based on information about various oxides used for the SE in NOx sensors given
above, the new concept of potentiometric measurement of total NOx regardless of
the NO2 (NO) ratio in the exhaust gases at high temperatures has been developed
recently [24, 34, 35]. In 1999, the ability to measure total NOx in exhaust gases by
a new zirconia-based laminated-type sensor was reported by Riken Corporation,
Japan [34]. Since then, this sensor structure has been modified, and the new totalNOx detection system is shown conceptually in Figure 3.6 [35]. The main functions
in this system are as follows:
1. High-temperature exhaust gas enters the first half cavity through the gas
inlet attached with a newly developed oxidation catalyst layer and an
electrode for oxidation of all HCs and CO in the nonequilibrium gas
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FIGURE 3.5 A histogram showing the sensing response (at 850°C) of various oxide-SEs to
400 ppm NO2. (Reprinted from Zhuiykov, S. and Miura, N., Development of zirconia-based
potentiometric NOx sensors for automotive and energy industries in early 21st century: What
are the prospects for sensors? Sens. Actuators B, Chem. 121 (2007) 639–651, with permission
from Elsevier Science.)

mixture by excess of oxygen pumping from atmospheric air. Oxygen
concentration can be monitored and controlled by an O2 sensor.
2. Gases (NO and NO2) in the nonequilibrium NOx mixture react in the first
half cavity, so that the equilibrium concentration of NO and NO2 can be
achieved under the fixed conditions of the sensor. Consequently, an almost
constant NO2-NO ratio exists thereafter independently of the fluctuating
exhaust conditions.
3. NO in the equilibrium NOx mixture at a constantly controlled high temperature diffuses toward the second half of the cavity, where it is oxidized
electrochemically to NO2 by the use of an NO conversion electrode (PtRh). Thus, almost pure NO2 can be obtained if the NOx conversion efficiency is high.
4. Finally, the NOx converted to NO2 can be measured by the mixed-potential-type NOx sensor using an oxide-sensing electrode.
From a practical point of view, the simple zirconia-based NOx sensor of the
mixed-potential type, comprising only a SE, a RE, and a zirconia electrolyte,
shows large outputs at low NOx concentrations. However, the sensor emf to NO2
and NO traditionally shows different directions and will compensate each other
in real vehicle exhausts [23]. Hence the simplest design of NOx sensors, compatible
with the design of λ-sensors, cannot be successfully employed for the total NOx
measurement either in vehicle exhausts or in combustion applications. It has to
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TABLE 3.2
Typical Examples of the SE Materials for Potentiometric Mixed-PotentialType NOx Sensors Reported by Different Authors
Materials of the
Oxide-Sensing
Electrode

NOx

Operating
Temp. °C

Measuring
Conc. ppm

Year(s) of
Publication

Reference
Number

WO3
WO3
NiCr2O4
ZnCr2O4
ZnFe2O4
ZnO
Cr2O3

500–700
450–700
550–650
550–650
550–700
550–700
500–600

5–200
20–1000
15–500
20–500
20–500
50–450
100–800

8, 52
39, 45
17, 56
2, 13, 21
13, 20, 23
15, 48
12, 50, 56, 75

Cr2O3+oxidation
catalyst
NiO

500–600

20–1000

2000
2004, 2005
2001–2004
2001–2005
2002–2005
2004, 2005
1996, 2003,
2004
2000–2006

700–900

50–400

2004–2006

450–700
450–700
600–700
613

20–1000
20–1000
20–1500
100–450

2001, 2004
2004
2005
2005

19, 31, 57, 60–63,
64, 68, 76
32, 45
45
29, 48
41

500
518–659

100–600
10–500

2004
2005

8
42

LaFeO3
La0.8Sr0.2FeO3
La0.85Sr0.15CrO3/Pt
Tin-doped indium
(ITO)
La0.6Sr0.4Fe0.8Co0.2O3
CuO + CuCr2O4

24, 34, 35, 59

Source: Data from Miura, N., Nakatou, M., and Zhuiykov, S., 2003.

Total—NOx sensor
Exhaust gases
NOx
NO
NO2

Inner cavity
Oxidation of
Conversion of
HC and CO
NO and NO2
HC→CO2,H2O
CO→CO2

NO→NO2
NO2

HC
CO
H2O CO2
Sensing NO2

FIGURE 3.6 Sensing system for the total-NOx detection. (Reprinted from Zhuiykov, S. and
Miura, N., Development of zirconia-based potentiometric NOx sensors for automotive and
energy industries in early 21st century: What are the prospects for sensors? Sens. Actuators
B, Chem. 121 (2007) 639–651, with permission from Elsevier Science.)
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be modified in order to address the requirements of the automotive and combustion
applications to NOx sensors. Therefore, the laminated structure of the total NOx
zirconia-based sensor, consisting of the oxidation-catalyst electrode and the space
for complete conversion from equilibrated NO to NO2, has been designed [24, 34,
35]. The design indeed provides a constant oxygen level at the RE by pumping
O2 from the outside atmosphere into the sensor structure. This sensor structure
also allowed solving another problem associated with nonequilibrium vehicle
exhausts—interference output emf by the presence of reducing gases. It has been
confirmed that the NOx-sensing cell based on mixed potentials is not interfered
with by H2O and CO2. Thus, all reducing gases can be converted to CO2 and H2O
by the oxidation catalyst.
3.1.1.4 Development of the NOx Sensor’s Design
One factor having a tremendous impact on the sensor’s characteristics is the processing route followed to prepare the material. Sensing devices often bulk structures.
The configuration that is most commonly employed involves either sintered powders
in the form of a dense pressed pellet or porous thick films deposited on a tube or a
planar substrate. Recently, there has been growing interest in thin-film-processing
routes (by means of sputtering techniques, physical vapor deposition, chemical vapor
deposition, metal-organic chemical vapor deposition, spin coating, etc.). There is no
doubt that planar, layered designs will impact sensor development. Different fabrication methods are known to result in a variety of microstructures and in varying
response characteristics for a particular sensor; there have been no systematic studies
to identify an optimal processing technique.
Success or failure of the accurate and reliable measurement of total NOx in
vehicle exhausts very much depends on the sensor design. The general trend toward
the planar structure of the sensor has been confirmed by different research groups
all around the world since the mixed-potential-type NOx sensor based on the stabilized zirconia and oxide-SE was proposed in 1996 [55, 56]. Different manufacturing
technologies have been employed for this process, but the trend still goes on. In
thin- and thick-film oxide deposition technology, the gas-sensing effect predominantly has the surface nature, because the change in concentration of conduction
electrons in metal oxides is a result of surface chemical reactions such as chemisorption, reduction/reoxidation, and/or catalysis taking place during interaction with
the surrounding gas. The results of experimental and theoretical studies demonstrate
that different surface sites participate in combustion, electrical response, interaction
with eater vapors, and adsorbed species. Different test gases interact differently to
the same degree with different surface sites as well [16]. Therefore, the surface and
bulk modifications of the oxide-SE of the zirconia-based NOx sensor have to be
optimized in the planar sensor structure to provide the maximum sensing outcome.
One of the examples of the planar sensor structure for the total NOx measurement
is presented in Figure 3.7. The sensor is fabricated by sintering YSZ green sheets
on which electrodes and a heater are screen-printed. The NOx-SE is made of Cr2O3,
which has activity to both NOx and oxygen. The SE and RE are formed in the inner
cavity for introduction of exhaust gas. An oxidation-catalyst electrode and a NOx
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FIGURE 3.7 Cross-sectional view of the laminated-type total-NOx sensor attached with
oxidation catalyst. (Reprinted from Zhuiykov, S. and Miura, N., Development of zirconiabased potentiometric NOx sensors for automotive and energy industries in the early 21st
century: What are the prospects for sensors? Sens. Actuators B, Chem. 121 (2007) 639–651,
with permission from Elsevier Science.)

conversion electrode are also formed in the inner cavity for the parallel position.
Owing to the Pt activity only to O2, it has been used as a material of the RE and it
was arranged beside the SE in order to cancel out the dependence of the sensor
output on the O2 concentration. The YSZ heater plate with printed Pt is also attached
to the sensing element. The sensor temperature is controlled to be kept at 600ºC by
the control unit.
The sensing performance of the zirconia-based total-NOx sensor is shown in
Figure 3.8. Figure 3.8, a, shows the dependence of the sensor output on the NO
concentration at 600ºC. In fact, NO has been changed from 100 to 1000 ppm, but
the sensor output is still linear to the logarithmic NO concentration. From the results
obtained, it was confirmed that this sensor was capable of measuring a wide range
of NOx concentration from 20 to 1000 ppm regardless of the NO2-NO ratio in gas
mixtures. The influence of O2 on the sensor output was measured when O2 was
changed from 0 to 20 vol. % while the NO concentration was fixed at 100 ppm.
The sensor emf slightly decreased with increasing the O2 concentration in the vicinity
of 5%. It is suspected that the difference in O2 activity between the NOx-SE and RE
may cause the output change. The influence of the propane on the sensor emf is
shown in Figure 3.8, b. In this case, the C3H8 concentration was changed from 0 to
6000 ppm during the test, while the NO concentration was fixed at 100 ppm in the
absence of oxygen and remained the same. This figure also shows the sensor output
without an oxidation catalyst for comparison. It is clear from this figure that in the
absence of an oxidation catalyst, the sensor emf has strong interference at C3H8
concentrations over 3000 ppm. The influence of CO on the sensor output was also
checked. The output emf of the sensor without an oxidation catalyst was interfered
substantially by the presence of CO in the concentration range above 1 vol. %, while
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FIGURE 3.8 Dependence of the zirconia-based sensor output at 600°C on (a) NOx concentrations and (b) C3H8 concentrations. (Reprinted from Zhuiykov, S. and Miura, N., Development of zirconia-based potentiometric NOx sensors for automotive and energy industries in
the early 21st century: What are the prospects for sensors? Sens. Actuators B, Chem. 12 (2007)
639–651, with permission from Elsevier Science.)
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the output emf of the sensor with an oxidation catalyst did not change by the presence
of CO up to 5 vol. %. It is evident from these results that the use of the oxidationcatalyst layer in the planar sensor structure is a very effective way to overcome the
interference from reducing gases on the sensor output signal.
In the tests using lean-burn gasoline engines, the sensor emf correlated fairly
well to the NOx concentration measured by an independent NOx analyzer in the
range of engine rotation between 1000 and 2600 rpm. An accuracy of the sensor
output in the engine rotation was ±4 ppm at 45 ppm, NOx ±11 ppm at 101 ppm, and
±11 ppm at 306 ppm, respectively, when calculated as NOx concentrations. It means
that the total error of measurement was no more than 10%. In another test it was
confirmed that the sensor had enough durability for fuel-rich gas (A/F = 12) [35].
So far, the Cr2O3-SE has shown promising NOx-sensing characteristics since it
was reported in 1996 [56]. A few years later, Cr2O3 was successfully employed as
a NO2-SE in a total-NOx sensor [59, 75]. Another research group that employed this
material as a SE also reported its sensing properties [12]. However, it is very hard
to compare these results with the previous results. Although the details are unknown,
it is our strong belief that the sintering conditions for Cr2O3 were different between
these two particular cases, and, consequently, the NOx-sensing characteristics differed significantly. It was concluded that the primary factor for determining the NOx
sensitivity was the electrochemical activity of the SE for the O2 reaction [12].
Furthermore, the authors also admitted that there were some variations in the absolute
signal magnitude for NO or NO2 of the different sensors, presumably due to discrepancy in the fabrication process. This fact indirectly confirmed that apart from
the properties of the material of the SE, the applied technology played a crucial role
in achieving high NOx-sensing characteristics.
Another research group reported the NOx-sensing properties of the nanosized
(about 50 nm) LaFeO3-SE applied on a zirconia substrate by thermal decomposition
of a heteronuclear complex La[Fe(CN)6] · 5H2O at 700°C [32]. In fact, the sintered
thick-film SEs consisted of a porous structure with large grains (2–10 µm), which
were made of homogeneous nanosized particles free from intragranular pores. The
sensor showed a high emf response to NO2—about 80 mV at 400°C. Unfortunately,
slow response and recovery time of 4 and 15 minutes, respectively, were far from
the industrial demand for this type of NOx sensor. The sluggish response of the
sensor can be ascribed to the fact that the time to reach equilibrium for the SE is
larger at a lower temperature. This publication also shows that an increase in working
temperature of the sensor enhances the sensor response and recovery time with the
simultaneous sacrifice of sensitivity.
Further development of the nanostructured perovskite type of oxide-SE for the
planar zirconia-based NOx sensor [28, 43] indicated that both the sensing characteristics and the working temperature can be improved. Figure 3.9 shows emf
responses of the zirconia-based sensors with the La0.8Sr0.2FeO3-SE and LaFeO3-SE,
respectively, to different NO2 concentrations at different temperatures [26]. The grain
sizes of the SEs varied from 50 to 150 nm. Interestingly, the emf responses of the
sensors were found to be in opposite directions with respect to other oxide-based
sensor responses: negative emf values upon exposure to NO2. The results obtained
from the emf measurements (different sign for p- and n-type oxide-based SEs of the
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FIGURE 3.9 EMF responses of (a) La0.8Sr0.2FeO3-based and (b) LaFeO3-based sensors to
different concentrations of NO2 at different operating temperatures. (Reprinted from Zhuiykov,
S. and Miura, N., Development of zirconia-based potentiometric NOx sensors for automotive
and energy industries in the early 21st century: What are the prospects for sensors? Sens.
Actuators B, Chem. 121 (2007) 639–651, with permission from Elsevier Science.)

sensors) cannot be explained only by the occurrence of the electrochemical reactions
at the TPB. Based on the sensor design, the electrochemical reactions took place at
the same rate at both the Pt-RE and oxide-SE, and the authors therefore concluded
that the difference in chemical sorption-desorption behavior at two dissimilar electrodes was the predominant factor for the gas-sensing mechanism [28]. In addition,
it was found that the sensor response time was strongly affected by the grain size
of the powder used for preparation of the SE: the sensor response was much larger
when the grain size was reduced down to nanosized dimensions. Upon increasing
the oxide grain size, the response became smaller, slower, and more unstable.
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Other interesting results were obtained when a mixed-oxide CuO+CuCr2O4-SE
was applied on the scandia-stabilized zirconia [42]. The particle size of both phases
of the SE was approximately between 200 nm and 1 µm. This sensor was capable
of measuring NO2 concentrations from 5 to 500 ppm at 659°C. The authors concluded that this mixed-oxide-SE had negligible interference from CO and CH4 in
the concentration range of 100–500 ppm. The emf was also found to be insensitive
to the change in O2 concentration from 4.2 vol. % to 16.2 vol. % at 663°C. However,
one of the most distinguishing features of this sensor was fast response. The 90%
of response and recovery times at 659°C were 8 and 10 seconds, respectively [42].
The authors claimed that the rapid and stable response and recovery characteristics
of the NO2 sensor with the attached CuO+CuCr2O4-SE were mainly attributed to
the phase composition and microstructure of the novel SE and RE.
Analysis of the data in Table 3.2 about oxide-SEs used for NOx sensors shows
that so far, NiO was found to give the highest NO2 sensitivity among various spineland single-oxide groups reported to date at temperatures over 700°C. Certainly, the
highest NO2 sensitivity could be achieved at the lowest operational temperature. An
increment in operating temperature leads to faster kinetics (higher catalytic activity,
especially to the anodic reaction of oxygen) at the TPB, as well as to the higher
conversion of NO2 to NO on the surface of NiO grains. Both these factors decrease
the NO2 sensitivity substantially at higher operating temperatures, accompanied by
quick recovery.
It was reported for the first time in 2004 that the NiO-SE could successfully
work at a temperature as high as 850°C. Other publications followed in the following
years [31, 57, 60–62, 76], where both the properties and the applied technological
features of this oxide as a potential candidate for the practical SE of NOx sensors
were comprehensively investigated. Recent review of materials for high-temperature
electrochemical NOx gas sensors [76] revealed the comparative assessment of the
tubular and planar design of the mixed-potential NOx sensors with different materials
of SEs working at different environments. It was concluded that the character of
responses to NOx concentrations for two design configurations is similar. A linear
response would increase with increasing temperature, so the decrease in slope is
owing to changes in the electrode kinetics, which consequently depend on the
sintering conditions. Furthermore, the comparison between the results for the WO3and NiO-SEs was made. The response for the tubular design employing the WO3SE is significantly higher than that for the planar design with the same SE. However,
this discrepancy decreases at higher temperatures. The decreasing difference indicated that the RE in the planar design of the sensor is less affected by the presence
of NOx, which is expected as the system approaches equilibrium at higher temperatures [76].
Recently, similar results were independently obtained for the ZnO-SE and NiOSE by other researchers [29, 48] investigating NOx-sensing properties of ZnO/Pt,
NiO/Pt, and La0.85Sr0.15CrO3/Pt-SEs. Although it is very difficult to compare these
results with our results for the NiO-SE [19, 31, 55, 60–62] and ZnO-SE [15] due to
the variations in sintering and measuring conditions, it is evident that the results are
similar to each other for the measurements at a temperature of 700°C. Furthermore,
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our sensors attached with the NiO-SE exhibited very high NO2 sensitivity at a high
temperature of 850°C.
The major difference between recently published results and those achieved by
another research group [31, 50] is owing to the sintering conditions and, as a result,
to the created morphology of the SE. For examples, researchers [48] reported NiOSE sintering conditions of 1100°C for 1 hour, whereas we already investigated and
reported how the different sintering temperatures from 1100°C to 1400°C affected
the microstructure and morphology of the NiO-SE and, consequently, the NOxsensing characteristics of the sensor [57]. To compare the NO2-sensing behavior at
a fixed operating temperature, the emf responses to 200 ppm NO2 at 800°C were
recorded for the planar sensors using NiO-SEs sintered at various temperatures. It
has been reported that the emf values to 200 ppm NO2 substantially increased from
3 to 55 mV when the sintering temperature of the NiO-SE increased from 1100 to
1400°C, though the recovery rate decreased. Thus, in order to achieve reasonable
balance between relatively high NO2 sensitivity and an acceptable recovery rate, a
compromise would be to select a sintering temperature of 1300°C for the NiO-SE
[31].
Other small discrepancies are probably due to the different testing conditions.
We investigated the NOx-sensing performance at a fixed concentration of 5 vol. %
O2 in nitrogen balance during all experiments, while 7 vol. % O2 was reported in
[48]. However, overall conclusions are very similar: the results obtained suggest that
operating temperature has a strong effect on the sensing performance, with higher
temperatures leading to a diminished response magnitude but a shorter recovery
from NOx exposure. The difference in the morphology of the SE, which is predominantly due to the different sintering conditions, may lead to additional enhanced
NO2 sensitivity at high temperatures. This will enable more accurate NOx measurements of the planar sensor.
The research results, published in 2006, showed that among the various precious
metals tested, Rh gave an improvement in NO2 sensitivity [63]. In addition, when
the Rh content varied from 1 to 12 wt. %, the maximum NO2 sensitivity was obtained
at 3 wt. %. The sensitivities to 50 ppm of NO2 of the unloaded and Rh-loaded NiOSEs were 37 mV and 65 mV, respectively, in the presence of 5 vol. % O2 and 5 vol.
% water vapor at 800°C.
Figure 3.10 illustrates the correlation between the emf response and the concentration of NO2 for the sensor using the unloaded and Rh-loaded NiO-SEs at 800°C.
It is seen that the emf value varies linearly with the logarithmic NO2 concentration
in both cases. In addition, at each NO2 concentration, a large increase in emf value
was observed in the case of the Rh-loaded SE. It is noteworthy that the sensitivity
to 50 ppm of NO2 (Δemf) was as high as about 80 mV even at 800°C in the case
of the Rh-loaded NiO-SE. In order to clarify the reason for the enhanced sensitivity
of the Rh-loaded SE, polarization-curve measurements were carried out. As a result,
the polarization curve for the cathodic reaction of NO2 was found to make a large
shift to the positive direction, while the anodic polarization curve in the base gas
was hardly changed.
It should also be noted that the NO and NO2 reactions can be enhanced or
suppressed, respectively, if the SE potential is polarized anodically (positively) or
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FIGURE 3.10 Dependence of emf on the NO2 concentration at 800°C for the sensor using
the unloaded and the Rh (3 wt. %)-loaded NiO-SE. (Base gas: 5 vol. % O2 + 5 vol. % H2O
+ N2 balance.) (Reprinted from Zhuiykov, S. and Miura, N., Development of zirconia-based
potentiometric NOx sensors for automotive and energy industries in the early 21st century:
What are the prospects for sensors? Sens. Actuators B, Chem. 121 (2007) 639–651, with
permission from Elsevier Science.)

if the reverse effect occurs with cathodic polarization [2, 17]. This indicates that if
the NOx sensor has an additional Pt counterelectrode (CE), the selectivity to NO or
NO2 can be controlled by polarizing the SE. Such a sensor may be considered to
be a certain type of sensor, where a positive or negative potential is applied to the
SE in order to provide exclusive sensitivity to the measuring component of a gas
mixture. In order to obtain selected selectivity to the measuring gas, the tubular
device using the NiCr2O4-SE was biased by a voltage (Vs-c) relative to the Pt-CE,
and then the SE potential (Es) relative to the Pt-RE was measured under exposure
to various atmospheres. The shift of Es from the value in the base air to those in air
NO or NO2 (the sensitivity Vs ) was dependent on Vs-c. Figure 3.11 shows the
influence of Vs-c on Es to NO (in air), NO2 (in air), and base air at 550°C. Analysis
of data in this figure suggests that, if polarization is selected adequately, it is possible
to single out the sensitivity increment due to NO while suppressing that of NO2, or
vice versa. This leads to the selective detection of NO (NO2) over NO2 (NO) using
a three-electrode sensor design. Thermodynamically, NO is dominating in the NOx
mixture at high temperature; the equilibrium composition at 600°C is 90 vol. % NO
and 10 vol. % NO2 [56]. Therefore, from the practical point of view, it is interesting
to investigate the possibility of the selective detection of NO or total NOx, if the
working temperature of the NOx sensor is more than 600°C. Figure 3.12 represents
the results of this investigation when the bias under anodic polarization was about
+175 mV. It was observed that the sensor using the NiCr2O4-SE is mostly selective
to NO over NO2 under these conditions. The semilog plot of the Vs as a function of
NO or NO2 concentration is essentially linear for both gases. Based on the linear
relationship between Vs and NO concentration, it expected that the lowest possible
detection limit would be around 14–15 ppm NO [17]. It appears to indicate that the
change of the bias voltage in the three-electrode (oxide-SE, Pt-CE, and Pt-RE)
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FIGURE 3.11 Es versus Vs–c correlations for the device using a three-electrode structure in
air, 200 ppm NO and 200 ppm NO2, at 550°C. (Reprinted from Zhuiykov, S. et al., Potentiometric NOx sensor based on the stabilised zirconia and NiCr2O4 sensing electrode operating
at high temperatures, Electrochem. Comm. 3 (2001) 97–101, with permission from Elsevier
Science.)

tubular sensor could bring about the significant improvement of NO selectivity.
Unfortunately, this sensor appears to be insufficiently sensitive to NOx at temperatures higher than 650°C.
One of the interesting results published in 2006 focused on the improvement of
NO2 sensitivity by adding WO3 to the NiO-based SE in different proportions [68].
Unfortunately, the authors failed to explain how an addition of the second phase to
the NiO-SE has changed the NO2 sensitivity of the sensor. Nevertheless, this effect
is very interesting and worth considering in detail because there is a possibility that
further improvements in the development of the NO2-sensitive electrodes may be
based on very similar adjustments. It was reported that 10 wt. % of WO3 added to
NiO before sintering improved the NO2 sensitivity of the zirconia-based mixedpotential sensor up to ~40% at 800°C [68]. The response and recovery rates of the
sensor were almost the same as for the pure NiO-SE. In contrast, then, the WO3
content has been increased from 10 to 50 wt. %, and the NO2 sensitivity has been
decreased by about ~30% at the same testing conditions. For the zirconia-based
mixed-potential NOx sensors, differences among electrodes depend primarily on the
reaction kinetics within the bulk of the SE and on the TPB rather than on the
conduction properties of the electrolyte. Consequently, the geometrical changes
within the bulk of the SE can affect whether or not a reaction is diffusion limited.
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FIGURE 3.12 Response transients of the YSZ sensor using the NiCr2O4-SE to 200 ppm NO2
and 200 ppm NO at 0 mV and +175 mV bias, at 550°C. (Reprinted from Zhuiykov, S. et al.,
Potentiometric NOx sensor based on the stabilised zirconia and NiCr2O4 sensing electrode
operating at high temperatures, Electrochem. Comm. 3 (2001) 97–101, with permission from
Elsevier Science.)

Apparently, the search for an additional oxide added to an existing SE, which
would enhance the overall NO2 sensitivity of the zirconia-based sensors, was the
purpose of this exercise. This idea was not new. A similar approach was employed
a few years ago for the mixed-potential NO2 sensor with a combination of ZnFe2O4ZnCr2O4 powders sintered together as a SE on the zirconia surface [13]. As a result,
the NO2 sensitivity was increased by about 50% at 700°C compared with that for
the single oxide-SE. However, no improvement was obtained in the response rate
for the sensor [13]. Another purpose to sinter a NO2-sensitive SE as a mixture or
combination of two single oxides with different properties is based on the predicted
assumption that one of the oxides will evaporate during sintering and subsequently
would increase the bulk porosity of the SE. Changes in the bulk porosity of the SE
would challenge the magnitude of kinetics within the SE. Therefore, in order to
control these changes, the appropriate selection of oxides, their mixtures, and, more
importantly, the sintering conditions should be done.
It has been explained in the previous chapter that the SE matrix affects the
catalytic activity to the gas-phase decomposition reaction of NO2 (see Figure 2.6).
Thus, a more porous structure of the SE would ultimately lead to the higher NO2
sensitivity. However, in relation to the NiO-WO3 system, it was not as simple as has
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FIGURE 3.13 Phase diagram for the ZrO2-WO3 system.

been explained [68]. A mixture of NiO-WO3 powders was heated to 1400°C and
then was sintered for 2 hours at this temperature in air. During sintering at such high
temperature, WO3 did not evaporate, as has been claimed. Instead, two new phases,
NiWO3 and γ-ZrW2O8, were prepared on the surface of zirconia during heating
between 800 and 1000°C and between 1150 and 1250°C, respectively, as is clearly
shown in the ZrO2-WO3 phase diagram illustrated in Figure 3.13 [78]. ZrW2O8 has
been known since the end of the twentieth century as a unique ceramic material
with negative thermal expansion over the wide range of temperatures. ZrW2O8 is
stable at the temperature range of 1105–1257°C [79]. It has also been reported that
ZrW2O8 is a relatively dense ceramic, and its density changes from 82% to 89% in
the temperature range of 1155–1200°C, respectively [80]. Analysis of the presented
ZrO2-WO3 phase diagram suggests that if, during the sintering of the NiO-SE, the
NiO-WO3 mixture was heated to 1400°C and then was sintered for 2 hours afterwards, it is likely that γ-ZrW2O8 will be formed in the case of a 50 wt. %/50 wt. %
mixture of NiO-WO3 powders. These dense particles of ZrW2O8, formed on the
zirconia surface, would decrease the TPB and, consequently, the number of active
sites for the NO2 reaction, despite the overall increase in the bulk porosity of SE.
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This would lead to the substantial drop in NO2 sensitivity at the same temperature
range, as has been reported [68]. Having said that, it should also be admitted that
for the successful sintering of NiO-WO3 powders into γ-ZrW2O8, 6 hours is generally
required at working temperatures of 1155–1200°C [80] or hot isostatic pressing.
Thus, it is unlikely that the large number of dense γ-ZrW2O8 particles would appear
after sintering NiO-SE, if only 10 wt. % of WO3 was added to NiO before sintering.
Therefore, in the case of a 10 wt. % WO3 addition to NiO, only a trace of NiWO3
solid solution was formed on the zirconia surface with simultaneous increase in the
bulk porosity of the NiO-SE, which ultimately enhanced NO2 sensitivity of the
sensor. Traces of NiWO3 increased the number of active centers for the cathodic
reaction of NO2, improving the TPB because even the well-developed bulk porosity
of the SE cannot be solely responsible for ~40% enhancement in NO2 sensitivity.
Consequently, it can be concluded that the enhancement of the NO2 sensitivity
and selectivity for the zirconia mixed-potential sensors with the oxide-SE will be
focused on the technological improvements in fabrication of the SE. Further development of the sintering technology for the SE will be based on predicted calculation
of how the initial binary oxide mixtures will be transferred into solid solutions with
domination of one oxide phase and trace of another. In these solid solutions, the
electrode kinetic of the bulk reactions within the SE will be responsible for sensitivity
and selectivity of the sensor.

3.1.2 MIXED-POTENTIAL HYDROCARBON SENSORS
In addition to NOx, hydrocarbons (HCs) are typical pollutants causing photochemical
smog and the greenhouse effect. In the last few years, the reduction of HC emissions
from vehicle exhausts has been addressed by the development of three-way catalytic
converters capable of simultaneously oxidizing HCs and carbon monoxide [2, 27,
53]. This is because the current generation of low-emission vehicles is being replaced
with ultra-low-emission vehicles as required, in order to comply with increasingly
stringent world emission standards [81]. However, the level of HC emissions from
automotive engines at so-called cold-starts is one of the biggest trade secrets, which
companies involved in the development of automobiles do not want to reveal in
scientific media. To deal with automotive emissions appropriately, apart from the
NOx sensors, the sensitive on-board HC sensors should be installed in the vehicles.
The electrochemical mixed-potential HC sensors based on zirconia seem to be
advantageous over other potential candidates in respect to their mechanical, thermal,
and chemical stabilities [82]. A hydrocarbon gas sensor has to satisfy the following
requirements: must display high sensitivity to HCs in atmosphere containing various
inflammable gases, be independent on the oxygen concentration, and detect HCs on
the ppm level; and it should have a fast response and be stable over the extended
period of time in the exhaust gases. Thus, the development of a potentiometric
zirconia-based HC sensor with appropriate HC-sensitive electrode materials has been
advanced during the last decade, and several research groups have already reported
progress in the development of HC sensors [83–94].
At the end of the twentieth century, a number of HC-sensitive electrode materials
for solid electrolyte sensors have been investigated. These materials include terbium
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(Tb)-doped zirconia [85, 90], gold, gold alloys and gold-oxide composites [87, 88],
and pure and mixed oxides [89].
The exhaust environment is particularly harsh for mixed-potential sensors. The
sensor in the exhaust of an internal combustion engine must be able to withstand
the fluctuation of oxygen concentration and temperature, and provide sufficient
mechanical and chemical stability in order to operate at least 100,000–150,000 miles.
Similar to the mixed-potential NOx sensors, the sensitivity of a zirconia-based sensor
with a HC-sensitive electrode is influenced by the electrochemical and chemical
reactions on the SE as well as on the TPB, autocatalytic reactions in the gas phase,
and adsorption-desorption behavior on and within the SE [2]. If the material of a
SE would recrystallize over time, this would change the TPB and consequently the
characteristics of the sensor. In an effort to address these problems, new materials
for the SE of the on-board HC sensor — Pr6O11 [82], perovskite electrode materials
LaCoO 3 [88], La 0.8 Sr 0.2 CoO 3–δ [92], La 0.8 Sr 0.2 CrO 3 [27], LaMnO 3 [53],
Y1.6Tb0.3Zr0.54O∂ [94], and composite electrodes Au-oxide/YSZ with Ga2O3, In2O3,
and Nb2O5 [89] — have been investigated within the last few years.
Figure 3.14 shows a cross-section of the novel HC sensor that consists of an
oxygen pump cell and a gas-detection cell [82]. In this sensor, Pt is used for the
active electrode of the gas-detection cell and Pr6O11 is used for the inactive electrode
owing to its low catalytic activity and relatively high electric conductivity. The
sensing characteristics to 500 ppm of C3H8 of the proposed sensor at a temperature
of 800°C are shown in Figure 3.15. The published results [82] allowed identifying
Gas introduction hole
Oxygen Pump cell

Gas detection
cell
YSZ plate

Active electrode (Pt)

E

Inactive electrode (Pr6O11)

FIGURE 3.14 A cross-sectional view output of a HC sensor attached with a Pr6O11-SE.
(Reprinted from Inaba, T., Saji, K., and Sakata, J., Characteristics of an HC sensor using a
Pr6O11 electrode, Sens. Actuators B: Chem. 108 (2005) 374–378, with permission from
Elsevier Science.)
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FIGURE 3.15 Output of a HC sensor attached with a Pr6O11-SE at 800°C with and without
the pump being driven. (Reprinted from Inaba, T., Saji, K., and Sakata, J., Characteristics of
an HC sensor using a Pr6O11 electrode, Sens. Actuators B: Chem. 108 (2005) 374–378, with
permission from Elsevier Science.)

the advantages of controlling the O2 concentration in the gas-detection cell using
the pump cell. As is clearly shown in this figure, the sensor output corresponded to
the C3H8 concentration when the pump was off. The output emf was smaller than
the Nernst emf, which was caused by a decrease in the C3H8 concentration according
to a part of the combustion of C3H8 at the pump cell electrode (Pt). However, when
the pump was on, the sensor output increased substantially. Although the O2 concentration in the gas-detection space decreases owing to the pump cell being on, the
O2 consumed by C3H8 combustion at the active electrode essentially does not change.
Consequently, the reason for increasing the sensor output is a shift in the ratio of
the O2 concentration at the inactive electrode with respect to the active electrode.
These results indicate that the regulation of the O2 concentration in the detection
cell of the sensor is an effective way to enhance the sensor sensitivity to the selected
gas. It was also revealed that in O2-H2 and O2-CO atmospheres, the electric potential
generated on the Pr6O11 electrode is based on mixed potential and was almost the
same as the potential at the Pt electrode. Thus, the sensitivity of the gas-detection
cell to H2 and CO was reduced. Using this method and the sensor design given in
Figure 3.14, the traces of HC can be detected with high sensitivity even in a highoxygen-concentration atmosphere at high temperatures.
The comparison of mixed-potential emf from perovskite, fluorite, and spinel
metal-oxide electrodes used in the mixed-potential HC sensors was presented [95]
for justification of using the precatalyst to mitigate cross-reference. The thermodynamic, chemical and mechanical stability in the exhaust gases, sufficient electron
conductivity to control device impedance, as well as the ability to generate stable
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FIGURE 3.16 Sensitivity to the different gases of the Tb-doped YSZ-SE deposited on a
sapphire substrate versus a Pt counterelectrode at 600°C in flowing air. (Reprinted from
Brosha, E.L. et al., Mixed potential NOx sensors using thin film electrodes and electrolytes
for stationary reciprocating engine type applications, Sens. Actuators B: Chem. 119 (2006)
398–408, with permission from Elsevier Science.)

non-Nernstian potentials at elevated temperatures are the essential prerequisite criteria for using metal oxides as a SE of the HC sensors. Figure 3.16 illustrates
sensitivity to the different gases for the Tb-doped YSZ-SE deposited on the sapphire
substrate versus Pt counter electrode at 600°C in flowing air. The Tb-doped YSZ
possesses fluorite structure with p-type electronic conductivity at elevated temperatures and is the latest electrode material studied the last few years. Figure 3.16
shows negligible sensitivity to NO and NO2 with moderate sensitivity to hydrocarbons and CO. There was very small emf response to any gases at the temperatures
below 600°C. However, characterization at 700°C exhibited a little gain to NO and
NO2 sensitivity, with the conclusion that this SE material would be well suited as a
high-temperature HC/CO sensor [95]. So far, mixed-potential sensors with a
La0.8Sr0.2CrO3–SE showed the largest sensitivity to NOx, preferential to nonmethane
hydrocarbons and CO [27]. Sensors with Mg-doped LaCrO3 and Y1.6Tb0.3Zr0.54O2–∂
exhibited intermediate preferential sensitivity levels toward CO and HCs with minimal sensitivity to NOx [95]. The level of the output emf was heavily dependent on
the sensor temperature. Therefore, to obtain an essential sensitivity to HCs, the
sensor temperature must be kept high and constant at all times with a high level of
accuracy. It can be achieved by using a planar multielectrode thin-film sensor
structure [91]. With the proper selection of SE combinations, it is also possible to
control gas selectivity to NOx, CHs, and CO in the control environment by an array
of the mixed-potential sensors installed into the exhaust line.
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In contrast to the zirconia-based mixed-potential NOx sensors, the higher the
sintering temperatures, which decrease porosity, the better the sensor response. This
is contrary to the results for the WO3 electrode described [83], for which the largest
response was obtained for the highest surface area. Therefore, the trend in the
magnitude of the response time cannot always be improved with enlargement of the
surface-to-volume ratio because in the mixed-potential-type sensors, the enhanced
reaction rate is not always desirable for a larger response. The mixed potential itself
can shift in either direction depending on which reaction is reduced in rate. Consequently, depending on the practical applications, the changing rate of one reaction
can increase the sensor emf, which may offset any detrimental effects of a decrease
in response time [83].

3.1.3 IMPEDANCE-BASED ZIRCONIA GAS SENSORS
The mixed-potential type of potentiometric sensors, described in the previous sections, appears to be advantageous for combustion applications and for on-board
NOx, CO, and HC sensors owing to their high sensitivities, especially in the measurement of a lower concentration (less than 100 ppm).
It was first reported in 2001 [32] that the evaluation by impedance spectroscopy
of a biased zirconia sensor with an attached LaFeO3-SE has shown that only the
electrode resistance is a function of NO2 content. Consequently, impedance spectroscopy offers a method for directly probing the electrode reactions that are the
basis for mixed-potential-type gas sensors [67]. As a result of further development
by using impedance spectroscopy in zirconia-based gas sensors with oxide-SEs, a
new type of YSZ-based sensor for detecting total NOx and HCs at high temperatures
has been proposed recently [2, 14, 21, 62, 74, 96–100]. In this case, the change in
the complex impedance of the device attached with a specific oxide-SE was measured
as a sensing signal.
For NOx measurement, SEs consisting of spinel-type oxides CrMn2O4, NiCr2O4,
NiFe2O4, and ZnCr2O4 have been investigated in measuring gas consisting of 200
ppm NO2 + 200 ppm NO in base air at 700°C. For the first three spinel oxides, a
large, flat, semicircular arc was observed in each Nyquist plot in the examined
frequency range (0.1 Hz–100 kHz); the shape of the semiarc for each sensor was
almost similar for the gases. These results indicated that the impedance values of
these devices are not affected by the coexistence of NOx in the sample gas under
these conditions, and, consequently, these sensors are insensitive to NOx gas at high
temperatures. On the other hand, for the sensor employing a ZnCr2O4-SE, the
impedance behavior was entirely different from the above-mentioned results. As
shown in Figure 3.17, the resistance value (Z’, the intercept) at the intersection of
the large semiarc with the real axis at low frequencies (around 0.1 Hz) varied with
the concentration of both NO and NO2 in the sample gas [74]. In addition, the
resistance value decreased with an increase in the concentration of both NO and
NO2. Such a trend is completely different from that for the mixed-potential-type
NOx sensor, whose response direction to NO is opposite to that of NO2 (see Figure
3.4). Meanwhile, the Z’ value (the intercept, about 2000 ohm) at the intersection of
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FIGURE 3.17 Complex impedance plots in base air and the sample gas with each of the
various concentrations of (a) NO and(b) NO2 at 700°C for the YSZ-based sensor attached
with a ZnCr2O4-SE. (Reprinted from Miura, N., Nakatou M., and Zhuiykov, S., Impedancemetric gas sensor based on zirconia solid electrolyte and oxide sensing electrode for detecting
total NOx at high temperature, Sens. Actuators B, Chem. 93 (2003) 221–228, with permission
from Elsevier Science.)

the large semiarc at high frequencies (~50 kHz) was kept almost constant even if
the concentration of NOx was changed from 0 ppm to 400 ppm.
When the sensor used only Pt electrodes, the impedance was independent of the
frequency and had a fixed Z’ value of ~50 ohm at 700°C [2]. This value was not
affected by the existence of NOx and was much smaller than the Z’ at higher
frequency for the sensor with a ZnCr2O4-SE. It appears that the frequency-independent value represents the YSZ bulk resistance. In order to verify this assumption,
additional Nyquist plots for the three electrodes (ZnCr2O4-SE, Pt counterelectrode,
and Pt-RE) attached to a YSZ-based sensor were obtained in the frequency range
of 0.1 Hz–1 MHz in base air and different NOx concentrations at 700°C. At higher
frequencies, each plot contained a second, smaller semiarc, the shape of which was
unaffected by the coexistence of NOx in sample gas. This suggests that the measured
resistance (Z’) at higher frequencies (10 kHz – 1 MHz) for the ZnCr2O4-SE basically
depends on the ZnCr2O4 bulk resistance, including the small YSZ bulk resistance
[14, 21, 74]. It was also concluded that the Z’ at lower frequencies (~0.1 Hz) is due
to the impedance of the electrochemical reaction occurring at the oxide-SE/YSZ
interface. The apparent equivalent circuit for the device attached with the ZnCr2O4SE is based on the above-mentioned results, shown in Figure 3.18, where Rb means
resistance of YSZ bulk, Ro is resistance of the oxide-SE, and Co is capacitance of
the oxide electrode, respectively. Ri represents resistance of the electrode at the
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FIGURE 3.18 Apparent equivalent circuit for the YSZ-based sensor using a ZnCr2O4-SE.
(Reprinted from Miura, N., Nakatou M., and Zhuiykov, S., Impedancemetric gas sensor based
on zirconia solid electrolyte and oxide sensing electrode for detecting total NOx at high
temperature, Sens. Actuators B, Chem. 93 (2003) 221–228, with permission from Elsevier
Science.)

oxide-SE/YSZ interface, and Ci is capacitance of the electrode reaction at the
SE/YSZ interface. It is evident that only the electrode-reaction resistance Ri is
affected by the interaction between the interface and NOx (e.g., adsorption and
reactions), which indicates that the Ri can be used as the output-sensing signal for
NOx detection.
The difference between the impedance in base air (|Z|air) and the impedance in
a sample gas (|Z|gas) containing NOx concentration at the fixed frequency of 1 Hz
has been defined as “gas sensitivity” of the device [14]. Of interest is the shift of
so-called gas sensitivity due to the rising working temperature of an YSZ-based
sensor using a ZnCr2O4-SE. Such measurements were performed using various NOx
concentrations at the fixed temperatures of 650°C and 700°C. Figure 3.19 shows
the dependence of the gas sensitivity on the concentration of NO and NO2 for this
sensor. A near linear correlation between gas sensitivity and the NO and NO2 was
found over the range 50–400 ppm at 700°C. Better linear correlation has been
observed when the impedance was measured at the lower frequency of 0.1 Hz at
the sacrifice of sampling time. Moreover, the most interesting result obtained is the
near identical sensitivity to NO and NO2 at 700°C, which shows that this sensor is
capable of detecting the total NOx (NO and NO2) in the gas mixture at 700°C,
regardless of the NO-NO2 ratio. Although this is a very important facet to the
development of practical NOx sensors for vehicles, it is clear that the linearity and
NO:NO2 ratio are slightly less advantageous at 650°C.
Experience with the mixed-potential type of sensors employing spinel SEs
suggests that the change in O2 concentration may affect the performance of impedance-based sensors. In order to check this point, the O2 concentration in the sample
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FIGURE 3.19 Dependence of gas sensitivity (|Z|air – |Z|gas) on concentration of NO (or
NO2) at 650°C and 700°C for the YSZ-based device using a ZnCr2O4-SE. (Reprinted from
Miura, N., Nakatou M. and Zhuiykov, S., Impedancemetric gas sensor based on zirconia solid
electrolyte and oxide sensing electrode for detecting total NOx at high temperature, Sens.
Actuators B, Chem. 93 (2003) 221–228, with permission from Elsevier Science.)

gas was changed from 5 vol. % to 80 vol. % at 700°C whilst gas sensitivity to 100
ppm NO and NO2 was recorded. The impedance value |Z|, as shown in Figure 3.20,
exhibited very strong linear correlation to the logarithm of oxygen concentration at
1 Hz. Meanwhile, the gas sensitivities to NO and to NO2 were almost equal at all
O2 concentrations examined. This result indicates that the oxygen concentration in
the gas existing in the close vicinity of the SE should be monitored and should be
held constant at all times. Thus, an oxygen sensor and oxygen pump based on YSZ
15
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FIGURE 3.20 Dependence of the impedance value |Z| on oxygen concentration in the sample
gas at 700°C for the YSZ-based device using a ZnCr2O4-SE. The concentration of NO (or
NO2) was adjusted at 100 ppm. (Reprinted from Miura, N., Nakatou M., and Zhuiykov, S.,
Impedancemetric gas sensor based on zirconia solid electrolyte and oxide sensing electrode
for detecting total NOx at high temperature, Sens. Actuators B, Chem. 93 (2003) 221–228,
with permission from Elsevier Science.)
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FIGURE 3.21 A cross-sectional view of the proposed laminated-type complex impedancebased NOx sensor. (Reprinted from Miura, N., Nakatou, M., and Zhuiykov, S., Development
of NOx sensing devices based on YSZ and oxide electrode aiming for monitoring car exhausts,
J. Ceramics Intern. 30 (2004) 1135–1139, with permission from Elsevier Science.)

should be used for monitoring and controlling, respectively, the oxygen concentration. These functioning devices could be installed together in the laminated-type
YSZ-based sensor, in the same way as the modified mixed-potential-type sensor [35,
59]. A cross-sectional view of one of the proposed laminated types of the complex
impedance-based NOx sensor is presented in Figure 3.21. The change in O2 concentration in the sample gas can be compensated by means of the O2-sensing electrode
(Pt), which is installed near the oxide-SE. An oxidation catalyst has also been
included in the proposed design of the complex impedance-based NOx sensor in
order to oxidize the combustible gases in the vehicle exhaust to CO2 and H2O before
reaching the NOx SE. Therefore, in this laminated-type sensor structure, combustible
gases have no interference to NOx measurement, and the change in O2 concentration
around the SE is controlled by the oxygen sensor and is regulated by the oxygen
pump. The main advantage of this design is that the total NOx content can be
measured and the NOx sensitivity can be protected from the influence of coexisting
combustible gases as well as from the variation of O2 concentration in exhaust gas.
The complex impedance-based sensor with appropriate SE material can be used
for measurement of CO [95], H2O [97], and dry hydrogen-containing gases at high
temperatures [98]. Au-doped Ga2O3 has been employed as an SE in a YSZ-based
complex impedance CO sensor at 550°C. The impedance value of 0.42 Hz was
strongly correlated to the CO concentration range of 100–800 ppm. The response
and recovery time to 800 ppm CO were around 10 seconds [96]. An In2O3–SE has
been used in a YSZ-based impedancemetric sensor for measurement of H2O concentrations from 70 ppm up to 3% at 900°C [97]. The sensing performances of all
complex impedance-based sensors reported so far are unique and differ significantly
from those potentiometric Nernstian and non-Nernstian mixed-potential YSZ sensors. The change of complex impedance (gas sensitivity) has been attributed to the
change in the resistance of the electrode reactions at the oxide-SE/YSZ interface
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[74]. Further development of the complex impedance-based YSZ gas sensors in
2005–2007 was attributed to the selection of SE material sensitive to HCs at high
temperatures [99], to improvement of NOx sensing by use of YSZ/Cr2O3 composite
electrodes [100] and to the adoption of the modified impedance method for the
periodic in-situ diagnostics of the solid electrolyte/liquid-metal electrode interface
during the life span of YSZ-based sensors measuring oxygen partial pressure in
melts [101, 102].
Several single-metal oxides have been investigated in order to select the best SE
material for HC detection at 600°C in the presence of 1 vol. % H2O. The summary
of the relative sensitivity of the sensors using each of the investigated oxides to
propene and methane (400 ppm each) is shown in Figure 3.22 [99]. SnO2 has shown
the highest sensitivity to both HCs among oxides examined. However, since methane
has not been regulated as an air pollutant, ZnO was chosen as the SE material
providing rather high sensitivity to propene as well as negligible sensitivity to
methane. It was also found that ZnO possesses low sensitivity to NO2 but is still
sensitive to NO. In order to compensate for NO sensitivity and convert NO to NO2
at high temperatures, 1.5 wt. % Pt was imbedded into a ZnO-SE to improve its
oxidation catalytic activity. Figure 3.23 depicts a SEM image of the cross-section
of the ZnO-SE/YSZ interface. It has been confirmed that the structure of the ZnO-SE
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FIGURE 3.22 Comparison of the absolute values of relative sensitivity to C3H6 and CH4
(400 ppm each) of the sensors using each of various single-oxide-SEs at 600°C in the presence
of 1 vol.% H2O at 1 Hz. The inset shows modeling complex impedance plots. The points on
dashed lines correspond to 1 Hz. (Reprinted from Nakatou, M. and Miura, N., Detection of
propene by using new-type impedancemetric zirconia-based sensor attached with oxide sensing-electrode, Sens. Actuators B, Chem. 120 (2006) 57–62, with permission from Elsevier
Science.)
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FIGURE 3.23 A SEM (back-scattering) image of a cross-sectional view of a ZnO (+1.5 wt.
% Pt)-SE. (Reprinted from Nakatou, M. and Miura, N., Detection of propene by using newtype impedancemetric zirconia-based sensor attached with oxide sensing-electrode, Sens.
Actuators B, Chem. 120 (2006) 57–62, with permission from Elsevier Science.)

is rather porous, and Pt particles (white dots) have been clearly identified in the bulk
of the ZnO-SE. The sample gas can diffuse through the porous structure of the SE,
and NO will oxidize to NO2 at the presence of the dispersed Pt in the SE.
Further tests confirmed that the sensitivity to NO has been decreased. However,
the sensitivity to propene was still low, compared to that of the sensor using the
SnO2-SE. In order to enhance C3H6 sensitivity, the applied potential of + 50 mV
was set during impedance measurements. From the practical point of view, it is very
important to examine the influence of coexisting combustible gases at the changing
oxygen level on the sensor performance in humidified atmosphere. The complex
impedance-based YSZ sensor attached with a ZnO-SE has shown that it is insensitive
to CO2 (10–20 vol. %) and H2O (0.5–2.0 vol. %) at the changing of the oxygen level
from 5 to 10 vol. % under polarization of +50 mV. The sensitivity to other gases at
600°C in the presence of 1 vol. % of H2O is presented in Figure 3.24 [99]. The C3H6
sensitivity was also found to be independent of the total flow rate of the sample gas.
Consequently, the results of this investigation confirmed that the complex
impedance-based YSZ sensor with a ZnO-SE (+1.5 wt. % Pt) is capable of selectively detecting the C3H6 concentrations at high temperatures under harsh operating
conditions.

3.2 FUTURE TRENDS
The present chapter has surveyed the latest results in the development of solid-state
zirconia gas sensors for monitoring such important gaseous pollutants as NOx and
CxHy. Recent research and development of oxide-SEs as well as the improvement
in design of the total-NOx sensors in the early twenty-first century revealed that the
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FIGURE 3.24 Response and recovery transients to various gases (NO and NO2, 200 ppm;
others, 400 ppm each) of the sensor using a ZnO (+1.5 wt.% Pt)-SE at 1 Hz. (Reprinted from
Nakatou, M. and Miura, N., Detection of propene by using new-type impedancemetric zirconia-based sensor attached with oxide sensing-electrode, Sens. Actuators B, Chem. 120
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trend toward implementing thin- and thick-film technology for the planar sensor
structure continues. Monitoring of exhaust gases, particularly in vehicles, and environmentally important pollutants are two main areas of application for these sensors.
Although the vast majority of the zirconia-based gas sensors show excellent sensing
performances for emissions control and environmental monitoring, these sensors
generally are prototypes used in laboratory studies to explore new possibilities in
gas sensing. Despite the promising performance in the controlled conditions of the
laboratory, and initial promising results in the engine exhaust environment [39, 59],
these sensors have yet to be tested for long-term stability, which is an essential
prerequisite to industry acceptance. In early sensors, signal degradation of as much
as 35% after only 300 hours of use has been reported [76]. This decrease was caused
by deterioration of the catalytic activity of the SE, and in the modified sensor this
deterioration was reduced to 5% after 1000 hours of operation [103]. Furthermore,
the recent tests for long-term stability have shown that the decrease of 5–15% in
the sensor output can be achieved after 6000 hours of continuous operation [104].
However, the improvement of long-term stability is still in progress because it needs
to be extended substantially to make the zirconia-based NOx sensors commercially
valuable.
Potentiometric, non-Nernstian, zirconia-based, mixed-potential sensors offer
several advantages. The recent shift from random to carefully selected properties
for SEs of both single oxides and spinels has increased the working temperature of
these sensors to 700°C, which is compatible with the working temperature at the
vehicle exhausts. These devices are comparatively simple in design, and they exhibit
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good sensitivity and selectivity to the measuring gas. The fabrication of several
electrodes on the single solid electrolyte is a realistic goal, which gives rise to the
possibility of sensors for NOx, CO, and CxHy. Use of planar construction can also
overcome the need for a seal between two electrodes, which simplifies the sensor
design. However, the reaction kinetics can be affected by such factors as processing
conditions and microstructural changes during fabrication technology, which consequently lead to variations between sensors within one batch. Furthermore, it will
change the sensor response over time. Since the requirements for catalytic activity
at high temperatures of SEs are relatively easy to meet, there are many possibilities
for SEs for non-Nernstian potentiometric gas sensors. However, from the practical
point of view, the main problems are related to the nonideal selectivity of the single
electrodes and lack of long-term stability of their interfaces. One of the ways to
decrease cross-sensitivity from other gases, including oxygen, is the improvement
of the sensor’s design [59, 75]. However, even in the modified design of the mixedpotential NOx sensors, chemical reactions at high temperatures tend toward equilibrium. Thus, the sensor’s response tends to decrease with increasing temperature,
which places an upper limit on the working temperature of these sensors [76]. The
recent research results have shown that the upper temperature limits have been
expanded by careful selection of new SE materials.
It is well-known that a sensor’s response to the measuring gas involves a complex
interaction of the several factors involving both the YSZ-SE-gas TPB and the methods to determine their effects on the overall sensor output signal. It is clear that
optimization of the processing methods, microstructure, and properties of SEs will
enhance significantly the sensing properties of mixed-potential sensors. The
improvement of sensitivity and selectivity for the zirconia mixed-potential sensors
with oxide-SEs will be concentrated on the fabrication technologies of the SE. A
better understanding of the whole complex of physical, chemical, and electrochemical reactions is necessary for selection oxides and oxide mixtures for SEs of the
mixed-potential sensors. The development of this understanding will be based on
predicted and careful experimental verification of properties of the binary oxide
mixtures or solid solutions with domination of one oxide phase and trace of another.
Therefore, most of the future improvement will be focused on the technological
improvements of new and existing materials of the SE. Hopefully, this will provide
a comprehensive understanding of the interaction between the different mechanisms
that determine the sensitivity to the measuring gas.
Further development of new impedance-based gas sensors is likely to allow their
introduction to niche applications in the field of zirconia-based, solid-state gas
sensors. Impedance spectroscopy has the potential to measure changes not detectable
with simple current or voltage measurements. Although it is not practical to implement complete impedance spectroscopy in an operating sensor, an optimized frequency suitable for a specific gas sensor may be used. So far, these sensors are still
more complex and expensive as compared to the potentiometric zirconia-based gas
sensors. However, they have two important advantages: (1) measurement of total
NOx concentration, regardless of the NO/NO2 ratio in exhausts; and (2) near equal
sensitivity to NO and NO2 at 700°C. These are essential prerequisites to their
practical implementation in vehicle exhausts. Therefore, further investigation is
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required in order to obtain better understanding of the sensing mechanism of these
sensors and to establish long-term stability. These sensors have to operate for long
periods of time without substantial deterioration of the output signal.
Finally, planar, thick-film, YSZ-based sensors for O2, CxHy, and NOx are expected
to reinforce their place in the market owing to their rapid response and potential for
implementation as multicomponent gas sensors in vehicle exhausts. The performance
of recently developed ultra-lean-burn engines and NOx storage catalysts depends significantly on the performance of such sensors. Thus, solid-state electrochemical sensors
must reach even higher levels of performance and reliability, so continued development
of these sensors is required in order to address more stringent requirements.
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Zirconia Sensors for
Measurement of Gas
Concentration in Molten
Metals

4.1 ZIRCONIA SENSORS FOR THE MEASUREMENT OF
OXYGEN ACTIVITY IN MELTS
4.1.1 POLYCRYSTALLINE ZIRCONIA SENSORS
In the processing of molten metals, the chemical composition of the molten metal
has to be controlled because interactions between a molten metal and the atmosphere
can change the composition of the metal. In some cases, such undesired elements
as oxygen or hydrogen can be incorporated into the melts. Therefore, to improve
control of the various metallurgical processes, electrochemical sensors have been
employed by industry [1–18]. The most successful and widely used example of such
sensors is the zirconia oxygen sensor used in steelmaking [1, 3, 6, 10, 11]. Sensors
based on zirconia solid electrolytes have several advantages in the processing of
melts. The conductivity of zirconia increases with increasing temperature, so the
high operating temperature required during the processing of molten metals is well
suited to the zirconia-based gas sensors. The supporting electronics are relatively
simple, since the output of an electrochemical sensor is an emf. In addition, zirconiabased electrolytes are generally stable compounds which can withstand the harsh
chemical environment in melts. Furthermore, an additional phase (referred to as an
auxiliary SE) can be added to provide sensitivity to a species that is not present in
the electrolyte. Thus, zirconia sensors can be designed for detecting a wide variety
of gases through judicious selection of the electrolyte and SE materials. The use of
electrochemical sensors in metallurgical processing will continue to expand as the
performance, reliability, and cost-effectiveness of current sensors are improved and
as new sensors are developed.
Oxygen from reaction with the atmosphere is removed from molten steel by
adding aluminum or silicon alloys, which react with the oxygen to form oxides.
Determining the optimal amounts of these alloys to be added requires precise
measurement of oxygen in the steel, which is provided by an oxygen sensor [3, 10].
This sensor is based on polycrystalline zirconia. The RE is a metal–metal oxide
mixture (most commonly, Cr/Cr2O3), the equilibrium of which establishes a reference
oxygen partial pressure. Although oxygen sensors have been used for many years,
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there are still areas for improvement. Current sensors are used for one measurement
and then discarded. Replacing these disposable sensors with extended-life sensors
would both improve the quality of data obtained (i.e., continuous measurements
could be made) and reduce the costs. One approach for extending the lifetime of
current oxygen sensors has been alternative fabrication techniques, which improve
the seal between the reference electrode and the molten metal. Another approach
has been made on the design modification of a nonisothermal sensor, in which the
RE is outside the molten steel [15, 16]. This reduced temperature lessens the requirements on the RE seal, but introduces an additional voltage due to the temperature
difference between the two electrodes. Another approach to extending the life of
oxygen sensors is to use an applied voltage to electrochemically reverse the degradation of the reference.
During molten aluminum (Al) processing, the most important dissolved gas is
hydrogen, which is produced when Al reacts with moisture to form aluminum oxide
and hydrogen. The solubility of hydrogen in the liquid Al is much higher than that
in solid Al, so the dissolved hydrogen from the reaction of molten Al with water
vapor in the atmosphere can lead to porosity in the cast products. Therefore, the
melt must be degassed prior to casting. Systems for measuring the hydrogen content
in molten Al are currently commercially available. In response to the need for lower
cost hydrogen sensors, research has been performed on developing low-cost zirconia
electrochemical sensors [5]. In the most common systems, an inert gas (usually
nitrogen) flows through a probe and over the molten metal, such that chemical
equilibrium between the hydrogen partial pressure in the gas and the concentration
of hydrogen in the molten Al can be established. Zirconia-based sensors can also
be used to improve control of the alloy composition, which can affect the resulting
microstructure. This is particularly important in cases where a small amount of a
reactive or volatile alloying element is added. In such cases, the alloying element
may be preferentially lost, which can cause significant changes to a small initial
concentration.
Research into new ionic conductors based on the stabilized zirconia for molten
metal applications has reached a level where most studies on such materials concentrate mainly on obtaining incremental improvements in conductivity by better
processing control and refinement of the microstructure. Further increases in the
conductivity are important in terms of enhancing the efficiency of the sensors as
valuable tools for improving the quality control in the processing of molten metals.
However, much less attention has been given to the investigations of the hafnia(HfO2) and HfO2-ZrO2-based solid electrolytes. This could be explained by the fact
that HfO2 is considerably more expensive than ZrO2, which makes it less attractive
for practical applications.
However, in some molten metals where the temperature can reach 1200–1600°C,
HfO2-based or HfO2-ZrO2-Y2O3 sensors can be successful alternatives to the traditional zirconia-based sensors due to their high ionic and low electronic conductivities
at such extreme temperatures [18, 19]. The limits of applicability of ZrO2 electrolytes, especially at temperatures higher than 1100°C, are determined by partial
electronic conductivity, which increases as oxygen partial pressure (Po2) decreases
to the level of 10–23 – 10–28 Pa. Partial electronic conductivity permits an oxygen-ion
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TABLE 4.1
Properties of Selected Pure Oxides
Property

ZrO2

HfO2

Y2O3

Structure
Transition temperature (°C)
Monoclinic ↔ tetragonal
Tetragonal ↔ cubic
Cubic ↔ hexagonal
Melting point (°C)
Boiling point (°C)
Density at 20°C (g/cm3)
Coefficient of the thermal expansion, α,
at 1000°C (× 10–6 K–1)
Specific electrical conductivity, k , at
1000°C ((Ω•cm )–1)
Thermal conductivity, λ, at 100°C
(W • (m•K)–1)

Monoclinic

Monoclinic

Cubic

1205
2370
—
2677
4300
6.1
7.01

1700
2700
—
2900
—
9.68
5.3

—
—
2350
2420
—
5.03
8.3

10–2

—

—

1.67–2.09

—

14

Source: Data from Zhuiykov, S., 2000.

flux across the electrolyte and causes emf mismeasurement owing to the interfacial
polarization [18]. ZrO2 also may be chemically reduced at low Po2 levels. One
possible way to minimize this short-circuit electronic conductivity is to use fully
stabilized zirconia [20]. However, the fully stabilized zirconia possesses a substantially lower level of ionic conductivity than partially stabilized zirconia. Thus, the
development of alternative ion-conducting materials, such as HfO2-ZrO2-based electrolytes for thermodynamic control of oxygen impurity in high-melting metals and
alloys in nonferrous metallurgy, for the semiconductor industry, and for the copper
refineries, is required. Such application environments are characterized by both very
high temperatures and extremely low oxygen potential. The physical, chemical, and
thermomechanical properties of selected pure oxides are summarized in Table 4.1.
The presence of alumina in ZrO2 electrolytes leads to higher resistance against
thermal stresses [4, 21]. α-alumina exhibits the absence of chemical reactions in ZrO2Y2O3 systems, lower coefficient of thermal expansion, and higher heat conductivity
than zirconia. Consequently, alumina could not only improve the thermomechanical
properties of stabilized HfO2-ZrO2 composites but also play a decisive role in the
heterojunction between the HfO2-ZrO2 electrolyte and an alumina that is also an
insulator in practical designs of the oxygen sensors. A further complicating factor that
has been observed in the traditional zirconia systems is the effect of high temperature
(~1000°C) annealing on the deterioration of conductivity of the ZrO2 electrolyte [22,
23]. This aging process could certainly be reduced by the addition of Y2O3. However,
the electrolyte material, in this case, will suffer a consistent decrease in the overall
conductivity with increasing Y2O3 content. Different HfO2-ZrO2 electrolyte systems
have been investigated in an attempt to overcome this problem of aging with very
promising results [19]. For samples of the HfO2-ZrO2-Y2O3-Al2O3 system, where Al2O3
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FIGURE 4.1 Plug-type zirconia sensor design for different applications. (Reprinted from
Zhuiykov, S., Investigation of conductivity, microstructure and stability of HfO2-ZrO2-Y2O3Al2O3 electrolyte compositions for high-temperature oxygen measurement, J. Europ. Ceram.
Soc. 20 (2000) 967–976, with permission from Elsevier Science.)

was 50 mol %, the presintered pellets of HfO2-ZrO2-Y2O3 were crushed in an agate
mortar, a certain amount of Al2O3 was added and mixed, and then powders obtained
were also rubber-pressed into pellets and sintered at 1700°C for 5 hours in air. The
sintered pellets were cut into pieces of about 4 mm in diameter and less than 5 mm
in length, and then were welded into Al2O3 insulating tubes, as shown in Figure 4.1.
The plug-type sensor design is a robust form of construction and avoids any possible
leaks through the junction of the solid electrolyte and insulating tube. The amount of
Al2O3 was calculated to avoid significant anisotropy in the coefficients of thermal
expansion of both solid electrolyte pellets and alumina tube. The sensors were checked
for leakage at room temperature before they were sealed. Measurements were made
using both an increasing and decreasing temperature cycle to ensure the results were
consistent. A built-in R-type thermocouple was used.

4.1.2 PE’ PARAMETER MEASUREMENTS

AND

SENSING PROPERTIES

A known thermodynamic emf method was applied to determine the parameter pe’.
This parameter pe’ describes the relation between the partial ionic and n-type
electronic conductivity of the electrolyte, and is defined as the Po2 at which the ionic
conductivity and the n-type electronic conductivity of the electrolyte are equal.
Basically, it is accepted that this parameter must be consistent and known to a high
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degree of accuracy if precise and meaningful measurements are to be made. This
method has already been described comprehensively in previous publications [8,
24]. When zirconia-based electrolytes are exposed to the high temperatures (T >
1100°C) and low oxygen partial pressures (Po2 < 10–20 Pa), usually encountered in
metal melts, they exhibit mixed ionic and n-type electronic conductivities. Under
these conditions, the solid electrolyte sensor generates emf that is influenced by the
electrical properties of the solid electrolyte. Schmalzried [25] has analyzed the
contribution of electronic conductivity in the zirconia electrolytes to the measured
emf of an electrochemical cell in the Po2 region less than 105 Pa and has shown that,
in the presence of n-type electronic conductivity, the emf of the sensor can be
expressed as

RT
E=
4F

1/ 4

Po2 ( II)

1/44
RT pe′ + Po2 ( II)
t
d
ln
Po
=
ln
∫ ion ( 2 ) F pe′1/ 4 + Po I 1/ 4 ,
Po2 ( I)
2( )

(4.1)

where Po2 (II) and Po2 (I) are the respective oxygen partial pressures at two electrolyte-electrode interfaces, R is the gas constant, F is the Faraday constant, and T
is the absolute temperature. To satisfy the condition Po2 (II) >> pe’ > Po2 (I) [24],
an Al melt contained in an alumina crucible was used to represent the extremely
low oxygen partial pressure Po2 (I). Aluminium was selected from the group of highmelting metals because it has the lowest oxygen potential at a temperature of 700°C
and higher [19]. Several investigators [11, 24] have analyzed and emphasized further
the importance of an accurate knowledge of the pe’ value specifically for measurement of low oxygen partial pressure by the ZrO2 sensors.
The emf measurements were made using sensors (Figure 4.1) consisting of the
HfO2-ZrO2-Y2O3-Al2O3 electrolyte system and an inner Cr-Cr2O3 RE. Similar sensors based on the ZrO2-Y2O3 electrolyte with 10 mol % of Y2O3 were used for
comparison [19]. Both types of sensors were immersed into the melt at a temperature
range of 1000–1400°C. Stable emf recordings were obtained after 7–9 minutes.
These emf values were then used to calculate the pe’ values by rearranging Equation
(4.1) as follows:

⎧⎡ ⎛ EF ⎞⎤
1/ 4
1/ 4 ⎫
⎨⎢exp ⎜
⎟⎥ Po2 ( I) ⎬ − Po2 ( II)
⎩⎣ ⎝ RT ⎠⎦
⎭
pe′ =
.
⎛ EF ⎞
1 - exp ⎜
⎟
⎝ RT ⎠

(4.2)

Low values of the parameter pe’ (ionic transference number, tion, is 0.5) indicate low
contributions of partial electronic conductivity to the total conductivity, which result
in higher ionic conductivities (k) according to the equation
kion = Kpe′–1/4,

(4.3)
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where K is a constant and Po2 = pe’ and k e’ = kion at tion = 0.5. By knowing pe’, it
is possible to calculate tion as a function of Po2 using the expression
−1

⎡ ⎛ Po ⎞−1/ 4 ⎤
tion = ⎢1 + ⎜ 2 ⎟ ⎥ .
⎢⎣ ⎝ pe′ ⎠ ⎥⎦

(4.4)

Figure 4.2 shows the XRD trace of the sample of HfO2-ZrO2 electrolyte doped
with 15 mol % Y2O3, from which the predominance of the cubic hafnia-zirconia
phase was identified. This solid electrolyte system was selected owing to its lowest
level of the pe’ parameter at high temperatures, as has been reported [19]. The lattice
parameter of the cubic phase was calculated (a = 5.138 Å), and it was in good
agreement with those lattice parameters of the same solid electrolyte system which
were reported by others (a = 5.137 Å) [11] and (a = 5.138 Å) [26]. When the intensity
scale of the XRD peaks was enlarged, a shoulder was found at the peak of 2θ =
62.3° and a fine splitting of the peak at 2θ = 73.4° was also observed. It is suggested
that the two peaks may correspond to the (004) and (400, 040) peaks for the
tetragonal zirconia phase. However, the intensity ratio of these two peaks is a reversal
of that for a single tetragonal phase. Therefore, this result appears to indicate a
mixture of cubic hafnia and zirconia and tetragonal zirconia phases with the cubic
form as the dominant one. A tetragonal zirconia cell was subsequently calculated,
based on the (400) split peaks, giving the result of a = 5.132 Å and c = 5.140 Å. In
addition to the hafnia and zirconia phases, a few peaks with very weak intensities
were also observed in the XRD trace (e.g., d = 3.31 Å and d = 2.02 Å in Figure
4.2). Due to the low intensity of these peaks, they have not been positively identified.
Investigation of HfO2-ZrO2-Y2O3-Al2O3 solid electrolyte microstructure revealed
that the radiuses of both Al2O3 and HfO2-ZrO2 grains in this structure vary from 5
to 15 μm. However, in average, the hafnia-zirconia grains are bigger than the alumina
grains. Apparently, it indicates that this structure may be the most preferred for
optimization of the conductivity and in terms of the microhardness values and
fracture toughness of the composite systems. Investigations of the phase assemblage
of the HfO2-ZrO2-Y2O3-Al2O3 solid solutions have shown the presence mainly of
two phases, one of which is the phase with the cubic fluorite-type structure of the
HfO2-ZrO2-Y2O3 composition.
The values of the parameter pe’ were measured as a function of temperature for
both HfO2-ZrO2-Y2O3-Al2O3 and HfO2-ZrO2-Y2O3. The thermodynamic emf method
with plug-type sensors has been used in these measurements. The results of these
measurements were shown in Figure 4.3. Additional data, reported by other investigations [18], were presented for comparison. As demonstrated earlier [19], a minimum parameter pe’ value was observed at ~15 mol % Y2O3 in the entire temperature
range, which was in good agreement with the previously published data for the high
temperature range of 1200–1600°C [18]. Some discrepancies are obvious at lower
temperatures due to a distortion of the microstructure caused by the sluggish reactions in ceramic systems. It is possible that the additional sintering effect occurred
during the immersion of the sensors into the melt. Although the shapes of the curves
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FIGURE 4.2 X-ray powder diffraction patterns of a HfO2-ZrO2-Y2O3 solid electrolyte system
showing the presence of mainly a cubic phase. (Reprinted from Zhuiykov, S., Investigation
of conductivity, microstructure and stability of HfO2-ZrO2-Y2O3-Al2O3 electrolyte compositions for high-temperature oxygen measurement, J. Europ. Ceram. Soc. 20 (2000) 967–976,
with permission from Elsevier Science.)

for the HfO2-ZrO2-Y2O3-Al2O3 and HfO2-ZrO2-Y2O3 electrolytes were similar to the
shapes of the curves for the ZrO2-Y2O3 electrolyte, the measured values of the
parameter pe’ for the ZrO2-Y2O3 system were considerably lower than for the HfO2ZrO2-Y2O3. Therefore, the HfO2-based electrolytes exhibit considerably lower parameter pe’ (lower partial electronic conductivity) than the zirconia-based electrolytes.
Generally, the ionic conductivity is governed by the diffusion of oxygen ions across
oxygen-ion vacancies. Up to a certain doping content, the mobility of charge carriers
is due to O2– ion vacancies. However, the mobility of the vacancies will be diminished
if the doping content increased. At high concentrations of the stabilized oxide, there
is a large probability that a given anionic site becomes the neighbor of two or more
dopant cations. These sites then act as deep traps for oxygen vacancies. Deep
trapping would certainly contribute to the rapid decrease in conductivity beyond its
maximum. Therefore, an additional increase of the Y2O3 content in the solid electrolyte system did not shift toward a lower partial electronic conductivity. It is also
interesting to note that the maximum conductivity of the HfO2-Y2O3 system was
obtained at 10 mol % of Y2O3 [26]. In addition, the minimum pe’ parameter for the
HfO2-ZrO2-Y2O3 system was found at 15 mol % of Y2O3. It is therefore apparent
that the optimum of Y2O3 content should be within the range of 10–15 mol % for
practical sensors.
The investigated HfO2-ZrO2-Y2O3 electrolyte systems exhibited linear Arrhenius
plots of the lattice conductivity as a function of temperature. The difference in ionic
conductivities between HfO2-ZrO2-Y2O3 and ZrO2-Y2O3 solid electrolytes decreases
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FIGURE 4.3 Plot of log Pe’ versus 1/T functions for selected binary and ternary HfO2– and
ZrO2– solid electrolytes in plug-type sensors: (*) ZrO2–15 mol% CaO [18]; (◊) ZrO2–10
mol% Y2O3; (Δ) HfO2–15 mol% Y2O3 [18]; () HfO2-ZrO2-Al2O3–15 mol% Y2O3; and (▫)
HfO2-ZrO2 – 15 mol% Y2O3. (Reprinted from Zhuiykov, S., Investigation of conductivity,
microstructure and stability of HfO2-ZrO2-Y2O3-Al2O3 electrolyte compositions for hightemperature oxygen measurement, J. Europ. Ceram. Soc. 20 (2000) 967–976, with permission
from Elsevier Science.)

as the temperature rises and at temperatures higher than 1300°C. The HfO2-based
solid solutions have shown higher ionic conductivities than the corresponding ZrO2based solid solutions [19]. The experimental evaluations of the parameter pe’ for
HfO2-ZrO2-Y2O3 exhibited that the HfO2-based solid solutions possess considerably
lower parameter pe’ values (by one to two orders of magnitude) than ZrO2-based
solid solutions at the high temperature range of 1200–1600°C. Therefore, one of the
advantages of the HfO2- or HfO2-ZrO2-based electrolytes is seen for the sensor
applications in the environments where the high temperature (> 1100°C) and
extremely low oxygen partial pressures (Po2 = 10–12–10–25 Pa) have been combined.
These applications are as follows: thermodynamic control of oxygen impurity in
high-melting metals, alloys, and fully killed steel melts, as well as in copper refineries
and in carburazing industries. Under the above-mentioned working conditions, the
HfO2-based electrolytes have much less electronic conductivity than the ZrO2-based
electrolytes.
The results obtained [11, 18] also indicated that the sensors based on HfO2ZrO2-Y2O3 electrolyte systems have a higher chemical resistivity and thermal shock
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stability than ordinary ZrO2-based electrolytes. Consequently, they may be used as
alternative solid electrolytes for sensors measuring oxygen partial pressure in fully
killed steel melts. Application of the HfO2-ZrO2-Y2O3-Al2O3 solid solution for sensor
purposes allows the development of alternative inexpensive sensor designs with
lower consumption of oxide electrolyte materials. In this respect, progress could be
made by the plug-type sensor structures combining an alumina insulating tube with
the minimized size of the HfO2-ZrO2-Y2O3-Al2O3 pellet.

4.1.3 SINGLE-CRYSTAL ZIRCONIA SENSORS
Although polycrystalline zirconia sensors are the most commonly used in-situ sensors for oxygen measurement in high-temperature molten melts, the lowest working
temperature of such sensors is restricted by impurities in stabilized zirconia which
cause electronic conductivity. The electronic conductivity will consequently cause
a loss of energy due to short-circuiting. Therefore, in most sensor applications, the
electronic conductivity should be lower than the ionic conductivity by more than
three orders of magnitude [8]. Despite the demand for accurate oxygen sensors with
an operating temperature lower than 600°C, the electronic conductivity has a significant effect on the polycrystalline zirconia sensors at temperatures below 600°C.
Several investigations [4, 27–31] provided detailed information on various aspects
of decreasing the influence of electronic conductivity of polycrystalline zirconia at
low temperatures. The previous analytical work [29] supplied a great deal of valuable
information on different aspects of using the tetragonal phase of zirconia for low
temperature sensors. Additionally, the surfaces of zirconia in these sensors have a
hydrofluoric acid treatment before applying Pt electrodes. This treatment reduced
polarization of the electrodes and allowed accurate oxygen measurement at the
comparatively lower temperature of 400°C. Although the chemistry of the treatment
is fairly simple, a detailed knowledge of total conductivity and stability of this
zirconia phase was not available at the time this analysis was performed, drastically
limiting the accuracy of the results obtained.
One of the factors which has influenced the total conductivity of polycrystalline
zirconia sensors at low temperatures is the electrode material. In order to measure
an oxygen concentration, the material of electrodes should be able to adsorb and
dissociate a molecule of O2. Pt is normally used at temperatures of 600°C and above,
but other materials are of interest for lower temperature application. Several investigations of zirconia oxygen sensors have been carried out in which various
metal–metal oxide combinations are utilized as electrodes (U,Pr)O2+x + Pt;
(U,Sc)O2+x + Pt [28, 30]. These materials allowed the reduction of the lower temperature limit for combustion zirconia gas sensors down to 450°C. However, these
electrode materials have some level of radioactivity that causes difficulties for wide
industrial application. Although these investigations have expanded knowledge about
electrochemical properties of the zirconia-oxide-SE interface considerably, a number
of open questions exist concerning reduction of the working temperature of zirconia
sensors. More recently, a zirconia single crystal [32] in combination with
metal–metal oxide electrodes [33] has been investigated. It has been found that the
chemical resistance of the zirconia single crystal is three to five times higher than
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that of the conventional polycrystalline zirconia electrolytes [34–36]. It has also
been found that the zirconia sensor with liquid metal–metal oxide electrodes has
much less electrode polarization at low temperatures than the polycrystalline zirconia
sensor with porous electrodes based on Pt, Au, and their alloys. Therefore, a zirconia
single crystal could be used as an alternative solid electrolyte for low-temperature
oxygen measurements. The main difference between polycrystalline and singlecrystal solid electrolytes is that the single crystal has no grain boundaries and,
consequently, a minimum of segregated impurities. In this situation, the negative
influence of defects at the grain boundaries on the electrophysical properties of the
solid electrolyte is removed [37]. Consequently, the contribution of electronic conductivity relative to the total conductivity of the solid electrolyte could be decreased.
Therefore, the sensors based on zirconia single crystals can be used for determination
of oxygen potential in low-melting metals (T ~ 550°C) such as Zn, Pb, Sn, Ga, and
their alloys.
A zirconia single-crystal oxygen probe and oxygen sensor elements are presented
in Figure 4.4 and Figure 4.5. The two-phase electrodes containing Bi+Bi2O3 and
In+In2O3 were prepared from an intimate mixture of the metal and its oxide in a 1:1
molar ratio. The X-ray pattern of the mixture after equilibration indicated no change
in the phase combinations. YSZ single crystals, containing 10 mol % of yttria, as
shown in Figure 4.6, were grown in the Institute of Physics and Power Engineering,
Russia, by an inductive high-frequency (HF) melting technique [38]. This technique
is based on the gradual melting mixture of initial ultra-high-purity components when
the energy of the HF field is totally absorbed by the heating electrolyte. The equipment employed for producing zirconia single crystals includes all basic components
of modern plants for growing high-melting crystals: a sealed working chamber, a
HF generator (power 60 kW, frequency 5.28 MHz), a water-cooling system, an

C

B

A

FIGURE 4.4 Oxygen sensor elements and oxygen probe based on a YSZ single crystal:
a: assembly of YSZ into insulating tube; b: assembly of the insulating tube into the stainless
steel sensor cover; and c: oxygen probe. (From Zhuiykov, S., Zirconia single crystal analyser
for low-temperature measurements, Proc. Control and Quality 11 (1998) 23–37. With
permission.)
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FIGURE 4.5 Sideway view of zirconia single-crystal sensor elements and oxygen probe.

automatic process control system, a power supply unit, a system for evacuating the
working chamber and for filling it with an inert gas, and control and measuring
equipment. YSZ single-crystal samples were oriented by the Laue X-ray backreflection technique, cut, polished, and finished with diamond paste. Finally, singlecrystal cylinders 4 mm in diameter and less than 5 mm in length were tightly
assembled into a ceramic insulating tube (Figure 4.4, a) by isostatic pressing at
1700°C. Solid-state diffusion at the cylinder-tube interface was observed. The cylinder-tube design is a robust form of construction and avoids any possible leaks
through the junction of the single crystal and insulating tube. Typically, the ceramic
insulating tube is made of the mixture 58.8–69.2 mol % MgAl2O4 and 30–40 mol
% MgO. The dimensions of this tube are 9 mm outer diameter and 50 mm long.
Special grades of the stainless steel and Mo were selected for the sensor cover and
the current conductor, respectively. The sensor cover was also tightly assembled on
the outer surface of the insulating tube (Figure 4.4, b). All materials (single crystal,
ceramic insulating tube, and metal cover) exhibited compatible thermal expansion
coefficients. The value of these coefficients was carefully studied in a quartz dilatometer by heating samples in air. No significant anisotropy in coefficients of the thermal
expansion was observed. Bi-Bi2O3 REs were placed inside the ceramic insulating
tubes for contact with single crystals and were insulated carefully from ambient air.
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FIGURE 4.6 Sample of a zirconia single crystal made by an inductive high-frequency melting
technique. (From Zhuiykov, S., Zirconia single crystal analyser for low-temperature measurements, Proc. Control and Quality 11 (1998) 23–37. With permission.)

The material of the current conductor wire must not react with or be soluble in the
molten RE; otherwise, the oxygen potential of the RE will vary and its emf will be
affected, impairing measurement accuracy and stability. If the current conductor
wire will be alloyed with the RE and/or molten metal, a new emf is generated between
the different alloys formed at the two ends of the current conductor wire, in addition
to the emf generated by the oxygen potential difference. Thus, the correct emf
generated by the oxygen potential cannot be determined. Since molybdenum neither
reacts with nor dissolves in Bi-Bi2O3 REs, it was therefore used as a current conductor material. The YSZ-based sensors for control of oxygen activity in molten
metals were mounted into high-temperature probes, as shown in Figure 4.4, c. The
open-circuit emf of these oxygen sensors,
Mo/Bi-Bi2O3 //(ZrO2)0.9 – (Y2O3)0.1//[O] Mo,

(4.5)

where O is oxygen dissolved in the melt and Mo is molybdenum a current conductor,
was measured for a temperature range of 280–1000°C. The liquid-metal RE made
of bismuth saturated by oxygen has a stable oxidation potential and possesses the
minimum electric resistance at the boundary of the melt and YSZ. Sensors were
checked for leakage at room temperature before they were sealed. The temperature
of the sensors was measured to ±0.5°C by a built-in K-type thermocouple placed
adjacent to the RE. The emf was measured with a high-input impedance (>10 MΩ)
digital multimeter 179 TRMS accurate to ±0.1 mV.
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FIGURE 4.7 Ionic transference number (tion) as a function of oxygen concentration for the
sensor based on a zirconia single crystal at 400°C. (From Zhuiykov, S., Zirconia single crystal
analyser for low-temperature measurements, Proc. Control and Quality 11 (1998) 23–37.
With permission.)

Figure 4.7 illustrates the ionic transference number (tion) as a function of oxygen
concentration in molten Ga in the range 10–19–100 ppm for a sensor, shown in Figure
4.4, at a temperature of 400°C. A measuring electrode was not required for determining the oxygen potentials in molten gallium because molten metal is the ideal
electrode for such measurements. These results appear to indicate that the sensors
based on a zirconia single crystal are preferable for use at low temperatures and low
oxygen potentials. Sensors based on polycrystalline zirconia cannot work precisely
at temperatures lower than 450°C due to a high electronic conductivity level. At
lower temperatures, some discrepancies are obvious for polycrystalline zirconia
because of a distortion of the microstructure caused by sluggish reactions in ceramic
systems. This is owing to the impurity phase segregation, dislocations, presence of
secondary inclusions, lattice mismatching, and imperfect contact between the zirconia grains in the polycrystalline ceramics. Polycrystalline ZrO2 is therefore liable
to be affected by grain boundary effects and a limited amount of porosity. These
features of the polycrystalline zirconia also have a detrimental effect on the iontransport properties of the solid electrolyte at low temperatures.
Table 4.2 shows the concentration of chemical impurities in a zirconia single
crystal [8]. The concentration of impurities shown here is low and therefore is
unlikely to have a significant influence on the ionic conductivity of the zirconia
single crystal at low temperatures. The level of impurities concentration shown in
Table 4.2 indirectly confirmed that the partial electronic conductivity of the singlecrystal zirconia is negligible.
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TABLE 4.2
Concentration of Chemical Elements as Impurities in Zirconia Single
Crystal
Impurity Element

Concentration (%)

Si
W
Ca
Fe, Mo, Ba, Bi
Al, Ti, Nb, Pb
Co

1.3
1.0
2
3
1
6

×
×
×
×
×
×

10–3
10–3
10–3
10–3
10–4
10–4

Impurity Element
Mg, Mn
Sb
Cr
Sn
Ni
Cu, Zn

Concentration (%)
1
3
6
3
4.3
2

×
×
×
×
×
×

10–4
10–4
10–4
10–4
10–4
10–4

Source: Data from Zhuiykov, S., 2000.

In order to examine how impurities affect the resistance of both single-crystal
and polycrystalline zirconia, samples were prepared and resistance was measured.
Samples of polycrystalline zirconia and the zirconia single crystal with the same
concentration of Y2O3 were used at temperatures of 400–800°C. The results of testing
are shown in Figure 4.8. Based on the fact that the higher the sintering conditions
of polycrystalline zirconia, the less the resistance and porosity of solid electrolyte
[8], polycrystalline zirconia samples were sintered for 6 hours at a temperature of
1700°C. The curves are approximately parallel, that is, they have similar activation
energies. Furthermore, the impurities in the polycrystalline zirconia increased the
resistance of the ceramic insignificantly at temperatures from 500°C to 800°C.
10000
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FIGURE 4.8 Temperature dependence of the logarithm of resistance of the zirconia: (*)
polycrystalline ceramic; and (●) single crystal. (From Zhuiykov, S., Zirconia single crystal
analyser for low-temperature measurements, Proc. Control and Quality 11 (1998) 23–37.
With permission.)
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However, the difference in resistance of the single-crystal and polycrystalline zirconia at temperatures lower than 500°C is still significant.
The oxygen-sensing properties of the sensors based on the zirconia single crystal
with an In+In2O3 and Bi+Bi2O3 RE were also reported [8]. The emf between the SE
and RE in these oxygen sensors followed the Nernst Equation (3.3). For the In+In2O3
RE, the following equilibrium exists:
2 In + 3/2 O2 ↔ In2O3.

(4.6)

The reference oxygen pressure P02 (II) of the In+In2O3 mixture is fixed by equation
[39]:
ln P02 (II) = ΔGIn203/RT,

(4.7)

where ΔGIn203 is the standard Gibbs energy of the In2O3 formation [39, 40]. The
same equation can be written for the Bi2O3 RE. The temperature dependencies of
the thermodynamic oxygen potential for the In+In2O3 and Bi+Bi2O3 REs are defined
by the following equations [8]:
ΔGIn203 = – 620,535 + 225.29T,

(4.8)

ΔGBi203 = – 585,420 + 289.9T.

(4.9)

The modified thermodynamic emf for the zirconia oxygen sensors with In+In2O3
and Bi+Bi2O3 REs can be calculated from Equations (3.3) and (4.7):
E = (ΔGIn203 – RT ln PO2 (I))/4F,

(4.10)

E = (ΔGBi203 – RT ln PO2 (I))/4F.

(4.11)

Figure 4.9 shows the reversible emf responses as a temperature function for the
above sensors in ambient air (PO2 (I) = 20.9%). The microporous thin-film Pt-ZrO2Y2O3 SE with a large inner surface allows a higher oxygen reaction rate and thus
enhances oxygen ionic conductivity at relatively low temperatures. The measured
emf values were within ±1 mV of the theoretical values given by Equations (4.10)
and (4.11). The measurements were made in the temperature range of 300–700°C
for the In+In2O3 RE and 360–1100°C for the Bi+Bi2O3 RE. Highly dispersed Pt
particles in the thin-film Pt-ZrO2-Y2O3 SE have enhanced the oxygen exchange rate
at the electrode-zirconia interface by influencing the oxygen adsorption equilibrium,
promoting the overall charge transfer at the TPB:
1

/2 O2 (gas) + 2e– (electrode) ↔ O2– (electrolyte).

(4.12)

The test results, presented in Figure 4.9, show that using liquid In+In2O3 and
Bi+Bi2O3 REs and a thin-film Pt-ZrO2-Y2O3 SE support the view that the zirconia
single crystal behaves as a superior ionic conductor even at a temperature as low as
360°C. Furthermore, additional tests of the zirconia single-crystal sensor with the
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FIGURE 4.9 Temperature dependence of emf for zirconia single-crystal sensors with a molten metal–metal oxide RE. Measuring gas is air. (●) In+In2O3 RE; and () Bi-Bi2O3 RE.
Symbols with full line represent data taken during heating and cooling. (From Zhuiykov, S.,
Zirconia single crystal analyser for low-temperature measurements, Proc. Control and Quality
11 (1998) 23–37. With permission.)

(U,Pr)O2+x + Pt; (U,Sc)O2+x + Pt SE revealed that this sensor exhibits the Nernstian
behavior only at temperatures higher than 480°C. Therefore, the microporous PtZrO2-Y2O3 SE appears more effective than the porous Pt in promoting oxygen
transfer at low temperatures. A Pt-ZrO2-Y2O3 SE is also affected less by higher
temperature exposure. The influence of changes in oxygen partial pressure and of
temperature on electrode resistance is consistent with a mechanism of oxygen
exchange involving the uptake of oxygen at the gas-electrode interface, its diffusion
through the crystal lattice of the electrode material to the TPB, and its transfer to
the electrolyte [28].
The emf of the zirconia single-crystal sensor with the Bi+Bi2O3 RE as a function
of measuring temperature at the different oxygen concentrations is shown in Figure
4.10. Several important features can be observed from this figure. First of all, there
was a strong correlation between Nernstian and measured emf in both high-temperature and low-temperature regions. This implies that the zirconia single-crystal
sensor can measure O2 concentration from 0.1 ppm up to 20,000 ppm not only at
low temperatures but also at high temperatures. Secondly, the impurity segregation
would not obviously change the surface exchange processes on the electrolyte-liquid

47612_C004.fm Page 151 Friday, June 22, 2007 1:22 PM

Zirconia Sensors for Measurement of Gas Concentration in Molten Metals

151

1000
900
800

Output EMF, mV

700
600
500
400
300
200
100
400

500

600

700

800

900

1000

Working temperature, °C

FIGURE 4.10 Output emf for the sensor based on a zirconia single crystal with a Bi-Bi2O3
RE at different O2 concentrations: (●) 0.1 ppm; () 1 ppm; () 10 ppm; (*) 100 ppm; ()
2000 ppm; and (▫) 20,000 ppm. (From Zhuiykov, S., Zirconia single crystal analyser for lowtemperature measurements, Proc. Control and Quality 11 (1998) 23–37. With permission.)

RE interface. Consequently, the accuracy of the oxygen measurements at low and
high temperatures differs insignificantly.
Further investigation of the zirconia single-crystal oxygen sensor revealed that
90% of the response and recovery time at 400°C was fast for this temperature and
was about 15–20 seconds. Complete recovery takes a little more time and basically
depends upon the SE properties. However, such a delay does not present a serious
problem, even at low measuring temperatures. Measurements were repeated for other
O2 concentrations and temperatures. The reproducibility of the sensor response time
was reasonably good. However, the changes in the gas flow rate substantially affected
the sensor’s behavior at temperatures lower than 400°C. Then the gas flow rate was
higher than 110 cm3/min, and the temperature of the RE was higher than the
temperature of the thin-film SE, resulting in temperature gradient, which is responsible for inaccuracy in oxygen measurement [40]. This problem is not apparent at
temperatures higher than 550°C. The response time for the sensor at temperatures
above 700°C is limited only by the inherent speed of the apparatus. True response
times are probably shorter than those shown. It has been observed that the response
time for the zirconia single-crystal oxygen sensor at high temperatures is 120 milliseconds or even less over its normal operating temperature range [8], whereas the
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FIGURE 4.11 Measurement of dissolved Al in a zinc plating bath by a zirconia single-crystal
sensor with In+In2O3 and Bi+Bi2O3 REs. (From Zhuiykov, S., Zirconia single crystal analyser
for low-temperature measurements, Proc. Control and Quality 11 (1998) 23–37. With
permission.)

response time values have exceeded one minute as a typical response of the sensor
below 350°C [4, 41].
It is also essential to know the cross-sensitivity of the zirconia single-crystal
sensors to other gases. Sensors with porous Pt electrodes are known to be sensitive
to gases such as CO at low temperatures [41], and in fact, this cross-sensitivity has
been proposed as a principle for carbon monoxide sensors at low temperatures by
some researchers [42, 43]. This effect is attributed to the ability of CO to compete
successfully with oxygen for adsorption sites on Pt at temperatures from 500°C to
650°C. It was observed that the zirconia single-crystal sensor with thin-film Pt-ZrO2Y2O3 electrodes is less sensitive to CO than similar polycrystalline sensors with
porous Pt electrodes, but small emf errors still occur at 300–360°C.
The zirconia single-crystal sensor was also tested for continuous measurement
of the oxygen content in different molten metals. For example, Figure 4.11 illustrates
the measurement of dissolved Al in zinc, by immersion of the zirconia single-crystal
sensors with In+In2O3 and Bi+Bi2O3 REs in a zinc plating bath. Consistent
measurements have been obtained over a period of 3 months at the temperature range
of 450–470°C [8]. It has also been considered that in the case of the polycrystalline
zirconia sensors, the accurate emf measurement itself is very difficult and, sometimes,
not even possible at temperatures of 450–500°C. However, in the case of the zirconia
single-crystal sensor with In+In2O3 and Bi+Bi2O3 REs, the oxygen potential in
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low-melting metals can be measured successfully if the melting point of the RE is
lower than the melting point of the low-melting metal. Calibration of these oxygen
sensors is possible in laboratory tests by using the emf measurements in high-purity
metal melts with sampling and subsequent oxygen determination by vacuum fusion
analysis.
The single-crystal zirconia sensors with Bi+Bi2O3 REs were also tested in molten
metal environments at high temperatures. Sensors for this purpose were immersed
in an Al melt contained in the alumina crucible, and the oxygen concentration was
measured at temperatures of 700–950°C. Stable output emfs were obtained after
8–10 minutes. The zirconia single-crystal sensor with the Bi+Bi2O3 RE has shown
that it can measure traces of oxygen from 0.1 ppm to 100 ppm in the abovementioned temperature range with a relative measurement error of 10%.
One of the main advantages of zirconia single-crystal oxygen sensors is their
lifetime. No phase transition was observed in the single crystal during a 4-month
trial at a temperature of 950°C as the oxygen concentration was changed from 250
ppm to 500,000 ppm [8]. The other sensor components have shown no observable
chemical or mechanical degradation after such long-term tests at a high temperature.
The operating lifetime of zirconia single-crystal sensors at high temperatures is
generally up to 3 years, compared with lifetimes from a few weeks to a few months
of similar sensors based on polycrystalline zirconia.
Thus, based on the latest research results, the zirconia single-crystal sensor
appears to have a high level of reliability and long-term chemical stability and can
be used not only for thermodynamic control of oxygen impurity in low-melting
metals and alloys, but also for oxygen measurement in high-melting metals and their
alloys. Due to its high sensitivity, this sensor can be recommended for applications
in nonferrous metallurgy and the semiconductor industry (e.g., when producing the
following metals and their alloys: Na, K, Rb, Cs, Ga, Cd, Sn, Pb, Zn, Cu, Bi, and
others). It can also be adopted for processing low-melting metals and alloys.
The zirconia single-crystal sensor is used both for periodic variations via shorttime dipping into the melts, and for continuous measurement. It is vibration impact
proof, needs no precalibration, and can be used for certifying other oxygen impurity
control instruments. Small cylinders of the zirconia single crystal, mounted into a
ceramic insulating tube, can work at allowable thermal shocks of up to 10°C per second
[44]. None of the well-known oxygen sensors based on polycrystalline zirconia can
survive when the measuring temperature is high and changes so frequently.
Three important features of these tests are worth reporting, as they have practical
implications for the commercialization of zirconia gas sensors. First, it was observed
that decreasing the oxidizing potential of the RE by means of the liquid metal–metal
oxide electrodes reduces polarization effects at the electrolyte-RE interface considerably. This indicates that there is a chance of a substantial shift of the threshold
temperature of operation toward a lower temperature where a meaningful emf can
be obtained. Second, excellent agreement was observed between the Nernstian and
measured emf, at any temperature measuring within the range of 360–1000°C. This
agreement was found to be consistent over a large number of experiments. Third,
the signals obtained from the sensors, working either in gaseous or liquid-metal
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environments, were constant and were reproducible from cycle to cycle over a large
number of tests.
The conclusions concerning the proper design and performance of zirconia
single-crystal sensors can be summarized as follows [8]:
1. The area of the electrolyte, which is used to separate compartments with
different partial oxygen pressures, should be minimized.
2. The oxygen potential gradient, and thereby the sensor potential, must be
minimized by choosing a suitable RE material.
3. The electrolyte size must be decreased.
The latest results, obtained by different research groups around the world in
relation to the development of zirconia single-crystal oxygen sensors, have shown
that these sensors may be applicable to more complicated applications of oxygen
sensors, such as the measurement of oxygen activity in liquid sodium or lithium
heat carriers in liquid-metal nuclear facilities [45] as well as in liquid lead-bismuth
eutectic alloys, which have been employed as heat carriers in liquid-metal nuclear
facilities for submarines [44]. The single-crystal zirconia sensor is only one sensor
which can reliably work at the presence of low γ–radiation. Although the analysis
of results published in scientific media provided an adequate description of the
electrochemical properties of the zirconia single crystal as a superior ionic conductor
at low temperatures, more work is necessary to optimize the sensor characteristics
which are usually dependent on the sensor design.
A commercial oxygen probe based on zirconia single crystals allows measurement to be taken both in a gaseous environment and in low-melting and highmelting metals and their alloys, some of which were not previously being considered
for in-situ monitoring. So far, there appear to be no other commercial in-situ oxygen
probes with a long lifetime for these demanding applications.

4.1.4 ZIRCONIA SENSORS BASED ON SHAPED EUTECTIC COMPOSITES
Zirconia composites with a naturally assembled structure can be formed by solidification of eutectic melts and the phase interspacing reduced by decreasing the time
available for the diffusion of species in the transition from the compositionally
homogeneous liquid to the different solid phases [46]. Due to the rapid growth during
quenching, the composites have thinner interphase space [47]. The typical lamella
sizes also correspond to the size of inhomogeneities and defects not intrinsic to the
eutectic pattern, which are inevitably formed during processing and critically control
the mechanical properties of the composites. Therefore, there is a strong interest not
only in determining the effects of rapid solidification routes in both the eutectic
microstructure and the mechanical properties, but also in the ability to use eutectic
composites as solid electrolytes for gas sensors. However, the difficulty of obtaining
bulk ceramic composites with homogeneous structure increases with solidification
velocity. The fabrication of binary eutectics by rapid solidification techniques yielded
moderate success in the past, producing partially amorphous or inhomogeneous
samples because it is difficult to maintain a homogeneous heat transfer at high
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cooling rates [48–50]. Therefore, rapid solidification methods were used to fabricate
eutectic powders, but not layered eutectic crystals. More recently, Al2O3-ZrO2-Y2O3
eutectics with submicron phase spacing have been obtained as fibers (with radiuses
of the ZrO2-Y2O3 fibers in the structure from 1 to 2 µm).
The growth of Al2O3-ZrO2(Y2O3) eutectic composites by the Stepanov technique
form from pure powders in the desired proportions (52.9 wt % Al2O3, 42.7 wt % ZrO2
and 4.4 wt % Y2O3) and preliminary data on the mechanical properties and crystal
structure have been reported [47]. The chemical resistance of zirconia eutectic composites is three times higher than that of the conventional polycrystalline zirconia
electrolytes [47]. In these eutectic composites, the negative influence of impurity
segregation on the grain boundaries of zirconia is minimized. This is due to the singlecrystal nature of the zirconia fibers in the Al2O3-ZrO2(Y2O3) composites. Consequently,
the contribution of electronic conductivity to the total conductivity of the solid electrolyte could be decreased. The zirconia single-crystal sensors are still relatively
expensive to make, and therefore, alternative oxygen sensors based on Al2O3-ZrO2Y2O3-shaped cylindrical eutectic composites will be more valuable due to less expensive manufacturing technology. There is no doubt that these inexpensive superior ionic
conductors for low-temperature oxygen sensors with good ceramic properties will be
in great demand. Therefore, oxide-oxide solid electrolyte eutectic composites were
considered as potential materials for low-temperature oxygen sensors.
Depending on the die’s design, the Al2O3-ZrO2-Y2O3 eutectic composites can
be grown by the Stepanov technique in various shapes, as shown in Figure 4.12, by
using a resistance-heated furnace (~2000°C, vacuum ~10–5 torr) equipped with a
graphite heater and, after heaters, using an argon atmosphere at pressures of 1.1–1.5

FIGURE 4.12 Different design of Al2O3-ZrO2-Y2O3-shaped eutectic composites.
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atm. Molybdenum crucibles and sapphire bars as seed crystals should be used. The
growth rates are usually within 20–100 mm/h. ROSTOX-N Ltd., Russia, is the
manufacturer of these eutectic composites.
After cutting, polishing, and finishing pellets of the eutectic composites with
diamond paste, they were assembled to be leak-tight in an alumina insulating tube.
A technique developed in the CSIRO Division of Manufacturing and Materials
Technology (CMMT), Australia, was employed for this purpose [51]. This technique
involves joining a solid electrolyte pellet or cylinder to an alumina tube of the
required length and diameter by a high-temperature eutectic welding operation. Thus,
the sensors prepared are rugged in construction, have a low leak rate, and are suitable
for most industrial and laboratory applications. The cylinder-tube design of the
oxygen sensor is a robust form of construction and avoids any possible leaks through
the junction of the eutectic composite and insulating tube. Both the SE and RE were
made by applying Pt paste on the composite. However, a liquid metal–metal oxide
RE is also possible for use in these sensors.
Subsequently, the microstructure and surface topography of the Al2O3-ZrO2Y2O3 eutectic composites investigation was performed by using a field emission
scanning electron microscope JEOL JSM-6440F fitted with both a digital-imaging
system for electron microscopy and an energy dispersive X-ray detector VOYAGER
at Kyushu University, Japan. Specimens of the eutectic crystals were polished using
Metadi II diamond-polishing compound (made in the United States by Buehler Ltd.)
and were coated with a 30 nm coating of carbon. The chemical composition of the
composites was examined using X-ray photoelectron spectroscopy (XPS) on a VG
Microlab 310F at RMIT University, Australia. An Al anode unmonochromated Xray source operated at a power of 300 W and 15 kV excitation voltage was used.
The energy of the Al Kα line was taken to be 1486.6 eV. The sample was tilted
such that the escape electrons were collected by an electron analyzer normal to the
sample surface [52]. The circular area of the sample from which escaping electrons
were detected was approximately 2 mm in diameter. All spectra were collected in
constant analyzer energy (CAE) mode at a pass energy of 20 eV in 0.5 eV steps
between data points. The spectrometer was calibrated with a sputtered copper
(99.999% pure) sample, and deposited gold on the sample gave Cu 2p3/2 , Cu KLL,
and Au 4f 7/2 binding energies of 932.60 eV, 334.8 eV (KE), and 84.06 eV, respectively [53]. The base pressure of the analysis chamber was 6 × 10–11 torr before
specimens were introduced. The binding energies were calibrated with reference to
C 1s at 285.0 eV for hydrocarbon contamination.
The oxygen-sensing properties of sensors based on the Al2O3-ZrO2-Y2O3 eutectic
composites and polycrystalline zirconia sensors with the same Y2O3 concentration
in the electrolyte were also investigated [53]. All tests were carried out using nitrogen
as a carrier gas. In all measurements, the airflow rate was ~100 cm3/min. The oxygensensing properties of sensors based on the polycrystalline Al2O3-ZrO2-Y2O3 solid
electrolyte were shown for comparison.
It has been established that the structure of the shaped Al2O3-ZrO2(Y2O3) eutectic
composite, as well as the structure of composites obtained by other methods of
directional solidification in this system, consists of two phases: the matrix, which
is alumina, and stabilized zirconia [47]. In this Al2O3-ZrO2 system, alumina is the
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first phase obtained at growth rates of 20 mm/h and higher. This fact indicates that
with increasing pulling rates, when a condition of supercooling is reached, the
alumina matrix becomes faceted at the cellular growth front with parts protruding
into the melt.
It was reported that Al2O3-ZrO2-Y2O3 eutectic composites have a colony microstructure [53]. They showed uniform grain-size distribution of both zirconia and
alumina fibers surrounded by some enormous particles of both alumina and zirconia,
around 5–10 μm in the submicrometer scale. All specimens have shown zero porosity, which is vital for gas sensor applications. Attainment of a fine, regular structure
over the bulk of the crystal and the determination of the growth conditions for which
this occurs is one of the main problems in the directional crystallization of eutectic
oxide-oxide composites. It is usually assumed that a planar crystallization front is
required for the formation of a highly oriented structure in a eutectic system.
However, the Al2O3-ZrO2-Y2O3 composites displayed the colony structure, and the
surface of the crystallization front was cellular. An increase in the growth rate may
cause either the faceting of cells or the appearance of dendrites.
Figure 4.13, a, shows the typical XPS survey spectra for the Al2O3-ZrO2-Y2O3
composite. It confirms the formation of both the stabilized zirconia with the associated
binding energy of the Zr 3d located at 184.16 eV and alumina with the associated
binding energy of the Al 2p located at 81.40 eV. Photoelectron peaks for Y 3d at 158.67
eV and O 1s at 531.98 eV were also clearly recorded for all specimens. The peaks for
Na 1s at 1073.28 eV and for carbon C 1s at 285 eV were detected due to the
contamination of the surface of specimens by organic components at the finishing
stage of the manufacturing process. However, after cleaning the surface of the Al2O3ZrO2(Y2O3) eutectic composite with neutral gas, the carbon peak disappeared from
the survey spectra (Figure 4.13, b). Table 4.3 summarizes the chemical composition
of samples calculated from the experimental data in Figure 4.13. The calculation is
based on the integrated area under the assigned element peak and the sensitivity factor
for the element [54]. The peak at 531.98 eV is characteristic of metallic oxides and
is in agreement with O 1s electron binding energy for ZrO2 and Al2O3. From the
calculated atomic percentages of Al and Zr, it can be seen that the implied oxygen
content of Al2O3 and ZrO2 is approximately correct for all samples.
The microstructure of the Al2O3-ZrO2-Y2O3 eutectic composite is shown in
Figure 4.14 outlining the boundary between eutectic colonies [46]. The dark areas
are the Al2O3 phase, and the white areas are the ZrO2-Y2O3 phase. The radiuses of
both Al2O3 and ZrO2-Y2O3 grains in this structure vary from 5 to 15 µm. However,
in average, the zirconia grains are bigger than the Al2O3 grains. This appears to
indicate that this structure may be the most preferable for optimization of the
conductivity and in terms of the microhardness values and fracture toughness of the
composite systems. Further investigation of the phase assemblage of the Al2O3ZrO2(Y2O3) eutectic composite confirmed the presence mainly of two phases, one
of which is the phase with the cubic fluorite-type structure of ZrO2-Y2O3, and the
other phase is alumina [53].
Sensing properties of the sensors based on Al2O3-ZrO2-Y2O3 eutectic composites
were investigated in the temperature range of 450–600°C to find the lowest possible
temperature at which the output emf of a sensor follows the Nernst equation. Dry
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FIGURE 4.13 Typical XPS survey spectra for the Al2O3-ZrO2-Y2O3-shaped eutectic composites.

air was used as a reference gas. A N2 + O2 mixture with 100 ppm of oxygen was
used as a measuring gas. The airflow rate on the SE was equal to the airflow rate
on the RE and was ~100 cm3 /min to avoid electrode polarization. The steady-state
emfs were obtained only after a few minutes. Each emf measurement was reversible
and was made after a change of temperature. Figure 4.15 illustrates the temperature
dependence of the ionic transference number ( tion = emf exp. / emf theory) calculated
for the sensor based on the Al2O3-ZrO2-Y2O3 eutectic composite. The tion numbers
at the same temperatures for the Al2O3-ZrO2-Y2O3 polycrystalline sensor with Pt
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TABLE 4.3
Chemical Composition of the Al2O3-ZrO2-Y2O3 Eutectic
Composite Surface
Peak

Center
(eV)

SF

Peak
Area

Tx.
Function

Norm
Area

[AC]
%

O 1s
Zr 3d
Y 3d
Al 2p

531.98
184.16
158.67
81.40

2.93
7.04
5.98
0.54

65045.837
14759.895
7907.681
5155.539

0.1
0.1
0.1
0.1

2537.88621
193.28330
144.02052
189.56924

63.999
15.986
4.018
15.997

Source: Data from Zhuiykov, S., 2000.

FIGURE 4.14 Typical SEM image of boundary between eutectic colonies. (Reprinted from
Calderon-Moreno, J.M. and Yoshimura, M., Stabilization of zirconia lamellae in rapidly
solidified alumina-zirconia eutectic composites, J. Europ. Ceram. Soc. 25 (2005) 1369–1372,
with permission from Elsevier Science.)

electrodes are presented for comparison. It is clear from this figure that Pt, as an
electrode material, cannot itself adequately promote the oxygen dissociation on ions
at a low temperature range.
As the operating temperature increased, the Nernstian behavior of the sensor
based on the Al2O3-ZrO2-Y2O3 eutectic became more predominant. The reproducibility of the measured emf at temperatures higher than 480°C was reasonably good
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FIGURE 4.15 The temperature dependence of the ionic transference for Al2O3-ZrO2-Y2O3
composite eutectic crystal and Al2O3-ZrO2-Y2O3 polycrystalline ceramic with Pt electrodes.

(±1mV). The low value of the output emf for the polycrystalline zirconia sensors at
operating temperatures less than 500°C can be explained by the absence of electrochemical equilibrium on electrodes. The rate of the reaction between electrolyteelectrode and gas phases is generally small at low temperatures. This rate increases
with temperature. In comparison with other polycrystalline sensors, the sensor based
on the Al2O3-ZrO2-Y2O3 eutectic composite with Pt electrodes exhibited good output
stability even at a temperature of 480°C. For a similar sensor based on the Al2O3ZrO2-Y2O3 polycrystalline ceramic with Pt electrodes, the stable response at the
same temperature requires a much longer time (~10 minutes), which is unsatisfactory
for industrial applications. Thus, the sensor based on the Al2O3-ZrO2-Y2O3 eutectic
composite with Pt electrodes could be used as an alternative oxygen sensor at
temperatures as low as 480°C.
The 90% response time was only 55 seconds upon exposure to gas containing
1000 ppm O2 at 500°C. The recovery time was also rapid. However, the emf returned
to its original level within ~100 seconds. Although this sensor has much faster
response and recovery at high temperatures (less than 1 second at temperatures above
700°C), it almost satisfies the response characteristics demanded for practical sensors
working in the temperature range of 450–600°C [53]. Numerous measurements of
different O2 concentrations in this temperature range have shown that the sensor emf
values are almost linear with the logarithm of oxygen concentration from 0.1 ppm
up to 100%. Further testing at high temperatures revealed that the sensors based on
the Al2O3-ZrO2-Y2O3 eutectic composite with Pt electrodes accurately measure oxygen not only at low but also at high temperatures (550–1000°C). There is a strong
correlation between the test results and the calculated emf from the Nernst equation
in both the high-temperature and low-temperature regimes. This implies that the
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sensors based on Al2O3-ZrO2-Y2O3 eutectic composites, similarly to the zirconia
single-crystal sensors, can measure successfully the oxygen concentration from 0.1
ppm not only at low temperatures but also at high temperatures. The investigation
of the sensors based on Al2O3-ZrO2-Y2O3 eutectic composites with Pt electrodes
provides evidence that these composites behave as pure ionic conductors at temperatures as low as 480°C [53]. These facts indirectly confirm the conclusions about
the superior ionic conductivity of the zirconia single crystals with Pt electrodes [8],
which appeared only at temperatures T ≥ 480°C. Comparison of the results obtained
for the sensors based on the Al2O3-ZrO2-Y2O3 eutectic composite with the results
obtained for the sensors based on the polycrystalline Al2O3-ZrO2-Y2O3 electrolyte
with Pt electrodes exhibited that the Al2O3-ZrO2-Y2O3 eutectic composites appear
to be more effective than polycrystalline ceramics in promoting oxygen transfer in
the operating temperature range of 480–550°C, and are also less affected by higher
temperature exposure.

4.2 IMPEDANCE METHOD FOR THE ANALYSIS OF
IN-SITU DIAGNOSTICS AND THE CONTROL OF
AN ELECTROLYTE/LIQUID-METAL ELECTRODE
INTERFACE
Recently, the development of the impedance-based zirconia sensors using the specific
spinel-type oxide SE for NOx measurement at high temperatures allowed detecting
the total NOx concentrations regardless of the NO-NO2 ratio in a gas mixture [55–57].
Development of the impedancemetric NOx sensors was described in detail in Chapter
3. Further development of the impedance method could also be applied to the control
of the solid electrolyte/liquid-metal electrode interface during measurement of the
thermodynamic activity of oxygen in liquid metals measured by zirconia sensors.
So far, the zirconia polycrystalline electrolytes or single crystals have been the most
widely used electrolytes for these sensors. The critical component of the Nernstian
sensor is an oxide ion conducting electrolyte that allows selective and fast diffusion
of oxide ions at elevated temperatures. When the high-temperature cubic fluorite
phase of zirconia is stabilized by doping with alkali or rare-earth oxides, the dopant
cations substitute for the Zr+4 sites in the crystal structure, giving rise to the creation
of O2 vacancies in order to maintain the charge neutrality of the crystal. For example,
8 mol % Y2O3 in stabilized zirconia contains about 4 mol % O2 vacancies [58]. Such
a high-vacancy concentration facilitates the selective O2 diffusion via a vacancy
diffusion mechanism. Furthermore, the electrical conductivity remains predominantly ionic in nature even at elevated temperatures with practically no concomitant
electronic conduction over a wide range of O2 activities [59]. In other words, the
average ionic transference number is near unity (i.e., ti > 0.999), indicating that
almost all current through the zirconia is carried by oxide ions. The zirconia-based
oxygen sensors have three fundamental features: (1) they transform the oxygen
chemical potential of the liquid metal to emf and, therefore, are sensors of the
generating type (they do not require power sources); (2) the magnitude of the electric
signal of a sensor does not depend on its size, which forms the fundamental basis
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for miniaturization; and (3) the measuring emf depends on the logarithm of oxygen
concentration, which ensures the possibility of measurement of concentrations within
several orders of magnitude, for example, from 10–1 to 10–10 mass % of oxygen in
melted lead [44]. According to the Nernst equation, emf of the zirconia-based sensors
is determined by the thermodynamic properties of the molten metal and the liquid
metal–metal oxide RE, and is proportional to the logarithm of the concentration of
the mobile species. Therefore, the sensor does not require calibration as long as the
total conductivity remains predominantly ionic. The high ionic conductivity ensures
that the measurement error of oxygen activity from the electronic contribution to
the electrical conductivity of zirconia as well as the chemical reactivity between the
electrolyte and electrode systems are within ±5%. Depending on the working temperature, the YSZ-based sensors, therefore, can control extremely low partial oxygen
pressures (down to 10–12 mass %) with an acceptable level of accuracy [60].
However, the precise measurement of such a low oxygen partial pressure in
molten metal applications is impeded by the polarization of electrodes. The practical
realization of the zirconia-based sensors to control oxygen impurity in alkaline
metals, such as liquid sodium, liquid lithium, and lead-bismuth eutectic, is complicated by the corrosive impact of these melts on the solid electrolyte or by the
appearance of products of corrosion on the electrolyte surface which stipulates the
blockade of the SE. As a consequence of this, both the polarization of the sensor
and its inertness increase [61]. Another problem associated with the use of polycrystalline zirconia with a metal–metal oxide RE is the careful selection of a RE.
For example, it has been reported that a Ni-NiO-RE reacts with an inner Pt current
conductor and affects the output emf of the sensor [16]. Introduction of an alumina
isolation layer in the design of oxygen sensors prevented the formation of an alloy
between Ni and Pt at high temperatures, leading to enhancement of the performance
and stability. However, after repeated tests over a longer period, the sensor performance degrades, possibly owing to grain growth and sintering of the inner RE at a
high temperature. Therefore, further combination of the zirconia single-crystal or
zirconia eutectic composite with an appropriately selected metal–metal oxide RE
specifically for lead-bismuth eutectic alloy applications will allow enhancement of
the lifetime of oxygen sensors. This is because a lead-bismuth eutectic alloy has
been employed as a heat carrier in liquid-metal nuclear facilities for submarines
[44]. The nature of the lead-bismuth heat carrier substantially differs from that of
alkali heat carriers. It is a powerful oxidant of structural materials at relatively low
O2 concentration (< 10–3 mass %) in liquid metal [61] and is a corrosive dissolvent
under lower concentrations.
It is therefore vital to have a method allowing periodic in-situ diagnostics of
metrological characteristics of oxygen sensors by controlling the electrolyte/liquidmetal interface directly during the lifespan of the sensors. It is especially important
when the lifespan of these sensors varies from 10,000 up to 70,000 hours [45]. In
addition, to avoid PbO precipitation in coolant for the subcritical transmutation
blanket in nuclear installation, it is recommended to control and maintain O2
concentration from 1.05 × 10–8 to 5.5 × 10–5 wt % in the temperature range of
350–550°C [61]. One of the methods, which could be employed for this purpose,
is the developed impedance method [45, 62]. This method allows in-situ diagnostics
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of the zirconia/liquid-metal electrode interface and the level of polarization of the
liquid-metal electrode. Some of the zirconia-based oxygen sensors with Pt electrodes, however, work at a relatively low temperature range (450–650°C), where
both the electronic and the hole conductivities can make a contribution to the total
conductivity of YSZ [63]. The big problem associated with the contribution of
electronic and hole conductivities to the total conductivity of YSZ is short-circuiting
within the electrolyte. Unfortunately, the impedance methods cannot distinguish the
short-circuiting problem from effects from other causes [45]. Furthermore, polycrystalline zirconia with Pt electrodes cannot work precisely at temperatures lower
than 450°C, as has been described above. Consequently, to overcome this problem,
the combination of a YSZ single crystal with a liquid metal–metal oxide RE has
been used in the low-temperature range of 350–550°C [8, 44, 45, 62].
Single-crystal zirconia oxygen probes, described by Equation (4.5), have been
used in experiments. Probes were checked for leakage at room temperature before
they were sealed. The temperature of the sensors was measured to ±0.5°C by a builtin K-type thermocouple placed adjacent to the RE. The emf was measured with a
high input impedance (> 10 MΩ) digital multimeter 179 TRMS accurate to ±0.1
mV. The complex impedance was measured by means of a measuring block, consisting of a transformer bridge (device TT-3152), as shown in Figure 4.16. Measurements were made in the frequency range of 1 Hz–100 kHz. The imaginary part (Z”)
of impedance versus the real part (Z’) was plotted in the examined frequency range
to obtain the Nyquist plots. As shown in Figure 4.16, the balance adjustment of the
bridge was made by selection of the equivalent resistance R. As a result, the impedance module was measured and the phase angle was determined by the magnitude
of the differential transformer current, which was measured at the appropriate positions of the switch.
Owing to the difference in oxygen concentration between oxygen-saturated BiBi2O3-RE and liquid metal, a chemical potential difference has been created, resulting in the flow of oxygen ions and subsequently the accumulation of charge. If the
sensor electrodes are reversible, when the oxygen exchange between the liquid metal
and electrolyte is not impeded, the exchange resistance on the interface electrolyte–liquid metal RE can be ignored. The simplest equivalent circuit for this type
of sensor, shown in Figure 4.17, a, is the circuit with the parallel connection of the
construction capacitance CK and the solid-electrolyte resistance Ri. Both parameters
should be measured, as they are unique for each sensor. In the proposed equivalent
circuit, the current conductor, the metal hull of the oxygen probe, and liquid-metal
electrodes represent the construction capacitance CK. This circuit complicates (see
Figure 4.17, b) when the blocking reaction layer appears on the surface of the zirconia
electrolyte. The following were used on this circuit: Rf is a polarization resistance,
and CD is capacitance of the double electrical layer on the solid electrolyte–liquid
metal interface [64].

4.2.1 GALVANO-HARMONIC METHOD
The operative impedance Z(p) for oxygen sensors at the absence of polarization can
be expressed as follows [45]:
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FIGURE 4.16 Instrumentation scheme for impedance measurements: 1: generator; 2, 4, and
6: amplifiers; 3: attenuator; 5: filter; 7: zirconia oxygen sensor; 8: oscilloscope; C: capacitance;
and Z: electrochemical sensor impedance. (From Zhuiykov, S., “In-situ” diagnostics of solid
electrolyte sensors measuring oxygen activity in melts by developed impedance method, Meas.
Sci. Technol. 17 (2006) 1570–1578. With permission.)
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FIGURE 4.17 Equivalent electrical circuit for electrochemical oxygen sensor: a: at the
absence of polarization; and b: polarization of the solid electrolyte–electrode interface. (From
Zhuiykov, S., “In-situ” diagnostics of solid electrolyte sensors measuring oxygen activity in
melts by developed impedance method, Meas. Sci. Technol. 17 (2006) 1570–1578. With
permission.)

Z ( p) =

Ri
l
1 ck
=
= 1 ,
RiCk p + 1 p + (1 RiCk ) p + n1

(4.13)

where l1 = 1/Ck; n1 = 1/CkRi.
If the step of current I applies on the electrochemical sensor in the galvanoharmonic mode, that is,
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(4.14)

or in the operative mode
I ( p) = I0

ω
,
p + ω2
2

then the operative voltage E(p) of the electrochemical cell, based on the Ohm law,
will be
E ( p) = Z ( p) I ( p) =

l1
ω
.
I0 2
p + n1 p + ω2

(4.15)

Based on the rolling functions theorem [65] and in accordance with the linear
electrical circuits theory [66], the total voltage in the electrical circuit as the transferral sinusoidal current is applied through it should also be sinusoidal with the same
angle frequency ω, that is,
E (t ) =

lI
(n1 sin ωt − ω cos ωt ) = E0 sin (ωt − Θ) ,
n1 + ω
1 0
2
2

(4.16)

where E0 is the amplitude of sinusoidal voltage and Θ is the angle of the phase
transfer between current and voltage, respectively. Equation (4.16) is valid for any
moment of time t. Assuming that ωt = 0 and ωt = π/2, from Equation (4.16) figure
out,
lI
ω = E0 sin Θ ;
n1 + ω

(4.17)

lI
n1 = E0 cos Θ .
n1 + ω

(4.18)

1 0
2
2

1 0
2
2

From the vector diagram, shown in Figure 4.18, which describes the correspondence between the triangle of voltages and the triangle of resistances, it is seen that
Ereact = E0 sin Θ,

(4.19)

Eact = E0 cos Θ.

(4.20)

Considering the left parts of Equations (4.17), (4.18), (4.19), and (4.20) and
after dividing them on the value of current I0, the equation for impedance components
yields the following:
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FIGURE 4.18 Vector diagram describing correspondence between the triangle of voltages
and the triangle of resistances. (From Zhuiykov, S., “In-situ” diagnostics of solid electrolyte
sensors measuring oxygen activity in melts by developed impedance method, Meas. Sci.
Technol. 17 (2006) 1570–1578. With permission.)

Lreact =

l1ω
;
n12 + ω2

(4.21)

Lact =

l1n1
.
n12 + ω2

(4.22)

The complex impedance and the total voltage can then be calculated from the
following equations:

(

L0 = L2react + L2act

(

1/ 2

)

l1

=

2
2
E0 = Ereact
+ Eact

2
1

n +ω
1/ 2

)

=

2

=

Ri
1 + ω2 Ri2 ck2

Ri I 0
1 + ω2 Ri2 ck2

.

;

(4.23)

(4.24)

For evaluation, the character of the semiarc hodograph of impedance described
by Equations (4.21) and (4.22) in Lreact and Lact coordinates, and Equation (4.21)
divides on correlation (4.22) receiving Lreact/Lact = ω/n1. Consequently, from this
equation follows:
ω = Lreact n1/Lact.

(4.25)

Further, taking ω form Equation (4.25) into (4.22), the equation of semiarc in
Lreact and Lact coordinates can be expressed as follows:
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2

⎛
2
Ri ⎞
2
⎜ Lact − ⎟ + Lreact = ( Ri 2 ) .
⎝
2⎠

(4.26)

The center of this semiarc lies on the axis Lact on the distance of Ri/2, and the
diameter of the semiarc is equal to Ri, that is, the resistance of zirconia. The
construction capacitance CK value can be found from the condition of maximum of
Lreact, that is,
dLreact
=0 .
dω

(4.27)

Working out Equation (4.27), CK can be obtained as follows:
CK = 1/Ri ωmax,

(4.28)

which allows drawing the hodograph of the sensor impedance. Figure 4.19 shows
calculated (solid line) and measured (dots) hodographs of impedance for the singlecrystal zirconia sensor based on Equations (4.21) and (4.22) at a temperature of
480°C and measuring O2 concentration in lead (CO2 = 10–8 mass %), considering
different magnitudes of Ri, CD = 0.948 × 10–9 F and CK = 0.474 × 10–10 F.
In case of the appearance of the blocking reaction layer on the surface of zirconia
with polarization resistance Rf (see Figure 4.17, b), the operative impedance equation
would read as follows:
L ( p) =

Ri R f C D p + Ri + R f
kp + 1
=
,
p 2 Ri R f C DCk + p ( RiCk + R f Ck + R f C D ) + 1 p 2 + ap + n

(4.29)

where k = 1/Ck ; l = (Ri + Rf)/RiRfCDCk; a = (RiCk + Rfck + RfCD)/RiRfCDCk; and n
= 1/RiRfCDCk.
Equation (4.29) expands on a summary of the simplest fractions as follows:
kp + l
d1
d2
=
+
,
p + ap + n p + m1 p + m2

(4.30)

2

where –m1 and –m2 are roots of the characteristic equation p2 + ap + n = 0,
−m1 = a 2 +

(a 4 ) − n ,
2

− m2 = a 2 −

(a 4 ) − n .
2

Values of the constants d1 and d2 in Equation (4.30) can be determined by
equalizing coefficients at the equal orders of magnitude p from the left and from
the right, that is,

47612_C004.fm Page 168 Friday, June 22, 2007 1:22 PM

168

Electrochemistry of Zirconia Gas Sensors

Z”, kΩ
8
4

0

4

8

12

16 Z’ , kΩ

a

Z”, kΩ
8
4

b

Z”, kΩ
8

4

0

4

8

12

16

20

24 Z’ , kΩ

c

FIGURE 4.19 Calculated (solid line) and measured (dots) hodographs of impedance for the
zirconia-based oxygen sensor at a temperature of 480°C (a) at the absence of polarization
and (b, c, and d) at the blocking reaction layer appearance on the solid electrolyte/liquidmetal electrode interface at the following magnitudes: Rf; : b – 1.6 × 103; c – 8 × 103; and d
– 16 × 103. (From Zhuiykov, S., “In-situ” diagnostics of solid electrolyte sensors measuring
oxygen activity in melts by developed impedance method, Meas. Sci. Technol. 17 (2006)
1570–1578. With permission.)

d1 = (k m1– l)/(m1 – m2); d2 = (l – m2k)/(m1 – m2).
Considering the behavior of the electrochemical system in the galvano-harmonic
mode [I(p) = I0ω/(p2 + ω2)] the operative potential reads,
E ( p) = I 0

ω ⎛ d1
d2 ⎞
+
⎟.
2 ⎜
p + ω ⎝ p + m1 p + m2 ⎠
2

(4.31)
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FIGURE 4.19 (Continued)

Applying the rolling functions theorem again [65] on Equation (4.31), we can receive
the following equations for components of the complex impedance:
Lreact =

d1ω
d2 ω
+
;
m12 + ω2 m22 + ω2

(4.32)

Lact =

d1m1
dm
+ 2 2 .
m12 + ω2 m22 + ω2

(4.33)

Considering the hodographs of impedance presented in Figure 4.19, it has been
noticed that each hodograph represents two semiarcs at Ri/Rf = 1, that is, when Ri
and Rf have the same magnitude. The radius of the first semiarc is (corresponding
to high frequencies) correlating to the radius of the semiarc drawn at the absence
of the electrode polarization, that is, at Rf = 0 (Figure 4.19, a). Whilst the value of
parameter Rf, characterizing the polarization of electrodes, is decreasing, the dimensions of the second semiarc, corresponding to the lower frequencies, are also decreasing. However, the dimensions of the first semiarc remain unchanged. This fact,
apparently, shows that the first semiarc of the hodograph of impedance represents
parameters Ri and CK, and the second semiarc represents parameters Rf and CD,
respectively. In fact, the first semiarc provides the value of Ri = 16 × 103 Ω on the
axis Lact. In the meantime, the second semiarc provides the summarizing value which
is equal to (Ri + Rf) on the same axis. The same result is following from Equation
(4.32) for the active component of impedance at ω → 0:
Lact =

d1 d2
+
= Ri + R f .
m1 m2

Then,
CK = 1/ωmax 1 Ri; CD = 1/ωmax 2 Rf .
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Therefore, the analysis given above shows that the second semiarc of the
hodograph of impedance characterized by parameters Ri and CD always appears
when the polarization on the solid electrolyte/liquid-metal electrode interface takes
place. If polarization is absent, the hodograph of impedance represents only one
semiarc with parameters Ri and CK.

4.2.2 IMPULSE GALVANIC-STATIC METHOD
This method can also be applied for diagnostics of the solid electrolyte sensors. In
this case, i (t) = const or i (p) = I/p. Operative impedance at the absence of
polarization can be determined from the following equation:
L ( p) =

Ri
l1
=
,
Ri pCk + 1 p 2 + n1

and an operative voltage from the following equation:

E ( p) =

⎡ 1 ⎛ 1 ⎞⎤
1 ⎛ l1 ⎞
⎟⎥ .
⎟ = Il1 ⎢ ⎜
⎜
p ⎝ p + n1 ⎠
⎣ p ⎝ p + n1 ⎠⎦

(4.34)

After a few mathematical manipulations, the voltage can be determined from the
following correlation:
⎡
⎛
t ⎞⎤
E (t ) = IRi ⎢1 − exp ⎜−
⎟⎥
⎝ RiCK ⎠⎦
⎣

(4.35)

or, alternatively, from
lg ⎡⎣ IRi − E (t )⎤⎦ = lgIRi −

t
.
2.3 RiCK

(4.36)

It follows from Equation (4.36) that the total voltage E (t) → I Ri at t → ∞. Therefore,
if both values for the total voltage E (∞), corresponding to the saturation of the
galvanic-static curve, and values for the current I are known, it is possible to calculate
the resistance of the solid electrolyte
Ri = E (∞)/I.

(4.37)

Function of the total voltage E (t) versus time, calculated in accordance with Equation
(4.35) at Ri = 16 × 103 Ω, CK = 0.47 × 10–10 F, I = 10–4 A, is shown in Figure 4.20.
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FIGURE 4.20 Calculated and galvano-static curves for an electrochemical sensor at the
absence of polarization. (From Zhuiykov, S., “In-situ” diagnostics of solid electrolyte sensors
measuring oxygen activity in melts by developed impedance method, Meas. Sci. Technol. 17
(2006) 1570–1578. With permission.)

In case of the appearance of the blocking reaction layer (Figure 4.17, b), the
total voltage in the impulse galvanic-static mode at t → ∞ can be found from the
following equation:
d ⎞
⎛d
E (∞) = I ⎜ 1 + 2 ⎟ = I (Ri + Rf ) .
⎝ m1 m 2 ⎠

(4.38)

Galvanic-static curves saturate toward the limiting voltage E (∞) at t → ∞, and
the limiting voltage itself corresponds to the active resistance, that is, I (Ri + Rf).
Then,
(Ri + Rf) = E (∞)/I.

(4.39)

The step of applied current should be selected such that the limiting voltage in circuit
E(∞) should not exceed the decomposition voltage of zirconia (≈2V) [62]. Therefore,
one of the selection criteria allowing determination of the presence or absence of
polarization effects on the YSZ-based electrochemical sensor at the impulse galvanic-static method is the value of the limiting voltage E(∞). The magnitude of the
limiting voltage is equal to IRi. However, at the presence of the blocking reaction
layer, the magnitude of the limit voltage is equal to I (Ri + Rf).
Considering the possibility of the appearance of the blocking reaction layer on
the surface of the solid electrolyte, it is necessary to consider the resistance Rf, which
is connected in the parallel to the double electrical layer capacitance CD on the
electrolyte/liquid-metal electrode interface, as shown in Figure 4.17, b.
Dependence of the total conductivity Y (ω) of the electrical circuit on the round
frequency ω can be written as a complex function [62]:
Y(ω) = G(ω) + j B(ω),

(4.40)
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where G(ω) is conductivity and B(ω) is susceptibility of the galvanic circuit. Analyzing the frequency dependence of the admittance Y based on the proposed equivalent electrical scheme (Figure 4.17, b), the following correlations for conductivity
G and for susceptibility B can be obtained:

GRi = I −

⎛C
α
I ⎞
; BRi = x ⎜ K + 2 2 ⎟ ,
2
α +x
⎝ CD α + x ⎠
2

(4.41)

where α  (Rf + Ri)/Rf, x  CD Ri.
Approbation of the proposed impedance method has been done on the oxygen
probes with the structure described above as (4.5) in the temperature range of
380–480°C. Initially, the emf of the probe was allowed to attain a stable value. MeMeO/molten metal emfs were within ±1 mV of their theoretical values. The thermodynamic emf (Nernst equation) for an oxygen probe with a Bi-Bi2O3 RE is
E = (ΔGBi2O3 – RT ln PO2)/4F,

(4.42)

where ΔGBi2O3 is the standard Gibbs energy of formation Bi2O3 [39] and PO2 is the
measuring oxygen partial pressure. Previous investigation of properties of the liquidmetal REs has shown that the Bi-Bi2O3 electrodes exhibited neutral behavior toward
a YSZ solid electrolyte in the temperature range of 297–497°C [8]. It is therefore
possible to expect weak polarization in the above temperature range.
Calculated (solid line) and measured (dots) hodographs of impedance for the
electrochemical oxygen sensor based on a zirconia single crystal with a Bi-Bi2O3
RE measuring of dissolved O2 concentration in lead (CO2 = 10–8 mass %) at the
temperature range of 380–480°C are illustrated in Figure 4.21. The measurements
show that the experimental data correspond well to the hodographs calculated in
accordance with the parallel connection of construction capacity CK = 47.4 pF and
the volume resistance of the YSZ solid electrolyte Ri (T). The dependence of Ri
versus temperature has an exponential character which corresponds to the linear
dependence of ln Ri on 1/T. The activation energy of the total ionic conductivity
was 0.92 eV during all experiments, which correlates (accurately to 5%) with value
for the (ZrO2)0.9 – (Y2O3)0.1 single crystal. The observed discrepancy between measured and calculated impedances at the lower frequencies region (1–10Hz), shown
in Figure 4.21, could be explained by relatively low polarization of the electrochemical cell (4.5). In reality, after analysis of the frequency dependence of the electrochemical cell based on Figure 4.17, b, it was found that for the complete correlation
of experimental and calculated impedance values, it is necessary that the polarization
resistance of the zirconia electrolyte should be (0.05 – 0.1) Ri. This fact is possibly
stipulated by the increase of the square of the surface contact between zirconia and
liquid metal. Therefore, the square of the surface contact between the zirconia single
crystal and liquid metal should be minimized in order to decrease the possibility of
the polarization resistance appearance. Several temperature cycles from 380°C to
480°C and back were performed to analyze the reproducibility of the sensor with
respect to temperature. The results showed that although hysteresis does exist in the
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FIGURE 4.21 Calculated (solid line) and measured (dots) hodographs of impedance for the
oxygen sensor based on a (ZrO2)0.9 – (Y2O3)0.1 single crystal with a Bi-Bi2O3 RE: 1: 480°C;
2: 430°C; and 3: 380°C. (From Zhuiykov, S., “In-situ” diagnostics of solid electrolyte sensors
measuring oxygen activity in melts by developed impedance method, Meas. Sci. Technol. 17
(2006) 1570–1578. With permission.)

response time during the reversing temperature change process, it was within 25%
for the temperature range of interest. These data indirectly confirmed results of other
researchers [58] for impressively fast responses of the zirconia single crystal for
these moderate temperatures. The hysteresis might be owing to two major factors:
the sensor’s response time and the response time of oxygen in liquid lead.
Overall, the analysis of the experimental data allows concluding that the level
of the surface polarization of the liquid-metal Bi-Bi2O3 electrode is negligible within
the temperature range of 380–480°C. The X-ray pattern of the RE did not show any
change in the phase assemblage after experiments.
Admittance hodographs for the different Rf/Ri were also calculated for the same
working conditions which have been described above for the impedance measurements at CK/CD = 0.05. The hodographs are shown in Figure 4.22. It is clearly
indicated in this figure that the graphical interpretation of the total conductivity
changes substantially at the changes of magnitude of Rf /Ri. Furthermore, the susceptibility BRi, based on the second equation (4.41), at the intersection of the
hodographs became sensitive to parameter CK/CD. Therefore, magnitudes for both
Rf /Ri and CK/CD can be determined independently with a high level of accuracy.
This fact shows that the admittance measurements can also be successfully applied
for diagnostics of the condition of the zirconia-electrode interface directly at the
working conditions—in liquid metal. Thus, the simultaneous reduction of Rf /Ri and
CK/CD at the same working conditions reflects the fact that polarization, and consequently the corrosive impact of the Bi-Bi2O3 electrode on the zirconia electrolyte,
are absent. In the case of the appearance of the blocking reaction layer on the surface
of the solid electrolyte, the ratio Rf/Ri rises and correlation CK/CD decreases or
remains unchanged. Therefore, the proposed method of impedance measurements
allows collecting information about the level of polarization on the zirconia/liquidmetal electrode interface, which is characterized by the second semiarc of
the hodograph of impedance. The second semiarc represents parameters Rf as the

47612_C004.fm Page 174 Friday, June 22, 2007 1:22 PM

174

Electrochemistry of Zirconia Gas Sensors

BRi

5
0.5
3
2

4

0

1

0.5

1.0

GRi

FIGURE 4.22 Admittance hodographs in the electrical circuit at the different magnitudes of
Rf / Ri: 1: 0; 2: 0.1; 3: 1.0; 4: 10; and 5: 100. (From Zhuiykov, S., “In-situ” diagnostics of
solid electrolyte sensors measuring oxygen activity in melts by developed impedance method,
Meas. Sci. Technol. 17 (2006) 1570–1578. With permission.)

polarization resistance and CD as the capacitance of the double electrical layer on
the zirconia–liquid metal interface, respectively.
The proposed impedance method for periodic in-situ diagnostics of the solid
electrolyte/liquid-metal electrode interface during the life span of the sensors allows
periodic inspections of the electrolyte/liquid-metal electrode interface during the
lifetime of the sensors and allows making a judgment about the level and the
character of electrode polarization. Experiments with liquid-metal Bi-Bi2O3
employed as a RE for zirconia single-crystal oxygen sensors have shown that the
level of polarization effects on the electrode-electrolyte interface is negligible at
temperatures as low as 380°C. The decrease of the oxidizing potential of the RE by
means of careful selection of the appropriate Me-MeO electrode can reduce considerably the polarization effects on the electrolyte/liquid-metal electrode interface. An
example of the Bi-Bi2O3 RE has shown that this RE possesses a stable oxidation
potential and, consequently, the minimum electric resistance at the zirconia-melt
interface. This indicates that the threshold temperature, where a meaningful emf can
be obtained, can be shifted toward a lower temperature.
The results of the present work may be applicable for diagnostics of oxygen
sensors at more complicated applications, such as measurement of oxygen activity
in liquid sodium, lithium, or lead-bismuth heat carriers for atomic power plants.
Corrosion and mass transfer in nonisothermal lead-bismuth circuits with temperatures of a heat carrier of 300–500°C do usually occur at a concentration of dissolved
O2 of 10–6 – 10–12 mass %. The proposed impedance method is developed for
determining the level and the character of polarization at the electrolyte-electrode
interface, which ensures a continuous oxide protection of materials against corrosion
by means of zirconia sensors in all temperature regimes of exploitation of liquidmetal circuits.
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4.3 MEASURING OXYGEN CONCENTRATION IN
LEAD-BISMUTH HEAT CARRIERS
The use of liquid-metal heat carriers in nuclear power engineering began in transport
facilities in the twentieth century. General Electric Inc. constructed the 50-MW threeloop experimental reactor unit Mark-A with sodium and 22% Na + 78% K alloy,
and then the nuclear power facility for the Seawolf atomic submarine. In this project,
a sodium-graphite reactor on intermediate neutrons was designed and experimentally
substantiated. The inlet temperature of its heat carrier was 315°C, and the temperature at the outlet of the active zone was 480°C [67]. This was the result of a 10year program of the development of sodium and sodium-potassium melts as heat
carriers of nuclear power facilities for atomic submarines in the United States. A
liquid-metal technology was developed with continuous purification of metallic
melts in flow circuits by the method of “cold” traps and with control over the
temperature of crystallization of technological admixtures from melts by the method
of a “cork” indicator.
The use of Na as a heat carrier at atomic power plants with fast-fission reactors
required a substantial updating of the known procedures and the development of
essentially new methods and means of liquid-metal technology. Despite the fact that
the service life of sodium nuclear power facilities reached 280 reactor-years, some
problems of the reactor technology of sodium remain unsolved until now. For
example, devices for continuous monitoring of O2 in the Na in the first and second
circuits of atomic power plants have not yet been developed to satisfy demanding
industrial needs. A distinctive feature of the exploitation of nuclear power facilities
at atomic power plants is the long-term monitoring of the reactor parameters in the
nominal regime, which is not characteristic of the nuclear power facilities of submarines. Therefore, the development and optimization of technology of heat carriers
for stationary atomic power plants are still topical problems.
The nature of the lead-bismuth heat carrier differs substantially from that of the
alkali heat carriers. It is a very powerful oxidant at a relatively low oxygen concentration (less than 10–3 mass %) and is also a corrosive dissolvent at low concentrations
[44, 58, 67]. The monitoring of the oxygen content in the hear carrier can only be
achieved by solid-electrolyte activimetry employing the single-crystal zirconia
(hafnia) sensors [8, 44, 58]. The determination of emf with the use of these sensors
allows measuring the Gibbs energy in a heat carrier and, consequently, the thermodynamic activity of oxygen in the melt from 10–1 to 10–15 mass %. The unique
thermal resistance of the sensor and stability of its metrological characteristics is
ensured by the special technology of production of sensitive elements of the sensor
[68]. The zirconia single-crystal sensors are highly thermostable and withstood
thermal shocks (heating or cooling at the 10°C/sec rate) for many, many cycles in
the temperature range of 270–550°C [44]. It was reported that these sensors not only
withstood at least 100 cycles under thermal shocks of 50°C/sec at an excessive
pressure of liquid metal up to 6 MPa, but also exhibited a record-breaking threshold
sensitivity of 10–15 mass % in the lead-bismuth heat carriers at temperatures as low
as 300°C [44, 68]. Their life span under the conditions given above is up to 100,000
hours. The manufacturing technology of these sensors will be considered in detail
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in the next chapter. None of the other zirconia sensors reported in the scientific
media to date can measure oxygen activity in molten metals so accurately for so
long a time. By using these sensors, it is possible to determine the temperature
dependence of the minimum admissible activity of oxygen corresponding to the
beginning of the depassivation of steels and the rates of passivation of materials in
the lead-bismuth heat carriers.

4.4 REGULATION OF OXYGEN PARTIAL PRESSURE IN
MELTS BY ZIRCONIA PUMPS
4.4.1 CHARACTERISTICS

OF

LAMELLAR OXYGEN PUMPS

In addition to the gas sensors measuring various gases in different environments,
zirconia-based electrolytes can also be used as reversible pumps for pumping in and
out or for dozing the oxygen concentrations from and into molten metals. The
calculating characteristics of such devices will be presented below. For this purpose,
the oxygen pump can be represented by the following electrochemical cell:
Electrode/Liquid Metal (P1) // YSZ // Gas (P2)/Electrode.

(4.43)

The principal scheme of such a lamellar oxygen pump is shown in Figure 4.23. If
a YSZ electrolyte possesses only ionic conductivity ( ti >0.99), then, based on the
Faraday law, the transfer of current through the YSZ electrolyte follows the selective
transfer of oxygen through the electrolyte membrane. The emf generating in circuit
(4.43) can be expressed by the well-known Nernst Equation (3.3), where P1 and P2
are the oxygen partial pressure on the liquid metal and the gaseous electrode,
respectively. ti is the average ionic transference number.
For the purification of liquid metal from oxygen, the voltage U > E0 has to be
applied from the external DC source with the negative polarity on the liquid-metal
electrode. The transfer of oxygen ions to the gaseous electrode can result in the
following chain reactions:
1

2

O2 + V + 2 e– → O 2– / / O 2– / / O 2 – → 2 e– + V + 1 2 O2 .

(4.44)

↑__________________________↑

The electrical current, corresponding to the nonstationary diffusive oxygen flow,
decreases during the purification. Consequently, the voltage U is also decreasing.
Therefore, the applied voltage U to circuit (4.43) has to be U = const at the changing
current in circuit (4.43). Then the purification voltage has to be chosen from the
following inequality:
E0 < U < E*,

(4.45)

where E* is the maximum emf in the circuit without the appearance of the electronic
conductivity ( ti ~1).
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FIGURE 4.23 Principal scheme of the YSZ-based lamellar oxygen pump.

In other cases, the use of the oxygen pumps carries out in galvano-static mode,
that is, at the constant current in circuit (4.43). Let us consider the main calculated
characteristics of such pumps, which can be represented by the speed and depth of
the liquid metal purification from oxygen as well as by the oxygen flow and by the
time of the attainment of the set deepness of purification.
4.4.1.1 Potentiometric Mode of the Oxygen Pump
The relative quantity of the removing oxygen from the liquid metal can be expressed
by the following equation:

ζ (τ) =

m ( τ ) c0V − c ( τ ) V
c (τ)
=
= 1−
,
m0
c0V
c0

(4.46)

where V is a volume of the liquid metal, and c (τ) and c0 are the average and an
initial oxygen concentration in metal, respectively.
If the density of the electrical current i corresponds to the diffusive flow on the
metal-electrolyte interface j, then the electrochemical balance equation can be presented as follows:
τ

m (τ) =

∫
0

j dτ =

1
2F

τ

∫ i dτ .
0

(4.47)
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The equation for the oxygen flow can be obtained by the differentiation of correlation
(4.46) by time τ with consideration of Equation (4.47):

j (τ) =

c0V d ⎡ m ( τ ) ⎤
× ⎢
⎥,
S
d τ ⎣ m0 ⎦

(4.48)

where c is the oxygen concentration, S is the surface of the metal-electrolyte interface, and i is the density of purification current.
The diffusive purification flow from the liquid-metal flat layer with thickness δ
will follow the x coordinate toward the metal-electrolyte interface, where the condition c1 = const should be fulfilled. Coordinate x = 0 will be combined with the
free surface of the liquid-metal layer. Then, the relative change of the oxygen
concentration can be found from the solution of the following nonstationary diffusion
equation:
d 2c
dc
=D 2 ,
dx
dτ

(4.49)

with initial conditions τ = 0, c(x, 0) = c0 (0 < x < δ), and the following boundary
conditions at τ > 0:
∂c ( 0, τ )
= 0; c ( δ, τ ) = c1 .
∂x

(4.50)

The solution of Equation (4.49) for F0 > 0.1 can be obtained as follows [69]:
c ( x, τ ) − c1
=
c0 − c1

∞

∑ ε2 (−1)
n=1

n+1

n

⎛ x⎞
cos ⎜εn ⎟ exp −ε2n F0 ,
⎝ δ⎠

(

)

(4.51)

where F0 = Dτ/δ2 is the diffusive Fourier criterion, and εn = (2n – 1) (π/2) are roots
of the characteristic equation cos [(2n – 1)(π/2)] = 0.
The average relative oxygen concentration in metal can be expressed as follows:
c (τ) 1
=
δ
c0

δ

∫
0

c ( x, τ )
dx .
c0

(4.52)

After substitution of (4.51) into (4.52) and integration, the equation modifies:
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∞

∑ ε2 exp (−ε F ) .
n=1

2
n 0

2
n

(4.53)

For F0 > 0.1 with accuracy 1.5% in Equation (4.53), the first number of series n =
1 can be used. Then,

Q (τ) =

⎛ π2 ⎞
8
exp ⎜− F0 ⎟ .
2
π
⎝ 4 ⎠

(4.54)

In the case of F0 < 0.1 [70],
0.5

⎛F ⎞
Q (τ) = 1 − 2 ⎜ 0 ⎟
⎝π⎠

.

(4.55)

Correlation of Equation (4.54) and Equation (4.55) shows that at F0 = 0.1, the balance
corresponds to equation
Q1(τ)/Q2(τ) = 0.985.

(4.56)

Consequently, the average relative oxygen concentration in the liquid-metal layer
can be determined by the Fourier criterion at the boundary conditions considered
above.
The speed of the liquid metal purification from oxygen can be expressed by the
following equation [71]:

v = − m0

d ⎡ c (τ) ⎤
d ⎡ c (τ) ⎤
⎢1 −
⎥ = m0
⎢
⎥.
dτ ⎣
c0 ⎦
d τ ⎣ c0 ⎦

(4.57)

Then from (4.54) the following the correlation can be obtained taking into account
(4.53):
⎛ π 2 F0 ⎞⎤
c ( τ ) 1 ⎡ c1δ 8δ ⎛ c1 ⎞
= ⎢ + 2 ⎜1 − ⎟ exp ⎜−
⎟⎥ .
c0
δ ⎣ c0 π ⎝ c0 ⎠
⎝ 4 ⎠⎦

(4.58)

After substitution of (4.58) into (4.57) and the following differentiation,

v1 = −

⎛ π 2 F0 ⎞
m0 D ⎛ c1 ⎞
1
−
exp
⎜−
⎟.
⎟
⎜
δ2 ⎝ c0 ⎠
⎝ 4 ⎠

(4.59)
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The correlation between the oxygen concentration in melt with the purification
voltage U = const and the equilibrium emf in the electrochemical cell (4.43) corresponding to this voltage, should be established. From Equation (3.3) and from
condition U = E0, the following appears:
U = ti ⋅

RT
P
⋅ ln 2 .
4F
P1

(4.60)

From Equations (3.3) and (4.60) follows
E0 − U RT
P′
=
ln 1 .
4 F P10
ti

(4.61)

The obtained equation is usually applied for the diluted oxygen solutions in the
liquid metals [71]:
c1 ⎛ P1′ ⎞
=
c0 ⎜⎝ P10 ⎟⎠

0.5

.

(4.62)

Then Equation (4.61) can be rewritten as
E0 − U RT c1
=
ln ,
4 F c0
ti

(4.63)

and the purification speed can be figured out:

v1 = −

⎛ π 2 F0 ⎞
2 c0 SD
α1exp ⎜−
⎟,
δ
⎝ 4 ⎠

(4.64)

where
⎡ 0.868 F ( E 0 −UF ) ti RT ⎤⎦

α 1 = 1 − 10 ⎣

.

(4.65)

The purification flow can be determined as
j = v/S.
Then

(4.66)
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⎛ π 2 F0 ⎞
2 c0 D
α1 exp ⎜−
⎟.
δ
⎝ 4 ⎠
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(4.67)

It can be seen from Equations (4.65) and (4.67) that at U » E0, we have α1 ≈ 1, that
is, the flow and the speed of purification are independent of the voltage of the pump.
The next step is the oxygen flow determination through the electrolyte for F0 <
0.1. The average relative oxygen concentration in melt yields the following:
0.5
c ( τ ) c1 ⎛
c ⎞⎡
⎛F ⎞ ⎤
=
+ ⎜ 1 − 1 ⎟ ⎢1 − 2 ⎜ 0 ⎟ ⎥ .
⎝ π⎠ ⎥
c0
c0 ⎝
c0 ⎠ ⎣⎢
⎦

(4.68)

After substitution of (4.68) into (4.57) and differentiation by τ with consideration
of (4.63) and (4.65), the equation for the purification speed is given as
0.5

⎛D⎞
v2 = c0 Sα1 ⎜ ⎟
⎝ πτ ⎠

.

(4.69)

The purification flow at F0 < 0.1 yields the following:
⎛ D⎞
j2 = c0 α1 ⎜ ⎟
⎝ πτ ⎠

0.5

,

(4.70)

and is also independent on thickness of the liquid-metal layer δ.
The resemblance of the purification speed flows is taking place at F0 = 0.2 and
can be determined as
⎛ π2 ⎞
0.5
v1 j1
= = 2 exp ⎜− ⎟ F0 ( πF0 ) = 0.97 .
v2 j2
⎝ 4 ⎠
Consequently, Equation (4.70) can be used for calculation of the oxygen flow in the
liquid metal up to F0 < 0.2.
Deepness of the liquid metal purification from the traces of oxygen by the
electrochemical cell (4.43) at ti = 1 can be determined from Equation (4.46) as the
relative quantity of oxygen removed to the time. After substitution of (4.54) or (4.55)
into (4.46) with consideration of conditions (4.63), the following equation yields for
F0 > 0.1:
⎡
⎛ π 2 F0 ⎞⎤
8
ζ1 ( τ ) = α 2 ⎢1 − 2 exp ⎜−
⎟⎥ .
⎝ 4 ⎠⎦
⎣ π

(4.71)
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For F0 < 0.1,
⎛F ⎞
ζ 2 ( τ ) = 2α 2 ⎜ 0 ⎟
⎝ π⎠

0.5

,

(4.72)

where α2 = 1 – 10 [0.868F(E0–U)F/RT].
Functions ζ1 and ζ2 are growing monotonously up to the limiting value:
lim ζ ( τ ) = α 2 = ζ Π .
τ →∞

(4.73)

The achievable deepness of the liquid metal purification ζΠ from the oxygen by the
solid electrolyte can be determined from Equation (4.73). For example, in the case
of F0 = 0.15, the following equality ζ1(τ) = ζ2(τ) and consequently,
ζ (0.15) = 0.44 α2.

(4.74)

The purification time is calculated at moment τ = τ*, to which the set purification
deepness can be achieved from the start, that is, then
ζ (τ*) = ζ0,

(4.75)

where ζ0 is the set purification deepness, for example 90%.
The purification time τ* at ζ > ζ0 can be determined from Equation (4.72):
2

π ⎛ δζ0 ⎞
.
τ =
4 D ⎜⎝ α 2 ⎟⎠
*
2

(4.76)

At ζ > ζ0 from Equation (4.71) follows,

τ1* = –

( )

0.93 δ2 ⎡
⎛ ζ 0 ⎞⎤
⎢0.09 + 1g ⎜1 − ⎟⎥ .
D
⎝ α 2 ⎠⎦
⎣

(4.77)

Equations (4.76) and (4.77) allow the necessary time of achievement for the set
purification deepness of the liquid metal from oxygen to be determined.
The irreversible oxygen transfer through the solid electrolyte is possible at ti <
1 because in this case the solid electrolyte is also simultaneously represented by the
external circuit of the element (3.3). This transfer toward the lower partial pressure
takes place in both closed and opened circuits (3.3).
If P2 » P1, then the flow of contamination of the liquid metal by oxygen can be
determined as follows:
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P
RσT
(1 − ti ) ln P2
F 2l
1

.
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(4.78)

Having had an analysis (4.78) similar to the previous analysis of Equations
(4.60)–(4.63), the flow of contamination yields
j– = −

4 σU
(1 − ti ) ,
ti Fl

(4.79)

where σ is the ionic electroconductivity of the solid electrolyte, and l is the thickness
of the solid electrolyte.
It can be seen from Equation (4.79) that the electrolyte parameters σ and l, as
well as the mode of the oxygen pump U, can be selected appropriately in order to
satisfy j » j–. In this case, the flow of contamination of the liquid metal by oxygen
can be decreased to the minimum possible level.
Let us consider the case when j = j – at the low level of flow j –, that is, at ti =
1. Equalizing (4.70) and (4.79), the correlation for the purification time can be given
as

* 0.5

(τ )
2

=

c0 α1 Fti ( D π )

0.5

4 σU (1 − ti )

.

(4.80)

In the case of F0 > 0.2,
τ1* = −

9, 2 δ2 2U σ (1 − ti ) δ
lg
.
Dlc0α1Fti
π2 D

(4.81)

The equations for calculating the deepness of liquid metal purification from the
oxygen are as follows:
For F0 > 0.1:
⎡
⎛ π 2 ⎞⎤
8
ζ1 ( τ ) = α1 ⎢1 − 2 exp ⎜− F0 ⎟⎥ .
⎝ 4 ⎠⎦
⎣ π

(4.82)

For F0 < 0.1:
0.5

⎛F ⎞
ζ 2 ( τ ) = 2α1 ⎜ 0 ⎟
⎝π⎠

.

(4.83)
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The constant initial oxygen concentration c0 can be maintained in the liquid
metal on the boundary x = δ in case of a surplus of oxides in the melt. Then the
parameters of purification can be found from the solution of the diffusion Equation
(4.49), with initial (τ = 0); c (x, 0) = c0, (0 < x < δ) and boundary conditions at τ >
0: c (0, τ) = c1; c (δ, τ) = c0.
Accordingly, the solution is given as [72]:
c ( x, τ ) − c1 x
= +
c0 − c1
δ

∞

∑(−1)

n+1

n=1

⎛ x⎞
2
sin μ n ⎜1 − ⎟ exp −μ 2n F0 ,
⎝ δ⎠
μn

(

)

(4.84)

where µn = n are characteristic numbers.
The oxygen flow from the liquid metal on the surface of the electrolyte is given as

j = −D

dc ( 0, τ )
.
dx

(4.85)

The quantity of oxygen transferring through the surface S:
τ

Q=S

∫ j dτ .

(4.86)

0

After differentiation of (4.84) by x and substitution of the achieved result at x = 0
into (4.85), the quantity of oxygen is given as

Q=

⎡
c0α 0 SD ⎢
2δ
τ−
δ ⎢⎣ π 2 D

∞

∑

(−1)

n=1

n+1

n2

cos nπ +

2δ 2
π2 D

∞

∑

(−1)

n=1

n+1

n2

×
.

(4.87)

× cos nπ exp −n 2 π 2 F0 ⎤⎦

(

)

The third item in the square brackets of Equation (4.87) aspires to zero at τ → ∞.
Therefore, the diffusion process becomes equilibrium from some time τe. Consequently, the expenditure of oxygen in the liquid metal at the equilibrated diffusion
can be determined as follows:

Qe =

where τ > τe.

⎡
c0α 2 SD ⎢
2δ
τ−
δ ⎢⎣ π 2 D

∞

∑
n=1

(−1)
n

n+1

2

⎤
cos ( nπ )⎥ ,
⎥⎦

(4.88)
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At n = 1 … 10,
2
π

∞

∑

(−1)

n=1

n

n+1

2

cos ( nπ ) ≈ −

π
.
10

(4.89)

The substitution of (4.89) into (4.88) gives an asymptotic solution for Equation
(4.87):

Qe =

πδ2 ⎞
c0α 2 SD ⎛
⎟.
⎜τ +
δ ⎝
10 ⎠

(4.90)

The correlation for the calculation of τe is found by equalizing (4.90) to zero:
| τe | = (πδ2/10D).

(4.91)

The oxygen flow at the equilibrated diffusion can be determined from Equation
(4.90):

j=

Qe Dc0α 2 ⎛
πδ2 ⎞
=
⎜1 +
⎟.
Sτ
δ ⎝ 10 D τ ⎠

(4.92)

Noteworthy is the fact that the obtained equations are also pointed out on the
determination method of the coefficients of diffusion and oxygen concentration in
liquid metals. For example, after substitution of (4.67) and (4.70), taken by the
absolute value, into Equation (4.47) and differentiation by τ for F0 > 0.2, the
following appears:

ln i = ln

Dc0α 2 F π 2 D τ
−
.
4δ
4δ2

(4.93)

For F0 < 0.2,
0.5

ln i = ln

c0α 2 F ⎛ D ⎞
⎜ ⎟
8 ⎝π⎠

−

ln τ
.
2

(4.94)

The coefficient of oxygen diffusion can be determined from the pitch of the line
i = f (τ) for Equations (4.93) or (4.94). Then, the value of c0 can be calculated from
Equations (4.93) and (4.94).
That’s why the solid electrolytes in the electrochemical oxygen pumps not
only provide regulation of oxygen concentration in the different technological
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environments, including molten metals, but are also capable of controlling oxygen
concentration constantly. Furthermore, they can measure the changes of the coefficient of oxygen diffusion occurring in the control environments.
4.4.1.2 Galvano-Static Mode of the Oxygen Pump
The DC transfer through the electrochemical cell (3.3) accompanies the continuous
decreasing of the oxygen chemical potential on the metal-electrolyte interface and,
consequently, oxygen partial pressure. The equilibrium emf of the electrochemical
cell (3.3) will continuously increase in accordance with the Nernst equation.
The quantity of oxygen removed from the liquid metal through the surface S to
the time τ can be expressed as follows:
m (τ) = Siτ/2F.

(4.95)

In this case, the oxygen flow from the metal is given as

j=

1 dm ( τ )
i
.
=
S dτ
2F

(4.96)

The speed of liquid metal purification from oxygen is as follows:

v=

dm ( τ ) iS
.
=
dτ
2F

(4.97)

The purification deepness of liquid metal from oxygen at the moment can be found
from Equation (4.46) considering (4.95) as
ζ (τ) =

iτ
.
2 Fc0 δ

(4.98)

Let us consider the solution of the diffusion Equation (4.49) with initial τ = 0,
c = c0 (0 < x < δ), and boundary c = c0 at τ → ∞; [dc (0, τ)/dτ] = – (i/2DF) conditions
at τ > 0 for determination of the resource of the oxygen pump in the pure oxygenionic conductivity mode. The solution can be found in the following form [72]:

c ( x, τ ) = c0

where

0.5
⎤
⎛ x 2 ⎞ ix ⎡
i ⎛ τ ⎞
x
⎢1 − erf
⎥,
−⎜
⎟+
⎟ exp ⎜−
0.5
F ⎝ πD ⎠
⎝ 4 D τ ⎠ 2 DF ⎢⎣
2 ( D τ ) ⎥⎦

(4.99)
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z

erf ( z ) = π−0.5

∫e

−Ω 2

dΩ

0

is the errors integral [71].
The relative oxygen concentration on the metal-electrolyte interface can be
figured out from (4.99) at x = 0:
c ( 0, τ )
i ⎛ τ ⎞
= 1−
⎜
⎟
c0
c0 F ⎝ πD ⎠

0.5

.

(4.100)

On the other hand, the relative change of oxygen concentration at x = 0 can be
expressed through an increment of the equilibrium emf of the electrochemical cell
(3.3):
c ( 0, τ )
⎛ 2 F ΔE ⎞
= exp − ⎜
⎟.
⎝ RT ⎠
c0

(4.101)

Then the moment τ = τ*, when the Faraday law does not fulfill, can be found
from Equations (4.100) and (4.101):

( τ *)

0.5

=

c0 F ( πD )

0.5

i

⎡
⎛ 2 F ΔE ⎞⎤
⎟⎥ .
⎢1 − exp ⎜
⎝ RT ⎠⎦
⎣

(4.102)

The deepness of the liquid metal purification from oxygen achievable at the
moment τ* is given as
ζ ( τ *) =

iτ *
.
2 Fc0 δ

(4.103)

Therefore, the oxygen concentration on the metal-electrolyte interface is constantly decreasing in time at i=const mode. This fact consequently stipulates the
development of an electronic conductivity in the electrochemical cell. Moreover, the
prolonged and deep purification of the liquid metal from oxygen is possible only
at ti > 0.99 in U = const mode of the pump, that is, without influence of an electronic
conductivity. As a result, it is more preferable to use the solid electrolyte oxygen
pumps in the potentiostatic modes.
The time dependence of the electrochemical cell (4.43) can be achieved during
purification process by substitution of (4.100) into (4.101):
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Me-MeO-RE

Liquid metal

Zirconia solid electrolyte

FIGURE 4.24 Principal scheme of the cylindrical oxygen pump.

E = E0 = −

RT β0.5 − τ 0.5
ln
,
2F
β0.5

(4.104)

where β0.5 = c0 F(πD)0.5/i.
The multiplier c0(D)0.5 can be calculated from the experimental dependence E =
f (τ) in accordance with (4.104). Then the c0 value can be found at the known D.
Therefore, the oxygen concentration in the liquid metal can also be determined at
the i = const mode of the pump by the method of the equilibrium emf measurement.

4.4.2 CHARACTERISTICS

OF

CYLINDRICAL OXYGEN PUMPS

The cylindrical oxygen pumps based on zirconia electrolytes, in contrast from the
lamellar oxygen pumps, can be utilized in such compact designs as test tubes,
crucibles, and the like. Therefore, their practical implementation is more accepted
by industry. The principal scheme of the cylindrical oxygen pump is shown in Figure
4.24.
4.4.2.1 Potentiometric Mode
The relative changes of the oxygen concentration in the liquid metal are determined
from the solution of the diffusion equation in the endless cylinder:
⎛ d 2 c 1 dc ⎞
dc
= D⎜ 2 + ⋅ ⎟ .
dτ
⎝ dx r dr ⎠

(4.105)
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The solution of (4.105) at τ > 0 with initial τ = 0; c(r, 0) = c0 (0 < r < R) and the
boundary conditions [∂c (0, τ)/∂r] = 0; c (R , τ) = c1 can be found in the following
form:
c ( r, τ ) − c1
=
c0 − c1

∞

∑
n=1

⎡ 2 I 0 (μ n r R) ⎤
⎥exp −μ 2n F0 ,
⎢
⎢⎣ μ n I1 (μ n ) ⎥⎦

(

)

(4.106)

where F0 = Dτ/R2 is the diffusive Fourier criterion, I0 is the Bessel function of the
real argument, and µn are the roots of the characteristic equation:
I0 (µn) = 0.

(4.107)

The value of the average relative oxygen concentration in the liquid metal is given as
R

c (τ) 2
= 2
c0
R

∫
0

c ( r, τ )
r dr .
c0

(4.108)

Substitution of (4.108) into (4.106) gives the following correlation:
c ( τ ) − c1
=
c0 − c1

∞

∑ μ4 exp (−μ F ) .
n=1

2
n 0

2
n

(4.109)

For F0 > 0.1 with accuracy 1.5%, the first member of the row n = 1 would be
sufficient. Then,
c ( τ ) − c1 4
= 2 exp −μ12 F0 ,
c0 − c1
μ1

(

)

(4.110)

where µ1 = 2.405 is the first root of Equation (4.107).
The oxygen flow through the solid electrolyte membrane can be found by
combining Equation (4.110) with Equations (4.46) and (4.48):
j ( τ) =

2 c0 D ⎛ c1 ⎞
2
⎜1 − ⎟ exp −μ1 F0 .
R ⎝ c0 ⎠

(

)

(4.111)

Substitution ratio c1/c0 by (4.63) yields
j (τ) =

2 c0 D
α exp −μ12 F0 ,
R

(

)

(4.112)
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where α = α1 at ti < 1, α1 = 1 – 10

[0.868F(E0–U)/tRT]

α2 = 1 – 10

, or α = α2 at ti = 1,

[0.868F(E0–U)/RT]

.

The purification speed is found as v (τ) = j (τ) S. Consequently, the purification
speed at ti < 1 after an appropriate substitution is given as
v(τ) = 4πh c0 α1 exp (– µ12F0),

(4.113)

where h is the high of the liquid metal and S is the surface of the membrane. For ti
= 1 condition,
v(τ) = 4πh c0 α2 exp (— µ12F0).

(4.114)

It is seen that at v » E0, α1 ≈ 1 and α2 ≈ 1, that is, both flow and purification speed
are independent on the pump voltage. The deepness of the liquid metal purification
from oxygen can be found from (4.110) for F0 > 0.1 as
⎡
⎤
4
ζ ( τ ) = α 2 ⎢1 − 2 exp −μ12 F0 ⎥ .
⎣ μ1
⎦

(

)

(4.115)

Function ζ(τ) is growing monotonously up to the limiting value:
lim ζ ( τ ) = α 2 = ζ lim .
τ →∞

(4.116)

Therefore, Equation (4.116) allows determining the limiting relevant deepness
of the liquid metal purification ζlim from the oxygen. The purification time τ* up to
the set deepness, for example up to 90% ζ(τ*) = ζ0 = 0.9 at F0 > 0.1, can be
determined from Equation (4.115) as
τ* = – 0.396 (R2/D) [0.162 + lg (1 – (ζ/α2))].

(4.117)

In the case of ti < 1 at F0 > 0.1,

(

)

τ* = −0.396 R 2 D lg

2σUR (1 − t )
.
t F l c0 D α1

(4.118)

The purification deepness in this case is as follows:
⎤
⎡
4
ζ τ1* = α1 ⎢1 − 2 exp −μ12 F0 ⎥ .
⎦
⎣ μ1

( )

(

)

(4.119)
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4.4.2.2 Galvano-Static Mode
The quantity of oxygen m removed from the liquid metal by time τ through the
surface S = 2πRh, in accordance with the Faraday law at i = const, can be determined
as
m(τ) = (AπRhiτ/2F),
where k = A/2F = 8.25 · 10–5 g/K is the electrochemical equivalent for oxygen [71],
and A is an oxygen atom weight.
The oxygen flow from the liquid metal:

j=

1 dm ( τ ) Ai
=
,
S dτ
2F

(4.120)

v=

dm ( τ ) AπRhi
=
.
dτ
4F

(4.121)

and the purification speed:

The deepness of the liquid metal purification from oxygen at the moment τ can
be given as

ζ (τ) =

m ( τ)
Ai τ
=
.
2 c0 FR
m0

(4.122)

On the other hand, the diffusion flow, which determines the oxygen transfer
from the metal to the boundary r = R, is given as

j = −D

dc ( R, τ )
.
dr

(4.123)

Then equalizing (4.120) and (4.123) together, the oxygen transfer from the metal
to the boundary yields,
dc ( R, τ )
Ai
=−
.
2 DF
dr

(4.124)

The boundary condition to (4.124) is as follows:
dc ( 0, τ )
=0.
dr

(4.125)
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The correlation for oxygen diffusion in the cylinder can be determined from the
solution of the diffusion Equation (4.105) with initial at τ = 0: c (r, 0) = c0 (0 < r <
R) and boundary conditions (4.124) and (4.125). The solution is given as [71]:

c ( r, τ ) − c0 = −

⎡
1 ⎛ 2r 2 ⎞
AiR ⎢
2 F0 − ⎜1 − 2 ⎟ −
2 DF ⎢⎣
4⎝
R ⎠

∞

∑
n=1

2 I 0 (μ 0 r R)
× exp −μ 2n F0
μ n2 I 0 (μ n )

(

⎤

)⎥⎥ ,

⎦
(4.126)

where µn are the roots of the characteristic equation
I1(µn) = 0.

(4.127)

Here, I0 and I1 are the Bessel function of the real argument.
If F0 > 0.1 is set with accuracy ±1% in Equation (4.126), then the first member
(n = 1) of the row would be sufficient enough. As a result, on the boundary r = R
at the moment τ = τ*, the following equation exists:
⎤
c * ( R, τ *)
1 1
AiR1 ⎡
2
= 1−
⎢F0 + − 2 exp −μ1 F0 ⎥ ,
8 μ1
c0
c0 DF ⎣
⎦

(

)

(4.128)

where µ1 = 3.832 is the first root of the characteristic Equation (4.127).
The relative oxygen concentration in Equation (4.128) can be expressed by using
the electrophysical parameters of the pump at the initial moment τ0 and at the moment
τ* when an electronic conductivity appears in the solid electrolyte. The purification
time can then be calculated for the obtained correlation:
F0* −

α c DF 1
1
exp −μ12 F0* = 3 0
− ,
AiR
8
μ12

(

)

(4.129)

where α3 = 1 – 10 [0.868F(E0–E*)/RT] , E* is the maximum emf achievable by the oxygen
pump at the moment τ = τ*.
Consequently, the maximum deepness of molten metal purification from oxygen
can be determined from Equation (4.122) with Equation (4.129).
Therefore, considering the equations given above, it is possible to calculate the
reversible zirconia oxygen pumps and to determine their main characteristics during
oxygen pumping from the liquid metal into the gaseous environment.
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5.1 VACUUM-TIGHT TECHNOLOGIES OF JOINING
ZIRCONIA TO CERAMIC INSULATORS
The progress in development of the zirconia-based gas sensors and new and improved
traditional materials for SEs and REs have been discovered or invented during the
last two decades at a faster rate than ever before. Indeed, both applied technology
and the progress with which materials are changing are revolutionary rather than
evolutionary. However, specifics of the gas sensor applications together with the
dissimilar nature of joining sensor materials restricted the practical applicability of
many interesting improvements [1]. In the early twenty-first century, the goal is still
to develop sensors with better properties or new and unique combinations of properties, greater reliability combined with lower manufacturing and materials cost, and
better environmental compatibility. In other words, the goal is still the same — to
enhance the sensors’ performance through greater structures and better processing!
This goal could be and has been achieved by inventing and producing advanced
materials for the SE (RE), and by further improvement of processing technologies
for interfaces and for sensor construction materials [2, 3]. This is because the lack
of suitable joining techniques for dissimilar materials such as metal and ceramic for
high-temperature sensor applications is a major hindrance to the utilization of their
outstanding properties and lower cost.
Basically, there are only three fundamental ways or methods of joining dissimilar
sensor materials: (1) mechanical fastening, (2) welding [4–6], and (3) adhesive
bonding [7–10]. These three methods differ in the type of bond created and, consequently, in the nature and strength of the join that is produced. However, mechanical
fastening is not suitable for vacuum-tight joining of the sensor materials, and thus
only the last two methods will be considered in details.
Similar to welding, the nature of adhesive bonding forces that make a vacuumtight join is chemical, not mechanical. The atoms (molecules) of the joining materials
for both methods bond to each other, lowering the overall free energy of the combination when they do so. In welding, however, the bonds are much stronger than
the secondary Van der Waals bonds in adhesive bonding. In welded ceramics, the
bonds produced are ionic, covalent, or mixed ionic-covalent, depending on the
inherent character of the ceramics being welded [6]. Specifically, one of the first
vacuum-tight welding techniques had been developed specifically for the zirconia
oxygen sensors in the early 1980s, and it is still employed for manufacturing various
197
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zirconia-based sensors [4]. Subsequent to the chemical nature of the bonds involved
in welding and, often to a lesser extent, in adhesive bonding, the joints that are
produced are permanent and strong. It is therefore impossible to disassemble welded
joints, and it is also very difficult to disassemble adhesive bonding joints without
damage. Typically, the composition and chemical structure of joining ceramic materials are not seriously disrupted at the adhesive bonding. However, this is not true
for welding. Welding usually requires very high temperatures and/or pressure to
produce a large number of the primary bonds; thus, the structure and properties of
materials being joined are changed.
Apart from these two fundamental methods of joining ceramic materials, there
are several secondary methods or options that can be considered as subclasses or
variations. Brazing and soldering are subclasses of welding in which, like welding,
primary chemical bonds are created. However, in these methods molten filler is
caused to flow by capillary forces in a close-fitting joint [11, 12]. Bonds between
ceramics are formed without the two ceramic materials’ interfaces having to melt.
Soldering and brazing differ from each other by the temperature at which their
respective required fillers melt. In soldering, fillers melt below 450°C; in brazing,
above this temperature [2]. In addition, thermal spraying can be considered as a
combination of welding and brazing, in that the insulating materials are caused to
bond to a zirconia substrate by being heated and propelled as small particles or vice
versa [13–15].
There are numerous obstacles for a successful joining of zirconia to ceramic
insulators, the most important of which are the relative inertness of ceramics and
the coefficient of thermal expansion (CTE) mismatch. To overcome these obstacles,
a very interesting and practical approach has been made for plug-type zirconia
sensors [4]. The production of zirconia oxygen sensors for different applications
having a pellet of zirconia electrolyte fused into the end of the ceramic insulation
tube addressed the problem of extensive microcracks of zirconia. The cracks were
of no concern for measurements in molten copper, since they are too tiny to be easily
penetrated by the copper. However, gases can readily leak through the cracks, causing
errors when sensors are used for gas analysis, particularly the analysis of gases with
very low oxygen content (e.g., in the heat-treating industry). It has been experimentally found that among three tubing materials — alumina, aluminous porcelain, and
mullite — the least microcracking and, consequently, the most leak-tight assembly
is obtained with alumina [16]. Furthermore, the microcracking in the electrolyte
makes the pellet susceptible to spalling under thermal cycling or thermal shock
conditions, and thus the sensors have restricted their lives under severe in-situ gas
measurement conditions.
Detailed investigation of the pellet-cracking problem during welding operations
has shown that the cracking is, to a considerable degree, a consequence of the rapid
heating and cooling cycles involved in the welding. Tensile stresses generated on
cooling from the welding temperature, due to the different CTEs of zirconia and
alumina, cause cracking of the zirconia pellet. The CTE are 13 × 106 °C–1 (average
value from ambient to welding temperature) for zirconia and about 10 × 106 °C–1
for alumina over the same temperature range [16]. Aluminous porcelain and mullite
have an even lower CTE. When the tensile stresses in the zirconia exceed the fracture
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stress, cracks are formed in the electrolyte. Cracks do not occur in the alumina tube,
for ceramics are generally stronger in compression than under tension. Various
mechanisms for reducing stresses in the electrolyte were investigated [4]. One
approach was to reduce the wall thickness of the tubing to lower the stresses in the
zirconia electrolyte and increase those in the tubing. Others were to replace the
zirconia-based electrolyte with (1) a hafnia-based electrolyte having a slightly lower
CTE, and (2) a partially stabilized zirconia (PSZ) electrolyte having a composition
chosen so that it has an average CTE close to that of the tubing. (PSZ electrolytes,
it may be noted, are limited in their maximum-use temperature by consequent
changes in microstructure and ensuring degradation). All the methods of reducing
stresses met with varying quantitative degrees of success but could not be described
as totally satisfactory.
The most successful results have been achieved by forming a solid material,
which contains an intimate mixture of fine particles of partially stabilized zirconia
and a nonelectrolyte ceramic material, such as alumina. If the ratio of the electrolyte
and nonelectrolyte phases is chosen appropriately, a strong material is obtained
having both satisfactory electrolyte properties and a CTE close to that of the nonelectrolyte ceramic material used for the body of the oxygen sensor. The best material
of this solid material was found to have a 50/50 wt % ratio between zirconia and
alumina [4]. This composite has enabled the construction, by the fusion-sealing
technique, of leak-tight “plug-type” sensors, which are suitable for use in measuring
the oxygen potential or oxygen content of molten metals and hot gases. Furthermore,
it has enabled oxygen sensors having a solid electrolyte tip and a nonelectrolyte
body to be fabricated by a technique previously unavailable for this purpose.
The design of the gas sensor made with pellet or disc of composite electrolyte
fusion, sealed or otherwise bonded to the end of an alumina cylinder, normally has
electrodes mounted to enable emf across the pellet or disc to be measured. A
protective ceramic or metal sheath may be used around the sensor with apertures to
allow the measuring environment to contact the outer surface of the composite
electrolyte. The protective metal sheath can be employed for such applications as
heat treatment or combustion. In these applications, the metal protective sheath is
also used as an outer or forward electrode of the probe. The example of the zirconiabased oxygen probe with a metal protective sheath is given in Figure 5.1. Another
advantage of the use of the protective sheath is the ability to protect the composite
electrolyte by ceramic fiber filter from the direct impact of soot or any other particles
in combustion and heat-treatment applications. In this situation it is essential to have
the inner metal current conductor made of the same material as the protective sheath
to avoid the high-temperature emf generated between the different alloys formed at
the two ends of the current conductor wire, in addition to the emf generated by the
difference of partial oxygen pressures.
However, quite often the use of composite solid electrolyte pellets in the plugtype gas sensors may cause substantial cracking around the welding interface to be
formed, as shown in Figure 5.2, a. Ordinary ink can be employed for detecting most
of the big cracks. Moreover, tiny cracks can also be detected by immersing welded
sensors into the water and by applying air pressure (~25 kPa) to the internal part of
the plug-type sensors. If no gas bulbs appear within 5 minutes, sensors may be

47612_C005.fm Page 200 Friday, June 22, 2007 1:37 PM

200

Electrochemistry of Zirconia Gas Sensors

FIGURE 5.1 Zirconia-based oxygen probe with metal protective sheath.

considered crack-free. In addition, for such an industrial application as metal heat
treatment, where the crack-free condition of oxygen sensors is an essential prerequisite of their acceptance for use, the performance testing at high temperatures
(700–1000°C) in a pure hydrogen atmosphere or a hydrogen-helium gas mixture
can subsequently follow the leak testing in water. The hydrogen molecule has the
lowest possible size among other gases. In addition, its capability to penetrate
through the tiniest cracks in the ceramic interface at elevated temperatures distinguishes hydrogen from other test gases for the final testing of the zirconia-based
sensors. In fact, sensors with small leakage detected by the performance testing at
high temperatures can still be used in the measuring environments where the presence
of small leakage does not affect the measurements. These sensors can still be used
in molten metal applications or for controlling the air-fuel ratio in various combustion
applications. However, it should also be noted that cracks can — and, in many
careless examples of handling, did — develop in the end product even after the final
inspection. Mechanical stress or sudden impact during transportation may cause
cracks to develop. Thus, extra care should be taken during handling of the dispatched
product, and final inspection and testing of sensors should be prepared and organized
just before their practical use.
The cracks on the composite solid electrolyte–alumina interface usually appear
when the composite solid electrolyte is rapidly quenching after the fusing temperature, which is normally over ~1850°C, down to the temperature around
700–1000°C. Consequently, to avoid cracking, more gradual cooling should be
provided around the whole interface area by various techniques. As a result, the
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FIGURE 5.2 a: Microcracks occurred around the welding interface of the zirconia-based
sensor; and b: crack-free zirconia sensor made by the improved welding technique.

crack-free welding interface between the zirconia pellet and alumina tube can be
formed as shown in Figure 5.2, b.
The composite solid electrolyte can be produced by an admixture of finely
ground stabilized zirconia with alumina powder, followed by consolidating the
admixture and firing it to a temperature below 1850°C, which is sufficiently high
to produce a high-density, impervious body. Alternatively, slip casting in gypsum
molds can be used as the producing technique.
During the last 25 years, the plug-type gas sensors have shown a greater mechanical integrity than other types of zirconia-based sensors of similar construction, and
thus have lower leak rates and greater resistance to thermal and/or mechanical shock,
factors which produce long sensor lifetimes and enable in-situ oxygen probes to be
used in applications found to be beyond the capability of the other zirconia-based
probes.
Yet another advantageous feature of the plug-type zirconia-based sensors with
the composite electrolyte is the capability of these sensors to be formed in the “green”
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FIGURE 5.3 SEM photographs of (a) alumina-zirconia pellet with alumina (dark) and YSZ
(white); (b) welded region of the sensor; and (c) alumina (dark) and welded region interface.

state into various shapes and to be sintered afterwards. For example, some of the
automotive exhaust λ-sensors use a generally conical sensor element, constructed
entirely of electrolyte material. Sensors of the same shape, but made of a nonelectrolyte ceramic material with a tip of the composite electrolyte at the point of the
cone, can readily be fabricated by the “green” sensor construction techniques [4, 6].
Consequently, such sensors perform as efficiently as the λ-sensors in the exhaust
gas monitoring systems. Figure 5.3 illustrates SEM micrographs of the different
parts of a plug-type oxygen sensor. It is clear from this figure that the pellet was
made of a homogeneous polycrystalline mixture of alumina and zirconia with the
average grain size from 2 to 5 μm (Figure 5.3a). The welded interface, shown in
Figure 5.3b, is characterized by inhomogeneous eutectic intergrowths which are
inevitably formed during quenching. It is interesting to note that the lamella eutectic
patterns are always surrounded by alumina inclusions (dark color), which support
the view that alumina is the first phase of growth from the melt. In contrast, alumina
grains (Figure 5.3c) are comparatively large, with the average grain size from 5 to
12 μm, surrounded by zirconia inclusions formed during processing of the sensor.
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Therefore, in order to achieve truly optimum properties in a ceramic structure
that consists of materials that have been joined together, the materials used in that
structure must be designed and engineered for joining. Development of joining
techniques must be part of the development of a new composite material. Vacuumtight joining of the alumina-zirconia ceramics can also be achieved by a super-plastic
joining technique. Super-plastic joining has been established as a successful alternative technique for joining ceramic since the mid-1990s [8, 17–22]. It requires
minimum surface preparation and generally occurs at lower temperatures than the
conventional diffusion bonding [20]. In most super-plastic alumina-zirconia joining,
dense pieces are used. It has been reported that nearly fully dense alumina-zirconia
joints were made from a sprayed ceramic coating [21]. A joint was made at 1200°C
with an interlayer that was 50 vol. % Al2O3–50 vol. % ZrO2, in which the average
particle size of both powders was ≤ 20 nm. The as-sprayed joint materials were
relatively porous following the burnout of organics. SEM revealed that the joint was
≤ 50% dense (Figure 5.4). However, following compression at 1300°C or 1350°C,
the joints from conventional powders were nearly perfect because the processing
temperatures were applied for a relatively short time (≤ 2 hours). Subsequently, the
grains within the joints exhibited minimal growth [21]. Even the grain sizes of the
nanophase alumina and zirconia remained unchanged by processing at 1200°C, as
is clearly shown in Figure 5.5. The resulting fine-grained microstructures corresponded to high strength. Microstructural stability, including grain-size stability, is
a primary criterion for super-plastic flow in alumina-zirconia ceramics. Relatively
low processing temperatures (1200–1300°C) can minimize grain growth, as can the
presence of sufficient concentrations of the second phases. Consequently, aluminazirconia ceramics exhibit super-plasticity in part because the individual phases pin
each other’s grain growth [22]. Therefore, further development of the super-plastic
technique for joining alumina-zirconia composites is vital for improvement of sensing properties of the planar zirconia sensor structures.

500 nm

FIGURE 5.4 SEM photograph of 50 vol. % Al2O3 – 50 vol. % YSZ joint after removal of
the organic binder. (Reprinted from Goretta, K.C. et al., Joining alumina/zirconia ceramics,
Mater. Sci. Eng. A 341 (2003) 158–162, with permission from Elsevier Science.)
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(a)

(b)

10 μm

1 μm

FIGURE 5.5 SEM photomicrographs of (a) dense 50 vol. % Al2O3 – 50 vol. % YSZ joint
made from nanophase powders between 40 vol. % Al2O3 – 60 vol. % YSZ compacts (Al2O3
is dark phase); and (b) interface between joint layer (top) and one compact (bottom), in which
minimal grain growth in joint and high density are apparent. (Reprinted from Goretta, K.C.
et al., Joining alumina/zirconia ceramics, Mater. Sci. Eng. A 341 (2003) 158–162, with
permission from Elsevier Science.)

Another approach to joining ceramics was based on newly developed transientliquid-phase and liquid-assisted joining methods [11]. Both methods rely on multilayers, designed to form films at reduced temperatures (< 450°C). The liquid films
either disappear by interdiffusion or promote ceramic-metal interface formation and
concurrent dewetting of the liquid film. If the interdiffusion leads to the disappearance of the liquid film, involving substantial diffusion rather than the much more
rapid interstitial diffusion (as with boron in nickel), joining times can be substantial.
To reduce the time required for solidification, the bonding temperature and, consequently, the diffusivity should be increased. The Cu/Nb/Cu interlayer system has
served as a vehicle for numerous studies of liquid-film-assisted joining. The process
can produce ceramic joints with reliably good properties at high temperatures, which
is vital for the zirconia-based gas sensors. Assessments of phase diagrams suggest
that there are many other candidate interlayer systems, some of which provide much
greater solubility of the core metal in the liquid. This could significantly increase
the rate of ceramic-core layer growth provided that the interfacial interactions are
appropriate. However, both methods mentioned above have not been accepted yet
for joining alumina-zirconia ceramics. As has been described in the previous chapter,
even small traces of the transient metals in zirconia can lead to a substantial increase
of electronic conductivity compromising the integrity and accuracy of measurements.
To overcome this problem, as well as to improve the compatibility of the CTE
of the solid electrolyte and insulating ceramic, a MgAl2O4 spinel in combination
with MgO can be used as an insulator in the zirconia-based gas sensors [23]. This
insulating material is usually made of ~ 58 wt % of MgAl2O4 spinel and ~ 42 wt
% of MgO by the hot isostatic pressing of row materials. The standard hot-pressing
process takes place at 1177–1377°C and requires an applied pressure of 40–70 MPa
for 45–100 minutes with a subsequent cooling speed of 5–10°C/min. However, the
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insufficient density of the insulating tube 3.44–3.46 g/cm3 (theoretical density is
3.58 g/cm3) and the presence of open porosity of 0.3–0.5% are the impediments to
the progress of this technology. Furthermore, considering that unfortunately there
is no great diversity of ceramic materials with a CTE similar to zirconia available
to be reliable insulators for high-temperature zirconia gas sensors, modern designers
and materials engineers cannot afford to be parochial in their approach to materials
selection. On the other hand, neither does it mean that the existing materials should
quickly be abandoned in favor of a “newer” material. Therefore, the basic insulating
material (MgAl2O4–MgO mixture) has been improved by allowing an extra admixture and solid-state diffusion of the ceramic ingredients during hot isostatic pressing.
The modified insulating tube represents the mixture of ceramic ingredients in the
following wt % [10]:
MgAl2O4
MgO
CaO-Ga2O3 mixture

58.8–69.2
30–40
0.8–1.2

To ensure vacuum-tight joining, the zirconia pellet and, correspondingly, the hole
in the elongated insulating tube are made with the central angle 3–4°, as shown in
Figure 5.6. The manufacturing technology starts from heating the sensor sample up
to 1300°C with the heating rate of 100°C/h. After that is the ceramic sensor elements’
exposure to the soaking time of 2 hours with the following temperature increase to
1680°C at the heating rate of 50°C/h. Upon reaching the maximum allowable
temperature, the sensor sample has a second soaking time of 5–15 minutes and
should be cooled down at the rate of 80°C/h. Figure 5.6 shows the cross-sectional
view of the solid electrolyte oxygen sensor. This zirconia sensor consists of the
insulating ceramic tube (1), which has a conical solid electrolyte pellet (2). Me-MeO
RE (3) is adjacent to the inner surface of the electrolyte pellet. The current conductor
(4) allows the output signal to be taken from the RE to secondary instrumentation.
The insulating tube (1) is vacuum-tightly joined to the metal hull of the sensor (5),
which acts as another current conductor in the measurement of oxygen activity in
molten metals.
The present manufacturing technology of the zirconia gas sensors avoids fragmentation in the zirconia connection to the ceramic insulator because the presence
of the CaO-Ga2O3 mixture in the insulator provides the appearance of the transientliquid-phase improving solid-state diffusion of ceramic materials during sintering.
XRD and thermogravimetric analyses have shown that the appearance of the transient-liquid-phase takes place at 1450°C [10]. The difference in the CTE of the
ceramic sensor elements of the oxygen sensor is illustrated in Table 5.1. From the
data presented in Table 5.1, it is clear that the discrepancy in the CTE between
zirconia and the ceramic insulating material with 1 wt % of CaO-Ga2O3 is insignificant for the temperature range of 500–900°C. Moreover, the final density of the
isolating tube is 3.49–3.56 g/cm3, which corresponds to 97.5–99.5% of the theoretical density, respectively. The maximum heating rate to the temperature of 1300°C
has been selected from conditions of the structural integrity of the ceramic elements.
The straight shape of the elongated ceramic tube can be changed if the heating rate
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FIGURE 5.6 Cross-sectional view of the oxygen sensor: (1) ceramic insulating tube; (2) solid
electrolyte; (3) reference electrode; (4) current conductor; and (5) metal hull of the sensor.

TABLE 5.1
CTE of the Ceramic Oxygen Sensor Elements
Coefficient of Thermal Expansion ×106,
1/°C at Temperature,° C
N/N

Chemical Composition

300

400

500

600

700

800

900

1
2
3

ZrO2-Y2O3 (10 mol % Y2O3)
MgAl2O4 + 40 wt % MgO
59 wt % MgAl2O4 + 40 wt %
MgO + 1 wt % (CaO-Ga2O3)

8.90
8.70
8.59

9.18
9.00
8.88

9.41
9.28
9.11

9.69
9.51
9.40

9.91
9.71
9.61

10.19
9.95
9.90

10.41
10.11
10.10

will be more than 100°C/h, which is unacceptable for the following processing. On
the contrary, at a lower heating rate the shrinkage rate was found to be inefficient
for providing vacuum-tight joining of the solid electrolyte to the insulating ceramic.
The duration of soaking time (2 hours) has been experimentally selected to achieve
95% of the theoretical density [10]. After 2 hours, the transient-liquid-phase in the
ceramic element disappears and the shrinkage rate decreases substantially. Such
behavior completely corresponds to the published data about the joining of ceramics
by the transient-liquid-phase [11]. Heating up to 1500°C without the intermediate
soaking time at 1300°C was accompanied by the appearance of microcracks on the
ceramic interface.
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5.2 VACUUM-TIGHT TECHNOLOGIES OF JOINING
ZIRCONIA TO SENSOR CONSTRUCTION
MATERIALS
Ceramic-metal joining for the construction of zirconia-based gas sensors is the
second key component for a wide range of applications of zirconia sensors after
joining zirconia to ceramic insulators [24]. So far, several joining techniques have
been developed: adhesive joining, friction welding [25], high-energy beam welding
[26], microwave joining, ultrasonic welding [27], reaction joining [28], field-assisted
bonding [29], brazing [30], diffusion bonding [31, 32], transient-liquid-phase bonding, and partial transient-liquid-phase bonding [12, 33]. Every technology possesses
pluses and minuses; however, nowadays brazing and diffusion bonding are the main
successful methods for joining zirconia to the sensor construction materials [25]. In
addition, partial transient-liquid-phase bonding combining with the advantages of
brazing and diffusion bonding has recently been considered as a promising emerging
technology for the zirconia-based gas sensors.
The morphology of the metal-ceramic interface depends upon the type of interaction that has occurred. If only physical interaction has occurred, the structure of
the metal and ceramic is unchanged. However, if a chemical reaction occurs, the
morphology is affected depending upon whether solid-solid or solid-liquid reactions
occur and if new interfacial phases are formed. The formation of new interfacial
phases alters not only the microstructure but also the physical and mechanical
properties. These interfacial phases or reaction product layers are a consequence of
the reactions needed to cause wetting of the ceramic. One can consider the reaction
product layers as chemical bridges between the metal and ceramic.
It is believed that the advantages or disadvantages of a reaction product layer
vary from system to system, and generalization would be difficult. However, a thick
reaction product layer tends to weaken the interface due to excessive growth stresses
and a brittle nature [12].
As has been stated earlier in this chapter, the CTE mismatch is one of the major
obstacles for successful zirconia-insulating ceramics joining. This problem may be
even more important for ceramic-metal joining due to the fact that the CTE mismatch
during subsequent service of the sensor at high temperatures leads to poor joint
strength or failure. It has been proposed that the use of a remaining ductile interlayer,
such as active metal brazing, can overcome or reduce the residual stress built up by
deformation [12]. Active metal brazing, compared to other joining technologies, has
a lower temperature with less influence to joined materials. Therefore, it can be used
for precise joining of complex components and heteromaterials. Like all techniques,
active metal brazing has its limitations and cannot join all ceramic-metal combinations. For joining ceramics to metals by brazing, the wettability of filler to ceramics
is a key factor. In order to improve wettability, on the one hand, it is possible to
plate metals directly on ceramics beforehand (Mo-Mn technique) [24]. However,
such a conventional metallization process as the Mo-Mn technique is inappropriate
for zirconia because it does not have a glassy intergranular phase. Therefore, other
techniques such as active metal brazing are required. On the other hand, the active
elements are required to be mixed into filler. Such active elements as Ni, Al, Ti, Nb,
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Zr, Ta, and Cr are used to react with ceramic to form a reaction layer consequently
achieving chemical bonding between ceramics and metals. For example, the addition
of Ti to silver-copper alloys promotes low contact angles and hence wettability [30].
The content of the active element in the filler must be reasonable, otherwise the
brittleness of the joint will be increased. For instance, the content of Ti in Ag-CuTi fillers should be in the range of 1.5–5.0% [34]. Other examples of fillers are listed
in [24].
Although the principle of brazing is the same, the emphasis is different for
various metals. With Ag-Cu-Ti, the joining has been realized mainly by reaction
with the elimination of porosity in the interlayer. However, with other fillers, the
joining is realized mechanically by infiltration of the filler into ceramic. Indeed, AgCu-Ti filler has been successfully used for joining ceramics and metals for a number
of years, providing less defects and higher joining strength at low temperatures. The
disadvantage of this filler is that this alloy cannot be used at temperatures higher
than 500°C. Therefore, the development of intermetallic compounds capable of
working at temperatures up to 1000°C at the heating and cooling rate as high as
10°C/min was imperative for further progress in joining ceramic to metal for sensor
applications. It was found that Ni3Al and NiAl intermetallic compounds are considered to be suitable materials for structural applications at elevated temperatures
owing to their attractive properties: high melting point, low density, high thermal
conductivity, good oxidation and corrosion resistance, and low raw materials cost
[7]. Ni3Al and NiAl can be produced through a termite reaction between nickel and
aluminium at a relatively low temperature. Nickel aluminides were produced
between the zirconia and the metallic component to achieve the vacuum-tight joining.
The morphology, composition, and density of the metal-zirconia joint have been
optimized to minimize the CTE mismatch at the metal-ceramic interface, and they
are worth considering in detail as they could be used for sensor applications at
temperatures up to 1000°C.
The reaction between aluminium and nickel can be controlled by the reaction
temperature. Figure 5.7 shows a cross-sectional view of Ni-Al interfaces after being
treated in a vacuum at 1000°C, 680°C, and 640°C, respectively. Randomly distributed duplex phases in the reaction product have been produced at 1000°C (Figure
5.7a). A nickel aluminide layer with some vertical cracks was formed at 640°C
(Figure 5.7b). A continuous uniform layer of nickel aluminide was formed between
the nickel and the zirconia at 680°C (Figure 5.7c). Furthermore, a firm bond between
the nickel foil and the zirconia was achieved after the formation of the nickel
aluminide layer. Microanalysis indicated that the nickel aluminide layer consists of
43 wt % Ni and 57 wt % Al, and this composition has been maintained constant
across the whole nickel aluminide layer [7]. No detectable Al was found in either
the Ni foil or the zirconia substrate, and a trace of Ni was found in zirconia in the
regions adjacent to the nickel aluminide layer. In accordance with the Ni-Al phase
diagram (Figure 5.8), two nickel aluminide phases Ni2Al3 and NiAl could be
expected in the nickel aluminide layer. However, only the Ni2Al3 phase has been
detected by the X-ray diffraction spectrum of the reaction layer. The thickness of
the formed nickel aluminide layer was found to be around 40–50 µm.
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FIGURE 5.7 Optical micrographs of the reaction products between Ni and Al. (a) Duplex
phases of nickel aluminides formed after a treatment of 1000°C for 1 hour in vacuum; (b) a
cracked nickel aluminide layer formed after being treated at 640°C for 1 hour in vacuum;
and (c) a cross-section of a nickel and zirconia joint which was joined together through a
nickel aluminide layer at a temperature of 680°C in vacuum. N: nickel, R: nickel aluminide,
A: aluminium, and C: zirconia. (Reprinted from Mei, J. and Xiao, P., Joining metals to zirconia
for high temperature applications, Scripta Materialia 40 (1999) 587–594, with permission
from Elsevier Science.)

For joining zirconia or other ceramic materials and metals via an intermetallic
alloy, the key aspect is to ensure the spreading of liquid Al (the melting point of Al
is 660°C) on zirconia, then the reaction between the Al and the Ni form a continuous
layer. The eutectic point of the Al-Al3Ni system is 640°C (see the phase diagram in
Figure 5.8). Therefore, the working temperature of 680°C has been selected. However, care must be taken to control the reaction temperature since the reaction
between Ni and Al could be a combustion reaction [35]. In order to produce a
uniform layer of nickel aluminide which bonds to both nickel and zirconia, it is vital
to optimize the reaction temperature of Ni and Al. Although Al does not react with
zirconia or other ceramics, the high affinity of aluminium to oxygen suggests that
aluminium should achieve strong bonding to ceramic. Moreover, the loss of oxygen
in the zirconia during the joining process at the vacuum will convert zirconia into
a more metallic nature, and Al may well be attracted by the Zr sites in the zirconia.
Therefore, chemical bonding between the Al and the zirconia should favor the
spreading of liquid Al on the surface of the ceramic. In addition, the application of
a gentle force on the zirconia-Al-Ni sandwich during the joining process will also
help the spreading of Al on the surface of the electrolyte.
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FIGURE 5.8 The binary Ni-Al phase diagram. (Reprinted from Mei, J. and Xiao, P., Joining
metals to zirconia for high temperature applications, Scripta Materialia 40 (1999) 587–594,
with permission from Elsevier Science.)

The advantages of this joining method are not only the low joining temperature,
but also the potential high application temperature of the ceramic-metal joint up to
800°C, compared to the upper limit of use temperature of 500°C for Ag-Cu joints,
which has been discussed. Nickel aluminides have higher melting points and
improved oxidation resistance, compared with that of the Ag-Cu-Ti alloy. As the
heat treatment temperature increases, the Ni2Al3 formed at 680°C transforms into
NiAl, which has an even higher melting point than that of Ni2Al3. Further phase
transformation from NiAl to Ni3Al could be predicted, as there is enough Ni source
at the nickel aluminide–nickel interface. SEM observation from [7] showed that the
thickness of the nickel foil was virtually unchanged, but the thickness of nickel
aluminide after the reaction is almost the same as that of aluminium foil before the
reaction. Energy dispersive X-ray spectroscopy microanalysis also indicated no
traces of diffusion of Al into either the Ni foil or the zirconia substrate, but Ni
diffusion into the zirconia was evident. These results suggest that the formation of
the nickel aluminide layer might be due to the diffusion of nickel into the aluminium.
The enhanced diffusion of Ni as the result of increasing the reaction temperature
provides an abundant source of Ni to promote the phase transformation from Ni2Al3
to NiAl and then to Ni3Al. The diffusion of Ni was also confirmed by the fact that
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a considerable number of voids were found at the Ni side of the joint layer close to
the nickel–nickel aluminide interface.
To fabricate reliable metal-ceramic joints for high-temperature zirconia gas
sensors, the main challenge is to reduce the thermally induced stresses at the metalceramic interface which are due to the difference in the thermal expansion coefficients of the metal and the ceramic to be joined. For example, the CTE at 1000°C
(×10–6 °C–1) of Ni is 18.9, nickel aluminide is 15.6, and zirconia is 11.4. The porous
nickel aluminide is treated as a composite, and its CTE was calculated using the
rule-of-mixture law αc = c1α1 + c2α2, where α represents CTE and c represents the
content of each component. For the porous Ni3Al with porosity of 30%, the CTE is
very similar to zirconia and is 10.9 [7]. The stress at the interface is generated during
both the joining process and the thermal cycling. The stress level is not only
determined by the difference in the CTEs of the ceramic and the metal being joined,
but also controlled by the fabrication temperature and the temperature range of
thermal cycling. The use of the porous nickel aluminide layer considerably reduces
the difference in the CTEs of the nickel aluminide layer and the zirconia, and so
reduces the thermal stress at the nickel aluminide–zirconia interface. Moreover, there
was a large difference of processing temperature in the fabrication of the different
types of joints, that is, 680°C for fabricating the Ni-NiAl-zirconia joint and 1250°C
for fabricating the Fecralloy-porous Ni3Al-zirconia joint. However, creep and phase
transformation occurring in the nickel aluminide layer, especially in the porous layer,
could have reduced the strains caused by the temperature change during the fabrication process and thermal cycling. The porous layer of nickel aluminide also
increased the crack resistance of the metal-ceramic joints, since the pores in the
nickel aluminide can trap the crack propagation. Therefore, the metal-ceramic joints
with the porous layer showed significant improvement of stability during thermal
cycling at elevated temperatures.
Diffusion bonding is a suitable technology to achieve a compact joint by diffusion of atoms as well as chemical interactions between materials or interlayer and
joining materials. The diffusion of atoms at interface is carried out by several
mechanisms, including movement of clearance atoms, movement of vacancies, and
so on. Therefore, the surface of materials to be joined must be clean and flat
(roughness less than 0.4 µm). The primary variables in the joining process are
pressure, temperature, and time. These variables are not independent from each
other, and the effect of each variable can be optimized, outlining the important
considerations associated with each variable. Joining time can be from a few hours
at mild temperature (0.6 Tm, Tm is a melting point of metal to be joined to ceramic)
to several minutes at high temperature (0.8 Tm). Diffusion bonding can be achieved
with an inserted interlayer or without an interlayer. The interlayer can consequently
reduce cracking, relax the thermal residual stress, and improve the joining strength.
The interlayer is usually made of element active ceramics [25]. The advantage of
diffusion bonding without an interlayer is a very thin reactive layer with a high
joining strength. However, high pressure and joining time have to be optimized based
on the materials joining. Figure 5.9 illustrates the microdeformation process at the
ceramic-metal interface of diffusion bonding without an interlayer. In order to
achieve high joining strength without an interlayer, high temperature and applied
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FIGURE 5.9 Different stages of the diffusion bonding without an interlayer at the ceramicmetal interface.

pressure are required to deform metal and eliminate the cavities at the interface. It
is clear that this joining method is inappropriate for joining ceramics with high
elastic modules to metals. Temperature is a very important variable, and the dependence of strength on temperature can be explained by considering the behavior of
the materials in the vicinity of the metal-ceramic interface. Temperature increases
interaction across the metal-ceramic interface by increasing the mobility of the atoms
and also the mobility of dislocations in the metal during joining. Diffusion and
infiltration are thermally assisted processes, and so an increase in temperature is
followed by an increase in their respective rates. Increasing temperature can cause
a nonwetting-to-wetting transition for liquid metals in contact with ceramics, usually
at 1100°C [12]. Unfortunately, the diffusion joining is unsuitable for joining thin
metal parts and ceramic components. Moreover, when the joining temperature is too
high, brittle compounds can be formed at the joint interface, and their structure,
distribution, and thickness will influence joining strength.
Moreover, although much research has been done toward the development of
practical technologies for vacuum-tight joining of zirconia to other construction
materials of the sensors, there is still a long way to go. Unfortunately, there are
neither national nor international testing standards for the joining of ceramics to
metals. There also are no testing requirements for how to assess each individual
join. Consequently, data from the different sources cannot be compared properly.
Therefore, the development of appropriate national and international testing standards as well as further improvement of joining technologies will be priorities for
research work for many years to come.
Finally, vacuum-tight joining of sensor construction materials will continue to
advance. Designers will continue to place new and greater demands on sensor
structures and the materials of SEs (REs). Better performance, higher quality, greater
reliability, higher productivity, longer life, and lower cost will be inseparable goals
in future sensor designs. Both zirconia and SE materials will continue to be more
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highly engineered. Design optimization will demand greater and more exotic combinations of materials. The boundaries between materials and structure will become
blurred as intelligent enhancement of zirconia and SE (RE) materials become a
reality rather than a catchphrase. Consequently, an understanding of joining will
have to evolve at least at a comparable pace.

5.3 NANOTECHNOLOGIES FOR ZIRCONIA GAS
SENSORS
In reduced dimensions to nanosize, SE materials in gas sensors display characteristics quite different from their bulk behavior. The reduced dimensionality of a
system has a profound influence on its physical and electrochemical behavior, more
specifically for the nanostructured materials, where the size is comparable to the
size of the fundamental physical quantities. Recent technological advances have
provided fabrication routes and strategies to reproducibly develop and study reduceddimensional systems. A recent study of nanostructured materials has projected tremendous potential toward the development of new gas-sensing devices and sensor
designs with unique capabilities [36–58]. The SE materials for solid-state gas sensors
are electrochemically compatible, chemically inert, but capable of altering electronic
properties in the presence of selectively targeted gaseous molecules, and dimensionally compatible with SE molecules, and they have interesting electronic characteristics, thus rendering them as potential electrochemical gas sensors. These new
classes of nanostructured SEs (nanowires, nanorods, and nanotubes) have an anisotropy that provides unique properties, which are expected to be critical for the
function and integration of nanoscaled devices. The structure of these SEs, characterized by a dense network of closely connected particles, makes the problem of
understanding electrical transport properties very complicated. In fact, the electronic
properties depend strongly on their conditions of synthesis and also on their morphology. Consequently, the integration of electrochemical sensors and nanostructured materials for a SE requires information to be induced across the interface in
a consistent and reproducible format. Recent advances in the field of nanotechnology
and processing have resulted in solid-state gas sensors offering unprecedented compatibility of inorganic materials with the chemical gaseous agents, thus enabling
stable, direct, and reproducible screening and detection [52–61].
The nanotechnology realm has traditionally been defined as lying in dimensions
between 0.1 and 100 nm. Figure 5.10 shows the dimensional compatibility of
chemical agents to the nanostructured materials of SEs for solid-state gas sensors.
So far, nanotechnology has been applied to various industries such as textile, medicine and health, computing, transportation, aeronautics and space exploration, the
environment, and so on. In the last decade, however, the specific demand for gas
detection and monitoring has emerged, especially as the awareness of the need to
protect the environment has grown. Furthermore, the demand for gas sensors has
also been driven by the environmental legislation in most of the world’s developed
countries. Gas sensors using SEs in the form of nanostructured and nanoporous
materials are applied in numerous fields of application [40, 51, 56, 58, 61].

47612_C005.fm Page 214 Friday, June 22, 2007 1:37 PM

214

Electrochemistry of Zirconia Gas Sensors

Porous materials
Nanotubers/rods/wires
Electrochemical systems

1.0

0.1

10

100

1.0

100

10

1000

m

Molecules

Atoms

nm

FIGURE 5.10 Dimensional compatibility of chemical agents to the nanostructured materials.

The answer to why nanotechnology has been used for the development of the
solid-state gas sensor is that increasing surface-to-volume ratio increases grain size
dependence and ultimately provides higher sensitivity. This is evident for the semiconductor gas sensors detecting air pollutants, since the reactions at grain boundaries
of the SE and complete depletion of carriers in the grains can strongly modify the
material transport properties. These sensors are able to operate with a high level of
stability under deleterious conditions, including chemical and/or thermal attack.
Basically, the semiconductor gas sensors used for detecting air pollutants are usually
produced simply by coating a nanostructured sensing (metal-oxide) layer on a
substrate with two electrodes. Typical materials are SnO2, ZnO, TiO2, MoO3, V2O5,
and WO3 with typical operating temperatures of 200–400°C [57]. The general
sensing mechanism for the semiconductor gas sensor is a change in the resistance
(or conductance) of the sensor when it is exposed to pollutant gas, relative to the
sensor resistance in background air. The sensor resistance is the best-known sensor
output signal and is in most cases determined at constant operation temperature and
by DC measurement [40]. Therefore, most of the progress for the last 10–15 years
in the development of the nanostructured SE has been reported for semiconductor
gas sensors.
On the other hand, the influence of a high surface-to-volume ratio on the sensitivity of the zirconia-based electrochemical gas sensors is complex and can differ
from one type of sensor to another. Usually, a high surface-to-volume ratio of the
SE provides better sensitivity toward the measuring gas [62, 63]. However, the
reproducibility of the measurement would not be stable enough [64]. Specifically,
in the ordinary zirconia sensors measuring O2 partial pressure in the gaseous environment, a high surface-to-volume ratio of both Pt electrodes enhances the sensor
sensitivity owing to the increases in the TPB and the number of active Pt sites for
dissociative reaction of O2 at the TPB: O2 + 4e– → 2O2–. However, for the zirconiabased mixed-potential NO2 sensors with an oxide-SE, a high surface-to-volume ratio
decreases the NO2 sensitivity substantially [65]. During diffusion toward the zirconia-SE interface, NO2 can be further dissociated to NO and oxygen ions O2– before
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reaching the TPB. It depends on two reasons: (1) the exhaust gas may reach equilibrium (at temperatures higher than 600°C, the content of NO in the equilibrated
total NOx mixture is more than 90%), and (2) the dense matrix of nanosized SE can
accelerate NO2 decomposition. The larger grains of the SE, produced on zirconia
by traditional thin- and thick-film technology, may have fewer reaction sites at the
TPB during NO2 measurement. Thus, in the case of using the traditional technologies
for SE sintering, the catalytic activity to the cathodic reaction of NO2 would be
lower compared with the high surface-to-volume ratio, which is usually observed
in the nanosized oxide-SEs [65]. In contrast, a low surface-to-volume ratio provides
high bulk porosity and, consequently, much less contacting points for NO2. Thus,
NO2 can reach the zirconia-electrode interface without serious decomposition to
NO. In addition, such a geometrical factor of sensor design as the thickness of the
SE also influences the sensitivity of the mixed-potential NO2 sensor. It has been
experimentally proven that the sensor with a thickness of the oxide-SE in nanometers
provides much higher NO2 sensitivity than the sensor with a thickness of the same
material of the SE in micrometers [66].
Typical SEM images of the zirconia-based NO2 sensor attached with a nanostructured NiO-SE sintered at 1000°C are shown in Figure 5.11. Thickness of such
a nanostructured SE can vary from 25 to 150 nm. In the SE presented in this figure,
the thickness was about 100 nm and consisted of colonies of NiO grains uniformly
distributed throughout the surface and bulk of the SE.
Despite much attention and intensive investigation of the various physical and
chemical properties in nanosized systems, there is still an obvious lack of information
available on their reactivity and transport properties, specifically if the sintered SE
represents two nanosized oxides. Concerning the reactivity of such systems, one can
see that the majority of research work has been dealing with surface reactions in
supported catalytic systems, ion exchange, and intercalation processes but not with
solid-state synthesis. It was found that the manifestation of the “nanofactor” depends
on the nature of the oxide partner, in particular on its solid-state dispersal ability,
surface mobility, temperature, and type of experiment [39]. Some of the results can
occur due to a “trivial” size factor, that is, an increase in interaction contact area in
powder mixtures NiOn + MoO3 and NiOm,n + Al2O3m,n (if at least one of the initial
oxides is nanoscaled), and low conductivities of nanostructured NiO and Al2O3.
However, some data cannot be explained on a conventional basis. This assertion
relates to the stabilization of the α-Bi2O3 low-temperature polymorph in contact
with Al2O3n due to the action of a strong surface force of the latter. It has also been
reported [39] that the internal mechanism of stabilization is not understood at the
moment. The apparent dispersion of NiO on the Al2O3n surface can be regarded as
another example of “true” size effect, resulting in the significant change of the
conductivity level in NiO. Moreover, the observed diffusion permeability of the
NiMoO4 layer grown at the surface of nanosized NiOn could also be considered as
a manifestation of “true” size effect. Finally, the data on reactivity demonstrate the
complex, sometimes unpredictable behavior of oxide systems containing nanostructured components.
Both literature as well as research experience further suggest that additional
impurities need to be added to conventional binary metal oxides to stabilize the
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FIGURE 5.11 SEM images of a (a) cross-sectional view and (b) surface view of the zirconiabased NO2 sensor attached with a nanostructured NiO-SE.

porous nanocrystal morphology of the SEs. The literature also suggests that the
fundamental properties of sensors are strongly dependent on the technologies (thinand thick-film, etc.) and techniques used for the realization. Then new deposition
techniques and optimized deposition processes, which allow controlling of the
material characteristics and consequently their performances, need to be investigated.
Among the many techniques that had been used for the deposition of metal-oxideSEs for the zirconia-based gas sensors are sputtering, chemical vapor deposition
(CVD), thermal evaporation, spray pyrolysis, and the like [57]. Nanoparticles of
Al2O3 and ZrO2 in the size of ~20 nm can also be achieved by screen printing and
micropowder injection molding [46, 55]. Sol-gel, as an alternative technique, seems
to offer some specific advantages for obtaining nanostructured SEs for various gas
sensors [49, 53, 54]. These are simplicity, flexibility, low cost, ease of use on large
substrates, and the capability to modify the composition by the addition of dopants
and modifiers. A typical structure of the nanostructured NiO-SE with additives of
10 wt % CuO deposited on zirconia substrate is shown in Figure 5.12c [66]. This
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10 wt.% CuO-added NiO

FIGURE 5.12 Typical structure of the nanostructured NiO-SE: (a) commercial pure NiO;
(b) synthesized pure NiO; and (c) 10 wt % CuO-added synthesized NiO. (From Plashnitsa,
V.V., Ueda, T., and Miura, N., Improvement of NO2 sensing performances by an additional
second component to the nano-structured NiO sensing electrode of YSZ-based mixed-potential-type sensor, Int. J. Appl. Ceram. Tech. 3 (2006) 127–133. With permission.)

SE material yielded a more porous structure with NiO grain size maintained between
80 to 120 nm. It has also been reported that a fine CuO additive was homogeneously
distributed throughout the nanostructured NiO matrix with an average size of ~100
nm, whereas the average size of the commercially available NiO (Figure 5.12a) was
~700 nm [66]. The positive influence of the two-oxide SE was in the enhancement
of NO2 sensitivity of the zirconia-based sensor at high temperatures.
Figure 5.13 illustrates the dependence of Δemf in the NO2 concentration of the
sensor attached with NiO-CuO-SEs at 800°C in the presence of 5 vol. % H2O. Wet
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FIGURE 5.13 Dependence of Δemf on the NO2 concentration for the zirconia-based sensors
attached with different NiO-based SEs at 800°C in the presence of 5 vol. % H2O. (From
Plashnitsa, V.V., Ueda, T., and Miura, N., Improvement of NO2 sensing performances by an
additional second component to the nano-structured NiO sensing electrode of YSZ-based
mixed-potential-type sensor, Int. J. Appl. Ceram. Tech. 3 (2006) 127–133. With permission.)

conditions always exist in car exhausts, and therefore it is essential to establish both
high sensitivity and rapid response-recovery time at high temperatures for zirconia
gas sensors. It is clearly shown in this picture that the NO2 sensitivity for the sensor
attached with an NiO-CuO-SE has been improved substantially in comparison with
the same sensor attached with a commercial NiO-SE. The response-recovery time
was estimated to be less than 3 minutes at 800°C. The results obtained strongly
suggested that the addition of 10 wt % CuO to nanostructured NiO degrades the
catalytic activity for anodic reaction of oxygen, which has been supported by the
measured polarization curves. This degradation was also confirmed by the results
of complex-impedance measurements [66] and ultimately was responsible for such
a big improvement in NO2 sensitivity. Interestingly, the optimization of the twooxide nanostructure of the SE leads not only to challenges in the sensor sensitivity
at high temperatures, but also to the overall improvement of the sensor’s selectivity.
Figure 5.14 shows the real-time response transients to various gases, such as CO,
C3H8, NO, and NO2 (400 ppm each) at 800°C in the humid conditions explained
above. The zirconia sensor attached with an NiO-CuO-SE has shown an excellent
selectivity to NO2 and has practically no cross-sensitivity to any other gases.

5.4 LIMITATIONS OF EXISTING TECHNOLOGIES AND
FUTURE TRENDS
Nowadays, a lot of expectations are placed on nanotechnology. Others are afraid
that it is just another hype or buzzword. However, unlike, for example, dotcoms and
telecoms, nanotechnology is to a greater extent enabling technology with a solid,
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FIGURE 5.14 Cross-sensitivities to various gases, such as CO, C3H8, NO, and NO2 (400
ppm each), at 800°C in humid conditions for the sensor attached with a 10 wt % CuO-added
synthesized NiO-SE. (From Plashnitsa, V.V., Ueda, T., and Miura, N., Improvement of NO2
sensing performances by an additional second component to the nano-structured NiO sensing
electrode of YSZ-based mixed-potential-type sensor, Int. J. Appl. Ceram. Tech. 3 (2006)
127–133. With permission.)

broad-based scientific background, which will have various implementation possibilities for gas sensors. Nanotechnology now perhaps receives the greatest interest
in the scientific world, but obviously such revolutions are waiting for their time to
break through.
Bulk nanostructured materials are solids with nanosized microstructure. Their
basic units are usually nanoparticles. Several properties of nanoparticles are useful
for applications in electrochemical sensors [67]. However, their catalytic behavior
is one of the most important. The high ratio of surface atoms with free valences to
the total atoms has led to the catalytic activity of nanostructured SEs being used in
electrochemical reactions. The catalytic properties of nanoparticles could decrease
the overpotential of electrochemical reactions and even provide reversibility of redox
reactions, which are irreversible at the bulk metal SE [68]. Multilayers of conductive
nanoparticles assembled on electrode surfaces produce a high porous surface with
a controlled microenvironment. These structures could be thought of as assemblies
of nanoelectrodes with controllable areas.
Basically, there are two fundamental approaches to fabricating nanomaterials
[69]. The “bottom-up” approach represents the concept of constructing a nanomaterial from basic building elements, that is, atoms or molecules. This approach
illustrates the possibility of creating materials of SEs with exactly the properties
desired. The second approach, the “top-down” method, involves restructuring a
bulk material in order to create a nanostructure. Inert gas condensation, considered a bottom-up technique, was the first method used to intentionally construct
a nanostructured material, and has become a widespread means of producing
nanostructured metals, alloys, intermetallics, ceramic oxides, and composites
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[70]. Mechanical alloying, another commonly used method to produce nanostructured materials, provides an example of a top-down method.
However, despite a variety of existing technologies producing nanostructured
elements of the zirconia gas sensors, there is a huge undeniable problem associated
with the high-temperature applications of these sensors. The vast majority of zirconia
gas sensors work at temperatures over 600°C for a long time, which inevitably affects
the properties of SEs and SE–solid electrolyte interfaces. Longtime exposure to high
temperatures causes growth of the grains’ size and grain boundaries for most of the
oxide materials and/or composites employed as SEs today. Following the longtime
exposure to high operating temperatures, the TPB at the SE-zirconia interface inevitably changes and ultimately reduces gas sensitivity of the sensor. A typical scenario
for any new zirconia-based electrochemical gas sensor attached with a nanostructured SE consists of the following main stages:
1. Stage of stabilization. After the first 12–48 hours of working at a temperature higher than 600°C, the output emf of the zirconia sensor stabilizes.
The signal is usually stable, and the sensor sensitivity is unchangeable
for all concentrations of the measuring gas. The accuracy of measurement
is also stable for the whole measuring temperature range. This stage is
characterized by the stabilization of the SE-zirconia interface to the certain
level of sensitivity.
2. Stage of stability. It usually lasts from 3 weeks to 4–6 months depending
on the properties of SE material and the manufacturing technology used
for attaching the SE to the zirconia substrate. This stage is characterized
by precise, stable measurements of the gas concentrations at different
measuring, repeatable temperatures with a high accuracy level.
3. Stage of decay. This stage is characterized by gradual, steady, and irreversible reduction of the sensor output emf, which leads to decreases in
the sensor’s sensitivity. Sometimes it is even difficult to recognize the
beginning of this stage, but the longer the sensor works at high temperatures, the clearer the degradation in the sensor’s emf is, which is caused
by the changes at the TPB. The duration of this stage may vary from a
few months up to several years.
Therefore, the most interesting results achieved with the nanostructured oxide
and/or composite SEs have been reported to be the stability of high temperature
measurements from 3 weeks to a couple of months. There are a few exceptions
where the sensor-emf growths from month to month more or less stabilize after the
first 3 months of operation at 700°C. The example of such an oxide-SE is the
ZnFe2O4-SE for a NO2 high-temperature sensor [71, 72]. However, overall, hundreds
of publications report the incremental improvements in the SE’s properties, electrode’s modifications, and sensor’s selectivity, and/or the technological improvements achieved for the relatively short period of time. Unfortunately, in spite of a
great amount of works in the area, the approach for the SE materials selection is
still highly empirical and proprietary. Furthermore, there has been a misunderstanding regarding the concept of “long-term stability” in many publications to date.
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Usually, long-term stability has been reported only for several months of the sensor’s
operation at high temperatures with lack of supporting evidences relative to the real
long-term stability. In contrast, as far as industry is concerned, the long-term stability
starts only after one year of operation (about 10,000 hours). Thus, the claim of longterm stability in the majority of works published to date is irrelevant, and, consequently, only a few zirconia-based gas sensors with nanostructured SEs have been
commercialized so far. Moreover, it is rare to see the comprehensive study which
would lead to the serious conclusions supported by extensive experimental data.
Researchers are trying to “save face” and not report the degradation in the sensor
characteristics after initial bright publications. On the other hand, industry is still
reluctant to accept the preliminary results of nanotechnology, which have not yet
passed the significant impact of the long-term stability tests, which would change
the foundations of nanoengineering and nanotechnology in contrast to the conventional manufacturing methods. Contrary to laboratory tests, industrial long-term
stability tests possess “screw-the-product” attitude toward developed sensors in order
to verify their durability.
It is foreseen that the design of methods of grain-size stabilization during the
long-term exploitation of nanoscale zirconia gas sensors will gain priority over the
design of methods producing nanoscaled materials with minimal grain size. Some
studies [61, 72–74] have considered the possibility of introducing microadditives of
various impurities in order to limit the mobility of adatoms and stabilize grain size.
For example, impregnating Pt into the matrix of the ZnFe2O4-SE has enhanced
response-recovery time substantially for the zirconia-based NOx sensor [72]. Both
experimental research and theoretical simulations have established that in case of
the presence of a second phase, this effect takes place when the average domain
size is comparable to the average interparticle distance. Therefore, the control of
impurities in metal oxide is one way to achieve the particular grain size, morphology,
and structural stability necessary in practical applications. However, it is well-known
that even small quantities of the material additives used for grain-size stabilization
can affect catalytic and adsorption surface properties of SEs. Consequently, although
the grain size may be stabilized, there may be a strong change in both the electrophysical and the gas-sensing properties of oxide-SEs and the TPB. However, this
research is still in the early stages; therefore, the detailed studies of applied metal
oxides are needed to develop real technology for the stabilization of nanoscaled
materials.
Furthermore, the results given above testify that the further development of
technologies for nanostructured SE (RE) materials really has great possibilities to
improve selectivity, to increase sensitivity, to decrease the response and recovery
times, to shift the maximum of sensitivity in the range of lower operation temperatures, and to design nanostructured gas sensors with new consumer properties.
However, because of a lack of understanding of the nature and mechanism of gas
sensitivity, the structural engineering method of developing new materials for SEs
(REs) dominates and remains an empiric one, especially in the field of catalytic
additives selection. As it follows from the analysis of contemporary works devoted
to solid electrolyte gas sensors, the understanding of the nature and mechanism of
many processes responsible for the effectiveness of gas detection reactions has to

47612_C005.fm Page 222 Friday, June 22, 2007 1:37 PM

222

Electrochemistry of Zirconia Gas Sensors

be reconsidered in order to obtain a comprehensive picture of all processes that
occur at the TPB [75]. Therefore, though the addition of a second phase seems to
be a feasible approach for achieving high sensitivity and selectivity, the process of
choosing the additive becomes a challenge due to the lack of basic understanding.
Consequently, nanotechnology will of necessity change, and the different nanotechnologies will change to different degrees, not just in different ways. It is clear
that increased efforts in basic studies for better understanding of sensing mechanisms
become an important condition of progress achievement in the elaboration of solid
electrolyte gas sensors acceptable for practical use. However, it is necessary to note
that the science and technology of metal-oxide gas sensors have advanced considerably in the last decade. The theoretical understanding of the surface processes,
involved in the reactions of gas detection, is developing, and therefore a detailed
understanding of the elementary processes underlying sensor behavior now seems
achievable. Finally, entirely new approaches will be required to deal with the increasingly blurred boundary between materials for SEs (REs) and solid-electrolyte structures epitomized by nanocrystalline and “smart” materials.
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6

Errors of Measurement
of Zirconia Gas Sensors

6.1 BASES OF ERRORS THEORY IN RELATION TO
ELECTROCHEMICAL GAS SENSORS
In accordance with BS EN 61207-1:1994, the error is the difference between the
device reading and the real value of the measuring parameter [1]. Indeed, if the real
value is equal to x and the measured value is equal to xm, then the absolute error of
the measuring device is Δx = xm – x. In this case the error manifests itself in the
units of the physical or chemical measuring parameter. However, it is not always
convenient to manifest error in the absolute values because, in reality, the absolute
value of the error indicates neither the quality of the measuring instrument nor the
quality of the measuring process. In fact, the accuracy of zirconia gas sensors is
determined by a combination of internal errors (due to random and systematic
effects); fluctuation of external sensitivities such as temperature, presence of moisture, and combustible gases in the measuring environment; and uncertainty of the
gas mixtures used to calibrate it. The term uncertainty should be used to characterize
the inaccuracy of an obtained result, while the term error is used to characterize the
components of the uncertainty.
Theoretically, in relation to the zirconia gas sensors, the logarithmic relationship
should permit signal resolution at the extremes of the partial pressure differential.
In reality, interference from reducing gases that are present even in high-purity inert
gases will cause false low readings. The external influences can be sufficiently
minimized by conducting the measurement under well-controlled conditions. Unfortunately, even under the controlled conditions, any combustible gases in the process
(CO, HxCy, H2, etc.) will burn with oxygen at the sensor electrodes, consuming
oxygen. Due to the fact that Pt is an excellent catalyst material, Pt electrodes of the
zirconia sensor act in the high normal operating temperature to catalyze reactions
between oxygen and other gas constituents in the gas sample, such as ppm or ppb
levels of residual hydrocarbon vapors. In atmospheres such as incinerators or heavy
fuel-fired units, high-molecular-weight combustibles result in more serious error.
One molecule of propane, for example, consumes 5 molecules of oxygen (C3H8 +
5O2 ↔ 2CO2 + 4H2O). A similar situation has been observed for oxygen in the
presence of carbon monoxide, for example 4% O2 in the presence of 2% CO: O2 +
2CO ↔ 2CO2. Each molecule of O2 reacts with 2 molecules of CO on the surface
of the Pt-SE, so the zirconia sensor will read 3% rather than 4%. Reactions between
the reducing gas and oxygen molecules will take place in near perfect stoichiometric
balance because of the superb catalytic properties of the Pt-SE. However, if even
minuscule amounts of residual oil vapors are present, such as the vapors emitted
227
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from a human fingerprint, a more dramatic error will result from the stoichiometric
proportioning. Two C12H26 heavy hydrocarbon molecules will consume 37 oxygen
molecules. Therefore, if the background gas contains 10 ppm of the hydrocarbon,
a nearly 200 ppm measurement error by the zirconia sensor will result.
The uncertainty of commercial calibration gas mixtures is typically ±1% of the
amount fraction, and the contribution of this to the overall measurement uncertainty
is much greater than the intrinsic error of the oxygen sensor for amount fractions
of oxygen that are 0.1 ppm and above [2]. Consequently, test procedures that require
calibrated gas mixtures will be limited by the uncertainty of those gas mixtures, and
therefore cannot be used to test the accuracy of oxygen and other zirconia-based
gas sensors, assuming the uncertainty of the sensor calibration is no worse than that
of the test mixtures. At present, the uncertainty of commercial calibration gas
mixtures is a limitation to verifying the accuracy of these gas sensors.
Based on the above facts, conception of the relative error of the sensor can be
introduced, which can be determined as γx = Δx/x. This appraisal, expressing as a
rule in percentage (i.e., γx = (Δx/x) × 100%), is a more comprehensive characteristic
of the accuracy of the sensor. The relative error γx is the function of the measuring
parameter x. It is therefore impossible to point out the single exact characteristic of
the sensor, which would somehow characterize the error. Consequently, the concept
of the reduction error γ is introduced, which represents the ratio between the
maximum value of the absolute error Δxmax and the maximum value of the measuring
parameter xmax, that is, γ = Δxmax/xmax.
If the zirconia gas sensor can be represented by the structural scheme, shown
in Figure 6.1, and realizing the function of the sensor y = f (x), then the presence
of linear dependence between the argument (measuring parameter) x and the output
signal y can be written as follows:
Δx = Δy/k; Δxk = Δy; Δx/x = Δy/y = Δx/xmax ,

(6.1)

where k is the transformation coefficient (amplification, weakening, etc.).
Unfortunately, there is no ideal linear dependence between argument x and
function y. Nevertheless, the equalities (6.1) are quite acceptable in the overwhelming

X(t)

Zirconia Gas Sensor

Y(t)

External factors x1(t), …, xn(t)

FIGURE 6.1 Structural scheme of the zirconia gas sensor with influence of external factors.
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majority of cases. Therefore, by the manner of expression, they can be divided on
absolute, relative, and reduction errors.
All errors can also be divided into two independent classes by the influence on
the resulting accuracy of measurement: error of zero and error of sensitivity. Let’s
consider these two classes in details. In the general view, the zirconia sensor function
can be represented as follows:
y = k (x, x1, x2, … , xn) x + b (x1, x2, … , xn),

(6.2)

where k (x, x1, x2, … , xn) is the transformation coefficient of the sensor, which is
the function of the measuring parameter x and whole complex of the influencing
parameters x1, x2, … , xn; b (x1, x2, … , xn) is an initial quantity of the output signal
(at x = 0). In the general case, it is also a function of values x1, x2, … , xn.
Equation (6.2) can be rewritten in more compact form as a function of time:
y (t) = kx(t) + b,

(6.3)

considering that both k and b are complex functions of the various arguments. Figure
6.2 illustrates the graphical interpretation of the zirconia gas sensor function with a
impact of the external influencing factors such as instability of the reference pressure,
inaccuracy of setting and measurement of the sensor temperature, emf variations,
and so on. Segment b by the x axis corresponds to the initial level of the output
signal of the sensor at the absence of the input signal (i.e., x = 0). The pitch of line
1 corresponds to the sensitivity of the zirconia sensor to the measuring parameter x
(equal at the linear case to coefficient k). Line 1 represents the case when both
coefficients k and b are the constant values, independent of time and influencing
factors. However, owing to the inconsistency of the whole complex of influential
factors (parameters) in the real measuring environments, coefficients k and b are
changing.
y

k

=

kx

1
k

2

=

kx

0

b
x

FIGURE 6.2 Graphical interpretation of the zirconia gas sensor function.
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The real zirconia gas sensor function is located between two dotted lines due to
the inconsistency of both sensitivity and the initial level of output signal of the
sensor. The uncertainty of measurements is restricted by the value 2Δ0 + 2γx, where
Δ0 is the absolute error of the zero level, or additive absolute error; γxx is the absolute
sensitivity error, or multiplicative absolute error; and γx is the relative sensitivity
error, or relative multiplicative error.
If some of the errors given above can be dominated for the real zirconia-based
sensors, then the other constituents can be ignored. If only the additive constituent
part takes place, then the zirconia gas sensor function assumes y = k(x ± Δ0), where
the current value of the absolute sensor error, equal to Δ = Δ0, is independent of the
value of the measuring parameter. The value of the relative error γ = γ0 = Δ0 /x is
inversely proportional to the value of the measuring parameter, the sensor error
growths up to 100% at x = Δ0, that is, it is impossible to make a measurement in
this case. The value of the measuring parameter x, equal to the value of the relative
error of zero, is acceptedly called the sensitivity threshold of the sensor.
If only the multiplicative constituent part is present, then the function of the
zirconia gas sensor assumes y = k(1 ± γk) x, where γ = γk is the current value of the
relative error. In this case, the function of the measuring parameter of the sensor is
the absolute value of the error.
The situation where both additive and multiplicative constituents of the error
are present is the most common case and has been accepted in practice. For all that,
the function of the zirconia gas sensor can be written as y = k(1 ± γk) × (x ± Δ0),
and the absolute and the relative errors of the sensor are determined by Δ = Δ0 +
γkx and γ = γk + (Δ0/x), respectively.
All correlations considered above and their graphical interpretations are combined into Table 6.1 for the convenience of use. The standardization of the sensor
errors takes place in accordance with those correlations given in Table 6.1. The first
two rows in this table illustrate the method of standardization with the aid of the
monomial equations. The standardization method, with the help of the binomial
equation, is presented in the third row of the table. Generally speaking, there are
more complex equations for standardization of the errors of various gas sensors.
However, in the vast majority of cases, the estimates presented above are sufficient
enough for the zirconia-based gas sensors.
Speaking of errors, the instantaneous value of errors has been considered so far.
In contrast, due to inertness, most of the zirconia gas sensors possess a difference
between the instantaneous values of the measuring parameter and the results of
measurement. This difference can vary depending on how fast the input signal can
be changed and how fast the characteristics of the sensors can be changed, especially
at low temperatures. Consequently, the errors can further be divided into dynamic,
static, and progressing [3]. To some extent, such classification is conditional and
only necessary for those advantages which stipulate the development of a simplified
model of each type.
At the same time, the analysis of the cause-effect relationship at the consideration
of the zirconia sensor errors allows both designer and consumer not only to compile
a more correct model of the resulting error, but also to decrease it by appropriate
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TABLE 6.1
Standardization of the Sensor Errors
Types of error

Sensor function

Error
Absolute

The error of zero
(additive)

y

y = k(x ±

0)

=

Relative

0

100%

=

k+

( 0 /x)

0

2

0

k

x=
x

The error of
sensitivity
(multiplicative)

y

y = k(1 ±

x

0

x

k )x

=

k

=

x

k

2 kx

k

0

x

Combined impact
of the error of
zero and the
error of
sensitivity

y

y = k(1±

k)(x ±

0)

x

x
=

0

+

kx

100%

=

k+

( 0 /x)

kx
k

x

x=

0

0

x

x

means. Considering the reasons of appearance of the measurement errors, two main
circumstances should be highlighted:
1. On the one hand, reasons causing the errors’ appearance are inseparably
connected to the nonideality of the physical and electrochemical characteristics of the elements of zirconia gas sensors and to the relative inconstancy of their working conditions. This follows the fact that the
measurement process distorts the sideline physical and chemical effects
subordinate to the strict enough appropriateness. The clear example of
this can be represented by the temperature dependence of physical and
electrochemical properties of the SE materials.
2. On the other hand, the reason causing the errors’ appearance can be the
imperfection of knowledge about the physical and chemical processes,
and their kinetics, accompanying the gas sensor work.
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Samples of various batches of the zirconia gas sensors can have different characteristics owing to instability of the technological processes involved in the manufacturing of these sensors. Errors arising from these factors usually have an accidental character. Therefore, the process of their correction is highly difficult.
In compliance with the reasons of appearance, all errors can be divided into
systematic and accidental. Systematic errors are the errors possessing the determined
function connection with the source of their cause, and the error function itself and
its arguments are known. Accidental errors are the errors caused by the combined
actions of the influencing (destabilizing) factors, and owing to their uncertainty their
functional connection with the source of errors cannot be determined.
It should be noted that the accurate boundaries between the sorts of errors
mentioned above are very difficult to establish since the possibility of redistribution
of errors between considered groups is likely to occur in the various measurement
situations. For example, if the zirconia gas sensor works in a wide, frequently
changing temperature range and its precise temperature characteristic as well as the
zero offset between SE and RE are known, then the error of measurement is a
systematic one. Indeed, if the zero offset is known and can be kept close to zero
within the whole measuring temperature range, then the influence of deviation of
the zero offset on measurement results would be corrected. However, if the changes
of zero offset are unknown within the whole measuring temperature range and they
change accidentally, then the establishment of the zero offset correction is impossible. Consequently, in this case the systematic error caused by the zero offset between
SE and RE of the sensor becomes an accidental error due to uncertainty of the
influencing factor.

6.2 ANALYSIS OF SYSTEMATIC ERRORS OF ZIRCONIA
GAS SENSORS
Development of ionic conductors based on stabilized zirconia has reached a level
of maturity, where most of the research on such materials concentrates mainly on
obtaining incremental empirical improvements in conductivity by better processing
control and refinement of the microstructure of the solid electrolyte and SE. Further
increases in the conductivity are important in terms of enhancing the efficiency of
systems such as O2 sensors, zirconia-based mixed-potential gas sensors, electrochemical oxygen pumps, heating elements, and fuel cells [4–7]. The systematic
errors, as have been considered before, are errors with a known determined functional
connection with the source of their cause, and the conformity of their appearance
can be definitely described.
Considering that the influential quantities are independent, the absolute systematic error can be found as a full differential of the complex linear function (6.2). Then,
n

∑

dy = x

i =1

∂k
dxi +
∂xi

n

∑ ∂∂xb dx .
i

i =1

i

(6.4)

47612_C006.fm Page 233 Friday, June 22, 2007 2:11 PM

Errors of Measurement of Zirconia Gas Sensors

233

Having divided (6.4) on y, the value of the relative systematic error can be calculated
as follows:
dy x
=
γy =
y y

n

∑
i =1

∂k
dxi +
∂xi

n

∑ 1y ∂∂xb dx ,
i

(6.5)

i

i =1

where k is the transformation coefficient.
In Equation (6.5) correlation,
x ∂k ∂k k
=
y ∂xi
∂xi
defines the relative changing of the transformation coefficient, arising from the
changes of influential factor xi. This correlation is called the relative multiplicative
sensitivity of the sensor to the influential factor xi, and it is designated as Ski. Let’s
introduce correlation
1 ∂b
,
ylim ∂xi
which characterizes the relative changes of the initial level of the sensor output
signal (emf) arising from the changes of influential factor xi, where ylim is the value
of the output signal of the sensor corresponding to the limit of sensor measurements.
This correlation is defined as an additive sensitivity of the sensor to the influential
factor xi, and it is designated as Sbi. Using the designated parameters introduced
above and transferring them to the final increments in Equation (6.5), the following
correlation yields
n

γy =

∑
i =1

n

Ski Δxi + ( ylim y )

∑ S Δx .
bi

i

(6.6)

i =1

Quantities Δxi define the deviation of influential factors from the values at which
the calibration of the gas sensor was taking place (determination of sensitivity S and
the initial level of the output signal b). Having known the relative multiplicative and
additive sensitivities of the sensor to the influential factors and the deviation of
influential factors from the calibration values, the systematic error of the sensor
can be calculated and appropriate corrections to the measurement results can be
introduced.
For analysis of the systematic errors of the sensor, it is necessary to know the
following data:

47612_C006.fm Page 234 Friday, June 22, 2007 2:11 PM

234

Electrochemistry of Zirconia Gas Sensors

•
•
•

Correlation for the zirconia gas sensor function
List of the influential factors and the parameters of their work functions
Dependence of arguments on the influential factors involving into the
zirconia sensor function

6.3 ANALYSIS OF THE MAIN COMPONENTS OF
ERRORS OF ZIRCONIA GAS SENSORS
At present, considerable research has been devoted to understanding the influence
of various stabilizing oxides on the ionic conductivity and the defect structure of
zirconia. However, much less attention has been allocated to investigation and
analysis of the main components of errors for the zirconia-based sensors measuring
partial gas pressures in vacuum, in spite of the fact that the numerous technological
processes require precise measurement of gaseous components in the diluted atmosphere. Therefore, the analysis of the main components of errors of the zirconia gas
sensor as well as the relative error of measurement for the zirconia electrolyte will
be presented for sensors measuring oxygen in a vacuum from 1 × 10–8 to 1 × 105
Pa. Specifically, the contribution of each component to the total relative error of
measurement should be investigated, and the limit relative error of measurement
should be analyzed and calculated for the zirconia sensor measuring partial oxygen
pressure in the temperature range of 500–1000ºC. Similar analysis can be applied
for other zirconia-based sensors available to date.
The planar ZrO2-based oxygen sensor configuration is presented in Figure 6.3.
This planar sensor was fabricated at KASTEC, Kyushu University, Japan, by using
a YSZ plate (8 wt % Y2O3-doped, 10 × 10 mm; 0.2 mm thickness). Pt paste (Tanaka
Kikinzoku, Japan) was printed on both sides of the ZrO2 plate and was fired at
1000°C for 2 hours in air. On one side of the zirconia plate, two rectangular Pt
stripes were formed as the SE of the sensor; and on the other side, six narrow Pt
stripes were formed as a base (current collector) for the thin-film metal–metal oxide
RE. Both SE and RE were exposed simultaneously to the measuring environment.
Figure 6.4 shows the interactions scheme of the measuring gas with the planar thinfilm ZrO2-based sensor, which has been developed on the basis of analysis of the
electrode processes in the electrochemical systems [8]: Stage 1 is the multicomponent diffusion of gaseous species through the porous SE and RE, allowing for the
effect of nonuniform gas pressure and sensor temperature, and Knudsen diffusion;
and Stage 2 is adsorption-desorption and partial dissociation of oxygen molecules
(O2 → 2O2– + 4e–) on the gas-SE interface [9]. Furthermore, oxygen ions O2– can
subdissociate to subions O–, which can diffuse on the metal-oxide-electrolyte and
gas-electrolyte boundaries toward the SE-ZrO2-gas interface. Stage 3 is the electrochemical reaction of oxygen, which initiates changing the capacity of the double
electric layer on the solid electrolyte-electrode interface and, consequently, altering
the potential of the SE (thin-film Pt SE). It should be noted that oxygen may be
oxidized in different forms — O2–, O22–, O2–, O–, and O — depending on the working
temperature, the oxygen partial pressure, and whether the oxide ME is a reversible
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FIGURE 6.3 Front and back views of the planar zirconia-based oxygen sensor with the Pt-SE
and Fe-FeO-RE.
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FIGURE 6.4 Schematic presentation of interaction of the zirconia-based solid electrolyte
sensor with a gaseous environment: Stages 1–4 of interaction.

(irreversible) oxygen electrode. The output informative parameter of the sensor in
Stage 4 is the difference of potentials of the SE and RE: E (t) = ϕ1 (t) – ϕ2 (t).
One of the main assumptions for the thin-film ZrO2-based sensors is the negligible interinfluence of the thin-film layers. This means that the mechanical, physical,
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FIGURE 6.5 Three-dimensional SEM image of the parts of the SE and current conductor of
the zirconia-based sensor.

chemical, and electrostatic components of their interactions are close to zero [10].
In order to achieve that, the following requirements must be implemented: the purity
of row materials for thin films should be ultra-high (99.999%), and the row materials
must have compatible coefficients of the thermal expansion and parameters of the
crystalline structure. They should also be characterized by the minimum value of
the contact difference of potentials. Figure 6.5 shows a three-dimensional image of
the parts of the SE and current conductor of the zirconia-based sensor.
Let’s consider the work of the solid electrolyte cell (SEC) using either a
metal–metal oxide mixture (Fe-FeO) or an air RE at the temperature range of
500–1000°C. The highest limit of measurement will be the atmospheric pressure
(~1.3 × 105 Pa). The lowest limit depends on conditions of operation of the sensor
at which the output signal (emf), gathered by the proceeding of electrochemical
reactions, corresponds to the thermodynamic value. In order to reach these conditions
it is necessary that, at first, the load circuit should not interfere with the work of the
SEC, and, at second, the kinetic of the electrode reactions should avoid the appearance of polarization, which is possible as a result of the development of two types
of oxygen permeability in the SEC: (1) oxygen anions transfer, which establishes
as a compensative anticurrent to the electrons transfer at the mixed conductivity of
the SEC; and (2) molecular diffusion of the gaseous oxygen on the open porosity
of the SE. Based on the fact that the electrochemical reaction has many
stages (adsorption of oxygen molecules on the SE, their dissociation of atoms and
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ionization, diffusion, etc., as was described in chapter 2), we will consider the oxygen
diffusion on the open electrode pores toward the TPB electrolyte-electrode-gas as a
limiting reaction at lowered pressure [8]. For the minimum pressure at which work
of the SEC is possible, the calculation of number of oxygen ions capable of providing
working current of the SEC exceeding the parasitic current on the secondary measuring devices (for electrometer B7-30, this current is no more than 2 × 10–14 A)
was done. The electric charge, arising from oxygen ions on the boundary of the
solid electrolyte-electrode to the unit of time (q), is equal to 2 × 10–14 coulomb.
Using this value, the quantity of necessary oxygen ions was found by equation n =
q / 2e, where e is the charge of the electron. It was 6.25 × 103 pieces. When the
calculated quantity of the oxygen ions in accordance with dependence [11],
P = n 2 πmk BT χ (1 − nad n0 )

2

(6.7)

corresponds to the pressure of 1.5 × 10–14 Pa. In Equation (6.7), m is the molecular
weight, kB is the Boltzmann constant, T is the absolute temperature, χ is the probability of adsorption, nad is the number of adsorbed gaseous molecules, and n0 is the
number of adsorption centers.
It is vital to provide an equilibrium condition of the SEC for calculation of its
static characteristic. For an equilibrium condition, the current picking out into the
measuring device should be on several orders of magnitude less than the exchange
current on the SE. It follows from the assumption above that the minimum measuring
pressure should be increased in comparison with the calculated value on 2–3 orders
of magnitude. This pressure therefore should presumably be ~10–11 Pa. Based on
the facts that the properties of the real SEC differ slightly from the properties of the
ideal SEC and that both adhesion and ionization coefficients are not equal to 1,
consequently, the lowest limit of measurement should not exceed 10–10 Pa. Fulfilment
of the above-mentioned restrictions secures the equilibrium condition of the SEC at
which the following Wagner equation can be used for calculation of the static
characteristic:

1
E=
4F

μo 2( II)

∫

tion dμo2 ,

(6.8)

μo 2( I)

where µo2 (II) and µo2 (I) are the oxygen chemical potential of the SE and RE,
respectively; F is the Faraday constant; and tion is the true ionic transference number,
defining part of the ionic conductivity in the total conductivity of the SEC: tion =
σi /(σi + σe + σp), where σi, σe, and σp are ionic, electronic, and hole conductivities,
respectively.
It is well-known that
E = tion 4 F (μo2 ( I) − μo2 ( II)) = RT tion 4 F ln ( Po2 ( I) − Po2 ( II)) ,

(6.9)
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because µo2 = µo2° + RT ln Po2, where µo2° is the standard value of the chemical
oxygen potential, T is temperature, R is universal gas constant, and Po2 (II) and Po2
(I) are oxygen partial pressures on the SE and RE, respectively.
Let’s consider tion within the above-mentioned ranges of temperatures and pressures. The true ionic transference number based on [10] can be expressed according
to the following equation:
tion = [1 + (P/Pp )1/4 + (Pe /P)1/4]–1,

(6.10)

where Pe and Pp are the electron and the hole transference parameters, respectively,
that is, the oxygen partial pressure at which σi = σe and σi = σp. At relatively low
oxygen partial pressures when the hole conductivity can be ignored, the dependence
of the average ionic transference number tion on the oxygen partial pressure PO2 is
as follows:

{ (

} (ln Po (II) − Po (I)) ,

1/ 4
1/ 4
1/ 4
1/ 4
tion = 4 ln ⎡⎢ Po2 ( II) + ( Pe ) ⎤⎥ − ln ⎡⎢ Po2 ( I) + ( Pe ) ⎤⎥
⎦
⎦
⎣
⎣

(

2

2

(6.11)
where Pe in the SEC, consisting of 0.85 ZrO2 + 0.15 CaO, is calculated by equation
lg Pe = –60.5 × 103/T + 19.5. Parameter Pe changes from 10–79 to 10–21 Pa for the
temperature range of 500–1000ºC when the oxygen partial pressure Po2 on the lowest
measurement limit changes from 10–36 to 10–10 Pa at the same temperatures (for the
ideal gas). Therefore, the value of Pe can be ignored, that is, tion is always equal to
1 at the low partial pressure for the entire temperature range. The dependence of
the average ionic transference number tion on the oxygen partial pressure PO2 at higher
pressures, when the hole conductivity can appear in the SEC, and is calculated by
the following equation:
⎡Po2 (II)
⎤
⎢
tion =
t ion d P P⎥
⎢
⎥
⎣ Po2 (I)
⎦

∫

(ln Po (II) − ln Po (I)) ,
2

(6.12)

2

can be expressed as
1/ 4
1/ 4
1/ 4
1/ 4
⎡
tion = 4 ⎢ln ( Po2 ( II)) ⎡⎢( Po2 ( I)) + ( Pp ) ⎤⎥ − ln ( Po2 ( I))
⎣
⎦
⎣

,

(6.13)

⎡ Po II 1/ 4 + P 1/ 4 ⎤⎤ ln Po II − ln Po I
( p ) ⎥⎦⎥⎦ ( 2 ( )
2 ( ))
⎢⎣( 2 ( ))
where Pp calculates by equation lg Pp = 28 × 103/T – 16 for the SEC consisting of
0.85 ZrO2 + 0.15 CaO. Parameter Pp changes from 1037 to 1011 Pa at the abovementioned temperature range. Pp » Po2 (II) and Pp » Po2 (I) at temperatures of
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500–700ºC and tion = 1. At the temperature of 1000ºC, Pp = 9.7 × 1010 Pa, Po2 (I) =
8.9 × 104 Pa (oxidizing potential of air), and tion = 0.996.
Therefore, the ZrO2-based SEC can be considered as a pure ionic conductor
within the above-mentioned ranges of temperatures and pressures, and its static
characteristic can be expressed from (6.9):
Po2 (II) = Po2 (I) exp (– RT/4F).

(6.14)

For evaluation of the influence of each parameter from the static characteristic of
the SEC on the accuracy of measurement, Equation (6.14) can be differentiated, and
the functions and their differentials will be substituted by their increments:
ΔPo2 (II) = Po2 (II) [ΔPo2 (I)/Po2 (I) + (–4F/RT)0 ΔE + (4EF/RT2)0 ΔT].
(6.15)
Index 0 means the nominal parameter value, that is, the value at which the measurement mode has no error. The influence coefficients are as follows:
APo2(I) = 1/Po2 (I) [Pa–1]
and
AE = – 4F/RT [V–1] and AT = 4EF/RT 2 [ºC–1].
For evaluation of the limit values of errors of measuring pressures, the total error
of measurement and its components will be determined at Po2(II)/Po2(I) → 1+, 10,
and 100 in the temperature range of 500–1000ºC.

6.3.1 ERROR STIPULATED

BY THE

REFERENCE PRESSURE INSTABILITY

The contribution of the reference oxygen partial pressure Po2(I) into the results of
measurement can vary and usually depends on the RE type. If an air RE is used
(ambient air), the oxygen concentration C, in relation to the normal conditions (Cn.c.
= 20.8%), can change from 20.3% to 20.9%. Consequently, the error of measurement
(δPo2(II)) Po2 (I) stipulated by this component can be approximately ~3%. However,
the exchange chambers can be used for reducing the component of error of measurement stipulated by the reference air. Then, (δPo2(II)) Po2 (I) can be reduced down
to 0.6–1.0%.
If the metal–metal oxide mixture is used as a RE for the ZrO2-based oxygen
sensor, the oxygen pressure can be calculated by the following equation: ln PO2 =
2ΔG/RT, where ΔG is the standard Gibbs potential of formation of a MeO by the
reaction Me + O2 = MeO. The error contributed by this component depends on the
inaccuracy of the temperature setting, and the error of determination of the standard
Gibbs potential. Variation of ΔG is determined by the thermodynamic methods by
means of measurement of the thermal effect of the reaction Me + O2 = MeO and
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thermocapacity of its reagents and products. Divergence in determination of the
standard Gibbs potential for the reaction 2Fe + O2 = 2FeO is ± 420 J/mol [12]. In
this case, the error can be expressed as
(δPo2(II))Po2(I) = 2/RT(ΔG) – 2ΔGΔT/RT2,

(6.16)

with the influence coefficients BΔG = 2/RT [mol/J] and BT = – 2/RT2 [ºC–1]. Then
the value of (δPo2(II))Po2(I) calculates by the following equation:

(δPo (II))
2

2

Po2 ( I)

2
= ⎡⎣ BΔG Δ ( ΔG )⎤⎦ + [ BT ΔT ] .

(6.17)

Both components decrease with the temperature growth. As a consequence of this,
the summary error contributed by this component changes from 7.0% at 500ºC to
4.2% at 1000ºC at the deviation of the temperature of the RE on ±0.5ºC.

6.3.2 ERROR STIPULATED

BY THE

VARIATIONS

OF EMF

This error’s component (the second item of (6.15)) consists of several items: error
by the current in the measuring circuit, error by the nonionic component of conductivity, error by the nonisothermic character of electrodes in flatness, error stipulated
by the thermoelectric effect, and error by the secondary measuring device.
Error by the current in the measuring circuit is equal to the voltage drop on the
SEC calculated by equation (δPo2(I))E1 = AEIRSEC/(Rinp + RSEC), where AE is the
influence coefficient by emf, I is the strength of current in the measuring circuit,
R imp is the input impedance of the secondary measuring device, and R SEC is the
impedance of the SEC. (δPo2(I))E1 represents only 10–8 – 10–12% at Rinp = 1014 Ω
and RSEC equal to dozens of Ω, and this error can be ignored in further calculation.
As has been shown above, the average ionic transference number t at the abovementioned ranges of oxygen pressures and temperatures is equal to 1, and consequently, this error, stipulated by the nonionic component of conductivity (δPo2(I))E2,
can also be ignored.
The component of error by the nonisothermic character of electrodes in flatness
calculates by equation (δPo2(I))E3 = AE R(Teq – T0)/4F · ln (Po2(II)/Po2(I)), where
Teq =

∫
s

T ( x, y ) σ ( x, y ) ds

∫ σ ( x, y) ds
s

is the equivalent temperature; T (x, y) and σ (x, y) are functions of distribution T
and σ by flatness S; and T0 is the temperature at which the thermodynamic emf has
been calculated. At the temperature uniformly distributed by the flatness of electrodes, this component of error (δPo2(I))E3 can be ignored.
The component of error, stipulated by the thermoelectric effect, appears at the
heterogeneity of the temperature field of the SEC:
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(δPo2(I))E4 = AE aΔT + b ln (T1/T2) + 5R(T1 ln T1 – T2 ln T2)/8F + RΔT ln Po2(I)/4F,
where a = (–0.9 ± 0.1) mV/ºC; b = (50 ± 10) mV; and T1 and T2 are the temperature
of the SE and RE, respectively. Numerical calculations of this component of error
for the most unfavorable conditions (ΔT = T1 –T2 = 10ºC and T1 = 500ºC) have
shown that at measurement of the sensor emf, the heterogeneity of the temperature
field of the SEC, stipulated by the thermoelectric effect, is equal to 25 mV, which
corresponds to (δPo2(I))E4 = 202%. However, at ΔT = 0.5ºC and T1 = 500ºC, this
component of error decreases to (δPo2(I))E4 = 10.5%. Furthermore, if the SEC
temperature T1 can reach 1000ºC, the component of error by the thermoelectric effect
can be decreased to (δPo2(I))E4 = 2.2%.
The limit allowable main error of the electrometer B7-30 is calculated by
equation ΔE5 = ± (A + 0.01E), where A is the electrometer discredit error; E is the
real value of the measuring parameter. Based on the fact that the electrometer B730 possesses a multiple error of 1% and an additive error equal to the two lowest
ranks within the whole measurement range, it is preferable to use the SEC generating
small emf (Po2(II)/Po2(I) → 1+), with the condition that the error of measurement
stipulated by the additive component will not be higher than the set value. The error
by the secondary measuring device aspires to 1% at the deviation of ratio
Po2(II)/Po2(I) from 1 on parts of percent within the whole temperature range. The
absolute value of the measuring emf, at this condition, does not exceed 20 mV.
Consequently, the error component by the secondary measuring device (δPo2(I) E4
remains around 1% within the whole working measurements range.

6.3.3 ERROR STIPULATED BY INACCURACY OF SETTING
MEASUREMENT OF THE SEC TEMPERATURE

AND

This component of error can be determined by equation (δPo2(I))T = ATΔT. Numerical
calculations of this component have shown that at the ratio Po2(II)/Po2(I) → 1+,
inaccuracy of the temperature setting ΔT = 0.5ºC and the measuring temperature
changes from 500°C to 1000ºC, and the (δPo2(I))T changes from 8.7 × 10–5 to
3.9 × 10–5%.
The evaluation of the total error of measurement considering mutual independence of the error’s components can be calculated by the following equation:
n

(δPo (I))
2

=
Σ

∑(δPo (I))
2

2
i

,

(6.18)

i =1

where (δPo2(I)) i are the error’s components.
Numerical calculations of the total error of measurement for the ZrO2-based
oxygen partial pressures sensor have shown that at the ratio Po2(II)/Po2(I) → 1+,
inaccuracy of the temperature setting ΔT = 0.5°C, the total error of measurement
(δPo2(I))Σ changes from 12.65% to 4.84% as the measuring temperature changes
from 500°C to 1000°C. Figure 6.6 shows the contribution of different components

47612_C006.fm Page 242 Friday, June 22, 2007 2:11 PM

242

Electrochemistry of Zirconia Gas Sensors

57%
0%
5%

1
2
3
4

38 %
a

30%

0%
14%
1
2
3
4

56%
b

FIGURE 6.6 Contribution of different components into the total error of measurement for
the zirconia-based oxygen sensor at 500°C (a) and 1000°C (b) at the temperature deviation
of the RE (± 0.5ºC). 1: component of error by instability of setting reference oxygen pressure
by Me-MeO RE; 2: component of error by the thermoelectric effect; 3: component of error
by inaccuracy of setting and measuring of the SEC temperature; and 4: component of error
by the secondary measuring device.

into the total error of measurement for the ZrO2-based oxygen sensor at 500°C (a)
and 1000°C (b) at the temperature deviation of the RE (± 0.5°C). As has been clearly
illustrated in this figure, the biggest contribution into the total error of measurement
at the working temperature of 500°C comes from the error’s component based on
the thermoelectrical effect, which appears at the heterogeneity of the temperature
field of the SEC. However, as the working temperature grows, the influence of the
thermoelectrical effect on the total error of measurement decreases, and, consequently, contribution of this component of error goes down to 30% at 1000°C (Figure
6.6b). On the other hand, the component of error by instability of setting oxygen
reference pressure by Me-MeO RE increases with temperature, and in our case (FeFeO-RE) at 1000°C it is almost 56% of the total error of measurement. Therefore,
the careful selection of suitable material for the Me-MeO mixture can further
decrease the influence of this component on the total error of measurement.
Consequently, considering specific features of the vacuum measurements, the
produced analysis of the total error of measurement and the main components of
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errors for the zirconia-based solid electrolyte sensors has shown that, at the ratio
Po2(II)/Po2(I) → 1+ and inaccuracy of the temperature setting ΔT = 0.5ºC, the total
error of measurement (δPo2(I))Σ changes from 12.65% to 4.84% within the measuring
temperature range of 500–1000ºC. The results obtained raised the expectations of
creating the SEC partial gas pressures with high enough metrological characteristics
in relation to the vacuum measurements. The present analysis is also admissible for
the SEC with conductivity by other ions. Hence, it can be concluded that the
opportunity in principle exists for zirconia sensors to be used as a working measurement means for partial pressures of the gaseous components in the vacuum range
of 1 × 10–8 to 1 × 105 Pa.

6.4 CALCULATION OF ERRORS ON THE BASIS OF
EXPERIMENTAL DATA
Errors of any sensors, including zirconia gas sensors, can be determined only by
specifically planned tests. Appropriately designed experiments combined with the
correct processing of data obtained during these tests guarantee the receipt of the
objective data characterizing the accuracy of the sensor.
The questions related to the secondary equipment selection, calculation of the
number of points (cross-sections), and number of the cycles of tests and their
sequence are worked out at the planning stage of an experiment. Let’s consider the
sequence of the zirconia gas sensor test and calculate its errors based on the results
of the experimental data without the detailed consideration of the questions related
to the planning of these tests (their interpretation will be done in Chapter 7).
Figure 6.7 illustrates the zirconia gas sensor function at the constant temperature
with slight hysteresis of the measurement results. Basically, this function represents
the dependence of output sensor emf on the measuring gas concentration at the
logarithmic scale at axis x, corresponding to the well-known Nernst equation. Based
on the function given in Figure 6.7, it is assumed that the gas sensor possesses a
nonlinearity error of the sensor function and hysteresis. It is also assumed that the
present zirconia gas sensor works at unfavorable conditions when the influence of
the temperature fluctuations, the presence of humidity in the measuring gas, and so
on are changing both initial level b of the output emf and the pitch of the sensor
function. The sensor’s error has to be calculated for such working conditions.
The first step in this investigation is based on determination of the zirconia
sensor function at the normal working conditions. The normal working conditions
represent the laboratory conditions, that is, normal unipolarly distributed working
temperature throughout the SEC, absence of vibration, temperature fluctuations and
humidity in the laboratory-calibrated and -certified gas mixtures, and so on.
The real values of all parameters characterizing the test conditions must be
recorded in the test protocol and should be unchangeable during the whole duration
of the experiment. Calibrated gas mixtures with fixed concentrations of the measuring gas are used for setting the standard values of the measuring gas X1, … , Xn.
Fixed measured values of the output signal Y1, … , Yn are recorded. Further, parameter X has to be gradually decreased toward the value X = 0. This experiment has
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FIGURE 6.7 Nonlinear zirconia gas sensor function with hysteresis.
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to be repeated at least three times. Then, the average values of the output signal Y for
the direct and reverse changing of the sensor function can be calculated based on
the experimental data received (Figure 6.8). These calculations can be done by the
following equations:
n

Yi =

n

∑Y

i

n ; Yi′=

1

∑Y ′ n ,
i

1

where Yi and Yi′ are the average values of the output sensor signal at each point for
direct and reverse movements, respectively, and n is the number of points in each
cross-section of the sensor function.
Assume that the approximation function is a linear one and can be expressed as
Ya = kXi + ba ,

(6.19)

where Xi is some value of the measuring parameter in the present selection. Owing
to the fact that the real sensor function is a nonlinear one, parameter Xi corresponds
not to the output signal Ya as follows from Equation (6.19), but rather to some value
Yi. Consequently, the measurement error appears with the absolute value Δ = |Ya –
Yi| = |kXi + ba – Yi|. Considering that the distribution law of the measuring parameter
Xi within the work range is the uniform one, the dispersion can be written as follows:
n

Dy = 1 n

∑(kX + b − Y )
a

i

i

2

,

(6.20)

0

where n is the number of cross-sections taken on the sensor function.
Equation (6.20) is a function of k and ba; therefore, the dispersion Dy should be
minimized depending on k and ba parameters. In other words, it is necessary to
calculate parameters of the approximating regression line.
The following system of two equations is obtained after differentiation of Equation (6.20) by k and ba parameters:
n

∑(kX + b − Y )X = 0 ;
i

a

i

i

0
n

∑(kX + b − Y ) = 0,
i

a

i

0

which can be worked out in relation to k and ba as follows:
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n

n

n

(n + 1) ∑Yi Xi − ∑Yi∑ Xi
k=

0

0
n

(n + 1) ∑
0

⎛
X 2i − ⎜
⎜
⎝

0
n

∑
0

;

2

⎞
Xi ⎟
⎟
⎠

and
n

n

n

∑∑
Yi

ba =

0

X 2i −

n

∑ ∑X
Yi X i

0

0
n

(n + 1) ∑
0

i

0

⎛
X 2i − ⎜
⎜
⎝

n

∑
0

.

2

⎞
Xi ⎟
⎟
⎠

By substituting values k and ba into Equation (6.20), the dispersion value minimized from nonlinearity can be obtained and can be expressed in the relative units
as follows:
n
2

γ = (1 n )

∑(1 − (( X − b ) kX ))
i

a

2

i

.

0

After determination of pitches k, k′ and the initial values b1, b′ of the approximating function for the direct and reverse movements, the dispersion of the output
signal aroused by nonlinearity can be worked out from the following equations:
n

D y = (1 n )

∑(kX + b − Y )
i

2

;

i

1

n

D′y = (1 n )

∑(kX + b′ − Y ′)
i

2

i

.

1

Dispersion of the output signal aroused by the hysteresis of the sensor function
Dh can be determined as
n
2

∑⎡⎣(k − k′) X + (b − b′)⎤⎦
i

ba =

0

12 n

.
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Then the total dispersion in the absolute and relative units yields
DΣ = Dh + (Dy + D′y)/2 ; γ2Σ = DΣ/y2n ,
where yn is the normal value of the sensor output signal.
Thus, based on the presented calculation, the dispersions resulted by pitch of
the lines 2 and 2’ (Figure 6.8) with the pitch of the real sensor functions 1 and 1’
as well as inconsistency of the lines 2 and 2’ can be found.
Analysis of the statistical data (presented as dots in Figure 6.8) shows that the
separate selections by each section have some discrepancy. This discrepancy of
calibration points is explained by the presence of the so-called error of the measurement variations, which is more often known as the laboratory error.
Movement of the real sensor function (curves 1 and 1’) along the present statistic
should be established for the laboratory error determination. Then the sum of the
square deviations of each selection from the average value should be calculated.
This calculation can be done for direct and reverse movements of the sensor function
as follows:
n

n

∑ ∑
Yi

bi =

0

n

n

X 2i −

∑(Yi Xi )∑ Xi
0

0
n

(n + 1) ∑
0

⎛
X 2i − ⎜
⎜
⎝

n

∑
0

0
2

;

⎞
Xi ⎟
⎟
⎠

K

D 0 var =

∑⎡⎣(b − M ) ⎤⎦ (K − 1),
2

i

b

1

where n is a number of cross-sections, bi is the initial value of the output signal for
K

th

i cycle, Mb =

∑ b /K is the average number of b obtained during K cycles of
i

1

measurement, and D0 var is the additive dispersion arising from the variation of the
sensor output signal. In the relative units, it is expressed as
γ20 var = D0 var/Yn2 .
The relative multiplicative dispersion arising from the sensor output signal is as
follows:
K

γ2k var =

∑⎡⎣(k − M ) ⎤⎦ (K − 1) M
2

i

1

k

2
k

,
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where
n

n

n

(n + 1) ∑ Yi Xi − ∑ Yi∑ Xi
ki =

0

0
n

(n + 1) ∑
0

⎛
X 2i − ⎜
⎜
⎝

0
n

∑
0

2

⎞
Xi ⎟
⎟
⎠

;

K

Mb =

∑b

i

K.

1

Thus, all components of error peculiar to the sensor work at the laboratory
conditions have been determined.
The next stage of investigation is the determination of both additive and multiplicative dispersions affected by the various influencing factors. The test setup as
well as the order of experiment remain the same. The only difference is based on
the fact that the zirconia gas sensor has to be affected by one of the influencing
factors. For example, considering the error of setting working temperature, the sensor
has to be placed into the laboratory furnace, which sets up temperature T = T0 +
ΔT1 + ΔT2, where T0 is the initial temperature value, ΔT1 is the zero offset between
SE and RE (ΔT1 ≠ 0), and ΔT2 is the error of setting the required temperature by the
laboratory furnace (ΔT2 ≠ 0), respectively. ΔT2 value for the working temperature
range is usually available from the furnace manual. Then, the sensor has to be kept
at temperature T for a certain time until stabilization of the sensor temperature Ts
= const takes place.
After stabilization of the set temperature, the zirconia gas sensor has to be
graduated to exactly the same volume and sequence as at determination of those
sensor errors in laboratory conditions. The relative additive and multiplicative sensitivities to the temperature factor are calculated by experimental data:
S0 xr = S0 xr Yn ; Sk xr = Sk xr K ,
where
m

S0 xr =

∑
1

m

S0 rj m ; Sk xr = (1 m )

∑⎣⎡(k

xrj

− k ) ( X rj − X 0 )⎤⎦ ;

1

S0 rj = [(brj – b0)/(Xrj – X0)];
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∑
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0
2

;
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Xi ⎟
⎟
⎠

where m is the number of fixed point steps for changes of the influencing factor Xr
from Xrj to Xr0, Xi is the value of the input measuring signal (concentration of
measuring gas), and Yxi is the value of the output sensor signal (emf) at the fixed
value of the input signal at the presence of the influencing factor Xr .
The additive and multiplicative dispersions of the output signal can be determined as follows:
γ 20 xr = S20 xrD (Xr),

(6.21)

γ2k xr = S2k xrD (Xr).

(6.22)

Total reduction additive and multiplicative dispersions on the influencing factor’s
activity are evaluated by the following equations:
L

γ20 =

∑
1

L

γ20 xr ; γ K2 =

∑γ

2
kxr

.

1

Dispersion of the influencing factor D(Xr) is present as a factor in (6.21) and
(6.22). For its calculation, it is essential to know the distribution law of the accidental
value Xr. However, if data about the distribution law are unavailable (quite a common
situation for the development of new zirconia gas sensors), the designer must decide
for him or herself which distribution law belongs to each influencing factor, depending on the sensor’s purpose and potential applications. Furthermore, if the information regarding the value of influencing factor D(Xr) is set only by boundaries of the
scope of changes and no other information is available, then the distribution law of
the probability density must be assumed as the uniform one. In this case, the
dispersion of the influencing factor D(Xr) is calculated as follows:
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DXi = (Xih – Xil)2/12,
where Xih and Xil are the highest and lowest boundaries of the scope of changes of
the influencing factor, respectively.
Contrarily, if the distribution law of the influencing factor is closed to the normal
distribution law, then the following equation should be applied for the dispersion
calculation:
DXi = (Xih – Xil)2/36.
It has become evident that the considered order of obtaining experimental data
and appraising the main sensor’s errors based on these data is a time-consuming
process. Although this time can be even more significant if the sensors are produced
by big consignments, the selective quality control widely used by plants manufacturing mechanical sensors (pressure gauges, weights, etc.) is unacceptable for evaluation of the different zirconia-based gas sensors. All manufactured sensors must
be put through rigorous quality control tests. Descriptions of some of these tests are
given in chapter 7. The optimal solution for this complex task can be the development
of fully computerized automated test stations. Figure 6.9 illustrates one of the
examples of such a test station, specifically designed in KASTEC for testing various
gas sensors.

FIGURE 6.9 Example of computerized, automated test station for testing various zirconiabased gas sensors.
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Consequently, the need for routine sensors testing has been widely supported
by different industries consuming zirconia gas sensors and may be described as
follows [13]:
•
•
•
•
•

Making sure that manufactured gas sensors meet the requirements of the
relevant national and international standards.
Determining that zirconia gas sensors are reliable and perform satisfactorily in both normal and extreme conditions.
If failures do occur: providing feedback to manufacturers indicating the
nature of the failure, which is vital for R&D work.
Consumer information: statistical analysis determines which type of zirconia gas sensor is the most reliable.
Important information and feedback for risk engineering: statistical information aids to determine which type of zirconia gas sensors to install in
different applications and why.
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Organization and
Planning of Testing
Zirconia Sensors

7.1 MAIN PRINCIPLES OF TESTING ZIRCONIA
SENSORS
Figure 7.1 broadly represents the zirconia gas sensor development chart covering
the range of activities from the scientific concept of measuring the selected gaseous
component to the engineering developments required to deliver the devices, instruments, and control systems. Researchers working in the application environment
(i.e., delivering scientific and engineered solutions) are most commonly exposed to
the industrial sensor needs and interests. At the same time, the existence of integrated
technology solutions facilitates the transfer of information to staff working on the
development or improvement of appropriate sensing mechanisms and devices. In
detail, the main stages of zirconia gas sensor development can be considered as
follows.

7.1.1 SENSING MECHANISMS

OF

ZIRCONIA GAS SENSORS

These are fundamental mechanisms and combinations of interactions at the TPB
that allow the detection and quantification of the selected gaseous component (i.e.,
gas concentration or partial gas pressure) with the required accuracy level. A sensing
and interaction mechanism is also known as a transduction mechanism that converts

Transition Science to Engineering Solutions

Sensing Mechanism of
Zirconia Gas Sensors

Sensor Structures
and Devices

Zirconia
Sensor Systems

Measurement &
Control Systems

Feedback Sensor Information

FIGURE 7.1 Zirconia gas sensor development chart.
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the presence of target gas at certain temperatures to some form of usable output
signal (emf, or current).

7.1.2 SENSOR STRUCTURES

AND

DEVICES

These zirconia-based devices can detect the presence and/or quantify the concentration of a family of chemicals or specific gases exposed to the sensors. The sensors
will rely on one or more sensing mechanisms and produce a signal that indicates
the chemical’s presence and/or concentration.

7.1.3 ZIRCONIA SENSOR SYSTEMS
Typically, this is a zirconia-based gas sensor with associated components (electronics
and user input-output devices) that can convert the sensor’s output signal to usable
information on a single target gaseous component in a measuring environment. These
may be stand-alone instruments or a sensor module for incorporation in a more
comprehensive system. Zirconia sensor systems usually include electronic
devices/circuits plus software (embedded and discrete) that provide functions including signal processing, data acquisition, communications, device/system control, and
so on.

7.1.4 MEASUREMENT

AND

CONTROL SYSTEMS

These are integrated systems that are developed to meet specific client application
requirements and can include the following: single or multiple sensors, signal processing and data analysis functions, data monitoring and recording, and control
functions. In research and development and in the application of technologies,
statistical expertise is required to plan data collection activities and interpret the
results of experiments. Uncertainties in the data must be quantified, constrained, or
modeled to exercise proper control of a system or to ensure correct decisions and
conclusions.
It is evident that conducting even the simplest tests of the zirconia gas sensors
at high temperatures entails certain expenses, and the efficiency of experiments is
determined as a ratio of the positive effect obtained during experiments to the test
expenses. Therefore, the strategy of planning the sensors’ tests is usually focused
on the development of those algorithms that provide the maximum efficiency of the
tests.
Structure of the test planning and execution of the zirconia gas sensors should
cover the following main tasks:
•

Select the aim of the experiment. The aim is essential, even if it looks
very simple. It reflects all aspects of the planning. The aim of an experiment consists of the answer to the question of whether zirconia sensors
can measure the selected gas concentration under certain environmental
conditions (high temperatures, presence of humidity and other gases, etc.).
The answer usually is yes or no. The test expenses in this case are
insignificant. For example, the aim of the experiment can be the
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assessment of applicability of the zirconia sensor to the frequent changes
in working conditions of the measuring environment. In this case, the final
result will be assessed as a combination of all parameters involved in the
experiment. There is no demand for optimal strategy of the test and the
rational distribution and usage of the technical resources available.
Performance evaluation methodology. Methods of performing tests, collection of data, and subsequent analysis vary widely with the intended
application. However, it is important in all cases that these methods be
carefully planned from the outset in terms of objectives, data format and
data-processing methods, and scope of tests to ensure the workload is
reasonable and the intended results are achieved. If the experiment is not
well planned, then the number of tests can become excessive compared
to labor resources, or alternatively the test data will become unmanageable
or be in a format that makes posttest processing impossible without
specialized software. The approach to executing tests and analyzing the
results is dependent on the application and can be well bounded with
careful planning.
Planning. Planning experiments is one of the main stages of zirconia
sensors’ testing. There are many methods of planning experiments [1–5].
Their complexity usually depends on the diversity of the sensors’ applications; and as far as zirconia sensors’ testing is concerned, the most
commonly used methods can be presented as follows:
Dispersion analysis. The task is formulated like this: it is necessary to propose such a scheme of the sensor testing, which would allow factorizing
the summary dispersion on the constituents. This method has been
widely used in testing the different zirconia gas sensors.
Factor experiment. The task is formulated like this: it is necessary to estimate linear effects and interaction effects at a large number of the independent variables. In this case, the variation of several factors
(variables) takes place, which ultimately increases the efficiency of the
experiment. The significant effects assessment is usually done afterwards by the dispersion analysis.
Assessment and identification of mathematical model. One of the possible
task formulations that comprises providing identification of the parameters of the developed mathematical model and verification of the adequacy of the model to the real work function of the sensor obtained
during experiments. The number of factors, the volume of essential
measurements at the different test conditions, as well as the extract volume should be determined during the planning of experiments.
Equipment selection. During secondary equipment selection (measuring
electronic devices, etc.), it is not necessary to obtain equipment with the
maximum possible accuracy level because the trivial results could be
obtained even on the unique apparatus. The accuracy of the electronic
measuring devices should correspond to the required trustworthiness of
the results. It should also be remembered that ultra-high accuracy is
inseparably connected with extra expenses on equipment and on the time
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•

•

of test reiteration. The reasonable compromise should be found in each
particular case depending on the sensor application.
Data processing. At present, data processing always takes place during
experiments. In order to obtain the estimated appraisal of experimental
data, mathematical processing is used for further preparation of the test
results. Mathematical processing allows obtaining the accurate results
from an excessive quantity of inadequately precise data. If the volume of
extracts is significant, then the experiment should be planned so that the
dependent variables would be the input data of the processing algorithm.
It should also be noted that in some cases, the estimated type of data
processing, an adequate mathematical model, and embedded software
correspondent to the developed model, can be the dominating prerequisite
at the experiments planning stage.
Analysis. During analysis of the test results, the decisions are made in
accordance with the aims of the experiment. For example, the decisions
can be a continuation or interruption of the experiments, changing the test
direction or volume of data for experimental processing, and so on.

Generally speaking, all experiments can be divided into active and passive. An
active experiment is usually carried out based on the test program approved beforehand, when the test officer sets the boundary and the number of the independent
variables, determines the order of setting of these values and the number of measurements, and so on. The test officer, to some extent, totally controls the situation
during an active experiment.
During a passive experiment, the test officer acts as an observer, who can only
register the values of independent and dependent variables.
Based on the fact that the zirconia sensor tests are predominantly active experiments, let us consider some important aspects of planning such active experiments,
which have practical significance for industry.

7.1.5 SELECTING THE NUMBER
(FACTORS)

OF INDEPENDENT

VARIABLES

This task can be formalized only with analysis of the a priori information determined
by the experience and intuition of the researcher. During study of combination, the
interconnected complex processes occur at high temperatures on the TPB; even the
simple list of all potential factors influencing the output sensor signal can be significant, as has been shown in Chapter 6. The planning and execution of an experiment
with consideration of all these factors will lead to the substantial increase of time
and cost of the experiment without any significant improvement of its efficiency.
Consequently, the first criterion of the variables selection should be “commonsense”
criterion, based on a priori analysis of the physical, chemical, and electrochemical
processes on the TPB. In the next stage, the estimated appraisal of the factors’
significance can be fulfilled by setting the series of one-factor experiments, where
one factor varies in each individual test only and all others have the lowest values
within the range of their changes. In the simplest case, the independent variables
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vary only on two levels, corresponding respectively to the maximum and minimum
values of their changes. As a result of these experiments, the selective values of
regression coefficients βi by each ith factor are determined. The dispersion of the
regression coefficients is decreasing proportionally to the number of tests in a onefactor experiment.
Having known dispersions of the independent variables σ 2i , the contribution of
each of them to the total resulting dispersion can be appraised as follows:
Di = βi2σi2.

(7.1)

Then the test officer can make a decision about taking into account or rejecting
the appropriate factor, after calculation of the values of the relative contribution of
the ith variable into the total dispersion D:
⎡
γi = ( Di D ) = ⎢βi2σ i2
⎢⎣

i =n

∑
i =1

⎤
βi2σ i2 ⎥ .
⎥⎦

(7.2)

The decision-making process described above is acceptable only to the linear
tasks. However, considering zirconia gas sensor testing, where the volume of main
testing is connected to appraisal of the sensor metrological characteristics, the quasilinear tasks usually take place. Therefore, despite the restriction by linearity as well
as a certain level of subjectivism, this way is relatively easy and clearly excludes
variables, the insufficient value of which at comparison γi is unquestionable.
The distribution laws of values of the influential factors are accepted to be
uniform at calculation of σ 2i . The value of the total dispersion D is equal to 0.1433.
The multicriteria active experiment has to be done for more accurate determination
of valuable dominating factors. The results of this experiment are used in dispersion
analysis. Then the residual dispersion, stipulated by the error of experiment, is
calculated as follows:
n

Dres = D0 −

∑D

i

.

(7.3)

i =1

And, taking into account the ratio Di/Dres, criterion of statistical significance of the
Fisher dispersion can be applied for further calculation. In (7.3), D0 is the total
dispersion of the results relative to the total average value, D1 is the dispersion of
the average results value by all r levels of the first factor, and Dn is the dispersion
of the average results value by all r levels of the nth factor. More detailed explanation
of the dispersion analysis theory can be found in [6, 7].
Carefully calculated reduction for number of the significant factors leads to a less
expensive and still efficient experiment, allowing in the receiving the same volume of
useful data. At the same time, unfounded exclusion of the significant factors leads to
the increase of dispersion of the results, engendered by the unconsidered factors and in
some cases to wrong interpretation of data obtained during experiment.
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OF

EXPERIMENTAL DATA VOLUME

It is essential to select a limiting number of independent variable levels at the
planning stage of an active experiment. It is also required to select an end rational
number of experimental measurements. If a small volume of experimental measurements is planned, then the aim of the test may not be achieved. In contrast, if the
measuring data volume is too big, the cost of the experiment has risen and its duration
and data processing are taking too much time.
The selection of experimental measurements begins with the determination of
the boundary conditions of the independent variables. These values are often given
by the sensors measuring conditions and are determined by the specific research
tasks. The selection of the intermediate values of independent variables (or intervals
between values) is determined by the character of experimental function, by
the reproduction means of the selected function, and by the required accuracy of
measurement.
Two points are sufficient in the case of the strictly linear experimental function.
These points correspond to the boundary values of the independent variable. All other
intermediate values (if necessary) can be calculated during further data processing.
However, if the sensor function is not strictly linear, especially on boundaries
of the measuring range, and the test officer possesses good knowledge about its
character, then the values of independent variables can be determined from the
required accuracy of measurement.
Let us consider the example of the potentiometric zirconia oxygen sensor working
at high temperatures. The measured sensor function represents a quasi-linear regression
corresponding to the Nernst equation with a certain accuracy level, and a part of this
function is shown in Figure 7.2. If the reproducibility error Δy is given, and the sought
sensor function is restored by the experimental measurements of the output emf connected by the linear segments, then the intervals between the values of the experimental
points are found as distances between abscesses of the intersection points of the
experimental sensor function and the line segments. In this case, the maximum difference between them should be equal to the allowable measuring error (interpolation
errors). Sometimes the intermediate values of the independent variable are selected in
the way that the segments of the experimental functions ΔS are equal to each other,
as shown in Figure 7.3. At such a selection, the maximum error can be on the segment
with the biggest curvature — and, in the case of the same curvature, on the segment
with the bigger value of the first derivative [8]. The length of the ΔS segment is
determined from the maximum allowable measurement error.
It is necessary to take one more circumstance, connected to the relevant accuracy
of measurement, into consideration at the selection of intervals between experimental
measurements. More experimental points should be selected, that is, the intervals
between points will be minimized on those parts of the experimental quasi-linear sensor
function where the set relative accuracy of the independent variable is moderate.
In those cases where the errors of measurement lead to the uncertainty of the
results, it is desirable to repeat measurements, that is, set the value of the independent
variables several times, and to average the results obtained. The resulting dispersion
changes in accordance with the well-known correlation σ2 = σi2/n, where σi2 is the
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FIGURE 7.2 Quasi-linear regression of zirconia sensor corresponding to the Nernst equation.
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FIGURE 7.3 Segments selection from the equality condition for the lengths of experimental
quasi-linear regression of the zirconia sensor.

dispersion of each individual ith result and σ2 is the dispersion of the average from
n measurement results. It is obvious that averaging the measurements makes the
experiment more expensive and prolonged. Therefore, if the required and really
achievable accuracies of measurement are known and can be appraised by σ and σi
values, respectively, then n = σi2/σ2.
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The reiteration of measurements can be connected with different drifts of the
sensor characteristics caused by aging and the like. Further consideration of the
situations given above can be found in the literature of the theory of experiment [9].

7.1.7 SEQUENCE

OF

EXPERIMENT

Sequence of experiment can be divided into two main types. In the first type, one
of the boundary values of the independent variable is set, and then consecutive
transfer from one experimental point to another takes place until the second boundary
value will be achieved. A plan of such experiment is called a consecutive plan.
In the second type, the value of the independent variable alternates randomly.
Such a plan of experiment is usually called a randomized plan.
The consecutive plan is widely used in many sensor experiments, especially in
tests where the sequence of experiment itself is a peculiar parameter. Examples can
be the sensor tests, where the sensor function is accompanied by hysteresis.
The randomized plan is also suited to many sensor experiments. Its main arguments are based on the fact that the external (controlling) conditions of experiment
can vary in time and some undetected faults can influence the value of the independent measuring variable. The main concept of randomization is based on the fact
that the systematic influential factors, which are hard to control with certain accuracy,
should become the accidental factors for their statistical control. However, the
randomization may be unnecessary in the complex experiments, when the establishment of the fixed experimental conditions requires substantial extra time and the
accidental sequence of transfer from one test condition to others brings even more
time expenditures.

7.1.8 DATA PROCESSING
Basically all methods of mathematical statistics can be used for data processing of
the zirconia sensor tests. At data processing, the average value of some measurement
is used for estimation of the real value of the variable. However, it is the most
effective appraisal only for those distribution laws which are close to the normal one.
The following correlation is used for dispersion evaluation:
n

∑( x − x )
i

D=

i =1

n −1

2

,

(7.4)

where n is the number of tests, xi is the value of the measuring variable on the ith
measurement, and x is the average value.
Grouping of experimental data at the histograms building can lead to the displacement of the calculating characteristics. The Sheppard corrections are used for
the removal of this displacement [10].
Method of the least squares is used at processing of the functional experiments
data. In the case of the one independent variable (one-factor experiment), the type
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of the regression should be appraised by the experimental measurements plotted
within the y-x coordinates. The most frequently used dependences in practice are as
follows:
y = kxb; y = c + kxb; y = k1xb1 + k1xb2 + … + k,

(7.5)

where k, b, and c are coefficients, which can be positive and/or negative and can be
more and/or less than unity. Quite often, the logarithmic scales are used in data
processing:
lg y = lg k + b lg x.

(7.6)

The regression coefficients ki can be found from the distribution of the measured
parameters. To find the regression coefficients, it is necessary to work out a task:
select the real function that minimizes the total square deviations of the measured
values from the values of the selected function. The task solution consists in the
solution of the following system of equations determining the extremes of private
derivatives of the total square deviations function:
n

∑[ y − ϕ(x , k, k ,..., k
i

i

1

n−1

)]2 .

(7.7)

i =1

In general, this system can be expressed as follows:
⎧ n
⎪ [ yi − ϕ ( xi , k, k1,..., kr−1 )](∂ϕ / ∂k )i = 0;
⎪
⎪ i=1
⎪ n
⎪ [ y − ϕ x k, k k ](∂ϕ / ∂k ) = 0;
( i, 1,..., r−1 )
1 i
i
⎪
⎨ i=1
⎪
⎪............................................................
⎪
⎪ n
⎪ [ yi − ϕ ( xi , k, k1,..., kr−1 )](∂ϕ / ∂kr−1 )i = 0,
⎪
⎩ i=1

∑
∑

(7.8)

∑

where n is a number of measurements.
If the measurement number n is less than the number of the searching coefficients
r, it is impossible to find a solution for (7.8); at n = r, the system (7.8) has only one
solution. However, at n > r there is a possibility to have several systems and
consequently to get a row of the searching functions. In the last case, the obtained
data should be averaged to increase the formalization accuracy of the experimental
work function.
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FIGURE 7.4 Examples of the measurement results: (a) even distribution; and (b) uneven
distribution.

Using the method of the least squares does not always provide an ultimate
positive outcome. In some cases, it can lead to the wrong conclusion and an incorrect
reflection of the existing appropriateness. For example, it is possible at inhomogeneous distribution of the measurement results (Figure 7.4). The selected sensor
function (Figure 7.4, a) is correctly reflecting the dependence between the input and
output parameters at the even distribution of the measurement results. On the contrary, at uneven distribution, which is basically provided by two different independent
dependences, the formal usage of the method can lead to the false results (Figure
7.4, b). Therefore, it is mandatory to analyze the obtained test results first in order
to select a valid algorithm of data processing.
During processing of experimental data, the regression line should also be taken
into account. Sometimes, the regression lines (lines 1 and 2 in Figure 7.5) do not
correlate to each other owing to the difference in the correlation coefficient k. Let’s
assume that the equation is determined by correlation y = k + k1x for the regression
line 1 and y = k′ + k2x for the regression line 2, respectively. The ratio k1/k2 determines
the value of the square of the correlation coefficient between y and x. If we consider
that the real correlation corresponds to the central line of the dissipation field, as a
dotted line in Figure 7.5, then the error caused by usage of only one of the regression
lines can be calculated as follows:
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FIGURE 7.5 Graphical determination of the regression line.

γ=

Δk k2 − k1
2
1 − r2
=
×
=
.
kave
k1 + k2 1 + r 2
2

(7.9)

If the error is more than 10%, then the correction should be implemented. For
example, if r = 0.7, then γ = 33%; coefficient k1 should be increased by 33% and
coefficient k2 should be decreased by 33%, respectively.
The linear models use at data processing of the multifactor experiments
y = a0 + a1x1 + a2x2 + … + anxn ,

(7.10)

or models of the following type:
y = a1x1b1 x2b2 … xnbn,

(7.11)

which can be brought to the linear models by finding the logarithm:
lg y = lg a + b1 lg x1 + b2 lg x2 + … + bn lg xn .

(7.12)

The appraisal of coefficients ai and bi can be done afterwards by the least squares
method.
Coefficient of multiple correlations is used as a level of linear connection
between the measuring variable and a composition of the independent variables [11]:

r = 1−

σ 2res
,
σ 2y

(7.13)

where σy2 is the dispersion of the measuring variable y, and σres2 is the residual
dispersion of deviation of the measured values yi from the corresponded values,
determined by the model.
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The residual dispersion characterizes the errors of experiment provoked by the
undetected factors, and the errors caused by the approximate character of the model.
The relative value of these errors can be expressed by γ = σres /σy.
The value of γ depends on the number of considering factors. If the considering
factors are sized by the significance (by the value of introducing effects), then at
the small number of detected factors the value of γ will be significant because of
the substantial influence of undetected factors. The residual dispersion and γ value
are dropping at the increase of the detected factors number, then are rising again
due to some k number of the detected factors. It can be explained by the fact that
the regression coefficients, corresponding to the small influencing factors, determine
with very little trustworthiness and, consequently, have big dispersion themselves.
This situation can be used for selection of the dominating factors. For this purpose,
all variables have to be centered and standardized beforehand:
t yi = ( yi − y ) σ y ;

t ji = ( xi − x j ) σ j ;

(7.14)

where tyi is the ith count of the dependent variable; tji is the ith count of the jth
independent variable; x and y are the average values of the independent and dependent variables, respectively; and σy and σj are the average square values of the
dependent and independent variables, respectively.
Thus, the regression equation with β-coefficients should be compiled as follows:
ty = β1t1 + β2t2 + … + βktk ,

(7.15)

where βj = bjσj/σy are the β-coefficients.
Sizing of the independent variables is proceeded by the value of β-coefficients.
Then the error of γ can be appraised by consistently decreasing the number of
β-coefficients. The total sum of dominating factors can be determined by the minimum of γ. It is obvious that the described procedure is very time-consuming.
However, the calculations can be substantially simplified, if the independent variables vary only on two boundary levels and their standardization is done so that the
boundary values would be equal to –1 and 1, respectively:
x j min =

x′j min
x′
; xmax = j max ;
x − Δx j
x + Δx j

(7.16)

where x = 1/2 (xj max + xj min); Δxj = 1/2 (xmax – xj min); and xj max and xj min are maximum
and minimum boundary values of the jth factor.
If the plan of experiments is rich (number of measurement n = w + 1, where w
is the number of factors) and symmetrical (sum of the values of each independent
variable, including the repeatable values during experiment, is equal to zero), and
the variables themselves are orthogonal (i.e., independent), then the regression
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coefficients can be calculated independently from each other by the following equan

tion [11]: b j =

∑ x y / n with dispersion σ (b ) = σ y/n.
ij i

2

j

2

i =1

7.2 PLANNING OF EXPERIMENTS
The main purpose of the zirconia gas sensor is to transform information about the
measuring gas concentration (partial pressure) at the presence of a significant number
of the influencing factors. The main quality index of the sensor is the trustworthiness
of transforming information, and the main criteria of the trustworthiness are the
sensor’s error and its reliability. Therefore, the testing which has been dedicated to
the evaluation of the sensor’s error and reliability is the biggest part of the experimental work during development of the sensor.
At the planning of appraisal of the sensor’s error experiments, the test officer
usually knows the list of the influencing factors and their boundary conditions. From
the theory of experiment point of view, the optimal test setup would be the multifactor
experiment at which both all influencing factors and measuring gas concentrations
would be varied within all ranges with following appraisal of the dispersion of the
output signal. However, it is impossible to implement the optimal test setup in
practice.
The first restriction is an inability to use the randomization principle. It is
explained by the fact that the majority of the zirconia gas sensors are based on using
operational principles possessing hysteresis effects (hysteresis of the electrochemical
reactions at the TPB, hysteresis of the setting-required temperature of the sensor,
etc.).
The second and main restriction is the absence of the test equipment which
would allow varying all influencing factors on the different levels. For example, for
the zirconia sensors measuring O2, CxHy, CO, CO2, and NOx concentrations in vehicle
exhausts, it is impossible to set simultaneous deviation of the measuring temperature
and vibration, which is usually present during vehicle acceleration on a country road.
The first restriction results in the consecutive plan of experiments, and the second
one in resolution of the multifactor experiment on some sequence of single-factor
and/or two-factor experiments.
The main groundwork of planning experiments for the sensor’s error determination (metrological tests) is based on appraisal of the statistical model of error,
which can be calculated on the basis of a mathematical model of the zirconia gas
sensor with distributed parameters (considered in Chapter 2 for the NOx sensor). In
accordance with this model, the sensitivity of the zirconia sensor to the measuring
gas concentration and to the influencing factors can be sequentially determined. It
is assumed that all influencing factors are independent of each other and the contributions of each factor to the total dispersion are divided into two components:
dependant and independent from the measuring gas concentration (multiplicative
and additive) constituents. Owing to such division, sensitivities to the influencing
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factors are determined by the two-factor experiment with simultaneous variation of
each factor and the measuring gas concentration.
Having done the determination of all sensitivities and appraised the dispersions
of the influencing factors by one of the methods presented earlier in Chapter 6.4,
the total dispersion of the measurement result has to be calculated.
Other types of sensor tests, such as checking the vacuum-tight joints of
the sensor, a vibration test, and so on, have usually been planned as one-factor
experiments.
The decisive importance at the planning of the zirconia gas sensor testing belongs
to the sequence of the tests. In the first place, those verifications and tests should
be done which do not affect the efficiency of the sensor. Examining the sensor’s
polarity, inputting impedance at various temperatures, checking the vacuum-tight
joints, checking the initial and background levels of the output signals, and so on
usually need to be done at this stage.
Then, the zirconia sensor should be tested at the normal working conditions: for
example, examinations of its sensitivity at different temperatures, verification of the
work function hysteresis, determination of the measuring concentrations range, and
so on. After that, all other metrological characteristics of the sensor have to be
appraised.
The most important and substantial, by the time and volume of work required,
are those tests where the determination of main metrological characteristics, at which
the evaluation of the influence of various external factors on the sensor’s sensitivity
is performed, should be done. A cross-sensitivity test to other gases, impact of the
presence of humidity on the sensor output signal test at different temperatures, a
vibration test, a thermoshock test, and other tests imitating the extreme working
conditions of the sensor will follow afterwards.

7.2.1 DEVELOPMENT OF THE INDUSTRIAL PROTOTYPE OF THE SENSOR
Tests at this stage become more specific and involve the first level of sensor proving.
This may include tests to verify elements of sensor design, which are difficult to do
in the lab, for example methods of compensation for thermal effects (thermal gradient
between SE and RE). It may also involve the tuning of detection algorithm performance, assessing practicality of packaging or development hardware, or methods.

7.2.2 PRODUCT VERIFICATION
At this stage is a more rigorous and long-term planned testing to verify the total
sensor functionality, based on the product specification. Ideally this phase runs for
at least a year on a final version of the sensor design to allow estimation of the main
sensor’s characteristics as well as its so-called long-term stability. It allows for final
product adjustments to account for characteristics unforeseen at the development
stage that may occur under unusual environmental conditions. Unfortunately, the
long-term stability concept has been misunderstood in the majority of pure academic
publications. As far as industry is concerned, the long-term stability starts only after
one year of operation. This is much more of a warranty issue for the manufacturing
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companies rather than the reliability of the sensors. From my personal industrial
experience, the well-designed and well-made zirconia-based gas sensors provide
long-term stability from 3 to 10 years of operation [12, 13]. Thus, despite a significant
number of published research works so far, there is a lack of reliable zirconia-based
gas sensors available on the market at present.

7.2.3 TRAINING
Site-training applications may in themselves extend from initial research investigations to final product applications. For example, high-level technical personnel from
the end user commonly may be asked, or may request, to assess the potential of
research concepts to their applications, long before a product exists. The purpose is
to help steer the future development beginning at the engineering level, in order to
meet market expectations. At later development stages, customers find it advantageous to witness the product in field operation to verify it meets their anticipated
needs. They may also want to perform some of their own tests using installed zirconia
sensors on-site. Other manufacturers or users may find it useful to have their sensors
evaluated against an application in order to assess suitability or establish necessary
modifications required before wider use. Finally, the deployed zirconia-based sensors
on-site provide training via a hands-on learning experience to users and installers
prior to receiving hardware at their own facility.

7.3 RELIABILITY TESTING OF ZIRCONIA GAS SENSORS
The reliability testing of zirconia gas sensors is related to the most complex type of
experiments owing to some very specific requirements to such tests. Special methods
have been developed for their planning and appraisal in the mathematical statistics.
Not only quality of appraisal but also the cost of testing to a considerable extent
depend on the correct usage of these methods. Moreover, the reliability testing is
the most important link in the chain of experiments providing the zirconia sensors
reliability at their design and manufacturing stages.
The following consideration of planning of the zirconia gas sensors’ reliability
testing is related to reliability in general without its division into the metrological
and mechanical reliabilities. Therefore, the destruction of any sensor’s elements as
well as the drop out of the allowable limits of any of the sensor’s technical and
metrological parameters can be considered a sensor failure.
At the planning of the reliability testing, the main attention should be focused
on the practical recommendations based on the generalization of the established
experience in experimental appraisal of the sensors’ reliability.
The conception of reliability consists of such properties of the zirconia gas
sensors as an ability to repair, faultlessness, preservation, and longevity. As usual,
the reliability tests are carried out only with the aim to determine or to control the
faultlessness of the sensor. The use of the faultlessness characteristic is very convenient for appraisal of the gas sensors’ reliability because the zirconia-based sensors
related to the unrepairable type of the factory-made goods and their reliability is
determined by only one accidental value — time of the faultless work t.
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If the distribution law and the density of distribution of this accidental value f(t)
are known, then it is possible to evaluate the probability of the faultless work P
(which is used as the sensor reliability index) during any arbitrary time frame τ:
τ

Pτ = 1 −

∫ f (t )∂t .

(7.17)

0

Consequently, the task of experimental appraisal of the zirconia gas sensors’
reliability is based on determination of the distribution law of the faultless time or
the parameters of distribution law, if its type is known.
Unfortunately, the distribution law of the faultless time for the zirconia-based
gas sensors is unexplored. Assumptions that the distribution law is close to the
exponential, normal or others, sometimes used during the planning of the tests are
frequently ungrounded. Therefore, it is necessary to take into account that the
distribution law of the accidental value f(t) is unknown during the selection of the
reliability appraisal method.
If various quality indexes such as, for example, the transference coefficient,
mass, and so on are possible to determine accurately for each sensor in the batch,
then the reliability index — probability of the faultless work within the set time
frame — is impossible to determine accurately and individually for each sensor. It
can be determined either for only the batch of sensors or for the total sum of sensors.
Based on the fact that the number of sensors in the total sum is usually huge, the
selection number of samples, called an extract, is evaluated. This testing is called
audit sample testing [14, 15]. The reliability appraisal of sensors by the results of
audit sample testing is usually spreading on the total sum of the sensors.
The obtained result of the reliability appraisal has an accidental value, and its
trustworthiness is characterized by the principal probability γ or by risks of suppliers
α and customers β because of the selective character of testing. It is obvious that
the bigger the extract volume (i.e., the number of sensors to be tested), the better
the trustworthiness of reliability appraisal of the total sum of sensors. However, the
costs of sensor testing will also increase with expansion of the extract volume.
Therefore, one of the main tasks at the planning of reliability experiments is the
selection of a minimum number of audit samples and minimum duration of the tests
at which the required reliability can be achieved and can be controlled with the
requested accuracy.
The reliability tests are divided into the determining and control tests. The task
of reliability determination, especially with such highly reliable products as sensors,
is much more complicated than the task of control. This fact has been reflected at
the planning of testing. Planning of the determining experiments possesses the
reference character and is coming to the approximate determination of the extract
volume and duration of the tests, proceeding from the expected reliability of the
sensors and the set trustworthiness of appraisal. Duration of the determining tests
can substantially exceed duration of the control tests of the same zirconia sensors.
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During the control tests, the answer to the question of whether the testing of
zirconia sensors corresponds to the required reliability level should be obtained. The
simple answer should be yes or no. Furthermore, at the planning of the control tests,
the extract volume and the duration of tests can be precisely determined, which is
very suitable for production. Therefore, the control testing has been the most widely
distributed at the appraisal of the sensors’ reliability among manufacturers.
There are several methods of the sensors’ reliability appraisal at the control
testing: method of single extract, two-step method, method of the sequential analysis,
and method of the truncated sequential analysis [16–18]. The most convenient for
the sensors’ reliability appraisal are the method of the truncated sequential analysis
and the method of single extract. The method of single extract is simpler but leads
to a bigger volume of testing compared with the method of the truncated sequential
analysis [17].
The minimum number of periods of the sensors’ work Vmin can be determined
by using main correlations of the sequential analysis [16]. This period is defined as
a time of the faultless sensors’ work corresponding to the required reliability level
(the duration of each period should be equal to tp):
Vmin =

ln β / (1 − α )
,
ln(1 − q01 ) / (1 − q0 )

(7.18)

where β is a customer’s risk or the probability that the taken hypothesis P ≥ P0 is
wrong and hypothesis P ≤ P0 is right, α is a risk of suppliers or the probability that
the rejected hypothesis P ≥ P0 is right, q01 = 1 – P01 is the maximum allowed value
of the failure probability within time tp, and q0 = 1 – P0 is the failure probability
within time tp.
The number of samples in the extract yields
n = Vmin/m,

(7.19)

where m is the number of the working periods with duration for each sample. The
minimum number of failures within Vmin periods, at which the sensors do not
correspond to the required reliability level K, can be determined as follows:
1− β
1 − q01
− Vmin ln
α
1 − q0
K=
.
ln(q01 / q0 ) − ln(1 − q01 ) / (1 − q0 )
ln

(7.20)

If at Vmin = ntp no failures have been detected, then the sensors are considered to be
corresponding to the required reliability level.
At the detected number of failures Kd ≥ K, all sensors are considered noncorresponding to the required reliability level. If 0 < Kd < K, then the testing continues
until level Vd will be achieved:
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ln
Vd =

β
− K d [ln(q01 / q0 ) − ln(1 − q01 ) / (1 − q0 )]
1− α
.
ln(1 − q01 ) / (1 − q0 )

(7.21)

Sensors are considered corresponding to the required reliability level if, during
testing from Vmin to Vd, no failures are detected. In such a situation, the risk
of suppliers will be increased. Nevertheless, this method has often been used on
practice.
Despite the fact that the mathematics of the statistical methods for the control
experiments of reliability testing is well developed, the sensors designer usually has
difficulties with considering specific test methods for the reliability testing applicable
to various zirconia-based gas sensors.
In general, these difficulties are connected to the requirement of making the
reliability testing conditions as close as possible to the industrial test conditions of
the sensors. First of all, in this situation the natural changes of various parameters
of the measuring environment in time are unknown; second, it is impossible to
imitate the simultaneous impact of the complex of factors corresponding to the real
measuring conditions on the sensor output. Furthermore, the specifics of common
requirements to the reliability testing can also be a reason for some difficulties.
Let us consider the common requirements to the organization and routine of the
zirconia gas sensors’ reliability testing in details.
The zirconia gas sensors’ reliability testing can be carried out either as an
independent type of testing or simultaneously with other tests focused on the determination of the sensors’ technical characteristics. Planning of experiments is getting
more complex in the last case. However, the cost of the tests will be lowered.
The plan of experiments should be composed like this: the impact of various
factors on the sensors’ workability should be carried out before the reliability testing.
Such tests are a mechanical strength test, an impact of transportation on sensor
characteristics test, and so on. The test setup should be as close as possible to the
real industrial test conditions of the zirconia sensors. Usually, the maximum values
of the influencing factors as well as the time of the faultless sensor work have been
indicated at the design stage of the sensor development. Therefore, it is very difficult
to set the routine of laboratory sensor tests in conditions close enough to the industrial
test conditions owing to the absence of comprehensive information as well as
multiple-components sensor work stations imitating precisely the working conditions
of sensors.
Consequently, owing to the difficulties in the planning of test routines, all tests
are often divided into laboratory, standard, and on-location tests. Generalization of
the statistical data of all tests should be based on the appropriate processing and
will ultimately provide appraisal of the sensors’ reliability. At present, the following
practice usually takes place during organization of the reliability testing at laboratory
conditions: the sum of the calculated minimum number of periods of the sensors’
work Vmin can be divided into at least three cycles, and each of them has the sensor’s
work resource at the influence of each of the most significant influential factors. The
value of these factors should correspond to value set at the design stage of the sensor
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development. The time impact of each of the factors should be equal to the time at
which the sensor shows no faults. The sequence of the influencing factors at testing,
if it is not specified specifically to the developed sensor, should be as follows:
mechanical charges, high temperature, high humidity, temperature cycling, low
temperature, and presence of different gaseous components. Generally speaking, the
set of such testing has a formal character. Careful consideration of the real test
conditions and investigation of the zirconia sensor susceptibility to the various
influencing factors are imperative to the optimal planning of the sensor tests. Furthermore, it is also necessary to develop the reliability testing plan even in the
development stage of the sensor design considering the long-term stability test results
of similar sensors because the real reliability of the sensor is unknown.
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nanostructured electrodes and, 220
Nernst’s law for, 97–98
nickel chromium oxide electrodes and, 100,
100
nickel oxide electrodes and, 102, 110, 111,
162, 217–218, 218
niobium oxide electrodes and, 102
of NO sensors, see emf of NO sensors
NO vs. NO2, 100, 102
oxidation/reduction reactions and, 60, 104
oxygen partial pressure and, 10–11, 21, 98,
136–137, 139, 237–239
pe’ parameter and, 138–140
permeability and, 30
platinum electrodes and, 102
polar correction for, 24
polarization and, 137
of polycrystalline electrolytes, 139, 152
propane and, 105
in pumps, 176, 180, 188
of single-crystal electrolytes, 146, 149–153,
150, 151
tantalum oxide electrodes and, 102
of terbium-doped YSZ electrodes, 118
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of thick-film sensors, 107
transference number and, 9–11, 23, 98
(uranium, praseodymium) oxide/platinum
electrodes and, 150
(uranium, scandium) oxide/platinum
electrodes and, 150
Wagner equations for, 9–11, 23, 237
YSZ/platinum electrodes and, 149–150
zinc chromium oxide electrodes and, 101
zinc oxide electrodes and, 101, 102
zirconium oxide and, 136–137
emf and temperature
basics, 10–11
in HC sensors, 118
in NO sensors, 60, 100, 108
in O sensors, 150–153, 150, 151, 237–239
oxidation/reduction reactions and, 60
platinum electrodes and, 60, 98
in potentiometric sensors, 98
emf of NO sensors
chromium oxide electrodes and, 101, 102
CO and, 105–107
copper electrodes and, 102, 109
engine rpm and, 107
gallium oxide electrodes and, 102
gas concentration and, 111
lanthanum electrodes and, 107–108, 108
modeling of, 60, 71
nickel chromium oxide electrodes and, 100,
100
nickel electrodes and, 102, 110, 111, 217–218,
218
niobium oxide electrodes and, 102
NO vs. NO2, 100, 102
oxidation/reduction reactions and, 60, 104
oxygen concentration and, 105, 109
platinum electrodes and, 102
propane and, 105
temperature and, 60, 100, 108
transference number and, 98
zinc chromium oxide electrodes and, 101
emf of O sensors
bismuth oxide electrodes and, 146, 149, 150,
150, 151, 172
current conductor wire and, 146
electronic conductivity and, 136–137
errors and, 239, 240–241
gas concentration and, 150, 151, 162
gas constant and, 237–239
indium oxide electrodes and, 149, 150
molybdenum wire and, 146
oxygen partial pressure and, 136–137,
237–239
pe’ parameter measurement, 138–140
temperature and, 150–153, 150, 151, 237–239
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(uranium, praseodymium) oxide/platinum
electrodes and, 150
(uranium, scandium) oxide/platinum
electrodes and, 150
YSZ/platinum electrodes and, 149–150
zirconium oxide and, 136–137
Error of sensitivity, 229, 230, 231
Error of zero, 229, 230, 231
Errors
absolute, see Absolute error
accidental, 232
additive absolute error, 230
adsorption and, 234, 236–237
classes of, 229, 230
conductivity and, 240
current and, 236–237, 240
from data processing, 262–264
definition of, 227
desorption and, 234
diffusion and, 234, 236–237
dispersion of, 84, 245–250, 264
double electric layers and, 234
dynamic, 230
electrodes and, 227, 234–235, 239–242, 242
emf and, 239, 240–241
functions for, 229–230, 229, 243–247, 244
gas constant and, 239–241
hysteresis and, 243, 244
impedance and, 240
incidental, 83
interaction stages for, 234–235, 235
interpolation, 258
laboratory, 247
measurement, 162, 258
of measuring devices, 241, 242
modeling of, 234, 245–250
multiplicative absolute error, 230
of O sensors, 162, 234
oxygen partial pressure and, 237, 239–241,
242, 243
platinum electrodes and, 227, 234
progressing, 230
quadratic, 84
reasons for, 231
reduction, 228
reference pressure instability and, 239–240
relative, 228, 230, 231, 233
reproducibility, 258
residual, 84
standardization of, 231
static, 230
systematic, 232–234
temperature and, 239–243, 242, 248
testing for, 243–245, 250–251, 250, 265–266
of YSZ-based sensors, 234

281
European Union, emission standards for, 94
Excess, in model verification, 84–85
Extract, in reliability testing, 268, 269

F
Factor experiments, 255
Faithful interval equation, 85
Faraday’s constant, 10–11, 98, 139
Fermi level, 16, 18–24
Field-assisted bonding, 207
Fisher criterion, 85–87
Forbidden zone, 18–20, 23, 25–26
Force
current and, 34
electron conductivity and, 25
grain size and, 53
in NO sensors, 68
in O sensors, 52–53
overpotential and, 34
polarization curves and, 35
resistance and, 53
Frenkel defects, 4

G
Gallium, 144, 147
Gallium oxide, 205, 206
Gallium oxide electrodes, 102
Gallium oxide/gold electrodes, 116, 123
Galvanic systems, 16, 22, 23
Gas concentration
adsorption and, 33, 44, 51
boundary conditions and, 73–74
current density and, 54
diffusion and, 33, 52
electrode type and, 103, 111, 121–122, 122
emf and, 105, 109, 162
in gallium, 147
for impedance-based sensors, 121–123, 122
at interfaces, 52, 57, 66–68
ionic transference number and, 147
lanthanum compound electrodes and, 103
in lead-bismuth melts, 162, 174, 175
mathematical modeling of, 47, 73–74
mixed-potential sensors and, 105, 119
nickel chromium oxide electrodes and, 103,
111
nickel oxide electrodes and, 103
NO sensors and, see NO sensors and gas
concentration
in O sensors, see O sensors and gas
concentration
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in single-crystal electrolytes, 147, 147, 150,
151, 153
in sodium (liquid), 25
in thin-film sensors, 52
tungsten oxide electrodes and, 103
zinc chromium oxide electrodes and, 103,
121–122, 122
zinc iron oxide electrodes and, 103
zinc oxide electrodes and, 103
Gas constant
diffusion and, 5
electronic conductivity and, 5, 25
emf and, 10–11, 98, 237–239
errors and, 239–241
ionic conductivity and, 5
in NO sensors, 71
in O sensors, 54, 57, 237–239
overpotential and, 34
polycrystalline electrolytes and, 139
Gas-electrolyte (GE) interface
adsorption/desorption at, 30–32
anodic process at, 31–32
charge at, 77
chemical potential at, 97
diffusion at, 31–32, 31, 32
ionization at, 30
mass-transfer processes on, 30–31
in O sensors, 50–51
schematic of, 31
Gas-metal (GM) interface
adsorption/desorption at, 30–32
anodic process at, 31–32
charge at, 77
current density on, 33
diffusion at, 31–35, 31, 32
drawing of, 31
mass-transfer processes on, 30–31
schematic of, 31
Gas mixture flow, 67
Gibbs energy
for bismuth oxide, 149, 172
emf and, 175
errors and, 239–240
for indium oxide, 149
in O sensors, 57
Gold, 28, 29
Gold electrodes
capacitance of, 62, 77
double layers in, 77
gallium oxide and, 116, 123
in HC sensors, 116
indium oxide and, 116
niobium oxide and, 116
polarization of, 144
for polycrystalline electrolyte, 144

Grain boundary
aging and, 12
chemical potential at, 16
defects on, 27, 144
diffusion at, 64
electroconductivity of, 12
in NO sensors, 67
in O sensors, 53
in polycrystalline electrolytes, 12, 16
SEM images of, 80
in single-crystal electrolytes, 144
width of, 53
Grain orientation, 70
Grain size
aging and, 79
in alumina-doped YSZ, 140, 157, 202
force and, 53
in hafnia-stablized alumina-doped YSZ, 140
in hafnia-stablized YSZ, 140
in nanostructured electrodes, 214–217, 220,
221
in nickel oxide electrodes, 217
response time and, 108
sintering and, 60, 79
super-plastic joining and, 203
temperature and, 220
in thick-film sensors, 107, 215
YSZ (average), 17
“Green” joining techniques, 201–202
Gypsum molds, slip casting in, 201

H
Hafnia-stablized YSZ
aging of, 14–15, 16
alumina and, 137–141, 142, 143
electronic conductivity in, 136, 141, 142
emf and, 139
grain size in, 140
ionic conductivity of, 136, 141–142
lattice parameter of, 140
for O sensors, 136–143, 175
oxygen partial pressure and, 142–143
pe’ parameter for, 140–142, 142
resistance of, 16, 142–143
sintering of, 138
structure of, 140, 141
temperature and, 16, 136–140, 137, 142
thermal shock stability of, 142–143
welding of, 199
X-ray powder diffraction patterns of, 141
Hafnium, 28
Hafnium oxide, 14–15, 136, 137, 142–143
HC sensor electrodes
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chromium oxide for, 124
cobalt oxide for, 124
design considerations, 116
gallium oxide/gold for, 116
gold for, 116
humidity and, 124, 125
impedance-based, 124–125, 124, 125
indium oxide for, 124
indium oxide/gold for, 116
iron oxide for, 124
lanthanum compounds for, 116, 118
magnesium-doped lanthanum chromium
oxide for, 118
for methane sensors, 43, 109, 124, 124
nickel oxide for, 43, 124
niobium oxide/gold for, 116
perovskite for, 116
platinum for, 43, 116, 124
porosity of, 119
praseodymium oxide for, 116, 116, 117
sintering of, 119
terbium-doped YSZ for, 115–116, 118
tin oxide for, 124, 124, 125
zinc oxide for, 124, 124, 125
zinc oxide/platinum for, 124–125, 125
Heat, from gas diffusion, 53
Helmholtz double layer, 36, 37
Hexagonal structure, 137
Hole conductivity
cations and, 7
Fermi level and, 23
oxygen partial pressure and, 9, 10, 23, 238
transference number and, 10
in YSZ, 163
Holes
conductivity via, see Hole conductivity
diffusion of, 23, 31, 31
oxygen partial pressure and, 8
at TPB, 30–32
vacancies and, 6–7
Hot isostatic pressing, 115, 145, 204, 205
Hydrocarbon (HC) sensors
cross-section of, 116
deployment of, 126
electrodes for, see HC sensor electrodes
emf of, 117–119
in exhaust systems, 101–102, 115
impedance-based, 119, 124–125
for propane, 116–117
for propene, see Propene sensors
pumps in, 116–117, 116, 117
requirements for, 115
temperature for, 43
thin-film, 118
Hydrofluoric acid treatment, 143

283
Hydrogen, 126, 136, 200
Hydrogen (H) sensors
in aluminum processing, 136
impedance-based, 123
praseodymium oxide electrodes for, 117
response/recover transients of, 78, 78
Hysteresis
dispersion and, 246
errors and, 243, 244
in impedance-based sensors, 172–173
test planning and, 265

I
Impedance
errors and, 240
in galvano-harmonic method, 163–170, 164
in impulse galvanic-static method, 170
at interfaces, 55, 56, 120
in O sensors, 55
of single-crystal electrolytes, 163
vector diagram for, 166
Impedance analyzer, 123
Impedance-based CO sensor, 123
Impedance-based HC sensor, 125, 126
Impedance-based H sensor, 123
Impedance-based NO sensors, 119–125, 120, 121,
122, 123, 127
Impedance-based O sensors, 162–174, 164,
168–169, 171, 173
Impedance-based water vapor sensor, 123
Impulse galvanic-static method, 170–174
Indium oxide, 149
Indium oxide electrodes
for aluminum levels, 152
emf and, 102, 149, 150
gold-doped, 116
for HC sensors, 124
for NO sensors, 102
for O sensors, 144, 149, 150, 152–153, 152
oxygen partial pressure and, 149
temperature for, 149
tin-doped, 101, 103
for water vapor sensors, 123
Indium oxide/gold electrodes, 116
Inductive high-frequency melting technique, 144
Inert gas condensation technique, 219–220
Insulating tubes, 145, 204–206, 206
Interaction stages
for error analysis, 234–235, 235
for NO sensors, 64–65, 65
for O sensors, 50–51, 50
Interfaces
capacitance of, 62, 120–121
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double layers at, 36–39, 51, 54–55
gas concentration at, 57, 68
gas flow at, 53
Interlayers, 211
Interpolation errors, 258
Ionic conductivity
activation energy of, 5, 172
aging and, 11–15
anions and, 7
cations and, 7
charge and, 5
charge carrier concentration and, 5, 7–9, 18
defects and, 4, 16
diffusion and, 5, 7, 22
doping levels and, 141
electrical fields and, 16–17, 22
electronic conductivity and, 6–7, 16, 30, 143
emf and, 10–11, 23
Fermi level and, 18
gas constant and, 5
of hafnia-stablized YSZ, 136, 141–142
mobility and, 4, 5, 7, 16–17
in Nernst glowers, 1
in O sensors, 50, 237–239
oxygen partial pressure and, 7–11, 9, 18,
24–25, 24, 138–139
parasitic current and, 237
pe’ parameter and, 138–139
phase composition and, 14
in single-crystal electrolytes, 147
structure and, 3–4, 7
temperature and, 3–11, 15–16, 24–25, 139
transference activation energy and, 5
transference number and, see Ionic
transference number
via vacancies, see Vacancies
of YSZ, see Ionic conductivity of YSZ
of zirconium oxide, 137, 142
Ionic conductivity of YSZ
charge carrier concentration and, 7
defect mobility and, 4
diffusion and, 7
electronic conductivity and, 7
vs. hafnia-stablized YSZ, 141–142
oxygen partial pressure and, 9, 24–25, 24
structure and, 3–4
temperature and, 3–4, 9, 15, 24–25
Ionic transference number
for alumina-doped YSZ, 158–159, 160
calcium-stabilized zirconia and, 238–239
current and, 161
electroneutrality and, 26
emf and, 23, 98, 158, 237–238
at equilibrium, 26

gas concentration and, 147
oxygen partial pressure and, 10, 26, 237–238
pe’ parameter and, 139–140
of polycrystalline electrolytes, 140
relative conductivity from, 8
temperature and, 98
vacancies and, 26
Ionization, 30, 36
Ions
charge of, 237
chemical potential of, 76
defects and, 4
in double layers, 36–38
mobility of, 16, 76
oxygen partial pressure and, 237
transfer of, at interfaces, 53–54
Iridium, 28
Iron
diffusion and, 29
in electrolytes, 27
emf and, 28–30, 29
for joints, 211
lanthanum-strontium compounds and, 103
porosity and, 28
as single-crystal impurity, 148
solubility of, 28
temperature and, 28–30
YSZ and, 28–30
zirconia and, 28–30, 29
Iron chromium alloys, 211
Iron oxide electrodes
emf response of, 102
for HC sensors, 124
lanthanum and, see Lanthanum iron oxide
electrodes
lanthanum strontium and, 103, 107–108, 108
lanthanum strontium cobalt oxide and, 103
nickel and, 119
for NO sensors, 101, 102
zinc and, 103, 113, 220, 221
Irreversible electrodes, 51
Isostatic pressing, 115, 145, 204, 205
ITO electrodes, 101, 103

J
Japan, emission standards for, 94

K
Knudsen diffusion, 67
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L
Laboratory errors, 247
Lambda sensors
drawing of, 95
element shape, 202
in exhaust systems, 1, 95–96
lifetimes of, 98
Lamellar oxygen pumps, 176–188, 177
Langmuir adsorption isotherm, 51
Lanthanum, 8
Lanthanum cobalt oxide electrodes, 116
Lanthanum iron oxide electrodes
gas concentration and, 103
for mixed-potential sensors, 101, 107
nitrogen oxide and, 119
for NO sensors, 103, 107–108, 108
temperature for, 103
Lanthanum magnesium oxide electrodes, 116
Lanthanum oxide, 79
Lanthanum strontium chromium oxide electrodes,
116, 118
Lanthanum strontium chromium oxide/platinum
electrodes, 103, 109, 118
Lanthanum strontium cobalt oxide electrodes, 116
Lanthanum strontium iron cobalt oxide
electrodes, 103
Lanthanum strontium iron oxide electrodes, 103,
107–108, 108
Lead
melting point of, 144
O sensors for, 167, 168
as single-crystal impurity, 148
Lead-bismuth melts, 154, 162, 174–176
Lead oxide, 162
Liquid-assisted joining method, 204
Lithium (liquid), 162
Long-term stability tests, 221, 266–267

M
Magnesium, 8, 28, 148
Magnesium aluminum oxide, 145, 204–205, 206
Magnesium-doped lanthanum chromium oxide
electrodes, 118
Magnesium oxide, 145, 204–205, 206
Manganese, 28, 29, 148
Manganese oxide electrodes, 101, 119
Mathematical model assessment, 255
Mean, observational, 83
Measurement and control systems, 254
Measurement errors, 162, 258
Metal-electrolyte (ME) interface
anodic process at, 31–32

285
contact potentials difference at, 20–21
creation of, 197
current density on, 34
diagnostics of, 124
diffusion at, 31–35, 31, 32
drawing of, 31
electrical fields at, 16–17
electron transfer at, 20, 97
images of, 17–18, 17–18, 19
ionization at, 30
mass-transfer processes on, 30–31
in NO sensors, 18, 19
in O sensors, 50–51
polarization effects at, 153
schematic of, 21, 31
Methane, 109, 118
Methane sensor electrodes, 43, 109, 124, 124
Methylene, 126
Micropowder injection molding, 216
Microwave joining, 207
Mixed-potential sensors
assessment of, 43, 126–127
emf of, 119
for exhaust monitoring, 98–101, 116
fabrication of, 127
gas concentration and, 119
modeling of, 100
temperature for, 43, 126, 127
Mobility
in conductivity zone, 27
of defects, 4
dielectric constant and, 39
doping levels and, 141
in double layers, 39
electrical fields and, 16–17
electronic conductivity and, 5, 25
of electrons, 25, 27
ionic conductivity and, 4, 5, 7, 16–17
of ions, 16, 76
temperature and, 27
of vacancies, 7, 16, 27, 141
viscosity and, 39
Modeling
algorithm for, 47–49, 48, 82–84, 84
boundary conditions for, see Boundary
conditions
deviation profiles, 74, 75
distribution in, 83–86
interaction stages, see Interaction stages
mathematical, 43–50, 71–79
measuring transformations in, scheme for, 45
order of freedom for, 86
results, scheme for processing, 83–84, 84
significance level for, 86
validation of, 80–83
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verification of, 83–87
Molybdenum, 28, 145–146, 148, 156
Molybdenum-manganese (Mo-Mn) technique,
207
Molybdenum oxide, 214, 215
Monoclinic structure, 2–3, 3, 137
Multiplicative absolute error, 230

sensitivity of, 101, 109–110
sintering of, 19, 43, 110
temperature for, 101, 103, 109–110
thickness of, 79
tungsten oxide and, 109, 112, 113–115
vs. zinc oxide electrodes, 109
zirconium tungsten oxide and, 114–115
Nickel oxide electrodes for NO sensors
alumina and, 215
capacitance of, 78
design considerations, 109–110
double layers in, 78
emf and, 102, 110, 111, 217–218, 218
gas concentration and, 103
humidity and, 74–78
image of, 77
molybdenum oxide and, 215
nanostructured, 215–218, 216, 217
response/recovery rates, 109–110
rhodium and, 110, 111
sensitivity of, 101, 109–110
sintering of, 110
temperature for, 101, 103, 109–110
tungsten oxide and, 109, 112, 113–115
vs. zinc oxide electrodes, 109
zirconium oxide and, 114–115
Nickel oxide/platinum electrodes, 109
Niobium
in copper interlayer system, 204
diffusion and, 29
reaction layer from, 207–208
as single-crystal impurity, 148
solubility of, 28
Niobium oxide electrodes, 102
Niobium oxide/gold electrodes, 116
Nitrogen, in aluminum processing, 136
Nitrogen oxide
adsorption of, 62
emissions, 93–94, 93–96, 94, 94, 96
equilibrium composition of, 111, 215
lanthanum compound electrodes and, 118,
119
nickel oxide and, 101
oxidation of, 99–100
partial pressure, 66
sensors for, see NO sensors
terbium-doped YSZ electrodes and, 118, 118
zinc oxide/platinum electrodes and, 126
NO conversion electrode, 104–105, 105
NO sensor electrodes
cadmium oxide for, 101
cesium oxide for, 102
chromium manganese oxide for, 119
chromium oxide for, see Chromium oxide
electrodes for NO sensors

N
Naman’s spectral steadiness criterion, 73
Neodymium, 8
Nernst glower, 1
Nernst’s law, 97–98
Nickel
CTE of, 211
diffusion and, 29
iron oxide electrodes and, 119
reaction layer from, 207–208
as single-crystal impurity, 148
solubility of, 28
Nickel aluminium compounds, 208–211, 209, 210
Nickel chromium oxide electrodes for NO sensors
emf and, 100, 100
gas concentration and, 103, 111
impedance-based, 119
polarization and, 111
response/recovery rates, 111, 113
temperature for, 103, 112
Nickel iron oxide electrodes, 119
Nickel oxide, 215
nitrogen oxide and, 101
Nickel oxide/copper oxide electrodes, 216–218,
217, 218, 219
Nickel oxide electrodes
alumina isolation layer and, 162, 215
capacitance of, 78
copper oxide in, 216–218, 217, 218, 219
current conductors and, 162
design considerations, 109–110
double layers in, 78
emf and, 102, 110, 111, 162, 217–218, 218
gas concentration and, 103
grain size in, 217
for HC sensors, 43, 124
humidity and, 74–78
image of, 18, 19, 77
molybdenum oxide and, 215
nanostructured, 79, 80, 215–218, 216, 217
for NO sensors, see Nickel oxide electrodes
for NO sensors
platinum and, 109
response/recovery rates, 109–110
rhodium and, 110, 111
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cobalt oxide for, 101, 102
copper chromium oxide for, 103, 109
copper oxide for, 101, 102, 103, 109
counterelectrodes, 111, 120
design considerations, 107–112
gallium oxide for, 102
indium oxide for, 102
iron oxide for, 101, 102
ITO for, 103
lanthanum compounds for, 103, 107–108,
108, 109, 118
manganese oxide for, 101
nanostructured, 214–218, 216, 217, 220, 221
nickel chromium oxide for, see Nickel
chromium oxide electrodes for NO
sensors
nickel iron oxide for, 119
nickel oxide/copper oxide for, 216–218, 217,
218, 219
nickel oxide for, see Nickel oxide electrodes
for NO sensors
nickel oxide/platinum for, 109
niobium oxide for, 102
perovskite for, 107
platinum for, 43, 101, 102, 111, 120, 123
polarization of, 110–112, 112, 113
porosity of, 60–61, 64, 67, 113–115, 215
rhodium and, 110, 111
sintering for, 60–61, 61, 62, 79, 110
surface-to-volume ratio of, 214–215
tantalum oxide for, 102
terbium-doped YSZ for, 118
tin oxide for, 102
titanium oxide for, 102
tungsten oxide for, 109, 112, 113–115
YSZ/chromium oxide for, 124
zinc chromium oxide for, see Zinc chromium
oxide electrodes for NO sensors
zinc iron oxide for, 103, 113, 220, 221
zinc oxide for, 101, 102, 109, 124
zinc oxide/platinum for, 109, 124–125, 125
zirconium oxide and, 114–115
NO sensors
activation energy for, 66
adsorption in, 62, 64–66, 121
boundary conditions for, 68
capacitance in, 65
carbon dioxide and, 104
carbon monoxide and, 105–107, 123
chemical potential in, 67
concepts of, 101–102
cross-section of, 105
deployment of, 126

287
design of, 43–44, 102–115, 104, 125–126
desorption in, 64–66
diagram of, 103
diffusion in, 67–68
double electric layers in, 62, 65, 67
electrodes for, see NO sensor electrodes
emf of, see emf of NO sensors
in exhaust systems, 94–97, 95, 101–107, 103,
105
fabrication of, 62–63, 62–64, 63, 104–105
fluxes in, 66
gas constant in, 71
“gas sensitivity” of, 121
grain boundary in, 67
humidity and, 74–78, 76, 96
impedance-based, 119–125, 120, 121, 122,
123, 127
interaction stages for, 64–65, 65
ME interface in, 18, 19
modeling of, 60–71, 65, 66, 87
overstrain in, 71
oxidation/reduction reactions and, 60, 104
oxygen concentration and, 105, 109
oxygen partial pressure in, 66
performance of, 105–107, 106
photograph of, 63
planar vs. tubular design, 109
polarization in, 60, 110–112, 112, 113
propane and, 105, 106
resistance of, 64
scandia-stablized zirconia for, 109
SEM images of, 77
stability of, long-term, 126
TEM image of, 18, 19
temperature and, see NO sensors and
temperature
thick-film, 104, 107
thin-film, 104
transference number and, 98
vs. tubular, 109
NO sensors and gas concentration
electrodes for, 103
emf and, 111
impedance-based, 121–122, 122
modeling of, 65–68
temperature and, 105, 106
NO sensors and temperature
electrodes for, 101, 103
emf and, 60, 100, 108
in exhaust systems, 94, 96–98
gas concentration and, 105, 106
oxidation/reduction reactions and, 60
platinum electrodes and, 43, 60
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O

impurities in, 147, 148
interaction stages for, 50–51, 50
interfaces in, 50–59
ionic conductivity in, 50, 147, 237–239
isolation layers in, 162
for lead, 167, 168
for lead-bismuth melts, 154, 175–176
lifetimes of, 136, 153, 162, 175
for lithium heat carriers, 154
modeling of, 50–59, 56, 163, 234–235, 235
overstrain in, 54, 56–57
partial pressure and, 25, 51, 57, 136–137,
237–239
pe’ parameter measurement, 138–140
photograph of, 146
photographs of, 144, 145, 235
polarization in, 56, 162–163
polycrystalline electrolytes in, see
Polycrystalline O sensors
polycrystalline vs. shaped eutectic composite,
156
polycrystalline vs. single-crystal for, 147, 153
pressure range for, 175
resistance of, 55–56, 56, 142–144, 148–149,
148, 155
response/recovery rates, 151–152
shaped eutectic composite electrolyte for,
154–162
single-crystal electrolytes in, see Singlecrystal O sensors
for sodium (liquid), 154, 162, 175
in steel processing, 135–136
temperature and, 138, 143–153, 150, 151, 175,
237–239
thermal shock stability of, 142–143, 153, 175
for zinc plating baths, 152
zirconium oxide and, 136–137
O sensors and gas concentration
bismuth oxide electrodes and, 153
emf and, 150, 151, 162
ionic transference number and, 147, 147
modeling of, 51–54, 57
polycrystalline vs. single-crystal for, 147
temperature and, 150, 151, 153
Overpotential, 33–35, 219
Overstrain, 54, 56–57, 71
Oxidation catalyst, 123, 123
Oxidation-catalyst electrode, 104–107, 105, 106
Oxidation/reduction reactions
emf and, 60, 104
in NO sensors, 60, 104
oxygen partial pressure and, 99
polarization and, 153
at SE, 60, 99–100, 219
temperature and, 60, 99–100, 100

Ohm’s law, 5
O sensor electrodes
bismuth oxide for, 146, 149–153, 150, 151,
152, 172
chromium oxide for, 135–136, 139
indium oxide for, 144, 149, 150, 152–153, 152
platinum for, 50–59, 123, 152, 158–161, 163,
214, 235
porosity of, 50, 56
surface-to-volume ratio of, 214
(uranium, praseodymium) oxide/platinum for,
143, 150
(uranium, scandium) oxide/platinum for, 143,
150
YSZ/platinum for, 149–152
O sensors
activation energy for, 52
adsorption in, 33, 50–52, 54, 62
alumina-doped YSZ for, 137–143, 155–162,
202
for aluminium processing, 153
boundary conditions for, 53
calibration of, 153
capacitance in, 55, 56
carbon monoxide and, 152
cross-section of, 206
CTE and, 145, 198, 205, 206
current conductor wires in, 146
current in, 55–56
design considerations, 154
desorption in, 50–52
diffusion in, 52–53
double layers in, 51, 54–55
electrodes for, see O sensor electrodes
electronic conductivity in, 50, 136–137, 147
emf of, see emf of O sensors
equipment for producing, 144–145
errors of, 162, 234, 239, 240–241
features of, 161–162
force in, 52–53
galvano-harmonic method for, 163–170, 164
gas concentration in, see O sensors and gas
concentration
gas constant in, 54, 57, 237–239
gas flow rate and, 151
GE interface in, 50–51
Gibbs energy in, 57
grain boundary in, 53
hafnia-stablized YSZ for, 136–143, 175
impedance-based, 162–174, 164, 168–169,
171, 173
impedance of, 55, 163
impulse galvanic-static method for, 170–174
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Oxygen
adsorption of, 62
carbon monoxide and, 152, 227
dissociation of, at interfaces, 50–51
in exhaust systems, 102, 123
impedance-based sensors and, 121–123, 122
in lead-bismuth melts, 162, 174, 175
mixed-potential sensors and, 105
NO sensor monitoring of, 123
propane and, 227
regulation of, see Pumps
sensors for, see O sensors
in steel processing, 135
Oxygen partial pressure
aging and, 15
in aluminum processing, 139
in ambient air, 149
anion-vacancy couples and, 8
calcium-stabilized zirconia and, 24, 238–239
capacitance and, 62
charge carrier concentration and, 8–9
chemical potential and, 20, 97, 186
defects and, 9
electrodes and, 8, 18, 20, 33–34, 36, 97, 162
electronic conductivity and, 7, 9, 18, 23, 136,
138–139
electrons and, 8, 18, 20
emf and, 10–11, 21, 98, 136–137, 139,
237–239
errors and, 237, 239–241, 242, 243
Fermi level and, 18–20, 23–24
gas separation via, 97
hafnium oxide and, 15, 142–143
hole conductivity and, 9, 10, 23, 238
holes and, 8
indium oxide electrodes and, 149
ionic conductivity and, 7–11, 9, 18, 24–25, 24,
138–139
ionic transference number and, 10, 26,
237–238
ions and, 237
ME interface and, 124
minimum, 237
in NO sensors, 66
in O sensors, 25, 51, 57, 136–137, 237–239
oxidation/reduction reactions and, 99
pe’ parameter and, 138–140
platinum electrodes and, 62
polarization and, 162
polycrystalline electrolytes and, 15, 139, 142
pumps for regulation of, 176–192
REs and, 51, 57, 97–98
resistance and, 150
in steel processing, 135
temperature and, 24, 99, 237–239

289
thermodynamical gas potential and, 20
thorium oxide and, 9
transference number and, 10, 26
vacancies and, 8
YSZ and, 1, 9, 24–25, 24, 162
zirconium oxide and, 9, 136–137, 139

P
Palladium, 28, 29
Partially stabilized zirconia (PSZ), 199
Passive experiments, 256
Pe’ parameter, 138–142, 142
Permeability
adsorption/desorption and, 30
diffusion and, 6, 30, 67
of electrodes, 30, 67, 69–70, 79
emf and, 30
modeling of, 59
nanostructures and, 67, 215
polarization and, 236
superpermeability, 79
Perovskite electrodes, 107, 116
Pitch of sensor function, 229, 243, 244, 245–249
Platinum, 28, 29
Platinum current conductors, 162
Platinum electrodes
3D image of, 18
aging of, 14, 98
for alumina-doped YSZ, 158–161
capacitance of, 62, 77
carbon dioxide and, 125
carbon monoxide and, 43, 126, 152, 227
conductivity of, 149
counter, 111, 118, 120
deposition of, 17, 234
diffusion in, 33
double layers in, 77
emf and, 60, 98, 102, 149–150
errors and, 227, 234
for exhaust sensors, 97–98
in exhaust systems, 105
for HC sensors, 43, 116, 124–125, 124, 125
humidity and, 125
hydrogen and, 126
impedance levels and, 120
lanthanum strontium chromium oxide and,
103, 109, 118
for methane sensors, 124
methylene and, 126
nickel oxide and, 109
nitrogen oxide and, 126
for NO conversion, 102

47612_Index.fm Page 290 Friday, June 22, 2007 8:57 AM

290

Electrochemistry of Zirconia Gas Sensors

for NO sensors, 43, 101, 102, 109, 111, 120,
123–125, 125
for O sensors, 50–59, 123, 143, 149–152,
158–161, 163, 214, 235
oxygen exchange mechanism in, 149–150
oxygen levels and, 125
oxygen partial pressure and, 62
particle size in, 18
for plug-type sensors, 201
polarization and, 125, 143, 144
polarization curves for, 33–36, 35
for polycrystalline electrolyte, 143–144, 152,
158–163
propene and, 126
resistance and, 120, 150
response/recovery rates, 126
rhodium and, 102
SEM images of, 17, 19, 124–125, 125
for shaped eutectic composite sensors, 156,
160–161
for single crystal electrolyte, 149–150, 152
surface topography of, 17–18
surface-to-volume ratio of, 214
temperature and, 43, 143, 149–150, 152,
159–161, 163
(uranium, praseodymium) oxide and, 143, 150
(uranium, scandium) oxide and, 143, 150
YSZ added to, 149–152
zinc iron oxide and, 221
zinc oxide and, 109, 124–125, 125, 126
Platinum heater, 104–105, 105
Platinum-rhodium electrodes, 102
Plug-type sensors
alumina for, 143, 198–201
bonds in, 198
cracking of, 198–201, 201
design of, 138
fusion-sealing technique for, 199, 200
“green” construction techniques for, 201–202
insulating tube for, 143
material selection for, 199
pe’ parameter for, 140–142, 142
photographs of, 138, 200, 201
production of, 201
protective sheaths for, 199, 200
SEM images of, 202
testing of, 199–200
thermal shock stability of, 201
Point defects, 4
Poisson equation, 37–38
Polar correction, 24
Polarization
adsorption and, 36
of bismuth oxide electrodes, 172–174
corrosion and, 162

developed impedance method for, 162–163
diffusion and, 36
emf and, 137
galvano-harmonic method on, 164, 167, 168,
169–170
gas flow rate and, 158
gold electrodes and, 144
hydrofluoric acid and, 143
impulse galvanic-static method on, 170–174,
171
at interfaces, 153
ionization and, 36
melt measurements and, 162
nickel chromium oxide electrodes and, 111
in NO sensors, 60, 110–112, 112, 113
in O sensors, 56, 162–163
overstrain and, 56
oxidation/reduction reactions and, 153
oxygen partial pressure and, 162
permeability and, 236
platinum electrodes and, 125, 143, 144
porosity and, 236
temperature and, 144
zinc oxide/platinum electrodes and, 125
Polarization curves, 33–36, 35, 60, 80
Polycrystalline electrolyte electrodes
chemical potential and, 16
chromium oxide for, 135–136, 139
gold for, 144
nickel oxide for, 162
platinum for, 143–144, 152, 158–163
Polycrystalline electrolytes
aging of, 12–15, 137
alumina-doped YSZ, 137–143, 156, 158–160,
202
carbon monoxide and, 152
conductivity of, 15, 25, 135–137, 139–143,
147
diffusion in, 15
electrodes for, see Polycrystalline electrolyte
electrodes
emf of, 137–140, 152
gas constant and, 139
grain boundaries in, 12, 16
hafnia-stablized YSZ, 136–143
for H sensors, 136
impurities in, 143, 144, 147, 148
ionic transference number of, 140
isothermal conditions for, 25
in metallurgical processing, 135
for O sensors, see Polycrystalline O sensors
oxygen partial pressure and, 15, 139, 142
pe’ parameter for, 138–142
porosity of, 147, 148
resistance of, 142–144, 148–149, 148, 155
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single-phase, 12–14
structures of, 137, 140–143
two-phase, 14–15
uniformity condition for, 25
Polycrystalline electrolytes, temperature and
aging of, 137
carbon monoxide and, 152
conductivity and, 135–137, 139, 141–143, 147
electrodes and, 136, 143–144
emf and, 139, 152
hafnium oxide and, 136, 137
impurities and, 143, 147, 148
in O sensors, 138
oxygen partial pressure and, 15
pe’ parameter and, 139, 140, 142, 142
porosity and, 147, 148
resistance and, 148–149, 148
sintering of, 148
structure and, 137, 140–143, 147
threshold, 15
yttrium oxide and, 137
zirconium oxide and, 136, 137
Polycrystalline H sensors, 136
Polycrystalline O sensors
alumina-doped YSZ for, 137–143, 202
carbon monoxide and, 152
electrodes for, 135–136, 139
emf of, 137–140
hafnia-stablized YSZ for, 136–143
lifetimes of, 136, 153
partial pressure and, 15, 139, 142
vs. shaped eutectic composite sensors, 156
in steel processing, 135–136
temperature and, 138
thermal shock stability of, 142–143, 153
Porosity
of alumina-doped YSZ, 157
of aluminium, 136
current and, 56
double electric layer and, 67
of HC sensor electrodes, 119
humidity and, 136
hydrogen and, 136
of insulators, 204–205
iron and, 28
joining and, 208
of nickel aluminium compounds, 211
of NO sensor electrodes, 60–61, 64, 67,
113–115, 215
of O sensor electrodes, 50, 56
permeability and, 67
polarization and, 236
of polycrystalline electrolytes, 147, 148

291
silver-copper-titanium alloys and, 208
of single-crystal electrolytes, 148
sintering and, 60–61, 113–115, 119, 148
structure and, 114, 157
surface-to-volume ratio and, 215
“ventilation” effect and, 69–70
Praseodymium oxide electrodes, 116–117, 116,
117, 143, 150
Progressing errors, 230
Propane
emf and, 105
nickel oxide/copper oxide electrodes and, 218,
219
NO sensors and, 105, 106
oxygen and, 227
terbium-doped YSZ electrodes and, 118
Propane sensors, 116–117
Propene, 118, 126
Propene sensor electrodes
chromium oxide for, 124
cobalt oxide for, 124
indium oxide for, 124
iron oxide for, 124
nickel oxide for, 43, 124
platinum for, 124–125, 124
praseodymium oxide for, 116, 117
tin oxide for, 124, 124, 125
zinc oxide for, 124, 124
zinc oxide/platinum for, 124–125
Propene sensors
electrodes for, see Propene sensor electrodes
gas flow rate and, 125
Protective sheaths, 199, 200
Prototyping, 266
Pumps
boundary conditions for, 178, 184, 189,
191–192
current in, 176–177
diffusion in, 178–192
electrochemical cell for, 176
electrodes for, 123, 177
emf in, 176, 180, 188
galvano-static mode of, 177, 186–188
in HC sensors, 116–117, 116, 117
in impedance-based sensors, 122–123, 123
potentiometric mode of, 176–186
in propane sensors, 116–117
YSZ-based, see YSZ-based pumps

Q
Quadratic error, 84
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R

of O sensors, 55–56, 56, 142–144, 148–149,
148, 155
oxygen partial pressure and, 150
platinum electrodes and, 120, 150
of polycrystalline electrolytes, 142–144,
148–149, 148, 155
of shaped eutectic composite electrolyte, 155
of single-crystal electrolytes, 143–144,
148–149, 148
sintering and, 148
temperature and, 148, 148, 150, 172
in thin-film sensors, 64
YSZ bulk, 120–121, 148
of YSZ/platinum electrodes, 150
zinc chromium oxide electrodes and,
119–122, 120, 121
of zirconia, 167
Reversible electrodes, 51
Rhodium, 28, 110, 111
Rhombohedral structure, 2
Robin-type boundary conditions, 46, 48, 49
Rule-of-mixture law, 211

Randomized experiments plan, 260
Reaction joining, 207
Reaction layer, 208
Reduction error, 228
Reference electrode (RE)
capacitance of, 65
cross-section of, 206
current conductor and, 146
desorption on, 45
diffusion in, 67–68
double layers in, 67
emf and, 162
environment and, 47, 57
errors and, 234–235, 239–242
in exhaust systems, 104–105, 105, 123
gas flow rate for, 67
mathematical modeling of, 57–59
melting point of, 153
in mixed-potential sensors, 43, 99–100
for NO sensors, 64–71
for O sensors, 50–59, 135–136
oxidizing potential of, 153
oxygen partial pressure on, 51, 57, 97–98
permeability of, 67
photograph of, 63, 63
polar correction for, 24
for single crystal electrolyte, 163
surface of, 63–64
thickness of, 69
for YSZ-based pumps, 177
Regression lines, 262–263, 263
Relative error, 228, 230, 231, 233
Relative error of sensitivity, 231
Relative error of zero, 230, 231
Relative multiplicative sensitivity, 233
Reliability testing, 267–271
Reproducibility error, 258
Residual error, 84
Resistance
adsorption and, 121
aging and, 12, 14, 16
of alumina-doped YSZ, 137
on bismuth oxide electrodes, 163, 174
blocking reaction layer and, 173
force and, 53
in galvano-harmonic method, 163–167, 164,
169–170
of hafnia-stablized YSZ, 16, 142–143
in impulse galvanic-static method, 170–174,
174
impurities and, 148
of NO sensors, 64

S
Samarium, 8
Sapphire, 156
Scandia-stablized zirconia, 14, 97, 109
Scandium, 8
Scandium oxide, 2
Schottky defects, 4
Screening length, 20
Screen printing, 216
Sensing electrode (SE)
area of, 56
auxiliary, 135
capacitance of, 77–78
catalytic activity and, 60–62, 61, 79, 113, 126
corrosion and, 162
desorption on, 45, 51–52, 62
“differential equilibria” approach to, 44
diffusion in, 45, 50, 52, 67–68, 79
double layers in, 36–39, 51, 54–55, 67
electrochemical potential of, 51
environment and, 47
errors and, 234–235, 240–241
in exhaust systems, 104–105, 105, 123
fabrication of, 216, 219–220
gas flow through, 67–70
material selection for, 27–28, 77–78, 99, 101
mathematical modeling of, 57–59, 98
in mixed-potential sensors, 27–28, 43,
99–101, 104–115
nanostructured, 79, 80, 213–222, 217
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in NO sensors, 60–71
in O sensors, 50–59
overstrain of, 54, 56, 71
oxidation/reduction reactions on, 60, 99–100,
219
permeability of, 67, 69–70
polarization of, 110–112, 112, 113, 125
porosity of, 56, 61, 69, 113–115
pressure on surface of, 52, 66, 69, 97–98
recrystallization of, 116
resistance of, 55, 64
reversibility of, 51, 219
SEM images of, 236
sensitivity of, 28
sintering of, 60–61, 61, 79
surface of, 51, 63–64
surface-to-volume ratio of, 79, 119, 214, 219
TEM image of, 19
temperature for, 43, 98
thickness of, 47, 69, 79, 215
transference resistance for, 55
“ventilation” effect in, 69–70
Sensing mechanisms, 253
Sensitivity threshold of the sensor, 230
Sensor covers, 145
Shaped eutectic composite electrolyte, 154–162
Sheppard corrections, 260
Silicon, 135, 148
Silver, 28, 29
Silver-copper-titanium alloys, 208, 210
Single-crystal electrolytes
bismuth oxide electrodes and, 144–146,
149–153
carbon monoxide and, 152
chemical potential of, 16
design considerations, 154, 172
electronic conductivity in, 147
emf of, 146, 149–153, 150, 151
equipment for producing, 144–145
gas concentration in, 147, 147, 150, 151, 153
gaseous oxygen concept and, 16
gas flow rate and, 151
grain boundary in, 144
impedance of, 163
impurities in, 147, 148
ionic conductivity in, 147
lifetimes of, 153, 175
for lithium heat carriers, 154
for O sensors, see Single-crystal O sensors
photograph of, 146
vs. polycrystalline solid, 163
porosity of, 148
pressure range for, 175
radiation and, 154
resistance of, 143–144, 148–149, 148

293
response/recovery rates, 151–152
silicon in, 148
for sodium (liquid), 154
temperature for, 15, 143–153, 175
thermal expansion coefficient for, 145
thermal shock stability of, 153, 175
for zinc plating baths, 152
Single-crystal O sensors
for aluminium processing, 153
calibration of, 153
carbon monoxide and, 152
design considerations, 154
electrodes for, 144–146, 149–153
electronic conductivity in, 147
emf of, 146, 149–153, 150, 151
equipment for producing, 144–145
gas concentration in, 147, 147, 150, 151, 153
gas flow rate and, 151
impedance measurement of, 163
impurities in, 147, 148
ionic conductivity in, 147
lifetimes of, 153, 175
for lithium heat carriers, 154
photograph of, 146
pressure range for, 175
resistance of, 143–144, 148–149, 148
response/recovery rates, 151–152
for sodium (liquid), 154
temperature for, 143–153, 175
thermal expansion coefficient for, 145
thermal shock stability of, 153, 175
for zinc plating baths, 152
Sintering
catalytic activity and, 60–61, 61
grain size and, 60, 79
of hafnia-stablized YSZ, 138
for HC sensors, 119
for nickel oxide electrodes, 19, 43, 110
for NO sensor electrodes, 60–61, 61, 62, 79,
110
porosity and, 60–61, 113–115, 119, 148
resistance and, 148
of tungsten oxide electrodes, 119
Slip plane, 39
Sodium (liquid), 25, 154, 162, 175
Sodium oxide, 24, 24
Sodium-potassium melts, 175
Soldering, 198
Sol-gel technique, 216
Solid-state zone theory, 18–20
Soret effect, 52–53
Space charge layer, 18
Spray pyrolysis, 216
Sputtering, 216
Static errors, 230
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Steel, 135–136, 145
Stepanov technique, 155
Stern layer, 38–39, 55
Strontium, 8
Student’s equation, 85
Super-plastic joining technique, 203
Surface charge density, 37
Surface potential, 36–39
Systematic errors, 232–234

T
Taffel dependencies, 34
Tantalum
in ammonium-tungsten oxide compound
electrolyte, 78, 78
diffusion and, 29
reaction layer from, 208
solubility of, 28
Tantalum oxide electrodes, 102
Temperature
absolute, 5, 98, 139, 237
adsorption and, 51, 65, 152
aging and, 11–15
alumina-doped YSZ and, 142, 157–161, 160
bismuth oxide electrodes and, 172–174, 173
capacitance and, 62
chemical potential and, 20
for chromium oxide electrodes, 101, 103
for copper oxide electrodes, 103
for CO sensors, 43
cubic structure and, 2, 12, 137
diffusion and, 5, 52–53
in diffusion bonding, 212
electronic conductivity and, see Electronic
conductivity and temperature
emf and, see emf and temperature
errors and, 239–243, 242, 248
for exhaust sensors, 96, 101
Fermi level and, 20
for fusion-sealing technique, 200
Gibbs energy and, 57
grain size and, 220
hafnia-stablized YSZ and, 16, 136–140, 137,
142
for hafnium oxide, 137
for HC sensors, 43
for hot pressing process, 115, 145, 204, 205
impedance-based sensors and, 121, 122
for indium oxide electrodes, 149
ionic conductivity and, 3–11, 15–16, 24–25,
139
ionic transference number and, 98
iron and, 28–30
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for isostatic pressing, 115, 145, 204, 205
for ITO electrodes, 103
lanthanum compound electrodes and, 103
of lead-bismuth melts, 174
mobility and, 27
for molybdenum oxide, 214
monoclinic structure and, 2, 137
nickel aluminium compounds and, 208–211
for nickel chromium oxide electrodes, 103,
112
for nickel oxide electrodes, 101, 103, 109–110
NO sensors and, see NO sensors and
temperature
O sensors and, 138, 143–153, 150, 151, 175,
237–239
overpotential and, 34
oxidation/reduction reactions and, 60,
99–100, 100
oxygen partial pressure and, 24, 99, 237–239
pe’ parameter and, 139, 142
platinum electrodes and, 43, 143, 149–150,
152, 159–161, 163
polarization and, 144
polycrystalline electrolytes and, see
Polycrystalline electrolytes,
temperature and
resistance and, 148, 148, 150, 172
for silver-copper-titanium alloys, 208, 210
for single-crystal electrolytes, 15, 143–153,
175
of sodium-potassium melts, 175
tetragonal structure and, 2, 137
thermodynamical gas potential and, 20
thick-film and, 107
threshold, 15, 28–30
for tin oxide, 214
for titanium oxide, 214
TPB and, 109, 220
for transient-liquid-phase, 205
for tungsten oxide, 214
for tungsten oxide electrodes, 103, 114
for (uranium, praseodymium) oxide/platinum
electrodes, 150
for (uranium, scandium) oxide/platinum
electrodes, 150
for vanadium oxide, 214
at wetting transition, 212
for YSZ, 2–4, 9, 30, 163
for YSZ/platinum electrodes, 149–150
for yttrium oxide, 137
for zinc chromium oxide electrodes, 103, 113
for zinc iron oxide electrodes, 103
for zinc oxide, 214
for zinc oxide electrodes, 101, 103
for zirconium oxide, 114, 136, 137, 142
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for zirconium tungsten oxide, 114
Terbium-doped YSZ electrodes, 115–116, 118,
118
Testing
active vs. passive, 256
aim of, 254–255
analysis of, 256
audit sample, 268
boundary conditions for, 258
customer involvement in, 267
data from, processing of, 256, 260–265
efficiency of, 254
equipment for, 250, 255–256
for errors, 243–245, 250–251, 250, 265–266
for long-term stability, 221, 266–267
performance evaluation methodology for, 255
planning for, see Test planning
of plug-type sensors, 199–200
product verification phase, 266–267
reliability, 267–271
Test planning
data volume determination, 258–260
dispersion in, 257–261, 263–266
for gas sensors, 265–267
hysteresis and, 265
independent variables selection, 256–258,
260, 263, 264
methods for, 255
regression coefficient selection, 257, 261, 262,
264–265
for reliability testing, 267–271
sequence of experiments, 260, 266, 270
Tetragonal structure, 2–3, 3, 137
Thermal evaporation technique, 216
Thermal spray bonding, 198
Thermodynamical gas potential, 18, 20, 21; see
also Chemical potential
Thick-film sensors, 104, 107, 128, 215
Thin-film sensors
adsorption/desorption in, 64
CTE for, 236
diffusion in, 64
fabrication of, 62–64, 104
gas concentration in, 52
for hydrocarbons, 118
modeling of, 235–236
for nitrogen oxide, 63–65, 67, 104
Thorium oxide, 8, 9
Threshold temperature, 15, 28–30
Tin, 144, 148
Tin-doped indium oxide (ITO) electrodes, 101,
103
Tin oxide, 214
Tin oxide electrodes, 102, 124, 124, 125
Titanium

295
diffusion and, 29
in electrolytes, 27
reaction layer from, 207–208
silver-copper alloys and, 208, 210
as single-crystal impurity, 148
solubility of, 28
Titanium oxide, 214
Titanium oxide electrodes, 102; see also
Perovskite electrodes
TPB
anodic process at, 31–32, 32
charge transfer at, 4
current at, 33–35, 54
diffusion at, 31–35, 31, 32, 52
double electric layer and, 36–39, 51, 55
electrons at, 30–32
holes at, 30–32
interaction mechanisms at, 253–254
modeling of, 52–54
Stern layer in, 38–39, 55
TEM image of, 19
temperature and, 109, 220
thickness of, 18, 19
Training, 267
Transduction mechanism, 253–254
Transference activation energy, 5, 25
Transference number
conductivity and, 5
for electrolytes, 10
electronic conductivity and, 5, 26
emf and, 9–11, 23, 98
hole conductivity and, 10
ionic, see Ionic transference number
NO sensors and, 98
oxygen partial pressure and, 10, 26
for YSZ, 7
Transformation coefficient, 229, 233
Transient-liquid-phase joining method, 204–207
Transmutation blanket, 162
Triple-phase boundary (TPB), see TPB
Tungsten, 28, 148
Tungsten oxide
in ammonium tantalum compound electrolyte,
78, 78
temperature for, 214
zirconium and, 114–115, 114
Tungsten oxide electrodes
gas concentration and, 103
for mixed-potential sensors, 101
nickel oxide and, 109, 112, 113–115
for NO sensors, 109, 112, 113–115
phase diagram for, 114
planar vs. tubular design, 109
sintering of, 119
surface area of, 119
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temperature for, 103, 114

U
Ultra-lean-burn engine systems, 94, 95
Uncertainty, 227, 228, 230
United States of America, emission standards for,
93–94
(Uranium, praseodymium) oxide/platinum
electrodes, 143, 150
(Uranium, scandium) oxide/platinum electrodes,
143, 150

V
Vacancies
aging and, 12
anions and, see Anion-vacancy couples
cations, see Cation-vacancy couples
charge of, 6, 97
chemical potential for, 16, 20
concentration of, 7–9, 18
in cubic structure, 7, 12, 161
defects from, 4–5, 8–9, 16
diffusion and, 6–7, 161
in double layers, 20
in electrical fields, 6
electroneutrality and, 7, 26
Fermi level and, 18, 20
holes and, 6–7
ionic transference number and, 26
mobility of, 7, 16, 27, 141
in Nernst glowers, 1
oxygen partial pressure and, 8
in perfect structures, 6
screening length and, 20
at thermodynamic equilibrium, 97
transfer of, 6
in YSZ, 7, 161
in yttria, 3, 7
in yttrium, 2
Vacant mechanism, 6
Valent zone, 18, 23, 25–26
Vanadium, 27, 28
Vanadium oxide, 214
Van der Waals bonds, 197
“Ventilation” effect, 69–70
Viscosity, 39
Voltage
blocking reaction layer and, 171
decomposition, 171
in galvano-harmonic method, 165–166, 168
in impulse galvanic-static method, 170–171
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vector diagram for, 166
for YSZ-based pumps, 176, 180–181, 183,
186
Volume charge, 20
Volume charge density, 37

W
Wagner diffusion mechanism, 6
Wagner equations
for emf, 9–11, 23, 237
Fick law and, 6
for flow of charge carriers, 5
for work function of electrons, 21
Water vapor
in aluminum processing, 136
in exhaust systems, 96, 217–218
HC sensors and, 124, 125
modeling of, 66
nickel oxide electrodes and, 74–78
NO sensors and, 74–78, 76, 96
oxidation catalysts and, 123
oxygen levels and, 106
platinum electrodes and, 125
porosity and, 136
Water vapor sensors, 123
Welding, 197–201, 201, 202, 207

X
X-ray dissipation factor, 13

Y
YSZ
aging of, 12–15, 15, 16
alumina-doped, see Alumina-doped YSZ
anion-vacancy couples in, 3
cation-vacancy couples in, 3
charge carrier concentration in, 7
CTE of, 206
current through, 7
diffusion in, 7, 52
electronic conductivity in, 7, 137, 141, 163
for exhaust sensors, 97
grain size in (average), 17
hafnium oxide doping of, see Hafnia-stablized
YSZ
hole conductivity in, 163
inductive high-frequency melting technique
for, 144, 146
ionic conductivity of, see Ionic conductivity
of YSZ
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iron and, 28–30
orientation of, 145
oxygen partial pressure and, 1, 9, 24–25, 24,
162
pe’ parameter for, 141–142, 142
phase diagram for, 2, 3
photograph of, 146
polar correction for, 24
resistance of (bulk), 120–121, 148
shape of, 97
single crystal of, 144–145, 146
structure of, 2–4
surface of, see YSZ surface topography
temperature and, 2–4, 9, 30, 163
transference number for, 7
vacancies in, 7, 161
YSZ-based pumps
cylindrical, 188–192, 188
in HC sensors, 116–117, 116, 117
lamellar, 176–188, 177
YSZ-based sensors
bias voltage for, 113
design of, 44–45, 59, 154
errors of, 234
for exhaust monitoring, 97, 128
gas detection cell in, 116
interfaces in, 18, 19
in metallurgical processing, 135–154
modeling of, 50–59
oxygen partial pressure and, 25
photograph of, 63
YSZ/chromium oxide electrodes, 124
YSZ/platinum electrodes, 149–152
YSZ surface topography
3D image of, 18
electrode vs. electrolyte, 17–18
modeling of, 63–64
SEM images of, 17, 19
TEM image of, 19
Ytterbium, 8
Yttria, 2, 3, 7
Yttria-stabilized zirconia (YSZ), see YSZ
Yttrium, 2, 8, 13
Yttrium oxide, 2, 3, 137
Yttrium terbium zirconium oxide electrodes, 116,
118

Z
Zeta potential, 38, 39
Zinc, 29, 144, 148
Zinc chromium oxide electrodes for NO sensors
capacitance and, 120–121
emf and, 101
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gas concentration and, 103, 121–122, 122
impedance-based, 119–122, 120, 121, 122
resistance and, 119–122, 120, 121
temperature for, 103, 113
zinc iron oxide and, 113
Zinc iron oxide electrodes, 103, 113, 220, 221
Zinc iron oxide/platinum electrodes, 221
Zinc oxide, 214
Zinc oxide electrodes
emf and, 101, 102
gas concentration and, 103
for HC sensors, 124, 124, 125
vs. nickel oxide electrodes, 109
for NO sensors, 101, 102, 109, 124
temperature for, 101, 103
Zinc oxide/platinum electrodes, 109, 124–125,
125, 126
Zirconium
reaction layer from, 208
solubility of, 28
tungsten oxide and, 114–115, 114
X-ray dissipation factor for, 13
Zirconium oxide
aging of, 137
alumina and, 137
boiling point of, 137
calcium-stabilized, see Calcium-stabilized
zirconia
cation ratio, 8
cracking of, 198–201, 201, 206
CTE of, 137, 198, 211
decomposition voltage of, 171
density of, 137
electronic conductivity of, 136–137, 137, 142
emf and, 136–137
hydrofluoric acid treatment of, 143
ionic conductivity of, 137, 142
iron and, 28–30, 29
lattice parameter of, 140
melting point of, 2, 137
nanoparticles of, 216
nickel oxide electrodes and, 114–115
O sensors and, 136–137
oxygen partial pressure and, 9, 136–137, 139
partially-stabilized, 199
phase diagram for, 114
properties of, 137
resistance of, 167
scandia-stablized, 14, 97, 109
structure of, 137
temperature for, 114, 136, 137, 142
thermal conductivity of, 137
yttria-stabilized, see YSZ
yttrium terbium electrodes and, 116, 118
Zirconium tungsten oxide, 114–115, 114
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