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AC: Alternating current.

BIMEVOX: Bismuth metal vanadium oxide.
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Introduction

Solid electrolytes are materials exhibiting high ionic and negligible electronic
conductivities. Focus of this thesis is oxygen ion conductors with fluorite type
crystal structure, which are the most extensively studied solid electrolytes because
of their applications in solid oxide fuel cells (SOFCs), oxygen pumps and other
solid state electrochemical devices. Fluorite-structured oxygen ion conductors
usually have a function to transport oxygen ions from anode to cathode and vice
versa.

Solid electrolytes in SOFC must possess stability in reducing and oxidising
environments, good thermal stability, high ionic conductivity, etc. One of the most
difficult challenges is high ionic conductivity. The conductivity of oxygen ion
conductors is thermally activated and, consequently, elevated temperatures of 600-
1000 °C are required to provide sufficient ionic conductivity. High operating
temperature of SOFCs and other devices places severe demands on the materials
used for its construction and brings a bunch of other problems.

A number of fluorite-structured oxygen ion conductors is limited and the
existing ones have been extensively investigated for several decades. Many efforts
have also been made for the improvement of their ionic conductivity. Effects of
dopant concentration and processing on electrical properties have been
comprehensively studied in the literature. However, the characterization of
electrical properties of oxygen ion conductors is challenging as it requires
specialized measurement equipment. Most of practical applications utilize
electrolytes in the form of polycrystalline ceramics, which are made of many
small grains and amorphous glasses or other impurities at the grain boundary
medium. Conductivity relaxation processes, occurring within the bulk (often also
referred to as grain interior) and grain boundary (also referred to as intergrain)
medium of oxygen ion conducting ceramics, have different characteristic time
constants and are exhibited at different frequencies. Therefore, impedance
spectroscopy (IS) measurements in broad frequency range are needed in order to

separate and quantify contributions of bulk and grain boundary medium.



Moreover, even the obtained spectra of electrical properties (i.e. admittance,
impedance, electric modulus and permittivity) of solid oxygen ion conductors
require further analysis and interpretation. E.g., equivalent circuit fitting, which is
one of the most common methods for analysis of raw IS data, requires
development of a circuit, the elements of which would represent physical
processes occurring in the system under study. It means that this method requires
certain a priori knowledge and is adequate only for processes clearly separated in
frequency.

In recent years an alternate method has been increasingly used, which
bypasses the above mentioned shortcomings. It is based on analysis of dispersion
regions of electrical properties, which generally occur as a result of charge carrier
relaxation in electrical field. The relaxation times of charge carrier in real
materials always have a certain distribution, the shape of which in case of fluorite-
structured oxygen ion conductors is close to Gaussian. Width, standard deviation
and other characteristics of the distribution of relaxation times (DRT) of charge
carrier yield information about its dynamics in the investigated materials.

Numerous relaxation process studies have been performed for various
dielectric and conductive systems. However, there have been very few works
dealing with frequency response of charge relaxation in fluorite-structured oxygen
ion conductors. The main cause of this may have been absence of adequate
measurement technique, which would be able to perform high quality IS
measurements in broad temperature and frequency ranges.

However, recently a unique measurement technique has been developed at
Solid State lonics laboratory, Vilnius University. It allows broadband impedance
measurements at temperatures from room temperature up to 1200 K (maximum
tested) and frequencies ranging 100 mHz-~10 GHz [1]. This thesis presents novel
data on zirconia (ZrO,) and ceria (CeO,) based solid electrolytes, obtained by
above mentioned equipment. During the present study, an algorithm for estimation
of DRT function of charge carrier from frequency domain impedance data has

also been developed. So, the obtained impedance spectra were further analysed in

10



order to find the DRT function of charge carrier, which further will be called
simply DRT function. Combination of novel impedance measurement technique
and advanced data analysis tool resulted to original methodology for investigation
of oxygen ion conductors, which has potential to be applied to other materials.

In this case advantages of wide frequency and temperature intervals allowed
to observe the peculiarities of the DRT function’s behaviour with changes in
temperature as well as dopant concentration, which were observed in single
crystals, bulk and grain boundary medium of ceramics, and even at the vicinity of
a structural phase transition in particular ceramic oxygen ion conductor. As it will
be shown, these results provided some interesting findings on conduction

mechanism in the studied oxygen ion conductors.

Aim and tasks of the work

The aim of this thesis is to estimate behaviour of the DRT function in fluorite-

structured oxygen ion conductors.

Tasks of the work are:

1. Estimate the DRT function in oxygen ion conducting yttria-, calcia-, and
scandia-stabilized zirconia single crystals and ceramics, as well as in
gadolinia-doped ceria ceramics.

2. Determine the effects of temperature and dopant concentration on the DRT
function in zirconia- and ceria-based oxygen ion conductors.

3. Determine the DRT function in the vicinity of phase transition in scandia-
stabilized zirconia ceramics.

4. Relate the width of the DRT function to directly measurable parameters.
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Statements presented for defence

. The DRT function in oxygen ion conducting ceramics and single crystals
can be described by nearly Gaussian curve in logarithmic time scale, the
width of which depends on temperature and dopant concentration.

. Structural phase transition in scandia-stabilized zirconia is accompanied by
significant broadening of the DRT function.

. Width of the DRT function in oxygen ion conductors can be indicated by
directly measurable parameters, such as certain characteristic frequencies in

electrical modulus and impedance.

Scientific novelty

. The effects of temperature and dopant concentration on changes in the
DRT function in oxygen ion conducting ceramics and single crystals have
not been studied up to now.

. Character of the DRT function was assessed for the first time in the vicinity
of structural phase transition in scandia-stabilized zirconia.

. Two different relaxation processes in the grain boundary medium of
10 mol% gadolinia-doped ceria ceramics were for the first time detected by
means of impedance spectroscopy.

. Relevant relationship was revealed, which relates the directly measurable

parameters to the width of the DRT function in oxygen ion conductors.
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1. Literature review

The chapter is divided into four sections, reviewing literature relating to
various aspects of fluorite-structured oxygen ion conductors. The first section is
devoted to crystal structure, electrical properties, conduction mechanism and other
factors. The next two sections review effects of chemical composition and
processing on structure and electrical properties of certain zirconia- and ceria-
based oxygen ion conductors. The last one, section 1.4, provides an overview of
methods and procedures that are being used to extract relevant information from
impedance spectra, starting from parameters such as electrical conductivity up to
the DRT function.

1.1. Oxygen ion conduction: general considerations

One of the most interesting part of solid electrolytes is oxides that exhibit
oxygen ion conductivity with none or negligible electronic contribution to total
electrical conductivity.

Fluorite-structured oxygen ion conducting materials have a crystal structure of
cubic fluorite AO, (A - large tetravalent cation), in which A is surrounded by
eight oxygen ions located at the corners of the unit cell, an example of which
(ZrO,) may be found in Fig. 1.1. Defects in the structure are generally generated
by substituting A sites with lower valence cations. It introduces the oxygen
vacancies to maintain overall charge neutrality. Borrowing terminology from
semiconductor technology, this substitution is called as “doping”.

Since the formed oxygen vacancies are mobile and can be used to transport

oxygen through the material, the oxygen ion conductors sometimes are referred to
as oxygen vacancy conductors or simply VS conductors (VS represents oxygen

vacancy in Kroger-Vink notation). One should say that in the absence of an
electric field, the ions exhibit a random motion from one lattice site to another. By
the presence of the applied electric field, the movement of charge carrier is still

random, but with a certain drift in the direction parallel to the electric field.
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Oxygen

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

Fig. 1.1. Crystal structure of YSZ [2].

Concentration of charge carrier in the solid oxygen ion conductors is directly
related to the concentration of defects. Another requirement for high oxygen ion
conductivity is small energy barrier AE, called “conductivity activation energy”
or simply “activation energy”, for migration from an occupied site to unoccupied
one. The ionic conductivity of oxygen ion conductor may be described as:

o = uNg, 1)
where u is charge carrier electrical mobility, N — effective charge carrier
concentration, and g — charge for single charge species. The ionic conductivity
depends exponentially on the AE according to the Arrhenius law:

oT = o, exp(— AE/kgT), (2)
where o, is pre-exponential factor, kg — Boltzmann constant, and T — absolute

temperature. In order to obtain high ionic conductivity at low temperatures, the
value of activation energy should be as small as possible, preferably less than
leV.

Therefore, besides the fluorite, there are only a few particular structures
exhibiting considerable oxygen ion conductivity: perovskites and perovskite-
related oxides, as well as compounds with so-called LAMOX (lanthanum
molybdenum oxide) and BIMEVOX (bismuth metal vanadium oxide) structures.

However, the extent of this work will be limited to fluorite-structured oxides,
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which comprise solid solutions of oxides of divalent or trivalent cations (i.e. Y03,
Yb,03, Ca0) in oxides of tetravalent metals (such as ZrO,, ThO,, or CeO,).

As it was mentioned in the introduction, oxygen ion conductors are generally
utilized in the form of polycrystalline ceramics, which are made via sintering of
powders with carefully controlled chemical composition and particle size
distribution. By sintering the powder compacts are transformed into coherent
solids due to mass transport through diffusion. It leads to grain growth, what
eliminates the pores and provides well defined grain boundary medium [3]. Due to
polycrystallinity of ceramics, its ionic conductivity comprises contributions of
bulk and grain boundary medium. While the bulk conductivity seems to be a
direct function of the level of aliovalent dopants and the associated oxygen
vacancy concentration [4], the literature data on conductivity of grain boundary
medium reveal a broad scattering that cannot be easily explained [4, 5]. In general,
the oxygen ion conducting ceramics always exhibit smaller specific conductivity
than the single crystals due to presence of grain boundary medium. However, the
specific conductivity of grain boundary medium is usually difficult to evaluate due
to uncertainty in volume fraction of grain boundary medium in the sample. For

this reason the specific conductivity of grain boundary medium (o) is often

referred to as measured absolute conductivity of grain boundary medium divided
by sample dimensions.

The information above covers the main concepts of oxygen ion conduction in
solid oxides. It only should be added that there are also more requirements for
oxygen ion conductors used in SOFCs, other than stability in various
environments, thermal stability and high ionic conductivity, which arise due to
their high operating temperatures. These are resistance to thermal shock,
compatibility of expansion coefficient with that of an adjacent material, etc.
Moreover, reducing of operating temperature of SOFCs below 850 °C gives

optimum trade-off between performance and lifetime of the device.
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1.2. Effect of chemical composition and processing on structure and

electrical properties

The magnitude of ionic conductivity is of great importance when talking
about the applications of solid oxygen ion conductors. There are enormous efforts
in literature for the improvement of ionic conductivity, and one of the main

influencing parameters was found to be chemical composition.

1.2.1. Yttria-, scandia- and calcia-stabilized zirconia

Pure zirconia undergoes two phase transitions between room temperature and
its melting point: monoclinic to tetragonal at ~1170 °C and tetragonal to cubic at
~2370 °C (Fig. 1.2). An addition of aliovalent dopants results in stabilization of
the cubic phase even up to room temperature, as well as in creation of oxygen
vacancies. One of the most common dopants is yttrium: such a compound (general
formula Zr,,Y,O,.s) is called “yttria-stabilized zirconia” and noted YSZ. Crystal
structure of YSZ and its general phase diagram are presented in Figs. 1.1 and 1.2,
respectively. As indicated in Fig. 1.2, 8 mol% vyttria is the lowest concentration to
stabilize the cubic phase to room temperature. According to the Kroger-Vink

notation, the substitution of Y by Zr can be expressed as:
Y,0,(Zr0,) - 2Y, +30) + V., (3)
where Y, indicates yttrium ion at zirconium lattice site, with singular negative

charge, O} — neutral oxygen ion, and V" — oxygen vacancy with effective charge

+2.

It may seem that increase in the dopant level and, consequently, introduction
of more vacancies should result in higher conductivity. However, this principle
applies only at low concentrations of dopants for fluorite-structured oxygen ion
conductors, when the increase in conductivity is due to the increase of the amount
of oxygen vacancies. According to the literature data, the ionic conductivity of
these materials varies as a function of dopant concentration and shows a

maximum at specific concentration (Fig. 1.3). A gradual decrease in conductivity
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Fig. 1.2. Phase diagram of the system ZrO,-Y,03 [6].

of YSZ with doping concentration increase is explained by interactions of Y, and
V', that results in a higher energy barrier on the path of vacancy jump [7, 8]. An

optimum doping level in YSZ system was found to be around 8 mol%, which
corresponds to equilibrium between the increase of charge carriers and
interactions between the defects.

It should be noted that most of practical applications of oxygen ion conductors
require high conductivity of the order of 1S/m. As denoted by Eq. (2), the
magnitude of conductivity increases exponentially with increasing temperature.
For example, YSZ exhibits a room temperature conductivity of 10° S/m [11] and
high operating temperature (800-900 °C) is required for YSZ to provide oxygen
ion conductivity of 1 S/m. Specifically, the ionic conductivity of 8 mol% YSZ
(YSZ8) at 1000 °C is about 10 S/m [12, 13]. Therefore materials, which exhibit
sufficient ionic conductivity at lower temperatures, are broadly investigated
worldwide.

Other promising zirconia-based electrolytes are zirconia with the additions of
Sc,03, SM,05, CeO,, CaO, etc. For each dopant, the doping concentration range

for stabilizing the cubic phase varies and is temperature dependent. The
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Fig. 1.3. Conductivity variation as a function of dopant content in

zirconia- and ceria-based polycrystalline ceramics.

temperature dependent conductivity of most zirconia-based solid electrolytes has
been particularly well studied in the literature. It was found that the conductivity
of these materials is not only a function of dopant concentration, but also is
dependent on ionic radius of the dopants. A number of studies have shown that
ionic conductivity of stabilized zirconia depends on the size of dopant cations and
tends to be the highest for those with ionic radii close to that of the host Zr**
(0.84 A) [8, 14]. Indeed, scandia-stabilized zirconia (ScSZ) (Sc** radii 0.87 A)
shows the highest conductivity among Ca?*, Y**, Sm*®*, etc. [4]. It was suggested
that lower mismatch of ionic radii results in lower internal stress in the lattice,
which cause lower barrier for the movement of oxygen ions and, consequently,
lower activation energy.

ScSZ is a promising material with optimum doping of 8-10 mol% (Fig. 1.3).
For example, 9 mol% doped ScSZ ceramics (ScSZ9) exhibits 35 S/m ionic
conductivity at 1000 °C [4], which is slightly higher than that of YSZ8 at the same
temperature. However, certain ScSZ compositions (9-13 mol% Sc,03) suffers a
phase transition from rhombohedral to high temperature cubic phase at around

800-900 K (depending on dopant amount), which is unique for scandia-stabilized
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zirconia [15]. Thermocycling of such material eventually leads to material
degradation. There are reports in the literature that the stabilization of the cubic
phase ScSZ in lower temperatures can be achieved by co-doping with small
amounts (0.5-1.5 mol%) of other oxides (Gd,03, Y,03, Bi,O5; or CeO,) [16]. Still,
the effect of various ternary dopants on this process has not been studied in detail.
It should be also noted that the observed phase depends not only on the
composition, but also on the preparation method, thermal prehistory and
microstructure of ceramics [17]. Combinations of more than one type of dopant
are also quite often used to obtain higher conductivities or other specific
properties.

Another ordinary zirconia-based solid electrolyte is calcia-stabilized zirconia
(CaSZ), which is also extensively studied because of its high conductivity and
stability. Charge carrier compensation mechanism in CaSZ is slightly different
than that in YSZ. E.g., in YSZ the substitution of Zr** by Y** causes formation of
oxygen vacancies, the amount of which is equal to half the amount of Y** ions.
Whereas in CaSZ the amount of vacancies is equal to number of Ca** ions and is
twice higher than that in YSZ. Despite the latter fact, CaSZ system shows similar
behaviour to that of other stabilized-zirconia systems. According to the literature
data, ionic conductivity of CaSZ exhibits maximum at around 12-13 mol% CaO
concent (Fig. 1.3) [9]. Further increase in dopant concentration leads to decreased
ionic conductivity, in the same way as in other solid oxygen ion conductors.
Though, conductivity of CaSZ was found to be significantly lower than that of
YSZ in broad temperature range. E.g., the most conductive composition of CaSZ
(CaSZ12) exhibits ionic conductivity of 7.2-10* S/m at 400 °C, whereas YSZ8
shows 1.8-10 S/m at the same temperature [18].

Conductivity activation energy AE is also important parameter of oxygen ion
conductors, since it characterizes sensitivity of conductivity to temperature
change. However, the value of activation energy depends on many factors, such as
dopant type, its concentration level, grain size of ceramics [18] and even selection

of the temperature range [8]. According to the literature data, activation energies
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for stabilized zirconia varies approximately from 0.9 eV for YSZ3 [19] to 1.4 eV
for ScSZ9 [20]. Due to its complex nature, a detailed survey of activation energy
will not be dealt in this literature review.

In general, the zirconia-based electrolytes are the most common electrolytes
for SOFCs, since they comply with the key requirements for electrolytes of
SOFCs: high ionic conductivity, high mechanical and chemical stability, etc. [21].
It should be also noted that zirconia ceramics exhibit minimum electronic
contribution to total conductivity. Another favourable factor is that zirconia, as a
base of these electrolytes, is considered to be abundant and relatively low cost
material. Although the stabilization of zirconia with yttria does not yield the
highest conductivities, yttrium is the most frequently used dopant because of
availability and cost. Calcia as dopant is much less popular, probably due to its
lower conductivity, whereas, scandia as dopant is considered to be too expensive

to be suitable for industrial applications.

1.2.2. Gadolinia-doped ceria

Other common class of fluorite-structured oxygen ion conductors is based on
ceria, which is also doped with Gd,03, Sm,03, Y,03, etc. Ceria-based electrolytes
are of considerable interest due to its high ionic conductivity, which in some cases
is even higher than that in stabilized zirconia [22].

Regarding stabilized zirconia, optimum dopants for Ce*" (0.97 A) are Y**
(1.019 A) and Gd** (1.053 A) due to proximity of its atomic radii. However, there
is still discrepancy in understanding the relationship between the dopant properties
and the ionic conductivity [23]: gadolinia-doped ceria (GDC) has higher ionic
conductivity than yttria-doped ceria [24], although the best match for ionic radius
of Ce*" (0.97 A) is yttrium. Since pure ceria already has high temperature phase,
and the addition of dopants is carried out solely for the creation of oxygen
vacancies, such an operation is called “doping” instead of “stabilization” as for

zirconia-based systems. GDC has shown ionic conductivity comparable to that of
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ScSZ at 600-800 °C [25]. Activation energies of GDC varies approximately from
0.5to 1.0 eV for GDC containing 10 mol% Gd,0; (GDC10) and 20 mol% Gd,O;
(GDC20), respectively [26].

An optimum gadolinia level for the highest conductivity of GDC shows some
discrepancy. Different reports present different optimum concentrations: 10 mol%
[10, 27], 15 mol% [28-31] and 20 mol% [32-35]. Contradictory of these results
are explained by temperature dependence of optimal dopant concentration, which
shifts towards higher value with temperature increase. However, all the mentioned
GDC studies have observed presence of certain optimum composition beyond
which the conductivity decreases in the same way as for stabilized zirconia.

Doped ceria is frequently referred to as an alternative for stabilized zirconia in
various applications. However, it is known that ceria-based compounds have an
important disadvantage related to reduction of Ce** to Ce®*" at high temperatures
and low oxygen partial pressures [36]. Therefore ceria under reducing
environment becomes so-called reduced ceria CeO,.;, where & = {Ce**}/2. Such a
modification leads to appearance of electronic conductivity, which in most
applications is undesirable. Although this problem may be partially solved by
decreasing operating temperature of devices to below 950 K or other means [37-
41], their implementation brings additional issues. Therefore, application of ceria-
based electrolytes is often hindered [42, 43].

In general, both zirconia- and ceria-based oxygen ion conductors are
promising for various applications. Considering the effect of chemical
composition on the electrical properties of reviewed solid electrolytes, it may be
concluded that the main points are both the proximity of dopant and host ionic

radii, and appropriate concentration of dopant.

1.3. Effect of processing on electrical properties

Chemical composition is not the only parameter affecting electrical properties

of fluorite-structured oxygen ion conductors. Processing conditions, which include
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fabrication and sintering of ceramic samples, as well as a thermal prehistory, may
also greatly influence its electrical, mechanical properties [44] and even optimal
concentration of dopants for the highest conductivity.

Lots of studies dedicated to the investigation of the sintering conditions
influence on electrical properties of polycrystalline oxygen ion conductors can be
found in the literature. Results show that the sintering temperature and other
factors greatly affect relative density of ceramics and its microstructural features,
such as dopant segregation, impurities, and formation of ordered micro domains,
which in turn greatly influence electrical conductivity of polycrystalline materials.

Before beginning a more detailed review, it should be noted that commercially
available powders of zirconia- or ceria-based oxygen ion conductors require high
sintering temperatures of about 1500 °C [23, 34, 45-47]. Lower sintering
temperatures usually lead to not fully sintered ceramics with low relative density
and consequently poor conductivity. E.g., a relative density of YSZ ceramics
changes from 50 to more than 90 %, when the sintering temperature increases
from 1200 to 1450 °C [48]. There is also a study indicating that relative density of
98 % was achieved for zirconia- and ceria-based ceramics at sintering
temperatures higher than 1400 °C [49, 50]. As can be seen, the sintering
temperature plays an important role in sintering process, since it is said that for
main applications, such as SOFC, a relative density of electrolyte > 94 % is
required.

On the other side, it is known that high sintering temperatures result in grain
growth [51]. E.qg., grain size of YSZ3 ceramics sintered at 1400 °C was found to
be less than 1 um, whereas that at 1500 °C exhibited 2.3 um [52]. Increase in
grain size is usually undesirable, as it leads to decrease of a hardness of ceramics
[53]. Moreover, as the sintering temperature increases up to 1600 °C and above, a
further growth of grains and formation of hollow holes were detected in stabilized
zirconia ceramics [51].

There are many studies considering effects of sintering temperature and grain

size on electrical conductivity in zirconia- and ceria-based solid electrolytes. Most
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of these agreed that the bulk conductivity is not affected by grain size and
sintering temperature, while the conductivity of grain boundary medium was
found to be dependent on both of these factors. However, a wide variety of results
are presented in literature. As examples may be mentioned GDC10 and GDC20
ceramics. E.g., Jadhav et al. [54] reported that increase of the GDC10 ceramics
sintering temperature up to 1500 °C leads to increase of total conductivity and
decrease of its activation energy, which was attributed to the increase of bulk
conductivity. Studies by Okstizémer et al. [26] and Lenka et al. [55] have also
showed increase in the bulk conductivity with increase in sintering temperature for
GDC10 and GDC20 ceramics, which was explained by grain growth at high
temperatures. Whereas work by Arabaci et al. [56] revealed an increasing trend in
conductivity of grain boundary medium for GDC10 with the increasing sintering
temperature. Moreover, Reddy et al. [50] determined considerably different
activation energies of conductivity of grain boundary medium, namely, 0.94 and
1.2 eV for GDC10 ceramics sintered at 1100 and 1400 °C, respectively. Similar
inconsistencies may also be found on sintering temperature of ceramics made of
other oxygen ion conductors. Therefore it is difficult to define optimum sintering
temperatures, which would definitely lead to maximum total conductivity.

The effect of grain size on the electrical conductivity of solid electrolytes was
also observed. A number of studies revealed slightly decreased or constant
conductivity of YSZ [57-59] and GDC [60] ceramics, as the grain size decreased
from 20 to 0.2 um. When the mean grain size was 100 nm or less, opposite and
stronger grain size effect was found to occur. Increasing conductivity with
decreasing grain size has been reported for thin films of solid electrolytes [61, 62].
E.g., ionic conductivity in nanocrystalline YSZ16 thin films with average grain
size of 20 nm was found to be increased by 2-3 orders of magnitude as compared
to that of coarse-grained ceramics [63]. Similar conductivity improvement was
also observed in GDC thin films when mean grain size decreased from 40 to
10 nm [64]. However, the ionic conductivity in bulk YSZ ceramics with nano-

sized grains was found to be poor or even not existing [59, 65-70]. So, the
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increase in conductivity of nanocrystalline solid electrolytes was observed in thin
films only.

Since high sintering temperature results in high grain size, higher energy
costs, increased chemical interactions, and difficulties in co-sintering, many
efforts have been made for its reduction. Proposed solutions comprise addition of
various additives [71], increase in sintering time, and by taking advantages of
particular sintering methods (e.g. pulsed electric current sintering, pressureless
sintering, hot pressing, microwave sintering) [70], all of which requires additional
instruments. It should be noted that there are also more variables regarding
optimum processing conditions of oxygen ion conducting ceramics, such as
sintering duration, surface area of powder, etc. There is a lot of contradictory
information in the literature, what indicates complexity of the subject or even
presence of unknown or uncontrolled parameters in processing of ceramics.
Therefore, despite lots of studies dedicated to the investigation of processing’s
influence on ionic conductivity, various factors still should be understood in order

to enhance ionic conductivity.

1.4, Methods for analysis of experimental impedance spectroscopy data
and estimation of the distribution of relaxation times

The electrical properties of solid electrolytes are usually investigated by IS. IS
is commonly used to study influence of external factors, such as temperature or
partial pressure of any gas, on electrical properties of the system. It provides
electrical properties (i.e. admittance, impedance, electric modulus and
permittivity) as a function of frequency.

A typical frequency dependence of the real part of complex conductivity is
presented in Fig. 1.4, which indicates three relaxation dispersions. Here it may be
recalled that polycrystalline ceramics consist of different resistive and capacitive
components, which causes different relaxation times of charge carrier.

Considering the literature data [72, 73], dispersion at low frequency range is
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attributed to ion relaxation in the electrode-electrolyte interface. In case of
polycrystalline ceramics, dispersion at the intermediate frequency is caused by
charge carrier relaxation in grain boundary medium, whereas that one at high
frequency region is assigned to charge carrier relaxation in the bulk of solid

electrolyte.

bulk

N,

grain boundary medium

lg(0)

N\

electrode-sample interface

lg(f)

Fig. 1.4. Schematic illustration of conductivity vs. frequency for oxygen ion

conducting ceramics.

Electrical parameters of ceramics may be determined by analysis of complex
impedance or other representations of electric properties. The most common
analysis is made using equivalent circuits, which consist of common electrical
components such as resistors (R), capacitors (C), as well as distributed elements
such as constant phase element (CPE). Fitting of selected equivalent circuit model
to experimental data is easily carried out by specific non-linear least squares
fitting software. Although many equivalent circuit models have been reported in
literature, a very basic equivalent circuit for polycrystalline ceramics may be
consisted of three parallel R and C circuits in series (Fig. 1.5(a)). Parallel RC
elements are certain relaxation circuits with time constant r =RC. In Fig. 1.5(a)

represented R, and Cy, refer to resistive and capacitive regions of the bulk, Ry, and
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Cyp — to resistive and capacitive regions of the grain boundary medium and R, and
C. correspond to processes at electrode-electrolyte interface. In this case each RC
element obeys an ideal Debye behaviour and the complex impedance of the circuit

can be written as:

~ . 1 1 1
Z(w)=2"-12"= + + ,
(©) VR, +iaC, 1R, +iaC, 1R, +iaC, (4)
where o is the angular frequency, and i — imaginary unit. The impedance of such

a circuit on a complex plane plot (2" vs. Z') representation, which is also
frequently called “Nyquist plot”, appears as a series of somewhat overlapping
semicircles (Fig. 1.5(b)). Diameters of these semicircles correspond to resistances
related to the bulk, grain boundary medium and electrode-electrolyte interface.

Since the processes in these regions have different relaxation frequencies f,,

which correspond to the top of each semicircle and refer to maximum value of the
imaginary component, this plot allows the resistances to be separated. The

relaxation time of each process can be determined from the relation oz =1, where

w=2xf, and 7 is the relaxation time of the process (or time constant of the

relaxation circuit). However, frequency is only a parameter of complex plane plot,
the direction of increase of which is indicated by arrow in Fig. 1.5(b): low
frequency data are on the right side of the plot and higher frequencies are on the
left. Since the frequency is not directly evident, if it is required, it needs to be
determined by other means.

It should be also noted that most relaxation processes in real materials exhibit
non-Debye behaviour, which is caused by certain DRT of charge carrier.
Therefore experimental results deviate from ideal capacitor or resistor behaviour,
and in complex impedance plane plots appear as depressed semicircles with centre
below the real axis. In general it may be concluded that a degree of the distortion
of semicircle observed on the complex plane plot is related to measure of DRT of
charge carrier and the higher is the distortion, the more widely distributed are
relaxation times. Main theories used to describe this occurrence are reviewed in

[74]. In some cases the deviations from ideal behaviour are ignored, whereas in
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other cases these features are included in the equivalent circuit above by replacing
the capacitors by CPEs. The impedance of CPE is written as 1/Q(jw)", where Q
and n are frequency independent parameters. In case of n=0 CPE represents an
ideal capacitor with capacity C =Q, while in case of n=1, CPE describes pure

resistor with a resistance value of R=1/Q.
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Fig. 1.5. Equivalent circuit for polycrystalline oxygen ion conductor (a) and

complex plane impedance plot for this circuit (b).

Equivalent circuit fitting is very convenient and widely used tool for
modelling of charge transfer processes. It also allows to determine specific
parameters of oxygen ion conductors such as conductivity, high frequency limit
permittivity, etc. However, since circuit elements needs to be assigned to physical
phenomena situated in a system under consideration, an application of the method
requires certain a priori knowledge. Equivalent circuit models are also ambiguous,
because different arrangements of the circuit elements can yield exactly the same

impedance curves [75]. Moreover, the latter technique is adequate for processes
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clearly separated on a logarithmic frequency scale only, whereas overlapping
dispersions may be difficult to resolve.

Also there is another approach for analysis of impedance spectra of solid
electrolytes, which involves description of AC response by empirical frequency
domain functions. One of the most widely used expressions is called “Jonscher
power law” or “universal dielectric response”. This function divides frequency
dependence of real part of electrical conductivity to frequency independent DC
conductivity (o) and frequency dependent part:

o'(0)=0pe + A", (5)

Here A is a constant for particular temperature and n is a power exponent,
which characterizes deviation from the Debye behaviour and can assume values
between 0 and 1. For oxygen ion conductors experimental n values are often
reported to be between 0.5 and 0.8 [76]. Many studies have demonstrated, that a
wide variety of materials, including oxygen ion conductors, as well as many other
solid electrolytes with hopping charge carrier, exhibit quite similar frequency
dependence of AC conductivity, which may be described by Eqg. (5). Also there is
a number of other models, such as those of Davidson and Cole [77], Kohlrausch-
Williams-Watts [78], Havriliak-Negami [79], etc., used to describe relaxation
behaviour of dielectric and conductive systems. A fit of these functions to
experimental data provides certain parameters, related to the character of
relaxation processes. However, an interpretation of the obtained data by means of
empirical frequency domain functions requires a priori knowledge of number of
processes in the system. As the available information does not appropriately
reflect the actual processes in the material, this technique, as well as equivalent
circuit modelling, gives erroneous results.

However, in recent years, an alternate method has been increasingly used,
which allows a determination of the DRT function directly from the frequency
domain data and bypasses the need for a priori knowledge of the physical
processes. In contrast to these two above described methods, this one is able to

separate processes with comparable relaxation times. The most common
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applications of this technique are dielectric systems. In this approach a complex
permittivity spectrum & (w)=¢&'—ig" can be described by an ensemble of Debye

processes with continuous DRT function (similarly as in [80]):

s(w)=¢ +.T Jgfr) dlgr, (6)

where g(zr) — continuous DRT function (g(z) > 0), and ¢, — high frequency limit
permittivity.

In case of conductive systems this technique is based on an assumption that
complex impedance spectrum Z(w) may be represented as superposition of the
elements with individual relaxation times. In other words, the system is assumed
to consist of an infinity number of RC circuits, the impedance of which may be
expressed by the following integral in a similar way as in [81]:

7 () = zw+zDCT @ g, )

0

1+lor

where f(z) — DRT function (f(r)>0), and z, - high frequency limit
impedance. In such a notation, f(z)-(1+iwr)'dz represents the contribution of
processes with relaxation times between 7 and 7 +dz .

Solutions of Egs. (6) and (7) are of high importance, since they give
information about dynamics of charge carriers. However, these equations have
form of a Fredholm integral equation of the first kind and it is known that direct
extraction of g(z) from £(w), as well as f(z) from Z(w) is mathematically ill-
posed problem, which means that solution may be not unique, or it may be
extremely sensitive to errors in initial data. It should be noted that, as the dielectric
or conductive system is characterized by real and imaginary parts of permittivity,
impedance or other experimentally obtained property, the application of Egs. (6)
and (7) requires good quality of data, which would obey Kramers-Kronig
relations. Moreover, since the experimental data points are discrete and the
continuous distributions are also represented by discrete points, one must expect

that there will always be some error in the estimated DRT function.
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But even so, a number of special techniques have been proposed for
approximate solution of ill-posed problems. Main of these are Marquardt-
Levenberg search algorithm [82], Monte-Carlo method [83, 84], combination of
Fourier analysis, extrapolation and filtering [81], evolutionary programming
techniques [85], and different regularization techniques, such as Tikhonov
regularization method [86]. The latter method is one of the most convenient and
most frequently used in practices and therefore was chosen in this study. The term
“regularization” in its name means that it involves certain residual function, which
measures the smoothness of the solution and is controlled by choice of certain
regularization parameter.

Numerous studies have been carried out to estimate the DRT function directly
from experimental data. However, the majority of reports were dealing with the
behaviour of DRT function of dielectric systems. E.g., group of works by J.R.
Macdonald [73, 77, 87, 88] has presented a number of techniques for analysing
dielectric response in frequency domain by means of numerical methods, which
have been applied to synthetic and experimentally obtained data. Some other
successful examples by E. Tuncer et al. [83, 89], V.A. Stephanovich et al. [90], F.
Aslani et al. [91], H.E. Atyia [92], A. Mikonis et al. [93], J. Macutkevic et al. [80]
should be also mentioned.

Much more limited number of studies were dealing with conductive systems.
Probably the most comprehensive group of works on DRT function of conductive
systems [81, 94-98] was published by E. Ivers-Tiffée and colleagues. They have
developed a method, which allows calculation of f(z) directly from imaginary
part of the experimental impedance data [81]. The proposed algorithm is based on
inverse Fourier transformation with subsequent extrapolation and digital filtering
in the transformed space. Thereafter this group have reported the results of
extraction of DRT function for a number of electrochemical systems, such as
cathode-electrolyte-anode interfaces in SOFCs [81, 94, 95, 97-99]. The method
applied in the studies allowed to resolve up to three distinct relaxation processes

within one frequency decade [81]. The obtained data were used for identification
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of physical processes in the respective elements, as well as for the improvement of
frequency resolution of the impedance data [96].

Another significant contribution to this field was made by group of Y. Tsur,
which has introduced genetic algorithm (GA) and genetic programing (GP)
approaches [85, 100, 101]. The GA fits the DRT function to a predetermined
model, such as Gaussian distribution function, whereas when more than one
process is considered, a superposition of selected models may be applied. The GP
algorithm is quite similar to the GA, with the main difference that it creates new
models of DRT function by combining certain mathematical functions.
Optimization of these models is in both cases performed by specific strategy,
which is based on algorithms similar to those observed in nature and therefore is
called *“evolutionary programming”. An analysis of experimental data for
niobium-doped BaTiO; by GA and GP algorithms revealed that the DRT function
in these samples may be good enough represented by functions based on Gaussian
function. More recent study by S. Hershkovitz, S. Baltianski, and Y. Tsur [101]
has reported four different peaks in the DRT function, made of combinations of
Gaussian, Lorentzian, and hyperbolic secant, obtained by GP algorithm for
symmetric cell made of lanthanum strontium cobalt ferrite (LSCF) and GDC.
Another work by S. Hershkovitz et al. [100] is the only paper of others, than the
author of this dissertation, found that deals specifically with the DRT function of
fluorite-structured oxygen ion conductor (GDC10). Most of other existing studies
are dedicated to the DRT function related to the electrode-electrolyte interface or
electrolytes with another structure. In case of GDC10, the GP algorithm has also
detected four different peaks in the impedance spectra obtained by 2-electrode
method. However, a detailed assignment of peaks to their physical origin could
not be done due to certain features of measurement method and limited frequency
range of measurement equipment used in the study (100 mHz-1 MHz).

Other particular contributions to development and implementation of methods
for estimating the DRT function of conductive systems should be also mentioned.

E.g., Francesco Ciucci et al. [102] have presented method based on Bayesian and
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hierarchical Bayesian approaches, which is very similar to Tikhonov
regularization one. B.A. Boukamp has also developed Fourier transform-based
algorithm [103], similar to that of E. Ivers-Tiffée et al. In the same work by B.A.
Boukamp is presented a collation of DRT functions for LSCF, which were
obtained by two different methods: the GA algorithm and method, developed by
B.A. Boukamp on its own. Though, practically all previous experimental studies
of electrical properties of solid oxygen ion conductors were carried out in limited
frequency range or temperature interval. The main reason for this may have been
that relaxation frequencies at elevated temperatures exceed limits of conventional
measurement techniques. Since microwave measurements are not widely used by
researchers of solid electrolytes, this factor restricts opportunities to observe
changes of obtained dispersions’ region in broad temperature range.

The applications of equivalent circuit fitting and empirical frequency domain
functions, as well as the above described methods for estimation of the DRT
function, enable to estimate relevant information on the investigated material from
impedance spectra. E.g., they allow to measure dielectric and charge transport
properties of the solid electrolytes. Estimated parameters of the materials can be

also used for prediction of the behaviour of systems under various conditions.

2. Experimental

This chapter reviews processing of the studied samples, as well as methods
and techniques applied to their investigation. Since the IS is the main tool for
characterising electrical properties of solid electrolytes, and during the study a
new measurement technique was developed, the main focus is focused on this
method and subsequent analysis of the obtained results. Other techniques, such as
scanning electron microscopy, differential thermal analysis and X-ray diffraction,

are also outlined in this chapter.
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2.1. Material processing

A wide range of materials was used in order to summarize the electrical
properties and other characteristics of oxygen ion conductors. Most of samples
studied were in the form of polycrystalline ceramics, which have found extensive
applications due to its fast production that requires no sophisticated equipment.
Two zirconia-based single crystals were also included in the study, since the
influence grain boundary medium is eliminated in this type of samples. A

complete list of the materials studied is presented in Table 1.1.

Table 1.1. Studied oxygen ion conductors.

Compound Chemical Form
formula

YSZ3 Z10.97Y 00301 97 ceramic

YSZ8 Z10.92Y 00801 96 ceramic
YSZ10 ZrgoYo101905  single crystal
ScSZ10 Z10.9SC0101 95 ceramic
CaSZ15  ZrggsCag150185 Single crystal
GDC10 Cep9Gdg 101 g5 ceramic
GDC20 CepsGdy 201 9 ceramic

The YSZ and CaSZ single crystals, grown by the skull melting method [104,
105], were obtained from Swiss Federal Institute of Technology (Switzerland).
Solid electrolyte ceramics were sintered from commercial powders, produced by
company “Fuel Cell Materials”. Pure powders without any additives were first
preheated at 600 °C for 2h in an air, and then uniaxially cold pressed in a steel die
of 8 mm diameter. Sintering of the powder compacts was performed in air
atmosphere at various temperatures from 1100 to 1500 °C for 1 or 2 h with a
heating rate of 5 °C min™. Density of the obtained products was determined by
geometric and Archimedes methods. The reached density values of the sintered

ceramics were not lower than 94 %.
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2.2. Broadband impedance spectroscopy

IS is a powerful tool used to characterize ionic conductors, processes in which
take place simultaneously but with different time constants. The method may be
used in the study of conductive single crystals, ceramics, glasses, as well as other
materials. Impedance measurements were carried out at Solid State lonics

laboratory, Vilnius University.

2.2.1. General considerations

The electrical impedance is a complex ratio of voltage to current in an AC
circuit. It extends the concept of resistance to AC circuits, and possesses both
magnitude and phase, unlike resistance, which includes magnitude only. The

impedance spectrum is usually represented in complex form Z (o) = Z'(0) -iZ"(®) .

The real part of impedance is the resistance Z’=Re(Z):‘Z‘cose, and the
imaginary part is the reactance Z" = Im(Z~)=‘Z~‘sin0, where 6 =arctan(Z2"/Z') is

the phase difference between voltage and current. Since Z denotes absolute

impedance, which can be related to the specimen dimensions, more important
property for estimation of material properties is the specific impedance Z . The

specific impedance is defined as the product of its absolute impedance Z and

ratio of the electrode area S and sample length I:
7=275/1. 8)
There are several other derived quantities related to impedance, which often
play important roles in IS. These are specific admittance 6(w)=2z"=0c"+ic",
specific electric modulus M(w) =iwe,z=m'+im”, and permittivity £(w). The
listed specific properties represent physical characteristics of the material, and

since this study will deal with specific properties only, the word “specific” will

usually be omitted.
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Generally speaking, the measurements of electrical impedance are usually
made with specimens having two identical electrodes applied to the faces of a
sample. In a typical experiment, a small electrical signal is applied to perturb the
system, and the resulting linear response signal of current or voltage is observed
as a function of the perturbation frequency. It is usually assumed, that the
properties of the electrode-electrolyte system are time invariant, and the response
IS monitored.

IS has multiple possible experimental setups developed, the most important of
which for oxygen ion conductors are 2- and 4-electrode methods, which will be
described in more detail in the next sections. In this work the investigations of

electrical properties were performed by combining both these methods.

e

Fig. 2.1. YSZ single crystal samples prepared for IS measurements.

Two types of samples were prepared for distinct IS techniques. Measurements
by 2-electrode method were performed using cylindrical samples of 1.5 mm in
length and up to 3 mm in diameter (Fig. 2.1, two samples on the right). Whereas
rectangular samples of about 8x1.5%1.5 mm were needed for 4-electrode method
(Fig. 2.1, sample on the left). The electrodes of the samples were prepared using
Pt paste made by “Gwent Electronic Materials LTD”, fired at 1073 K, except for
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voltage electrodes in case of the 4-electrode method, where platinum wires turned

around the sample were used.

2.2.2. Measurement technique at low frequencies (100 mHz-2 MHz)

Impedance measurements at low frequency range were carried out by recently
developed impedance spectrometer (described in [106]), operating in the
frequency range of 100 mHz to 2 MHz. The equipment is capable of performing
2- and 4-electrode measurements in sample temperatures ranging from 300 to
about 900 K. Hardware of this spectrometer is also capable to perform
measurements in both frequency and time domains.

The impedance by the 2-electrode method is obtained by measuring the
current through sample and the resulting voltage drop. The latter measurement
technique is quite common, however, at low frequency range it quite often gives
complex results that are difficult to interpret. The problem is that for the
measurement of both physical quantities are used the same two electrodes. In such
a way, it is not possible to measure the impedance of the sample itself, since the
electrode-sample interface affects the total response. In case of highly conductive
materials at low frequencies, the effects at the electrode-sample interface may
obscure any useful information. E.g., this shortcoming restricts opportunities to
directly measure the electrical properties of grain boundary medium of any
polycrystalline oxygen ion conducting ceramics due to strong electrode-electrolyte
interface polarization effect. Therefore overcoming this problem is very important.

The electrode-sample interface effects quickly become negligible when
moving away from the electrode, which suggests that optimal voltage
measurement points are in the bulk of the sample. This is the main point of the 4-
electrode impedance measurement method, where the voltage measurement
electrodes are placed on the sides of the sample, away from the current electrodes
(as illustrated in Fig. 2.1). This measurement setup has a considerable

experimental advantage over 2-electrode one, however, it requires advanced

41



hardware. E.g., since no current must flow in the voltage electrodes, it is necessary
to use a differential amplifier with an extremely high input impedance and low
capacitance. It should be noted that there are several commercial impedance
spectrometers, operating in frequencies ranging from pHz up to a few MHz, that
are available from Solartron Analytical, Novocontrol, Agilent Technologies,
Gamry Instruments, Autolab, etc. Still, almost all of these spectrometers operate
using 2-electrode method, and Novocontrol only offers a 4-electrode impedance
measurement system. However, the capacitance of the differential voltage input is
high, reaching 10 pF, whereas that of equipment used in this study is less than
2 pF.
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Fig. 2.2. Schematic overview of the impedance spectrometer operating in 2- and

4-electrode methods (a) and its photograph (b).

The latter impedance spectrometer consists of several distinct components,
which are shown in Fig. 2.2. The electrical signals are measured by a two channel
computer oscilloscope “Handyscope HS3” (TiePie), which has an adjustable
resolution (12, 14, or 16 bits) and a built-in function generator. A generated
sinusoidal signal is applied to the sample through a buffer. Investigations were
usually performed by applying sinusoidal signal with amplitude of 6 mV. The
current through the sample is measured by a current to voltage (I-V) converter,

which feeds the signal to the first channel (CH1) of the oscilloscope. In case of 4-
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electrode operation, a differential amplifier is connected to measure the voltage
drop on the sample, the output of which is fed through the switch S to the second
channel (CH2) of the oscilloscope. Otherwise, 2-electrode voltage measurements
are taken by connecting the buffer’s output to the oscilloscope’s CH2 input.

The sample is placed in a custom sample holder. The holder assembly is
connected to a digital thermometer “TMD90A” (Amprobe) and a custom
computer-controlled power supply for the heater, which are used for temperature
control of the sample. All of the control logic of the spectrometer, signal
processing, as well as data storage and analysis are implemented in Matlab
software. Measurements by both 2- and 4-electrode methods provided

experimental data with 40 points per frequency decade.

2.2.3. Measurement technique at high frequencies (300 kHz-~10 GHz)

IS investigations at high frequency range (from 300 kHz to ~10 GHz) were
based on the measurement of scattering parameters (S-parameters) matrix for a 2-
port network made of a coaxial waveguide and a sample, inserted in the gap of a
central conductor. Since the electrode-electrolyte interface effects are manifesting
at low frequencies only, solely 2-electrode method was applied in high frequency
region.

Before beginning a more detailed review, it should be noted that in total there
were three different impedance spectrometers used for investigation of oxygen ion
conductors in this study. The measurements carried out during the first years of
PhD studies were performed by using the low frequency spectrometer detailed in
subsection 2.2.2. and previously developed equipment for impedance
measurement in frequency range from 300 kHz to 3 GHz [107]. Analysis and
interpretation of these results are presented in subsections 3.1.1 and 3.1.2. The
remaining results (except these obtained by 4-electrode method), presented in
sections 3.1.3. and 3.2., were measured by new recently developed ultra-
broadband impedance spectrometer operating at frequencies from 100 mHz to

about 10 GHz. It combines already described low frequency equipment and the
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high frequency one, which will be specified below. More details about the method
of measurements in high frequency range are presented in [1].

Since the microwave measurements are not widely used by researchers of
solid electrolytes, it is difficult to find any commercially available equipment
which would be suitable for oxygen ion conductors at high frequency and elevated
temperatures. Therefore, a new methodology for impedance measurement at broad
frequency and temperature ranges was developed at Solid State lonics laboratory,
Vilnius University. It should be noted that there already were methods applicable
at temperatures close to 1000 °C, such as so-called “open-ended coaxial probe”
[108-111], or resonator methods [112, 113]. However, the newly developed
technique employs a new model of the measuring circuit (MMC), which is much
more accurate than the one presented in [107], as well as a measurement method,
specifically developed for a specific sample holding system. The main advantage
of this technique as compared to others is dramatically reduced influence of the
transmission line’s thermal expansion, which is particularly important in high
temperature applications.

The second important property of the proposed method is that the MMC takes
into account the parasitic reflections of the sample holding system. Therefore
there is no necessity to have a sample holder with the characteristics approaching
an ideal transmission line. This is especially important in the GHz frequency
range. Furthermore, this model takes into account the distribution of the
electromagnetic field in the measuring capacitor (MC) without solving a
complicated electrodynamics problem, which generally involves complex
calculations (e.g., [114, 115]). The method is suitable for determination of specific
electrical (complex permittivity, electrical modulus, impedance, conductivity) and
corresponding absolute properties of small samples. The only feature of this
method, which, in some particular cases, could be considered as a shortcoming, is
that it requires knowledge of a full two port scattering matrix.

The proposed MMC assumes that the device under test is a coaxial waveguide

with a sample to be measured inserted in the gap of the central conductor
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(Fig. 2.3). The testing device is connected to the ports of the network analyzer in
planes A-A and B-B, and one must assume that a perfect measurement of the full
two port S-parameters in these planes is possible. The ends of coaxial waveguide
are fixed, thus telescopic construction of the external conductor maintains overall
length of the line constant during heating. Telescopic construction of the internal
conductor, employing a spring, allows the short-circuiting of the line and the
insertion of varying length samples. A photograph of the developed respective

measurement setup is presented in Fig. 2.4.
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Fig. 2.3. Structure and equivalent circuit of the coaxial sample holder.

Formalism of scattering transfer parameters (T-parameters) is preferable for
the analysis of cascading networks. The relationship between matrices S and T,
and their parameters may be defined as follows [116]:
1 =SuS2+5125n Sy

T=
Sn =Sy 1| ©)
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Network analyzer

Fig. 2.4. Photograph of the measurement setup. Swl and Sw2 denote microwave
switches, which, when required, connect the network analyzer to the electronic

calibrator.

The equivalent circuit of this sample holder consists of several two-port
networks. When the sample holder is short circuited, one can write the transfer
parameters Tgc for the whole transmission line:

Tsc = LsRs. (20)

Here Ls and Rs are the T-parameters of the left (Ls) and right (Rs) sections of
the non-ideal 50 Q coaxial transmission lines, respectively. It is considered, that
both sections are short-circuited in the reference plane C-C (Fig. 2.3), which
passes through the centre of the sample to be measured. If the sample is inserted,
both of the mentioned sections become shorter. Also, the electrical length of the
transmission line section with the sample is not equal to its geometrical length and
depends on the geometry, as well as on the electrical properties of the sample. A
change in the electrical length of the transmission line due to sample insertion is
represented by two small ideal transmission lines Cor,. As the temperature rises,
the length of the section Rs increases due to thermal expansion (short ideal line
Cor;), while simultaneously shortening the left section of the structure within the
telescopic assembly by the same amount (line Cor;™). This compensates the total

elongation of the central conductor. Let Cor; and Cor, be the T-parameter
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matrices of the corresponding sections. If the T-matrix of the MC is Xy, one can

write:
T, = LsCor, *Cor,X,,.Cor,Cor,Rs (11)
Here Ty is the transfer matrix of the overall transmission line and
_Zwe Zwe
Xoo| zue | Zue (12)
2 2

Zyc is considered to be a lumped parameter, which in Eq. (12) stands for the
impedance of the MC, normalized to the characteristic impedance of the
transmission line.

The results of the testing, using a coaxial sample holder made from a
refractory ceramic coated with platinum, demonstrate that the method is suitable
for carrying out measurements in the megahertz and gigahertz frequency range up
to about 1200 K and higher temperatures. Investigations of solid oxygen ion
conductors by this equipment were usually carried out by using the power of AC
signal of 0 dBm and obtaining up to 64 points per frequency decade. All
measurements were carried out in air, the temperature was controlled by computer
connected to K-type thermocouple and DC power supply in the same way as in

case of low frequency impedance spectrometer.

2.3. Method for the determination of the distribution of relaxation times

by Tikhonov regularization method

The algorithm for estimation of DRT function was developed in cooperation
by doc. dr. Algimantas Kezionis and the author of this thesis. Tikhonov
regularization method, as well as other methods for estimating the DRT function
directly from experimental data, requires good quality of input data, which obey
Kramers-Kronig transform. Therefore, the obtained impedance results were at first

checked by integral Kramers-Kronig relations as described in [117]:
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where o and x are angular frequencies. Straightforward integration, without any

extrapolation or other procedures, was employed due to presence of experimental

data in broad frequency range.
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Fig. 2.5. Ratio of obtained by Kramers-Kronig transformation and measured

Imaginary parts of impedance.

An illustration of comparison of reconstructed z; using Eg. (14) and
measured z' data is presented in Fig. 2.5. The examples refer to relatively low

temperatures, where real and imaginary parts of electrical properties differ in few
orders of magnitude and, consequently, the accuracy of measurements is
inevitably low. However, the measurement conditions are improved with increase
of temperature and electrical conductivity. Therefore, the presented illustration
confirms sufficient quality of the performed measurements even at severe

conditions, except for low frequencies, where effect of limited frequency range is
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observed. It should be also noted, that the lowest frequency experimental data in
general were disregarded in this study, because they are mostly related to the
properties of electrode-electrolyte interface.

The obtained spectra were also further analysed for finding DRT function,
supposing that impedance spectrum can be represented as a sum of elements with
individual relaxation times, as already indicated by Eq. (7). With a little bit of

algebra, the real and imaginary parts of Eq. (7) can be expressed as:

Z'(w) =12, + j f) 7 dle0), (15a)

2"(w) = j f(r) — dlg(z). (15b)

Matlab application, which employs regularization tool package [118] and
familiar formalism as other the same purpose numerical algorithms [80, 86], has
been developed to solve these equations. In this application Egs. (15a) and (15b)
are sampled in the logarithmic frequency and time scales with equidistant steps:

h, =Algw, h =Algr. (16)

So one can write:

N
f (1+ 2h =1
Z (a)l) Zoo ; ( a)l Tk !

> f+oird)?h, =1

N
k=1

Z(wN) z

o0

Z"( l)Zf o7 L+ o’t})?h =1

(17)

Zf oyt L+ wit})?h =1.

Z”( oY=
Where 7, -7, o, — o, — sampled relaxation time and frequency, respectively.
If DC specific resistivity z,. is known, this system of 2N equations can be

supplemented with one more equation:
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1 > fh =1 (18)

N
Z(,:Ic - Zoo k=1
The solutions of Egs. (17) and (18) must satisfy inequality f, > 0.

Regularization tool package, used for solution of ill-posed problem,
implements several regularization methods. The tests on solving Egs. (17) and
(18) revealed that in this case Tikhonov regularization method and function of
regularization tool package tikhonov gives the best matching of experimental and
calculated results. However, this regularization method requires to set

regularization parameter A manually.

Table 2.1. The baseline data of numerical experiment.

No. of Added RMS  Regularization
M s . Comments
curve noise, % error, %  parameter A
Initial
1 -7.602 0.33 - - - DRT
Backwards
2 -7.602 033 0.01 0.35 0.003 calculated DRT
Backwards
3 -7.602 0.33 1 2.67 0.072 calculated DRT
Backwards
4  -7.602 0.33 1.6 2.22 0.144 calculated DRT
5 7602 033 316  3.84 0.21 Backwards

calculated DRT

A numerical experiment was performed to verify the effectiveness of this
method. It was supposed to be Gaussian distributed relaxation times in the

logarithmic time scale:

oo BT, -

2
204

1
f(r) =
) ogV2r
where M and o, are mean and standard deviation of Igz, respectively.

Impedance versus frequency was calculated (it was supposed that z_ =0) using

Egs. (15a) and (15b) during this experiment. Measurement errors were simulated
by adding Gaussian white noise to real and imaginary parts of impedance. Finally

the DRT function was calculated backwards by using Matlab application and
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choosing regularization parameter A. The choice of A was based on minimal RMS
(Root Mean Square) error of impedance, simulated using DRT function obtained
from noisily data. The baseline data and results of the numerical experiment are

presented in Table 2.1 and Fig. 2.6.
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Fig. 2.6. Initial and calculated backwards DRT functions with different noise
added, % (1 — initial, 2 -0.01 %, 3-1 %, 4 - 1.6 %, 5 - 3.16 %).
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When 0.01 % noise was added, minimum RMS error and very good
correspondence of initial and simulated DRT functions was found for A = 0.003
(Fig. 2.6 curves 1, 2). In more noisy cases the minimum of RMS error was found
at higher values of RMS error and A. Corresponding DRT functions are presented
in Fig. 2.6 (curves 3, 4, 5), which confirms sufficient agreement of initial and
calculated results.

However, a slightly improved algorithm than the one described above was
used for estimation of DRT functions in sections 3.1.3. and 3.2. The resolution
capabilities of the modified algorithm are demonstrated in resolving synthetic

DRT function consisting of Gausian (o =0.35) and narrow rectangular (close to

Debye, containing 2 relaxation time points only) distributions. The DRT function
contained 25 points per time decade, what corresponds to real experimental
conditions. The impedance data from this synthetic DRT function have been
calculated, from which the DRT function was backward calculated. The initial and
backward calculated DRT functions at different scales are presented in Figs. 2.7(a)

and 2.7(b), which demonstrate sufficiently high resolution of the method.

2.4. Scanning electron microscopy

Scanning electron microscopy (SEM) is an useful technique for studying
surfaces of ceramics. The technique is particularly suitable in characterizing the
microstructure of ceramics. In this study the microstructure of certain sintered
samples was characterized using a scanning electron microscope JEOL JSM-
6510LV. The characterization was carried out in University of Maine (France) and
supervised by engineer Tibaut Languenne.

The surfaces of the studied specimens were at first polished using successive
grades of emery paper. Then samples were thoroughly degreased, cleaned
ultrasonically by using alcohol as solvent, and washed by water. After the
cleaning, samples were dried completely using oven. The examination of samples

was performed without any conductive coating applied.
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2.5. Differential thermal analysis

Differential thermal analysis (DTA) was used to check for the character of
phase transition of ScSZ ceramics. The investigation was carried out with a “SDT
Q600” (TA Instruments) equipment at University of Maine.

In principle the DTA technique comprises measurements of a difference in
temperature between the sample and an insert reference as a function of
temperature, as the two specimens are subjected to identical heat treatments. In
this study aluminium oxide (Al,O3) was used as a reference material and the
sample was ScSZ ceramics. The crucibles with the specimens were placed in the
machine, where built-in thermocouples measured their respective temperatures.
The samples were heated and cooled at a 20 K/min under airflow 100 mL/min.
The DTA data were collected at 292-1173 K.

2.6. X-ray diffraction

The crystal structure of ScSZ ceramics was determined at different
temperatures by X-ray diffraction (XRD) analysis. A PANalytical X‘pert MPD
PRO diffractometer (CuKo radiation) at University of Maine was used in the
study. XRD measurements were taken at temperatures up to 840 K in the 26

range of 5-60° with step size of 0.03°.

3. Results and discussion

The first subsection of this chapter presents and discusses the electrical
properties and charge carrier relaxation phenomena as functions of temperature
and dopant concentration in oxygen ion conductors listed in Table 1.1. These data
are published in two articles ([119] and [120]) in journal “Solid State lonics”.
Subsection 3.1.2. presents a study of effect of sintering temperature on electrical
properties of GDC ceramics, which can also be found in journal “Journal of
Materials Science” [121]. Investigation of ScSZ ceramics in the vicinity of phase

transition, which is published in journal “Electrochimica Acta” [122], is reported
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in subsection 3.1.3. A more general analysis of relaxation behaviour in zirconia-
and ceria-based oxygen ion conductors is given in section 3.2. These results are

also published in journal “Solid State lonics” [123].

3.1. Electrical properties and charge carrier relaxation phenomena

3.1.1. Effect of temperature and dopant concentration

The investigations were carried out by impedance spectroscopy in broad
frequency range (from 100 mHz to 3 GHz). Obtained results allowed to observe
the dispersion of electrical properties, attributed to charge carrier relaxation, in
wide temperature range (from ~500 to ~1000 K). The study also includes
mathematical analysis of experimental data in terms of the DRT function.

Typical spectra of the real part of impedance for oxygen ion conducting
ceramics contained up to three dispersion regions, which were attributed to
oxygen ion relaxation in the electrode-sample interface (at low frequencies), grain
boundary medium (at intermediate frequencies) and bulk (at high frequencies)
(Fig. 3.1). Since the study deals with the electrical properties of the materials
itself, the contribution of electrode-sample interface was eliminated by taking
advantage of 4-electrode measurement method. The only difference between
impedance spectra for oxygen ion conducting ceramics and single crystals is that
the latter do not contain dispersion caused by charge carrier relaxation in grain
boundary medium.

One of the most important parameters of oxygen ion conductors are total
(often also referred to as DC) electrical conductivity and these of bulk and grain
boundary medium regions. Total specific resistance of ceramics is approximately

equal to a sum of resistances of bulk and grain boundary medium: p, = p, +p,,

whereas bulk conductivity for single crystals is equivalent to DC conductivity.
An example of complex plane plot is presented in Fig. 3.2, where semicircular
arcs, some of which contain tails at the low frequency end, are shown. According

to the literature data [72, 124, 125], nearly complete left hand side semicircles are
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Fig. 3.1. Real part of impedance spectra for GDC10 and GDC20 ceramics sintered
at 1500 and 1400 °C, respectively.

assigned to the bulk response, while low frequency tails are attributed to grain
boundary medium of ceramics and electrode-electrolyte interfaces. By using 4-
electrode impedance measurement method, the electrode-electrolyte interface,
which relatively blocks the ionic current, was eliminated from the system and the
third semicircle did not appear in the impedance spectra. As indicated in Fig. 3.2,

bulk conductivities o, were calculated from bulk resistance values, estimated by

extrapolating the rightmost ends of left hand side semicircles to the real axis. The

conductivity of grain boundary medium o, was generally considered as a

reciprocal of measured specific resistance of grain boundary medium zg,, which is
also annotated in Fig. 3.2. Measurements of DC conductivity of ceramics and
single crystals in most cases were performed by 4-electrode method. However,
both 2-electrode and 4-electrode methods showed nearly identical values for DC
conductivity.

Temperature dependences of bulk conductivity of studied single crystals and

ceramics are presented in Fig. 3.3. Temperature ranges of measurements vary
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Fig. 3.2. Complex impedance plane plot for GDC20 ceramics sintered at 1400 °C.

depending on physical properties of prepared samples and equipment capabilities.
The experimental data in Fig. 3.3 reveal slight change in slope towards lower
activation energies at high temperatures for all the studied samples. This effect has
been observed in many studies of solid oxide electrolytes [105, 126, 127] and thus
different explanation models are presented in literature [126, 128]. A variation in
activation energies and consistency with literature data are summarized in Table
3.1.
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Fig. 3.3. Bulk conductivity as a function of reciprocal temperature for studied

oxygen ion conductors.
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Table 3.1. Average activation energies of conductivity AE_ (at different
temperature ranges), activation energies of relaxation time AE_ and crystalline

structures of the investigated materials.

This study \ Literature values
. i AE_, AE_, . . AE_,
Material Crystalline Temp. ° * " Material Temp °" Ref.
structure range, K eV eV range, K eV
Monoclinic-  380-430  0.92 473773 0.95 [129]
YSZ3 Tetragonal [6] 1110-1160 0.82 OO Y523 573723 091 [19]
. 400-450  1.07 473773 1.14 [129]
YSz8  Cubic[®]  g5h1000 004 M YSZ8 3001100 1.05 [130]
. 460-510  1.23 300-523  0.94 [131]
YSZ10 Cubic[6] 575050 105 118 YSZI0 5504900 1.22 [130]
sesz1o Rhombohedral- 470520 124 .~ ScSZ9 573723 143 [20]
Cubic[15]  690-740 1.26 —°° ScSZ1l 723-1073 1.34 [132]
. 520-570  1.45 450-1200 1.32 [104]
Casz15 Cubic[133]  g7o'ry 15y 140 CaSZ15 iiooe 156 Mg
. 310-360 078 208- 673 0.81 [136]
GDCI0  Cubic[138] 776899 71 076 GPCI0 4731173 072 [136]
350-400  1.01 473-910 091 [26]

GDC20 Cubic [135] 0.93 GDC20

810-850  0.83 910-1073 0.51 [26]

Since the electrical properties of single crystals are not influenced by
microstructure as in the case of polycrystalline ceramics, it makes sense to begin
more detail analysis with the simplest case. Frequency dependences of real and
imaginary parts of impedance for both single crystals are shown in Figs. 3.4-3.7.
The y axes of these figures represent normalized specific impedance z/z,.. The
DC resistivity decreases with increasing temperature and leads to decrease in the
average charge carrier relaxation time. So, the impedance dispersion region and

the position of the imaginary impedance peak (z; ) shift to higher frequencies with

increase of the temperature (Figs. 3.4-3.7). Figures 3.5 and 3.7 also show a slight

but regular increase of normalized impedance peak value z;/z; with increasing

temperature. Thus semicircles of normalized impedance z"/z,. = f(z'/z,.) are

slightly more depressed at lower temperatures compared to the ones at higher
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temperatures. That indicates narrowing of the distribution of the DRT function

with increasing temperature.

10" ey
: °© YSZ

12 3 456789

10°

L[T=520K
L10 ET =560 K

N [T.=600K \
N 102 LT,= 650K

FT.= 700 K 3 “%
[ T,=750K
102 ET,= 800 K

\
7= 850 K A\

[T =900 r.<

9

eW

10'4 T TR EEPTT P LT I
10° 10* 10& 10° 10"
v, Hz

Fig. 3.4. Frequency dependencies of real part of normalized impedance. Solid
lines are normalized impedance frequency dependencies calculated backwards

from obtained DRT functions.
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The impedance spectra were further analysed in order to find the DRT
function. Prior the analysis, the obtained impedance data were checked by integral
Kramers-Kronig relations, which indicated sufficient quality of data. The
estimated DRT functions for YSZ and CaSZ confirms narrowing of the
distribution of the DRT function with increasing temperature (Figs. 3.8 and 3.9). It
should be noted that the calculated DRT function is very sensitive to measurement
errors. Measurement of Z(f) was carried out in two or three stages with by two
sets of measurement equipment using different samples. The sample shaping,
temperature measurement and other inaccuracies, accompanied by transition from
one method to another, have leaded to variation of measured specific impedance
data by several percent. These factors have caused critical increase of RMS error,
and therefore in Figs. 3.8 and 3.9 only those DRT functions are presented, which
were calculated from Z(f) data measured by single method (measured by [106]
either [107]). For this reason the DRT functions in the regions around 650 K for
YSZ and 750 K for CaSZ are not shown. At first sight the obtained DRT function
is close to Gaussian with some low intensity peaking far from mean Igz. For

comparison, Gaussian curve and DRT function of CaSZ single crystal at 600 K
are presented in Fig.3.10. The accuracy of estimation of DRT functions
represented in Figs. 3.8 and 3.9 is not good enough to define the temperature
behaviour of DRT function directly from the peak width. However, a slight
narrowing of DRT function with increasing temperature can be linked to increase
of the DRT function’s peak value at high temperatures.

RMS error of backwards calculated impedance and peak values of normalized
DRT function at different temperatures for both single crystals are presented in
Table 3.2. Backwards calculated frequency dependences of the normalized
impedance are shown as solid lines in Figs. 3.4-3.7. Temperature dependences of

z" peak frequency (v,) and relaxation time at DRT function peak (z,) for both

single crystals are presented in Fig. 3.11. Solid lines in this figure are least square

linear fits of corresponding dependences. These data show nearly the Arrhenius
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temperature behaviour with the activation energies close to that of o,.. The

activation energies of these parameters are presented in Table 3.3.
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Fig. 3.8. Normalized DRT functions at different temperatures.
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Fig. 3.9. Normalized DRT functions at different temperatures.
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Fig. 3.10. DRT function for CaSZ at 600 K and Gaussian distribution.

Table 3.2. RMS error and DRT function’s peak values.

YSZ CaSz
Peak RMS Igrat Peak
Temperature, | Temperature,

K error, 197,,S value of K error, DRT  value
% DRT %  peak,s of DRT

520 1.73 -466 1.13 600 3.3 -4.04 1.06

560 0.67 -547 114 650 079 -4.93 1.10

700 091 -752 116 700 049 -5.76 1.16

750 092 -8.04 1.19 820 55 -7.10 1.28

800 0.83 -851 1.16 850 2.14  -7.38 1.24

850 058 -8.88 1.28 900 122 -7.78 1.30

900 060 -9.21 131 910 0.84 -7.86 1.36

Depressed character of semicircles was also observed for polycrystalline
oxygen ion conducting ceramics. As an example, complex plane plots of
normalized impedance data for GDC10 ceramics at several temperatures are

shown in Fig. 3.12.
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Fig. 3.11. Temperature dependences of DC conductivity (1, 2), imaginary
impedance peak frequency (3, 4) and relaxation time at DRT function peak (5, 6).

Solid lines are linear fit of corresponding dependences.

Table 3.3. Activation energies of o,.(4E,), v, (4E,) and 7, (4E,).

AE,, eV AE,, eV  AE, eV
YSZ 1.19 1.19 1.18
CaSZz 1.40 1.43 1.40

" % GDC10, 400K

05| *_GDC10, 600 K___
% GDC10,800K ]

! ﬁ*éigﬁg *
N L e J
0.2 e :
0.1 3 o sl
00% - - - - .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

z/z,
Fig. 3.12. Complex plane plots of GDC10 impedance data measured at different

temperatures.
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Fig. 3.13. The dependencies of a(T) for YSZ materials.

A degree of arcs distortion can be estimated by peak value of normalized

imaginary part of impedance: a =z",/z, . The latter parameter can be used as a

measure of the extent of this distribution: lower value indicates more widely
distributed relaxation times and vice versa. Temperature dependences of « for
various oxygen ion conductors are shown in Figs. 3.13 and 3.14. Results display a
gradual increase of parameter o with increasing temperature for almost all the
investigated compounds. Anomalous temperature dependences of YSZ3 and
ScSZ10 might be caused by phase transitions occurring around 800 K temperature
[6, 15]. As indicated in Fig. 3.13, the YSZ materials experience wider distribution
of charge carrier relaxation times with increasing dopant concentration. This
regularity also applies to findings for GDC ceramics specified in Fig. 3.14.

Narrowing of the DRT with increasing temperature and decreasing dopant
concentration is consistent with solutions of DRT function, which were
numerically calculated by previously described algorithm. Several of DRT
functions are given in Fig. 3.15. It should be noted that the results for ceramic
samples present only a part of DRT function related to charge carrier relaxation in
the bulk.
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Fig. 3.14. The dependencies of a(T) for ScSZ10, CaSZ15, GDC10 and
GDC20.

The values of maxima of these DRT functions show a tendency to increase
with the temperature increase or dopant concentration decrease. The most
probable relaxation times show temperature behaviour close to the Arrhenius law
with activation energies comparable to that of electrical conductivities (Fig. 3.16,
Tables 3.2 and 3.3).

[llustrated behaviour of the DRT function with regard to variation in dopant
concentration can be caused by a change of interaction between mobile charge
carrier and other lattice irregularities (dopants, associated and dissociated
vacancies). These irregularities may result in microregions with distinct local
dopant concentration, conductivity and charge carrier relaxation time. It may be
explained by an increase of the local interaction radius, analogous to the
temperature induced increase of Debye length in liquid electrolytes or solid

semiconductors. E.qg., the Debye length of semiconductors is given:

ek T
Ly = 8, 20
o= (20)

65



0.9

. High temperatures ' ' 'LO\;N tém;pel"atL;Jre's i
0.8 YSZ3: 550 K, 1000 K]
I YSZ8: 500 K, 850 K ]
0.7 i ScSZ10: 550 K, 700 K
06l GDC10: 400 K, 700 K]
| —f=— GDC20: 400 K, 700 K|
0.5
@ B FR o
0.4
0.3 g%
0.2
0.1
0.0

-1 -10 9 -8 -7 6 -5 -4 -3 -2 -1
Ig(z, s)

Fig. 3.15. Function f(zr) for YSZ, ScSZ and GDC at different temperatures.
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Fig. 3.16. The most probable relaxation time as a function of reciprocal

temperature for studied materials.

where ¢ is absolute permittivity, and Ng is the concentration of dopants (either
donors or acceptors). Debye length increases proportionally to the square root of
the temperature and therefore increasing temperature leads to an expansion of the

microregions. Charge carrier in samples with a lower lattice irregularity

66



concentration are further away from these irregularities, and therefore are less

affected by them, making the DRT in such samples narrower and « value higher.

Summary

The electrical properties of various oxygen ion conductors were investigated
in broad frequency range and temperature interval. The dispersion of electrical
parameters were observed and attributed to the charge carrier relaxation in the
electrical field. Small but well pronounced increases of peaks of imaginary parts
of normalized impedance were found in all cases when the temperature increases
and dopant concentration decreases. These findings indicate narrowing of DRTs
and are consistent with results of numerical analysis of experimental data, which
showed DRT function’s shape in the logarithmic time scale close to the Gaussian.
Temperature dependences of frequency of z" frequency peak and most probable
relaxation time (DRT function’s peak) showed nearly the Arrhenius temperature

behaviour with the activation energies close to that of conductivity.

3.1.2. Effect of sintering temperature

In this subsection is presented an investigation of electrical properties of
GDC10 and GDC20 ceramics sintered at various temperatures from 1100 to
1500 °C for 2 h. Electrical measurements were carried out in the frequencies
ranging from 100 mHz to 3 GHz and temperatures up to 850 K by combining 2-
and 4-electrode methods, what allowed to identify in detail the effect of sintering
temperature to the electrical properties of bulk and grain boundary medium of
ceramics. Impedance spectra were also analysed by numerically calculating the
DRT function.

Temperature dependences of bulk conductivity of GDC10 and GDC20

(Fig. 3.17) were found to be barely dependent on sintering temperature and the

presented o, values apply to all the investigated ceramics. The mean bulk

conductivity activation energies were found to be 0.77 and 0.90 eV for GDC10

67



4 T T T T
5l o GDC10
[ 4 GDC20

2 S Linear Fit
<
e
2
;- A -
s L N
o 2 S

31 AE,.,=077eV N\&&&A%N‘s\&

4t AE.,, =0.90eV xﬁk &\S\@

5l | | . .

10 14 18 22 26 30 34

1000/T, K

Fig. 3.17. Bulk conductivity for GDC10 and GDC20 ceramics vs. 1/T.

Table 3.4. Total and grain boundary conductivity values, relaxation frequencies,

relative grain boundary medium volumes at 500 K temperature for investigated

ceramics, and corresponding activation energies.

W (f@ 3
Material Sinteri?g 7 ’(aSt/m Oy SIM AE, ., fgbkl(—|f;b ) A(IZ:_) ab 7>(<;t0
temp. °C oy (@S00K)  ev (2500 K) (AP ) eV (¢ K)
1100 0.0013  0.0033 0.87 14.39 0.84 3.1
1200 0.0013 0.0024  0.83 9.96 0.86 2.9
GDC10 1300 0.0016 0.0036 0.84  10.08 0.88 2.0
1400 0.0011 0.0018 081 3.53(0.13) 0.86 (0.74) -
1500 0.0013  0.0025 0.81  8.09 (0.49) 0.87(0.77) -
1100 0.0006  0.0016 0.97 13.30 0.97 5.9
1200 0.0005 0.0011 0.94 2.88 0.94 1.9
GDC20 1300 0.0006  0.0019  0.95 3.65 0.95 1.4
1400 0.0006 0.0021  0.95 1.73 0.95 0.6
1500 0.0006  0.0011  0.96 0.69 0.96 1.0
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and GDC20, respectively, and they are in the range of literature values of 0.72-
0.90 eV for GDC10 [136-138] and 0.51-1.03 eV for GDC20 [26, 139]. Since the
measurements were carried out in broad temperature range, in which the
conductivity changes by 8 orders of magnitude, an uncertainty of mean activation
energy was found to be roughly not more than 1 % of initial value.

The total conductivity o, was determined from low frequency plateau values
of experimental data obtained by the 4-electrode method. A list of total
conductivity values at 500 K temperature for all the investigated ceramics is given
in Table 3.4. The resulting differences in o, values reveal certain effect of
sintering temperature to properties of grain boundary medium.

As it was mentioned earlier, quantitative assessment of grain boundary

medium properties is challenging due to uncertainty of its occupied volume. At

first approach, specific conductivity of grain boundary medium o, was

considered as a reciprocal of measured specific resistance of grain boundary

medium zg,. Obtained o, values and their activation energies AE, , for GDC10

o_gb

and GDC20, some of which are presented in Fig. 3.18 and Table 3.4, did not show
any obvious regularity with sintering temperature. For more detailed analysis, an
estimation of proportion ratio between dimension of grain and thickness of grain
boundary medium was carried out. According to the brick-layer model [60], grains

were assumed to be cube-shaped with an edge length of d, and grain boundary
medium exist as flat layers between grains with thickness of &,. Using these
assumptions, a relation of grain boundary medium’s specific (o) and measured

(04 ) conductivities can be defined as:

S| m 5
O = agb-d—gb. (21)
g
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Fig. 3.18. Conductivity of grain boundary medium vs. 1/T for GDC10 and

GDC20 ceramics sintered at various temperatures.

Furthermore, specific conductivity of grain boundary medium may be
considered as a product of angular relaxation frequency (24f,), where f
indicates frequency of respective peak in z”, and absolute permittivity of grain
boundary medium (&,&,,):

O =2 E0E g, (22)
where ¢, is permittivity of free space, and ¢, - relative permittivity of grain

boundary medium. Since it is difficult to define variation of ¢, with sintering

gb
temperature, and there were no obvious causes for significant its variations, for
simplicity this value was supposed to be steady: ¢, =10. Then ratio 5gb/dg may

be estimated from Eqgs. (21) and (22):

On _ 2w Eofy (23)
d, Ogp

The ratio 5gb/dg allows estimation of relative volume of grain boundary

medium » (volume occupied by grain boundary medium divided by total volume

of sample). In general, the relative volume of grain boundary medium is
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considered as: ¥ =3d,/(d, +35,,), however, when 35, <<d,, the expression

becomes:

@ (24)

Results showed consistent y decrease with sintering temperature (Table 3.4).

However, the latter methodology was found to be unsuitable for analysis of
GDC10 specimens sintered at 1400 and 1500 °C. Two distinct relaxation
frequencies were found for these samples in the low-frequency range, which are
related to the charge carrier relaxation in grain boundary medium. In the
imaginary part of impedance of 4-electrode measurement data this peculiarity
manifested itself as splitted low frequency peak, as illustrated in Fig. 3.19, where
one regular and two exclusive patterns for GDC10 are presented. In contrast, no
similar effect was observed for GDC20, even for the specimens sintered at
1500 °C (Fig. 3.19). The respective semicircles for GDC10 sintered at high
temperatures, depicted in complex plane plot, also appear to be distorted (inset,
Fig. 3.19). Although the splitting of relaxation frequencies is most clearly evident
in the imaginary part of impedance (Fig.3.19), the identification of peak
frequencies directly from this part of data is rather complicated.

Therefore more extensive analysis of this occurrence was carried out by
numerically calculating the DRT function directly from impedance spectra
obtained by 4-electrode method. The latter analysis estimates system’s time
domain behaviour, which in this case was found to be more evident than the
frequency domain. The obtained DRT functions contained a single peak at
frequencies attributed to processes in grain boundary medium for all the
investigated ceramics except for GDC10 ceramics sintered at 1400 and 1500 °C.
The findings are shown in Table 3.4, where specimens possessing two relaxation
centres are indicated by bold, and in Fig. 3.20, where a comparison of a few
regular and these two exclusive patterns of DRT function is presented. Vertical
arrows in Figs. 3.19 and 3.20 mark the peaks of the probability density of charge

carrier relaxation times, locations of which refers to the most probable
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Fig. 3.19. Imaginary part of impedance spectra for ceramics sintered at 1300,
1400 and 1500 °C at 500 K. Vertical arrows mark locations of estimated
relaxation frequencies. Inset: Respective complex plane plots at 500 K for
GDC10 ceramics.

characteristic relaxation times. Top scale in Fig. 3.20 relates the obtained DRT

functions to relaxation frequency, which is inversely proportional to relaxation

time: f =1/2zz. The higher (or the only one) most probable relaxation frequency

was defined as the main relaxation frequency fg(bl) of grain boundary medium and

the remaining (if any) — as secondary relaxation frequency fg(bz) of grain boundary
medium. Since the 4-electrode data covered a limited frequency range, only parts
of DRT functions are presented, which are mainly related to the charge carrier
relaxation in grain boundary medium. The frequencies f{’ and f{ were found to
be very close and the impedance spectra in certain cases contained only moderate
number of frequency points. Therefore, the identification of them was rather
difficult. So only an approximate estimation of temperature dependences of these

frequencies was extracted from the obtained impedance spectra.
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Fig. 3.20. DRT functions at 500 K for GDC10 sintered at different

temperatures. Vertical arrows mark most probable relaxation times of charge

carriers.
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Fig. 3.21. Relaxation frequencies of grain boundary medium vs. 1/T for

GDC10 ceramics sintered at 1300, 1400 and 1500 °C.
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As presented in Fig. 3.21, the determined values of the main relaxation
frequencies for GDC10 show very similar temperature behaviour to that of
conductivity of grain boundary medium. All the Arrhenius plots of relaxation
frequencies for GDC10 and GDC20 give activation energies in close agreement
with the values obtained for conductivity of grain boundary medium (Table 3.4).

Secondary relaxation frequencies of particular specimens were found to have

slightly lower values of activation energy (AEﬁf)gb) and considerably smaller

absolute values, which may indicate presence of another medium type in the grain
boundary medium of the ceramics. Since the latter effect is observed in ceramics
sintered at relatively high temperatures, it can be assumed that at such
temperatures the grain boundary medium may form two phases, which reveals
itself as two different relaxation centres. However, confirmation of this conclusion
by structural characterization is complicated due to low quantity of grain boundary

medium, which was found to be less than 0.6 % of the sample (Table 3.4).

Summary

GDC10 and GDC20 ceramics with different electrical properties of the grain
boundary medium were produced by altering the sintering temperature from 1100
to 1500 °C. The obtained conductivity values of grain boundary medium did not
show any regularity with sintering temperature. The relaxation frequencies of
charge carrier in the grain boundary medium for most of the specimens were
found to exhibit the Arrhenius behaviour with activation energies close to these of
conductivity of grain boundary medium. More detailed analysis of the proportion
ratio between grain dimension and thickness of grain boundary medium, based on
the brick-layer model, showed a consistent decrease of relative volume of grain
boundary medium with sintering temperature for all the investigated ceramics.
The ceramic samples sintered at 1400 and 1500 °C also showed a particular
character of frequency dispersion of electrical properties caused by oxygen ion
relaxation in grain boundary medium. Numerical analysis of the experimental data

for these ceramics revealed two relaxation frequencies attributed to the charge
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carrier relaxation in grain boundary medium, which suggests that the grain

boundary medium consists of two phases with different electrical properties.

3.1.3. Vicinity of phase transition

This subsection presents a detailed study of electrical properties of ScSZ10
ceramic samples in wide temperature range, which covers a phase transition
region. Temperature behaviour of specific conductivity and permittivity in bulk,
and both specific and total conductivities in grain boundary medium is discussed.
Peculiarities of DRT function for mobile ions are also investigated in detail using
Tikhonov regularization technique.

Polycrystalline ScSZ10 samples were sintered at 1500 °C temperature in air
atmosphere for 1h. Microstructure of samples was characterized using SEM. As it
is shown in Fig. 3.22, grain size of obtained specimens was in the range of few
microns. Crystal structure of ceramics was determined at different temperatures by
XRD. Initial analysis of the samples at room temperature showed that the
principal phase of the pattern is rhombohedral (S-phase) (Fig. 3.23); low intensity
peaks of cubic phase were also observed (Fig. 3.23, inset), which is typical for this
kind of material [140, 141].

LSEF 20kV  WD11mm SS50 80Pa x5,000 5ym ™

Fig. 3.22. SEM image of sintered 10ScSZ ceramics.
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Fig. 3.23. X-ray diffraction patterns of ScSZ10 ceramics sintered at

1500 °C. Inset: low intensity cubic phase peaks.
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Fig. 3.24. DTA curve for ScSZ10 ceramics.

DTA of obtained ceramic sample showed an endothermic peak at 834 K and
exothermic one — at 786 K temperatures upon heating and cooling cycles,

respectively (Fig. 3.24), i.e. considerable thermal hysteresis was observed. The
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transition temperatures itself slightly depend on heating/cooling rate, and at
20 K/min thermal hysteresis loop was found to be of value around 48 K. XRD
study at 840 K temperature (Fig. 3.23) detected single c-phase of the sample.
However, it should be noted that distinct studies indicate different phase transition
temperatures, what are explained by effect of grain size of sintered ceramic

specimens to character of ScSZ phase transitions [140, 141].
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Fig. 3.25. Spectra of real (a) and imaginary (b) parts of ScSZ10 impedance at

various temperatures.
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Electrical parameters of ceramics were extracted from measured ultra-

broadband spectra (Fig. 3.25). Temperature dependences of DC conductivities of

bulk &, and grain boundary medium o of studied ceramics are shown in Fig.

3.26 (curve 1). In this case conductivity of grain boundary medium is referred to

as measured conductivity of grain boundary medium o in order to distinguish it
from its specific conductivity of grain boundary medium o . Temperature
dependences of o, and oy at temperatures far from phase transition were found

to obey the Arrhenius law with activation energies of AE,z= 1.30 eV (in B-phase)
and AEy.= 0.93 eV, AEg,.= 1.49 eV (in c-phase), respectively (Table 3.5).

Table 3.5. Activation energies of conductivity and mean relaxation frequency.

[S-phase c-phase
AE® eV AE® eV AE", eV AE®, eV

o 1.30 1.44 0.93 1.49
f 1.27 1.26 0.96 1.46

A jump in grain conductivity value o, of several orders of magnitude was

observed nearby phase transition (800-820 K upon heating and 790-810 K upon
cooling, respectively). The observed anomalies correspond to the DTA peaks (Fig.
3.24). These changes also cause a sharp increase in permittivity, as shown in Fig.
3.27. The figure shows temperature dependences of high frequency limit
permittivity and real part of permittivity measured at frequencies of 1 and
4.8 GHz. Presented ¢,, values were obtained from complex plane plots of modulus
by extrapolating high frequency end of semicircular arcs to real axis and
calculating reciprocal value. Abrupt alteration of ¢,(T) in the phase transition
region indicates change of elastic polarization, which suggests a structural phase
transition. The major part of change in ¢(T) at 1 and 4.8 GHz frequencies around

phase transition is caused by impact of mobile ions.
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Fig. 3.26. Arrhenius plots of conductivity and charge carriers relaxation
frequency for bulk (a) and grain boundary medium (b): 1 — specific bulk and
measured grain boundary medium conductivities determined from
corresponding semicircles in complex plane plots; 2 — specific bulk and
measured grain boundary medium conductivities determined from DRT
function; 3 — bulk and grain boundary medium imaginary impedance peak
frequencies; 4 — bulk and grain boundary medium most probable relaxation

frequencies determined from DRT function peaks.
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part of permittivity at 1 and 4.8 GHz.

Figure 3.28 presents complex plane plot of ScSZ normalized (divided by z,)

impedance at temperatures far from (a) and around (b) the phase transition region.
Both figures show z" and z’'data at frequencies covering bulk and grain boundary
medium dispersion. In S-phase only one semicircle is observed, which seems to
belong to charge carrier relaxation in the bulk of ceramics.

In c-phase a second semicircle at the low frequency side of the plots emerged,
which can be related to processes in grain boundary medium. Due to DRT of
charge carrier, all the observed semicircles are depressed. At temperatures far
from phase transition, deformation of the high frequency arc decreases with
increasing temperature, which indicates narrowing of the DRT function.
Analogous phenomenon in YSZ, GDC and other oxygen ion conductors was
described in subsection 3.1.1. According to the current results, while approaching
phase transition temperature, the deformation of high frequency semicircle starts
to increase, then follows the decrease along with arise of second arc. Such

pulsating shape behaviour of the mentioned semicircle is illustrated by parameter
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Fig. 3.28. Complex impedance plane plots at temperatures far from phase

transition region (a) and in phase transition region (b).

a (introduced in section 3.1.1.) in Fig. 3.29. As it was mentioned, this parameter
directly indicates the extent of the DRT: lower value corresponds more widely
distributed relaxation times and vice versa. An increase of parameter « with
increasing temperature (far from phase transition temperature) is clearly seen.
However, there is a deviation from such behaviour of parameter o« at phase
transition temperature region. The presented temperature dependence of a has a
clear minimum (Fig. 3.29), located in the vicinity of phase transition, which
indicates broadening of the DRT. This occurrence can be caused by increase of
local conductivity fluctuations at the phase transition temperature region.

It also can be expected, that charge carrier relaxation times in the bulk and
grain boundary medium of ceramics are very close in their values in the

rhombohedral g-phase. Since in this case resistivity of grain boundary medium is
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Fig. 3.29. Temperature dependence of « parameter.

very low, both relaxation processes can’t be separated. In phase transition region,
average relaxation time in grain interior becomes much smaller, while the one of
grain boundary medium changes much less. When the difference between both
average relaxation times become significant (in c-phase), this comes out as two
dispersion regions, and semicircle in impedance complex plane plot splits into two
(Fig. 3.28). The latter remarks are illustrated by Fig. 3.30, where the DRT
functions of ScSZ10 ceramics at different temperatures are shown.

As can be seen, the value of the main peak of the DRT function shows a
regular increase with increasing temperature at temperatures far from phase
transition (it is indicated by a slight decrease of DRT function width) and a clear
minimum at phase transition temperature, respectively. The second peak of DRT
function is observed even in p-phase, whereas it is difficult to notice any
manifestation of second relaxation process in impedance data (Figs. 3.25 and
3.28). This result is slightly unexpected and at first there was a doubt about its
certainty. The DRT functions were obtained solving Egs. (15a) and (15b) by
Tikhonov method, which in some cases provides solutions with small spurious
peaks. Extent of these peaks is usually up to several percent of the main peak,

while position depends on experimental data correctness and setting of
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regularization parameter A, as indicated in sections 2.3. and 3.1.1. However, in
this case the magnitude of secondary peak was higher than 10 % of the main peak
value and there was only weak response to regularization parameter change.
Moreover, the temperature dependence of most probable relaxation frequency in
grain boundary medium (Fig. 3.26 (b), curve 4) nearly obeys the Arrhenius law
with activation energy: AEy,5~1.26 eV, which gradually passes to AEg,.= 1.46 eV
(Table 3.5) after the transition to c-phase. The latter part of this curve is in
agreement with data obtained directly from peak position of z” in frequency
dependences, what shows reliability of the presented results. Consequently, total
DRT function of ScSZ10 ceramics can be considered as a sum of two

components:
fi(r) =T 7) + Ty (), (25)
where f, () and f, () define distribution of relaxation times in the bulk and

grain boundary medium, respectively. In this context it is useful to rewrite Eq. (7)

in normalized form:

z(0) _ J‘(fb () + fgb (T)}j lg(z) = J. f,(r)dlg(r) + J. fgb (r)dlg(r) =1, (26)

DC —0

where z,. =z, +z2,.
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Fig. 3.30. DRT functions at different temperatures.

83



Thus these functions contain information about contributions of the bulk and

grain boundary medium’s resistances to the overall resistivity z,. . In c-phase both

resistances can be determined directly from semicircles in complex plain plots
(Fig. 3.28), representing different charge carrier relaxation processes. However,
only one semicircle is observed in low temperature phase and the only way to find
these components is to separate these two parts of DRT function and take

advantage of Eq. (26).
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Fig. 3.31. Extraction of bulk and grain boundary medium DRT functions at 790 K

for ScSZ10 ceramics.

It was assumed that function f,(z) is symmetric with respect to its peak and
the right side of this function is unaffected by f,(r) (Fig. 3.31). According to this
assumption, shape of function f, () was extracted at different temperatures and

contribution of grain boundary medium to total resistivity was determined by
integrating this function. Temperature dependence of reciprocal parameter to the

contribution of z3 (i.e. measured conductivity of grain boundary medium
Tg =1/zgrg) is presented in Fig. 3.26 (b) (curve 2). However, accuracy of this

method depends on many factors, including character of the impedance spectra,
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values of measurement error and selection of the value of the regularization
parameter A.
It is slightly surprising that measured conductivity of grain boundary medium

oy and mean charge carrier relaxation frequency fy, in grain boundary medium’s

also show sudden changes (of about a half and of one order of magnitude,
respectively) in phase transition temperature region. However, according to Eqg.
(22), a jump in specific conductivity of the grain boundary medium should occur,
because there is almost no probability for significant change of permittivity during

phase transition. Thus jump in oy is higher than that in o, what probably means

increase <> decrease of effective volume of grain boundary medium during <> ¢
phase transition, respectively. In low temperature phase, grain boundary medium
may be partially fallen out of charge carrier transport path due to anisotropic
conduction in the bulk. Another plausible cause of this effect could be a change in
thickness of grain boundary medium induced by the phase transition in the bulk of
ceramics. The jump in specific conductivity of grain boundary medium may be
caused by change in strain of grain boundary medium. Local crystal structure in

the interface bulk-grain boundary medium environment also could transform

during phase transition and probably affect o ;.

In general, Eq. (22) also can be applied for bulk of ceramics. Thus the values
of activation energies of conductivity and relaxation frequency should be very
close in all cases. However, as can be seen from Table 3.5, grain boundary

medium in p-phase distinguished themselves by more significant difference

between values of mentioned activation energies. The more rapid increase of o,
comparing to that of o, could be a consequence of temperature dependent extent

of effective volume of grain boundary medium. For example, detailed analysis of
XRD data shows an increase of low intensity peaks of cubic phase in f-ScSZ10
with increasing temperature (Fig. 3.23, inset). If c-phase is located in the interface
bulk-grain boundary medium, it may alter the thickness of grain boundary

medium. It should be noted that the latter difference in activation energy values

85



could also be affected by accuracy of determination of measured conductivity and

mean relaxation frequency of grain boundary medium.

Summary

Dense ScSZ10 ceramic samples were sintered with grain size of about 10 um.
A rhombohedral phase was detected in this compound at room temperature, which
undergoes transformation to the cubic phase at around 800-820 K. Abrupt changes
in specific grain conductivity and permittivity were found as a consequence of this
phase transition.

The dispersion of electrical parameters was also observed in broad frequency
and temperature ranges and attributed to the charge carrier relaxation in the
electrical field. The DRT function in the bulk, which was determined by
numerical analysis of experimental data, was found to be narrower with increasing
temperature at temperatures far from the phase transition point in both
rhombohedral and cubic phases. An increase of width of the DRT function was
observed in the phase transition temperature region, which could arise as a
consequence of increase of local conductivity fluctuations. The measured
conductivity and average charge carrier relaxation frequency of grain boundary
medium were found from DRT function data. Obtained data indicated jump of
specific and measured conductivities of grain boundary medium in the phase
transition region, which suggests that crystal structure of the crystallites affect

electrical properties of grain boundary medium.

3.2. Relationship between charge carrier relaxation and peculiarities of

electric response

This section continues study of electrical properties and DRT function
behaviour of solid oxygen ion conductors, listed in Table 1.1. The data presented
here was obtained Dby previously mentioned ultra-broadband impedance

spectrometer capable of measurements at frequencies up to 10 GHz. An analysis
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Fig. 3.32. The frequency dependences of the real part of permittivity (a) and
the imaginary part of impedance (b) of the YSZ10 single crystal at various

temperatures.

of experimental data allowed to observe peculiarities of the behaviour of
permittivity and ratio of characteristic frequencies (frequencies of imaginary part’s
peaks) of electrical modulus ( f,,) and impedance ( f,). As it will be shown, these
two parameters are related to the DRT function of conductive system and they can

be employed for determination of behaviour of the DRT function.
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The frequency dependences of the real part of permittivity and imaginary part
of impedance for YSZ10 and CaSZ15 single crystals at various temperatures are
presented in Figs. 3.32 and 3.33, respectively. As it is seen in these illustrations,

characteristic frequency f, increases with increasing temperature. High values of

z" and ¢ at low frequencies (Figs. 3.32 and 3.33) are mainly due to interfacial
effects at the electrode-electrolyte interface. In the microwave frequency range,
permittivity asymptotically approaches its high frequency limit, but in the

intermediate frequency range, at frequencies f < f,, a plateau of & appears.

Similar effects in oxygen ion conductors, as well as in conductive glasses and
polymers, were also observed in other studies [76, 130, 142-144]. There is an

inherent problem with finding the plateau value of ¢, which arises due to the

interference of frequency regions of the plateau and the neighbouring interfacial
dispersion. The interference was only slightly reduced by using Ag electrodes,
which shifted the interfacial dispersion region to lower frequencies (Figs. 3.32
and 3.33).

Since the replacement of electrode material did not show sufficient effect,
another methodology for estimating the plateau value of real part of permittivity
was developed, which is based on the analysis of the DRT function. The DRT
function in this study was estimated by improved algorithm, which allows
determining of the DRT function with a significantly lower minimization error
than that demonstrated in subsection 3.1.1. According to methodology for

estimation of ¢, at first the DRT function f(z) (Fig. 3.34) is found. Despite the

restricted frequency range of the data used for the DRT function calculation, a
small impact of the interface in region of long relaxation times is observed in most
cases. Reliability of the results can be verified by backward calculation of

impedance from initial function f(z), utilizing Egs. (15a) and (15b). In particular,
the permittivity was calculated from impedance data using formula:

1

£=—"—.
iwe Z

(27)
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Fig. 3.33. The frequency dependences of the real part of permittivity (a) and
the imaginary part of impedance (b) of the CaSZ15 single crystal at various

temperatures.

The obtained results, an example of which is represented by solid line in Fig.
3.35, sufficiently coincide with initial experimental data in the frequency range,
used for finding f(r). However, the effect of electrode-electrolyte interface is
clearly noticeable in the initial and backward calculated spectra of ¢' and z".

Therefore, the restricted DRT functions f, (r) were obtained by zeroing values of
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f () in the region of long relaxation times (Fig. 3.34, region (b)). The spectra of
¢' and z", which were backward calculated from these restricted DRT functions
f.(r), did not show any impact of the electrode-electrolyte interface (Fig. 3.35,

dashed lines). This allowed one to easily determine the plateau value ¢, of the real

part of permittivity.
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Fig. 3.34. The DRT function of YSZ10 single crystal at 650 K. The restricted

DRT function was obtained by zeroing function in the region (b).

Since the experimental and backward calculated results showed very good
agreement in the relevant frequency range, the examined frequency responses of
YSZ10 and CaSZ15 single crystals can be well described by Egs. (15a) and (15b).
Thus the observed behaviour of real part of permittivity (Fig. 3.35(a), solid line)
may be considered as a typical frequency response of distributed conductive
system with DRT function, shaped close to that shown in Fig. 3.34.

The calculated standard deviation &, of f_(r) for YSZ10 and CaSZ15 single

crystals is presented in Fig. 3.36. A decrease of o, with increasing temperature is

consistent with the findings presented in subsections 3.1.1. and 3.1.3., which

indicated narrowing of the DRT function in zirconia and ceria-based oxygen ion
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Fig. 3.35. Frequency dependences of the real part of permittivity (a) and the
imaginary part of impedance (b) of YSZ10 single crystal at 650 K, as measured

and backward calculated from original and restricted DRT functions.

conductors with increasing temperature. The dependences of ¢,(T) for both single
crystals are also shown in Fig. 3.36. The value of ¢, depends on temperature with

a similar character as o, exhibiting a decrease with increasing temperature.

According to Egs. (15a), (15b) and (27):
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permittivity, and standard deviation of the DRT function for YSZ10 and CaSZ15

single crystals.

For a given relaxation mechanism, one can write low and high frequency

limits of permittivity:

g, = lim[Re()], (29a)
e, = lim[Re(Z)]. (29b)

Having in mind that:
J t@)digl) =1 (30)

and in accordance with the Egs. (28), (29a) and (29b), it may be shown, that:

<T>

- j ¢ f(2)dlg(r) = (31a)

Eoly % 50b
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g, =— 1 - (31b)

ey | _f@dlglr)  eta <>

1 . . .
Here <z> and <=> are mean and mean reciprocal relaxation times of
T

mobile charge carrier, respectively. Thus:

&:<z'><1>. (32)
£ T

o0

High frequency limit permittivity is determined by elastic polarization and

barely depends on the system of mobile ions. Thereby Eq. (32) indicates that ¢, is

higher for a system with more distributed r . Thus the temperature dependence of
plateau value of real part of permittivity may be considered as an indicator of
temperature behaviour of the DRT function of conductive system.

However, the latter procedure for estimating temperature behaviour of the
DRT function for ceramic materials is complicated due to strong interference of

g, With permittivity component, caused by the intercrystalline dispersion. For a

direct characterization of the DRT function in case of ceramic materials, it is more

appropriate to use directly measurable parameter — ratio r=f_/f,, where f,

z!

corresponds to peak value of the imaginary part of electric modulus.

For the electric modulus m one can write;

f()e,z, w*c? +|an'
T 1+ o't

dlg(r) = jg( )ﬂdlg( ). (33)

m(w) = ig,0Z (0) = I

—00

Here:

0 =Dz, (34)

Let one assume that the probability density functions f(z) and g(z) have

maxima at argument values ¢, and r,, respectively. In the frequency domain

m!?

these parameters determine locations of the peaks of imaginary parts of impedance

and electrical modulus at frequencies f, ~1/2z¢, and f, ~1/27z,, , respectively. It

may be shown from Eq. (34), that 7, <z, and at the same time f_ > f,. In case of
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bell-shaped f(lg(z)) (as shown in Fig. 3.34), when f(r) broadens then
decreases and ratio 7,/r, ~ f,,/f, increases. Assume, for example, that the DRT

function is normally distributed on a logarithmic scale:

2
1 lgr—Ilgr
f(r)= exp ———= | . 35
(r) - p[ % J (35)

It may be shown, that in this case the standard deviation o, is proportional to

logarithm of ratio r:

o’ mlgr—zzlg%. (36)

T

m z

The temperature dependences of r(T) for YSZ10 and CaSZ15 single crystals,

as well as for various zirconia and ceria ceramics, are shown in Fig. 3.37. In all
cases the parameter r decreases with increasing temperature, which indicates
narrowing of the DRT function. Figure 3.37 also shows correlation between the
ratio r and the dopant concentration. The ratio r for YSZ and GDC compounds
increases (i.e. the DRT function widens) with increasing dopant concentration.
Similar findings, obtained by completely different methods, are presented in
subsections 3.1.1. and 3.1.3. There is a huge r(T) peak in the temperature region
800-820 K for ScSZ10 ceramics (Fig. 3.37(a)). It was also already shown, that in
this temperature range a structural g<> ¢ ScSZ10 phase transition takes place,
which is accompanied by a significant broadening of the DRT function.
According to Eq. (36), this behaviour must be followed by an increase of the ratio
r.

Consequently, the temperature behaviour of the DRT function in studied
oxygen ion conductors may be estimated not only from the extent of the distortion
of complex impedance arcs or computing the DRT function directly, as carried out
in section 3.1. The same can be accomplished by estimating the plateau of real
part of permittivity at intermediate frequencies or the ratio r, which corresponds to
the characteristic frequencies of peak values of the imaginary parts of electric

modulus and impedance. Estimation of plateau value requires advanced data
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Fig. 3.37. The temperature dependences of r=f_/f, ratio of the investigated

oxygen ion conductors.

processing due effect of interfacial dispersion and is more suitable for single
crystals, while the plateau of permittivity in ceramics is strongly affected by
neighbouring dispersion related to grain boundary medium. Measurement of
parameter r is applicable both to single crystal and ceramic samples. Moreover,

the parameters f,  and f, are directly measurable and data in considerably
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narrower frequency range is sufficient in order to find peculiarities of the DRT
function compared to case of dealing with the distortion of complex impedance

arcs.

Summary

The electrical properties of various oxygen ion conductors were investigated
in broad frequency and temperature ranges. In the frequency region f < f, the
plateau of real part of permittivity, interfering with the interfacial dispersion, was
observed for YSZ10 and CaSZ15 single crystals. This plateau is characteristic
frequency response feature of conducting system with distributed relaxation times.
Narrowing of the DRT functions with increasing temperature were observed for
both single crystals. This was reflected in the plateau of real part of permittivity

and in the directly measurable ratio r = f_ /f, , the decrease of which was observed

with temperature increase.

96



Conclusions

Fluorite-structure oxygen ion conducting ceramics (YSZ, CaSZ, ScSZ, GDC)
were sintered at various temperatures from 1100 to 1500 °C. The ceramics as well
as YSZ and CaSZ single crystals were studied by IS and the obtained data were
further analysed by newly developed algorithm in order to find the DRT function.
ScSZ ceramics were also studied by SEM, DTA and XRD. The investigations led

to the following conclusions:

1. The DRT function in oxygen ion conducting ceramics and single crystals
contain nearly Gaussian-shaped curve in logarithmic time scale, which
narrows with increasing temperature and decreasing dopant concentration.

2. The distribution of relaxation times in scandia-stabilized zirconia
significantly broadens in the vicinity of structural phase transition.

3. The 10 mol% gadolinia-doped ceria ceramics, sintered at 1400 and
1500 °C, exhibit two relaxation frequencies attributed to the charge carrier
relaxation in grain boundary medium, which indicates that the grain
boundary medium consists of two phases with different electrical
properties.

4. The width of the DRT function in oxygen ion conductors is related to the
ratio of characteristic frequencies, which correspond to peak values of the

imaginary parts of electric modulus and impedance.
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