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ABSTRACT

Ceramic samples of Li,,Y,2r, 0, with x=0 to 0.1,
Lig, Y,2r, O with x=0 to 0.2, Li,Y,2r, 0, with x=0 to 0.5 and
Li,, 2r Y,,0,,, with x=0 to 0.3 were prepared via conventional
solid reactions. The solubilities, crystal structures and
microstructures in these samples were studied by x-ray
diffraction(XRD), infrared spectra, differential thermal
analysis(DTA) and scanning electron microscopy(SEM). The
results show that the solubilities are 0.05<X<0.1 for
Li,,Y.2r,,0; and Lig4, Y, 2r,,0,, 0.1<x<0.15 for Li,,Y2r,,0,, and
x>0.3 for Li,, 2r,Y,,0,,,, respectively. The crystal structures
of the solid solutions of Li,, Y Zr, O, and Li4, Y, 2r, 0, are the
same as Li,Zr0; and LijZrO,, respectively but the cell constants
change slightly with %, while the structure of Li, Y, 2r,,0, and
Li,, 2r Y,,0,,, changes from monoclinic for pure LiYO,(x=0) to
tetragonal (x>0.005). The sinterability of Li,ZrO; improves
greatly with yttrium additions to Li,Zro,.

The conductivities of the samples were measured by
complex impedance spectroscopy and dc polarization. The
results show that lithium conductivity in Li,, Y,Z2r,,0; samples

increases slightly from 3.9x10°% to 5.0x10° S/cm at 400°C as x
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increases from 0 to 0.05 and the corresponding conduction
activation energy decreases slightly from 0.99 to 0.92 eV.
Based on the effective medium theory, the conductivity
increase in the solid solution was estimated to be 3% for
x=0.05 compared with pure Li,Z2r0; crystal.

For Li4,Y,2r, O samples, a mixture of LiOH and Li,COj;,
which melts at about 430°C, can be formed during the
processing and measurements. The ionic conductivity depends to
a large degree on the microstructure(the amount and
distribution of the mixture) below 430°C. The 1lithium
conductivity at 435°C increases from 1.0x10? to 6.9x10? S/cm
as x increases from 0 to 0.05. The electronic contribution to
total conductivity is lower than 1% below 435°C.

The ionic conductivity in the tetragonal phase of Zr-
doped LiYO, is much lower than in pure monoclinic LiYO,. The
conductivity values at 500°C are 1.3x10? for pure LiYO, and
1.2x10* for Li,;2r,;Y,,0,;5. The ionic conduction activation
energy in the tetragonal Zr-doped LiYO, is much higher than
pure LiYO,.

The thermal stability and the hydrolysis tendency for
Li,Z2r0,;, Lig2rO, and LiYO, were examined by thermodynamic

calculations and by experiments.
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CHAPTER 1 INTRODUCTION

The deployment of electric vehicles depends on the
development of high energy density batteries with high
performance. High energy density batteries also have a
potentially important role to play in military, space,
stationary storage and remote power sources, as well as
industrial and domestic cordless products in the next century.
Thus high energy density batteries have been extensively
investigated in the past two decades. Of those batteries,
lithium batteries have been attractive because of their very
high energy density and high cell voltage due to the
favourable thermodynamic properties [1,2,3,4]. In the area of
lithium rechargeable batteries, research and development work
is advancing in two fronts. One area receiving considerable
research effort is ambient temperature rechargeable lithium
batteries based on organic electrolytes. Organic electrolyte
systems have the advantage of ambient temperature operation.
However, problems due to dendritic deposition, 1low ionic
conductivity of the media, problems of solvent transport and
solubility of cathode active materials often exist. The other

area involves high temperature rechargeable lithium/metal



2
sulphide and lithium/sulphur battery systems with molten salt
and solid electrolytes. These batteries are basically intended
for electric vehicle ©propulsion, but, energy storage
applications are also being investigated. Molten salt and
solid electrolyte systems are capable of higher current
densities than organic electrolytes, by virtue of their
operation at elevated temperature. Molten salt systems suffer
from corrosion problems, including that of the separator.
Solid electrolytes, on the other hand, act as natural
separators, eliminating the problem encountered in molten
salts.

In lithium high temperature batteries, the lithium-
sulphur battery has become most attractive because of its very
high theoretical specific energy of 2600 W-hr/kg, and high emf
value of 2.2 V [1, 2, 3]. But, up till now, several practical
difficulties have discouraged the development of a practical
cell [3-7]. The crucial problems arise from the use of molten
salts as electrolytes [4-7]. One possible solution in
developing a practical Li/S cell is to find a suitable solid
lithium electrolyte. Although a 1large number of such
electrolytes have been studied [8-13], most of them are
thermodynamically unstable against pure lithium [8]

However, the lithium zirconates Li,Z2rO; and LiZrO, and

lithium yttrate LiYO, have been reported to be possible



3
lithium ionic conductors that are thermodynamically stable
against pure lithium [8], but their ionic conductivities are
low.

In a totally different application, advances in the
plasma physics and technology h;ve increased our confidence
that fusion can provide a reliable, long-term alternative for
abundant, economically attractive energy. One advantage of
fusion energy which is of paramount importance is that there
is a plentiful, low cost fuel supply. A second important
advantage of fusion power is that there are no polluting
combustion products and very little radioactive waste. Another
advantage is the inherent safety of the fusion plasma. There
will be no risk of a nuclear runaway or excursion which could
lead to emergency evacuations. Lithium zirconates could be
potential tritium breeding blanket materials in a fusion
reactor.

Although lithium zirconates and lithium yttrium oxide
have relevant applications as discussed above, there has been
no systematic research on the preparation and stability of
these materials. Also, the conductivities need to be improved
in order to justify their use in lithium high temperature
batteries. To this end, doping of binary components to form
solid solutions of Li0,-Y,0,-Zr0, was investigated.

In the present work, the solubilities of yttrium in



4
the Li,Z2r0; and LijZrO¢ and zirconium in LiYO, were determined.
The structures of solid solutions of Li,,Y,2r, 0,, Li,, Y,2r, O
and Li, 2r,Y,,0, were studied and their conductivities were
measured. The thermal stability and hydrolysis tendencies for
these materials were also studied by calculations and by

experiments.



CHAPTER 2 LITERATURE REVIEW

2-1 Solid Electrolytes

Solid electrolytes have been investigated by many
researchers from battery engineers to theoreticians for
several decades. Many solid electrolytes have been discovered,
and a wide variety of experimental techniques have been
applied to measure the properties of these materials and the
theoretical understanding has improved.

Research on ionic conduction in solids, however, can
be traced back to the early 19th century when it was
ascertained that the relationship between the current passing
through various kinds of solids and the accompanying chemical
changes obey Faraday’s law [14]. Stabilized zirconia, which is
one of the present key solid electrolytes used for oxygen
sensors and fuel cells, appeared in 1897 as a resistive-
heating type light source called the "Nernst glower" [15].
However, a half century passed before a complete understanding
of electric conduction phenomena in ionic crystals including
zirconia was demonstrated in Wagner’s thesis in 1943 [16].

There were, however, several important discoveries
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regarding ionic conduction phenomena in solids between the
Nernst glower and Wagner which mainly concerned alkali
halides. Among them, extraordinarily high ionic conductivity
in AgI was found by Tubandt et al. [17,18]. They discovered
that the conductivity of AgI in the solid state jumps to a
value almost the equal to that in the liquid phase when it
transforms from the beta to the alpha phase at 149°C. Since
then, a-AgIl has been studied extensively from various aspects
ranging from physics to crystallographic studies. Strock [19)
discovered in 1935 that the conductive Ag* ions (2 ions per
unit cell) are statistically distributed among 42
crystallographically equivalent interstices formed by the
cation (Ag') 1lattice analogous to a fused state. Although
still controversial in its details, it was thus understood
that extraordinarily high Ag* conductivity was due to the
crystal structure. Numerous other solid electrolytes have
been found subsequent to these studies.

Concerning the crystallographic defect theory, Joffe
[20] proposed the concept of lattice defects or interstitial
ions which provided a basis for the successive works of
Frenkel [21] and Wagner and Schottky {22]. As a result of
these studies, the thermodynamic theory of ionic conduction
was established in the 1940’s.

Since the 1950’s, the development of new materials or
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devices based on this theoretical basis has been a key subject
in this field. In other words, such theories enabled us to
design materials or devices for practical application. A good
example is the synthesis of RbAg,I; by Bradley et al. [23] in
1966-67, which exhibits ionic conductivity at room temperature
as high as liquid electrolyte solutions. They attempted to
stabilize high conductive a-AgI below 149°C to room
temperature at which its conductivity normally drops by 5-6
orders of magnitude. RbAg,I; thus synthesized based on the a-
AgI model may be a good example of material design, though
the structures of these two materials are not analogous.
Another example is NASICON (Na,,Zr,P;,Si0,;,), a famous Na* solid
electrolyte synthesized by Goodenough and Hong [24] in 1967.
This is a "tailored" solid electrolyte whose synthesis was
based on an understanding of ionic conduction in a three-
dimensional tunnel structure. Such successful material design
subsequently produced various new solid electrolytes.

However, the most important discovery since 1950 may
be the high sodium ion conduction in f-alumina (ideally,
Na,0.11 Al,0;) found by Weber and Kummer [25], though existence
of such a compound was known before the 1930’s. At the present
time, sodium sulphur batteries using this solid electrolyte
are being developed for electrical vehicle propulsion. In

materials science, however, we can not overlook the fact that
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the two-dimensional high ionic conduction of beta alumina
provided a very useful guide for the development of new solid

ionic conductors.



2-2 Lithium Solid Electrolytes

The low atomic weight and highly electropositive
nature of lithium offers the possibility of high energy and
cell voltages of up to 3 V. Furthermore, the metal is
relatively easy to handle at room temperature and is also less
expensive than noble metals such as silver. A number of
cathode materials with high lithium diffusion coefficients are
also available, some of which utilize the phenomenon of
intercalation.

The recognition of lithium solid electrolytes dates
from 1921, when Benrath and Drekopf [26] discovered high ionic
conductivity in the high-temperature ¢-Li,S0,. Until the 1940s,
however, only a handful of solids that exhibit transport of
lithium ions had been recognized and studied. These were
mostly alkali halides such as LiF and LiI, which have Schottky
disorder and thus relatively low values of conductivity.

In 1967, much higher 1lithium ion conductivity was
discovered in the B-alumina type layered compound. The lithium
member of this family was synthesized by solid-state ion
exchange from Na-$-Al,0; in a molten salt. This work, as well
as experimental demonstrations of rapid transport of other

ions in a variety of crystal structures up to 1970 was
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reviewed by Pizzini [27].

The activity has continued since 1970. Therefore, a
lot of solid 1lithium ion conductors have been investigated
[9,10,11,12,13]. But none of those can be used as a solid
electrolyte in a high energy density lithium battery since
most of the 1lithium ion conductors are thermodynamically
unstable against pure 1lithium or have other problens
associated with processing or application. For example,
Li-#-A1,0; is one of the best lithium ion conductors, but is
not stable in the presence of pure lithium. Furthermore, it is
not thermally stable and will transform to the spinel LiAl0,
at high temperature. The only alumina-based electrolyte which
is stable to pure 1lithium is Li;Al10,, but it is quite
hydroscopic and difficult to process outside a glove box. Li;N
is another good 1lithium ion conductor and it is
thermodynamically stable against pure 1lithium , but its
thermodynamic decomposition potential is only 0.44 V [28].
Li,S0, has a very high conductivity, around 1 S/cm between
575°C and its melting point at 870°C [29,30]). The conductivity
of the low temperature monoclinic f form is much less,
however, and this structure is of little interest as a solid
electrolyte, especially since it has not been possible to dope
it and generate either 1lithium vacancies of interstitials

[31,32]. LISICONS (lithium germinates and related compounds)
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also have high conductivities, but they are thermodynamically
unstable in the presence of pure 1lithium and also some
compositions are thermodynamically unstable below about 630°C
[33,34,35].

Hellstrom and Van Gool have investigated the
thermodynamic stability of solid electrolytes [8] against pure
lithium and reported that there are number of possible
electrolytes for lithium batteries in the Li,0-Z2r0, and Li,O-
Y,0; systems [8].

Polezhaev and Chnukhlantsev studied the Li,0-Zr0,-SiO,
system and found Li,ZrO; exists between Li,0 and 2rO, [36].
Scholder, Rade and Schwarz further studied the Li,0-Zr0O, system
and found the additional phases Li,2r0, and LijZrQO, exist in the
system ([37). Later, Li(2r,0, was also reported by Enreguez
[38].

Li,Zr0; has the highest melting point and is the least
air-sensitive of the lithium zirconates though its stability
with respect to pure lithium has not been determined. The
crystal structure of Li,Zr0O; was determined by Dittrich and
Hoppe [39]. Its conductivity was studied by Hellstrom and Van
Gool and found to be 4.7x10% S/cm at 400°C, which is too low
for Dbattery applications. However, Li,Zr0; has been
investigated in nuclear materials research [40,41,42]. Because

of the ease of tritium recovery, excellent thermal performance
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and good irradiation behaviour, it is considered a promising
ceramic tritium breeder material in a fusion reactor. But it
was found that the sinterability of Li,ZrO; was poor, resulting
in a product with generally about 80% theoretical density even
by hot-pressing sintering [42].

LigZro, is a solid lithium ion conductor
thermodynamically stable with respect to pure lithium [8]. Its
crystal structure was determined by Hoppe et al.[43]. The
formation enthalpy of LijZrO, has been measured by Neubert and
Guggi [44]. Its conductivity in the temperature range from
room temperature to about 360°C has been studied by
Hagenmuller [45], which is 2.1x10° S/cm at 227°C and 4x10? S/cm
at 400°C by extrapolating. These are still too low for use as
electrolytes in 1lithium batteries. But, LijZ2r0¢ may find
application in nuclear materials research [40,41,42].

LiYO, is the only compound in the Li,0-Y,0; system
[46]. Its crystal structure was studied first by Hoppe et al.
and was reported to be tetragonal [47]. Later work by Stewner
and Hoppe showed that the structure is actually monoclinic and
that the tetragonal modification is stabilized by the presence
of impurity cations [48]. The conductivity is [46]:

0=4x10%xp[-79 (kJ/mol) /RT] S/cm
On exposure to water vapor it shows the same increase in

conductivity at about 380°C seen in LijAl0, due to the presence
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of LiOH [46].

Although some properties of Li,Zr0,;, LigZrO, and LiYO,
have been reported, a systematic study on synthesis and
preparation has not been done for these materials. Because of
the high content of volatile lithium oxide, especially for the
Lig2ro,, it 1is very difficult to prepare single phase
materials. The thermodynamic stabilities of these materials
have not been studied and the heat capacity and entropy data
of these materials are not available. Studies on improving the

conductivity of these materials has not been reported.



CHAPTER 3 EXPERIMENTAL TECHNIQUES

3.1 Infrared Spectroscopy

The utility of infrared spectroscopy to the organic
chemist is perhaps unsurpassed within the framework of most
modern laboratories. Experimental, theoretical, and empirical
correlations between functional organic groups and the
infrared spectrum have been thoroughly studied and tabulated.
The vast body of literature devoted to the results of these
studies provides a rather solid base for the analytical
spectroscopist. Through the efforts of several authors this
accumulated data has been summarized and reviewed in several
excellent publications [49,50,51,52,53,54,55].

The application of infrared spectroscopy to the
identification of inorganic compounds has been somewhat less
successful. Many simple inorganic compounds such as the
borides, silicides, nitrides and oxides, do not absorb
radiation in the region between 4000 and 600 cm! which, for
many years, was the infrared region covered by most commercial
spectrometers. Only within the 1960’s have instruments become

available which include the region below 600 cm! , and it is

14
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more recently that instrumentation has been developed to cover
the far-infrared region between 200 and 10 cm!. These are the
regions in which most inorganic compounds absorb infrared
radiation. In addition, the infrared spectra derived from
inorganic compounds usually have absorption bands that are
broad and overlapping, making assignments and specific
identifications of a cation-anion pair more difficult.
Moreover, due to the power of the X-ray diffraction technique,
the introduction of infrared spectroscopy into the field of
crystalline materials has been limited. However, the infrared
technique is quick, simple, relatively inexpensive and serves
as a useful supplementary technique in the identification of
crystal materials. Furthermore, owing to its sensitivity to
local bonding forces and to symmetry properties, the infrared
spectrum of inorganic solids can be taken for further
structural refinement, or used for glasses and semi~amorphous
materials where the diffraction methods have 1lost their
efficiency.

Infrared spectroscopy involves absorption, originating
from vibration and rotation of a molecule, of electromagnetic
radiation in the infrared region of the spectrum. The energy
associated with a quantum of light may be transferred to the
molecule if work can be performed on the molecule in the form

of displacement of charge. This requirement gives rise to the
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selection rule for infrared activity. A molecule will absorb
infrared radiation if the charge of the vibrational state is
associated with a change in the dipole moment of the molecule.
For the simple case of a diatomic molecule, the absorbed

frequencies (wavenumbers) can be calculated by the following

formula
I 3-1
2nc\ p
where y = wavenumber of the vibration
c = velocity of light
f = force constant of the bond
u = reduced mass of the atoms involved

For polyatomic molecules, certain groupings may be considered
for group frequencies. These group frequencies have been
compiled for a large number of molecules, and relatively
reliable correlation charts have been devised.

The importance of infrared spectroscopy as a
complementary technique to X-ray diffraction in the
identification of minerals has become increasingly appreciated
during the last two decades or so. Infrared absorption spectra
can be employed for the identification of pure compounds or
for the detection and identification of impurities. The

infrared absorption spectrometer can also used for
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quantitative analysis. The infrared analytical technique is
extremely sensitive to short-range site occupancy differences
and thus may be contrasted with X-ray diffraction techniques
which rely mainly on longer range ordering and on the periodic
repetition of atoms.

For example, the IR spectrum is very useful for
studying substitutional solid solutions and for identifying
some polyanions. For a substitutional solid solution such as
(A,,B,)CO, in which two cations A and B substitute for each
other, modifications of the spectrum as a function of x may be
of two kinds (Fig.3.1).

(a) the so-called two modes behaviour, in which bands
due to A-O vibrations disappear progressively and are replaced
by bands due to B-O vibrations. The bands due to C-O vibration
will be shifted systematically with x.

(b) the so-called one mode behaviour, in which a
single band (more or less broadened) will be observed
throughout the series of solid solution, at a frequency which
is roughly a weighted average of the frequencies of the end-
members. Therefore, from these spectrum behaviours, it is easy
to identify whether a solid solution is formed.

In addition, the IR spectrum of many simple monoanions
(OH, NoO;, co®, Po/*, sO,>, etc.) has been widely investigated

[56,57,58,59]. Generally speaking, and apart from some
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specific cases, the vibrational spectra of such anions is
characterized by two groups of vibrational
frequencies (corresponding to the stretching and bending
motions of the anion). Therefore, it is often possible to
identify an anion and distinguish a polyanion from a

monoanion.
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Fig.3.1 Schematic idealized vibrational behaviour of a solid

solution(a  ,B,)CO,. Left: Two-modes behaviour; right:

one-mode behaviour.
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3-2 AC Impedance Measurement

Small-signal ac impedance measurements have become a
standard technique for characterizing 1liquid and solid
electrolytes and other materials since Bauerle [60] first
applied this technique to a solid electrolyte system. Analysis
of small-signal data can almost always yield estimates of bulk
conductivity of new materials free from the elect;gde
‘polarization effects which plague steady-sf;te dc
measurements. Under favourable conditions, detailed analysis
of impedance data for homogeneous materials in terms of an
appropriate model of the electrode / electrolyte system can
also yield accurate estimates of microscopic parameters:
mobilities, dielectric constant, electrode reaction rate
constants, etc., which characterize interface and bulk
behavior of the system [61,62]. Even for polycrystalline solid
electrolytes such as f(-alumina, proper analysis may lead to
valuable information about electrode reactions and intergrain
properties.

The impedance Z of a RC parallel circuit is given by

R R ®CR?

Z W)= - =
( ) 1+chl'1 1+R2(02C'2 1+R2m202

(3-2)
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where R and C are the equivalent parallel resistance and
capacitance, respectively, & 1is the frequency, and i
represents the imaginary component. The admittance Y is the

inverse of impedance and is expressed as

1 %+imC=G+iwc (3-3)

where G=1/R

From equation 3-2, it can be derived that

(ReZ—-§)2+(ImZ)2=(§)2 (3-4)

Therefore, for an RC parallel circuit, the plot of ImZ versus
ReZ will be a semicircle while the plot of ReY versus ImY will
be vertical 1l1line. Similarly, a few simple examples are
presented in Fig.3.2. Arrows in the diagram represent the
direction of increasing frequency. Shapes of the plots vary
greatly with circuit elements. In general it may be said that
each semicircular arc corresponds to a lumped RC combination,

a vertical line represents a lone capacitance, and a quarter
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circle with a 45° line represents a Warburg impedance which is
the electrical analog of a diffusion process (Fig.3.3). It is
possible to calculate the resistance and capacitance values
from the intercepts on the real axis and the highest point in
the semicircles, respectively. More details regarding the
theory of this technique may be obtained in references 60, 62
and 63. When similar diagrams are constructed with the real
and imaginary value of dielectric constant these are known as
Cole-Cole plots.

The physical processes which take place in an
electric field are very often represented by analogous
electrical circuits. Impedance measurement has been
successful in qualitative as well as quantitative
determination of such equivalent circuits and therefore
provides much better insight into the transport mechanism. In
principle any such equivalent circuit may be represented
either by a Maxwell model (Fig.3.4a) or a Voigt model
(Fig.3.4b). Mathematically they are interchangeable so that
with the proper choice of element values they can have the
same impedance values at all frequencies, although the
transformation becomes difficult when the number of the lumped
RC combination N is larger than 2. However, their powers of
interpretation of the physical processes are not always the

same and the final selection between them depends on the
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Continued

A Warburg impedance is represented by o—-\/\/—o

Fig.3.3 Circuit diagram for Warburg impedance.
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nature of the particular system under investigation. It may be
mentioned that an admittance plot is preferable for a Maxwell
model, while an impedance diagram will give more information
for a Voigt model. Although a two layer Voigt model is very
often used to describe a solid electrolyte system, the actual
circuit may be quite complicated and depend on the exact
nature of the transport mechanism. McDonald [64] has proposed
a five-layer Voigt model (Fig.3.5a) in which each of the RC
sections correspond to one of the following five
impedances: (1) bulk or intragrain impedance (B), (2)
intergrain impedance (G), (3) electronic impedance of the
electrode (E), (4) absorption reaction impedance (A), (5)
Warburg diffusion impedance (D). An impedance diagram for such
a system will result in a series of connected arcs (Fig.3.5b)
each associated with a single impedance provided the
relaxation time (7=RC) of those processes differs at least by
two orders of magnitude. Since each of these relaxation
processes follows Arrhenius behaviour, impedance measurement
as a function of frequency and temperature enables
determination of activation energy for each. In practice,
however, it is quite common that all five arcs may not be
observable at the same time. The relative sizes will also vary
greatly depending on the experimental conditions. In general,
the absorption‘impedance and the electronic impedance are too

small to be observed for a pure solid electrolyte. In
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Fig.3.5 Equivalent circuit (a) and impedance diagram (b) for
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actual experiments the arcs are often less than half-circles.
This is believed to be due to a distribution of relaxation
times instead of a distinct one.

For example, a maximum of three arcs has been
observed with Ca0 and Y,0; stabilized 2r0O, electrolytes
“[”'65",'66,67,68]. g-alumina [69,70,71,72] and Ag,RbI; [72]
electrolytes have also been studied by this technique. It has
been possible to make accurate estimations of electrode and
electrolyte resistances in these electrolytes. It is also
possible to measure the activation energy and the mobility of
the charge carriers by this technique.

However, it has been found that the ac impedance
spectrum of practical electrochemical cells usually shows non-
ideality, i.e., deviation from ideal resistance and
capacitance elements in the equivalent circuit. Then the
semicircle arc will become a depressed circular arc whose
center lies below the real axis. By analogy with the well-
known Cole-Cole complex permittivity plot, the non-ideal
impedance spectrum can bé reproduced in terms of the impedance

expression by introducing a depression coefficient a [73,74]

R
1+ (iwCR)L®

Z(w) = (3-5)
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This will make the analysis for the impedance data much more
complicated. But in principle, it is still possible to make
accurate estimations of electrode and electrolyte resistances
as well as to differentiate between the bulk and grain
boundary resistances 1in solid electrolytes from complex

function theory and curve fitting.



CHAPTER 4 MATERIALS AND PREPARATION

In this present work, the sintered samples of Y-doped
Li,Zr0, and LigZ2rO¢ and 2Zr-doped LiYO, were prepared via
conventional solid reactions. The structures of these samples
were studied by XRD. The conductivity of the samples were

measured by complex impedance methods and dc polarization.

4-1 Y-doped Li,ZroO,

The starting materials were reagent grade Li,CO; and
ZrO, and analytical grade Y,0,. The materials were weighed,
ground and intimately mixed in an agate mortar with a suitable
amount of acetone. The mixtures were calcined at 1000°C for 10
hours. The calcined samples were ground again in the mortar
and pressed into 12 mm diameter by 1 to 4 mm thick pellets at
69 MPa(10* psi). The pellets were sintered at 1400°C for 20
hours and at 1450°C for 5 hours buried in Li,Z2rO; powders in an
alumina crucible. |
The sintered samples were polished on SiC paper with
acetone. Silver paste was put on both polished surfaces and
then baked at 600°C for about 4 hours to obtain the samples

for conductivity measurements.

29
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4-2 Y-doped Li,ZrO,

The starting materials were the oxides of reagent
grade 2Zr0O, and Li,0, and analytical grade Y,0;. The appropriate
amounts of oxides were weighed, mixed and ground in an agate
mortar with a suitable amount of acetone. The ground powders
were fired in Al,0; crucibles in air first at 130 to 150°C for
one day then at 900°C for 3 days. The reacted samples were
ground again in the mortar and pressed into pellets of 13 mm
diameter and 2 to 5 mm thickness at 70 MPa. Finally the
pellets were buried in Lij2rO, powders in alumina crucibles and
sintered in air at 500°C for one day, then 800°C for 8 hours
and at 930°C for a half hour to obtain samples of Li;, Y,Z2r, Os.

Sintered samples were stored in a desiccator for
about two months and then polished, coated with silver paste
and baked at 600°C for 2 hours to obtain the samples for

conductivity measurements.
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4-3 Zr-doped LiYO,

Starting materials were reagent grade Li,CO; and ZroO,
and analytical grade Y,0,. Compositions of Li, Zr,Y,,0, (0<x<0.5)
and Li,,Z2r,Y, 0, (0.15<x<0.30) were prepared. The appropriate
amounts of oxides were weighed, mixed and ground in an agate
mortar. They were fired in air at 705°C for 15 hours and at
1200°C for 12 hours and then at 1400°C for 5 hours. The reacted
samples were ground again in the mortar and pressed into
pellets with 13 mm diameter by 2 to 5 mm thickness at 70 MPa.
Finally the pellets were sintered in alumina crucibles at
1400°C for 15 hours and 1450°C for 5 hours to obtained the
sintered samples.

Sintered samples were polished on SiC papers with
acetone. Then gold of about 100 nm thickness was sputtered on
both polished surfaces to obtain the samples for conductivity

measurements.
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CHAPTER 5 EXPERIMENTAL RESULTS

The solubilities, crystal structures and
microstructures for Y-doped Li,Zr0,;, Y-doped Lig2rO, and Zr-
doped LiYO, were studied by XRD, IR spectra, and SEM. The
conductivities of these materials were studied by ac complex
impedance and dc polarization. The tentative phase diagram of

LiO,-Y,0,~-2r0, from this study is shown in Fig.5.1.

5-1 Yttrium-doped Li,Zro,

5-1-1 XRD analysis

Powder x-ray diffraction experiments were done using
Cu-Ka radiation with Ni-filter for all sintered samples. The
lattice parameters were determined by means of a least squares
unit cell refinement program from a Guinier camera pattern and
silicon as the internal standard . The powder x-ray
diffraction patterns for Li,, Y, Zr,,0;, where the samples with
x=0, 0.01, 0.05, 0.1 were labelled as ZYNS1l, ZYNS2, ZYNS3, and
ZYNS4, respectively, are shown in Fig.5.2. From JCPDS card
#33-843, it can be seen that the diffraction peaks for the

samples with x=0, x=0.01, and x=0.05 can be matched with those

32



o .
IREEEERREE RN i |_|20
LI O L O I

0 20 40 60 80 100
LiYO,

Fig.5.1 The tentative phase diagram in the Li0,~2r0,-Y,0, system

33



34

3zvns1,LI-v{ZR-0

N A O @
00 @ &
auduld

IR |

2a9. 4@ 9 6@._
ZYNS2 LI-Y}{2Z2R-0

W AU b b it i)

8888

..l""'i‘Ill.llll]ll’ll‘lll‘ll'

L

~LLJJLJMLNMWWJWN

Y

i A a0 S Lt L

2 } g sJ JLJ{MMMMMM««

EG.P 40.9 66.0

-
o
-
.
-
o
=
o

8883
Jaaskekaskoalendasdiackoa]

jM Muumuft MM’M

LIEZR03 #33—843

n A o
QQ@%

-l. [ ‘Il‘lln}!L'[ |hHJJLLJt | PRSI B ) L.

ZRO2,% 24-1164

58 8

l.‘llkl.lllll‘ l l 1 ’ 1 1 ll‘lllll!‘ll'll‘ll,ll’ 1 " 1

n
W]

(hd i i WA A bl S A B T L T L U A W b el i 2 i L e )

]] ! IJ 1

T LR T 1 T T T ¥ ¥ ] L] 1 { T 1 T ki H T T L} T 1 T T T ¥ ] H ) T 1

Fig.5.2 The X-ray diffraction patterns for the samples of
Li,, Y,2r, 0, with x=0 (ZYNS1), x=0.01 (ZYNS2), x=0.05

(ZYNS3), and x=0.10 (ZYNS4).



35
of Li,ZrO; except for two small peaks, which may be assigned
to zirconia. But for x=0.1, there are a number of peaks which
corresponded to Li¢2r,0,, indicating the onset of a 2-phase
region. The XRD results also show that the diffraction peaks
systematically shift toward lower diffraction angles and
larger d spacings with the increase in x from 0 to 0.05, but
those corresponding to Li,Z2rO; for sample ZYNS4 (with x=0.1)
appear in almost the same positions as for sample ZYNS3. The
lattice parameters were calculated by means of aﬂleast_squares

unit cell refinement program, and the results are listed in

Table 5.1.
Table 5.1 Lattice parameters of Li,, Y Zr, O;
solid solutions
X a(A) b(A)  c(A) a () B(°) v(°)  v(AY)
0 5.4159 9.0120 5.4187 90 112.7059 20 24.3981

0.01 b5.4267 9.0489 5.4212 90 112.7101 20 24.5574

0.05 5.4406 9.0598 5.4333 90 112.6037 90 24.7241

In forming the solid solution, yttrium substitutes for

zirconium on the normal zirconium lattice. From the point of
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view of electrical neutrality, the presence of yttrium would
be balanced by oxygen vacancies. However, adding yttrium and
lithium as in the present case would result in 1lithium
interstitials in unoccupied interstitial sites. This
corresponds to a Li,, Y,2r 0O; stoichiometry for the solid

solution.

5-1-2 IR spectra analysis

Infrared absorption spectra analysis was carried out
in a Bio-RED ETS-40 laser IR spectrometer. The IR absorption
spectra for sample ZYNS1l (x=0) and sample ZYNS3 (x=0.05) are
shown in Fig.5.3. From Fig.5.3, it is found that there are
five main peaks at 1450, 860, 750, 500, 450 cm!. The peaks at
1450 and 860 cm! are from CO, and water, respectively, due to
residual water or CO, remaining from preparation. The peaks at
750, 500 and 450 cm! from 2r0,> [75] shift to lower wave
numbers with yttrium substitution in sample ZYNS3, which is
further evidence for the formation of the Li,, Y 2r, 0, solid
solution. The shift in wavenumber is due to a decrease in the
vibrational constants of ([Y,2r,,0,]%"® relative to those of
ZrO;” due to the lower electrical charge and larger ionic
radius of the Y** ion.

5-1-3 SEM analysis

Microstructures of all the samples were observed using
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a Phillips 515 SEM. The SEM mnicrographs of the fracture
surfaces of the samples are shown in Fig.5.4. With the
increase in composition x, the samples become denser, and the
grain size becomes smaller and more equiaxed. Also the
element analysis was carried out using an EDX LINK QX 2000
detector for all the samples. The results showed that silicon

was not found in the samples.

5-1-4 pH measurements

pH values of the samples were measured using pH
paper. The pH of all the samples both in distilled water and
ethanol have a common value of 10.5. This shows that the
Li,Zr0; will hydrolyse in water and ethanol. The formation of
the solid solution does not affect the reactivity of Li,ZroO,
with water and ethanol.

5-1-5 Density measurement

Density of the samples was measured by Archimedes’
method with toluene. The density results of all the samples of
Li,, Y, 2r,,0, are shown in Table 5.2 and Fig.5.5. The relative
density values were calculated on the basis of the theoretical
densities which were calculated based on the results from
Table 5.2 and the Li,ZrO; crystal structure data from JCPDS
card 33-843. From Table 5.2 and Fig.5.4, it can be seen that

the density and relative density increase from 3.368 g/cm’® or



Fig.5.4 The SEM images of fracture surfaces for samples of

Li,,Y,Zr, O, with (a) x=0; (b) x=0.01; (c) x=0.05;
and (d) x=0.10.
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80.8% T.D. to 4.094 g/cm’® or 99.4% T.D., respectively, with x
increasing from 0 to 0.1.

The combined results of XRD, IR and SEM analyses show
that a single phase solid solution of Li,, Y, 2r, 0; was formed
when the amount of yttrium introduced is not larger than 0.05,
but the sample with x=0.1 consisted of the solid solution and
a small amount of Li2r,0, second phase. It can be seen that
the formation of the solid solution can improve the
sinterability of Li,Z2rO; by decreasing the grain size and the
porosity and producing more uniform microstructures. This can
be explained as follows.

Since Li* ion transport is much faster than Zr** and
0* ion transport, the densification rate at sintering
temperatures is controlled by the diffusion of Zr** and 0%
ions. The formation of the solid solution raises the mobility
of Zr** and 0% ions since the lattice size is increased, as can
be seen from XRD results and the average interaction between
zr** and 0> ions is reduced upon substitution of ¥Y** ions as
reflected in IR spectra analysis. Also, the formation of the
solid solution will decrease the boundary energy and reduce
the driving force for grain growth. Therefore, the formation
of the solid solution will increase the densification rate and
retard grain growth leading to improved sinterability of

Li,2r0,. Since sample ZYNS4 with x= 0.1 falls in a 2-phase
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region, there will be a small amount of liquid phase present
at sintering temperatures. This factor will improve the
sinterability of Li,Zr0O; even more effectively.

Table 5.2. Densities of Li,, Y Zr, O, samples. The
relative density of sample ZYNS4 with
x=0.1 was calculated from the theoretical
density of sample ZYSN3 since the amount

of the Li(Zr,0, second phase is unknown.

sample x value theoretical measured relative

density(g/cm’) density(g/cm®) density(%T.D.)

ZYNS1 0 4.167 3.368 80.8
ZYNS2 0.01 4.142 3.526 85.1
ZYNS3 0.05 4.119 3.895 94.6
ZYNS4 0.1 4.094 99.4

5-1-6 Conductivity measurement

A.C. complex impedances were measured on an HP 4192A
computerized impedance analyzer in the frequency range from
2 Hz to 10 MHz for all samples. The typical ac complex
impedance spectra for the samples of Li,, Y Zr, O; are shown in
Fig.5.6. It can be seen that the shapes of the plots are very

similar for all the samples, consisting of a curved part in
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Fig.5.6a The ac impedance spectra in the frequency range of
2 Hz to 10 MHz for the ceramic samples of Li,,Y,Zr, O,

with x=0.
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the higher frequency range and an approximately horizontal
part at low frequencies. These impedances seem to be different
from the common well-known Cole-Cole impedances discussed by
Cole, Jonscher and Isard, etc. [62,63,73,76,77] at the low
frequency end because of the extra horizontal linear part in
these impedance spectra. And they are also different from the
Warburg diffusion impedances discussed by McDonald and others
(62,78,79] 1in the 1linear part at 1low frequencies. The
horizontal part is due to the induction from the silver
electrode reaction with lithium at the initial stage of the
measurements. The curved part at high frequency comes from the
superposition of the two depressed semicircles in the Cole-
Cole plot from the grain and grain boundary. It is not easy
to separate the overlapping grain and the grain boundary
components of the impedances. The total conductivity was
obtained by extrapolating the curved part to the real axis.
Although the conductivity can be obtained by using the real
component of the impedance at its closest approach to the real
axis, the different procedures generally yield less than 5%
relative errors. The conductivity dependence on temperature
for all the samples is shown in Fig.5.7 in the range 250 to
400°C. When the temperature is lower than 250°C, the
conductivity of the samples is too low to be determined

accurately.
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5-2 Yttrium-Doped LiZrOQq

5-2-1 X-ray results

Power x-ray diffraction experiments were done using
Cu-Ka radiation with Ni-filter for all sintered samples. The
x-ray powder diffraction patterns for all the samples of
Lig, Y, 2r, Oy are shown in Fig.5.9. From the patterns, it can be
seen that when x < 0.05, all the diffraction peaks in the
patterns match with that of Li;ZrO,. This shows the samples
with x not larger than 5% are single phase with the same
crystal structure of LijZrO¢;. But for the samples with x >
0.10, the diffraction pattern shows two phases exist, of which
the major phase is still octalithium zirconate, and the minor
phase is LiYO, with tetragonal structure.

In order to verify further that the added yttrium was
dissolved into the crystal lattice of octalithium zirconate
and study the effects of the yttrium doping on the crystal
structure, the Guinier camera method was also used. The unit
cell parameter a is shown in Fig.5.10. From Fig.5.10, it can
be seen that the value of the a axis of the hexagonal
structure for yttrium doped octalithium zirconate increases
linearly with x until 5%, following Vegard’s law. For the

sample with x=0.1, the lattice parameter begins to deviate due
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Fig. 5.9 X-ray diffraction patterns for Li,,,Y,2r,,0s Samples,
A: with x=0, B: with x=0.01, C: with x=0.10, D: with
x=0.05, E: with x=0.20, F: JCPDS card for monoclinic

LiYOo,, G: JCPDS card for LigZroO,
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to formation of the LiYO, second phase. By extrapolation, the
Y-doped amount in the lattice is 7%, i.e., 3% of the added
yttrium has gone into the second phase.

The crystal structure of LijZrO, [80,81] is shown in
Fig.5.11. The oxygen ions form the stack of ABAB. Zirconium
ions and some of the lithium ions(Li;) occupy the octahedral
sites. The other 1lithium ions(Li;) occupy the tetrahedral
sites. There are a number of possible ways to form a solid
solution with yttrium in the Lij2rO, lattice. One typical way
is that two yttrium ions substitute for two zirconium ions,
resulting in an oxygen vacancy; another way is that four
yttrium ions replace three zirconium ions, resulting in an
interstitial yttrium ion; yet another way is that a yttrium
ion substitutes for a zirconium ion combined with a lithium
ion to form an interstitial lithium ion. However, from the
consideration of the energy and kinetics, a Y’* ion plus a Li*
ion substituting for a Zr** ion is more favourable. The solid
solution formed in the samples is Lig,,Y,2r, ,O,. A similar
situation was verified for f-alumina doped with impurities by
Xx-ray scattering, neutron scattering and electronic

paramagnetic resonance of single crystals [82,83,84].
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5-2-2 I.R. absorption spectrum analysis

The typical I.R. absorption spectra for the samples
of Lig, Y.2Zr, O, after conductivity measurements are shown in
Fig.5.12. From Fig.5.12, it can seen that in the wavenumber
range 400-4000 cm!, there are 12 peaks. The peaks at 3436 and
3680 cm’! are characteristic absorptions of lithium hydroxyl,
especially the sharp peak of 3680 cm![85,86,87], and 3570 cm’!
from LiOH.H,0[88]. The peaks at 2500, 1090, 870 cm' are from
the characteristic absorption of Li,CO; [89,90]. The strong
peaks at 1490 and 1440 cm! come from the superposition of the
absorptions of Li,CO; and LiOH [85,86,87,88,89]. The 1low
wavenumber peaks at 600, 500, and 420 cm’! may be from the
Lig,, Y, 2r,,0, solid solution.

From Fig.5.12, it can be seen that the characteristic
peak of 3570 cm' from LiOH.H,0 disappeared for sample PLZS3
with x=5%. This indicates that there is hardly any of the
compound in the sample. Also, the peaks at 3680, 1440,

1490 cm ! are significantly weaker than those of the PLZS12
sample without yttrium and of PLZS4 with a Y content of
x=0.1. This shows that the relative contents of 1lithium
carbonate and lithium hydroxyl in the sample with x=0.05 are

much lower than those in the other samples.
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Fig.5.12 The I. R. Absorption spectra using KBr technique for
Lig,,Y,2r, O, samples after conductivity measurements,

A: with x=0, B: with x=0.05, C: with x=0.10.
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5-2-3 Thermal analysis

The typical DTA curves are shown in Fig.5.12 for the
samples of Lig, YV, 2r, Oy after the conductivity measurement. From
these curves, it is seen that there is one small endothermic
peak near 430°C. From the previous I.R. absorption analysis,
we know that LiOH, LiOH.H,0 and Li,CO; exist in the samples.
The LiOH.H,0 will decompose into LiOH and H,0 at 140°C [91].
Therefore, only LiOH and Li,CO; mixtures exist in addition to
the oxide phases. From the phase diagram of the binary system
LiOH-Li,CO; [92], it is known that there is one eutectic point
at 418°C at a composition of 82.2 mol % LiOH. Therefore, the
endothermic peak in the DTA curve comes from the melting of
the mixtures of LiOH and Li,CO;. From the peak temperature and
the phase diagram, it can also be estimated that the
compositions of the mixtures in the samples are near the

eutectic point.

5-2-4 SEM analysis

The typical SEM photo for the typical samples of
ceramic Lig, Y, 2r,,0, after the conductivity measurements are
shown in Fig.5.13. From the micrographs, it can be seen that
the image from sample PLZS3 with x=0.05 is much different from
the others. The grains in the PLZS3 sample are still clear and

they form textured microstructures. Although it can be
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Fig.5.13 The DTA curves in argon atmosphere in the temperature
range of 25 to 600°C for the samples of Lig, Y,2r, O
after conductivity measurements: PLZS12(x=0); PLZS22

(x=0.01) : PLZS3(x=0.05); PLZS4(x=0.1): PLZS6(x=0.2) .
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Fig.5.14 The SEM images of fracture surfaces for samples of

Lig, Y,Zr, O after conductivity measurements

with (a) x=0; (b) x=0.01; (c) x=0.05; and (d) x=0.10.
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observed that some very fine particles exist on the surfaces
and the grain boundaries of the solid solution particles, they
did not cover the whole surface of the boundaries. But, for
sample PLZS12 (without yttrium), sample PLZS22 (with x=0.01),
and sample PLZS4 (with x=0.10), the particles are all not very
clear, especially the PLZS12 and PLZS4 samples. It seems the
very fine particles of lithium hydroxide and lithium carbonate
have formed a continuous layer over the whole Lig, Y, 2r, O
particles. This can be seen clearly in sample PLZS22. It can
also be seen that all of the samples are not very dense, i.e.,
the porosities are large. The relative densities for all the

samples are about 80% of theoretical density.

5-2-5 Conductivity results

The ac conductivity response of Lig, Y, Zr, O, samples
with siiver electrodes in air when plotted in the complex
impedance plane consisted, in order of decreasing impedance,
of a low frequency spur downwards to the abscissa, and a high-
frequency semicircular region which was centered below the
axis. The intersection of these two regions was interpreted as
the total conductivity of the samples, and is shown in
Fig.5.15 as log(oT) versus 1/T from 160°C to 440°C, and in

Fig.5.16 at representative temperatures for all the samples.
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Fig. 5.15 The dependence of conductivity on temperature

for the samples of Lig,,Y,2r, O,: PLZS12 (x=0);
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In Fig.5.15, the linearly fitted lines are shown for samples
PLZ512 (x=0) and PLZS6 (x=0.2) at low temperature ranges and
for samples PLZS12 and PLZS3 (x=0.05) at high temperature
ranges, respectively, in order to make the figure clear. But
from Fig.5.15, it is seen that the log(oT) versus 1/T curves
for all the samples can be fitted into two sets of straight
lines. In other words, there is one transition point in the
curves for the temperature range 160 to 440°C. For all the
other samples except PLZS3 (x=5%) the transition temperature
is around 400°C, while for sample PLZS3, the transition
temperature is at 296 to 300°C. In the 1latter, the
conductivity jumps by about one and half orders magnitude with

a temperature increase from 296 to 300°C.
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5-3 Zirconium-~-doped LiYO,

5-3-1 XRD results

The X-ray powder diffraction pattern A shown in
Fig.5.17, of undoped LiYO, was identical to the pattern of
monoclinic LiYO, shown in JCPDS # 24-671. For the samples with
compositions Li, 2r,Y,,0,, the XRD patterns depend on the x
values when X 1is not larger than 0.1. When 0.1<x<0.2 the
second phase Y,0, was detected, but the major peaks remained
the same as those for x<0.1. However, when x reaches 0.3,
another phase matching the Zr,Y,0,, pattern from JCPDS file #
29-1389 was detected in addition to the LiYO, solid solution
and Y,0; phases. At x>0.4, Li,2rO;(JCPDS # 20-647) appeared
along with Zr;Y,0,, and the solid solution phase.

Stewner and Hoppe [93] have discovered that LiYO,
becomes tetragonal when impurity cations are present. In order
to determine further the structure of Zr-doped LiYO,, the
sample with x=0.1 was studied by Guinier camera. The results
show that the LiYO, with 10%(mol) 2rO, is tetragonal. The cell
constants are as follows:

a=4.39610.004 c=10.443%0.002
The diffraction data, both observed and calculated, are shown

in Table 5.3.
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Table 5.3 The diffraction data for Zr-doped

LiYO, with composition of Lijy2r;;Y,40,

2055 (°) des(A)  I/1, hk1 deu (A)
002 5.2217

21.96 4.0521 100 101 4.0521
29.18 3.0581 17 110 3.1088
32.80 2.7282 29 103 2.7292
33.51 2.6718 40 112 2.6108
34.30 2.6124 13 004 2.6108
41.01 2.1992 46 200 2.1982
202 2.0260

114 1.9993

46.99 1.9325 31 211 1.9322
48,24 1.8849 14 105 1.8866
006 1.7406

53.46 1.7125 12 213 1.7120
54.52 1.6817 32 204 1.6816
59.38 1.55652 7 220 1.5544
61.01 1.5175 4 116 1.5187
222 1.4898

64.10 1.4516 2 301 1.4513
65.13 1.4311 2 215 1.4316
310 1.3903

206 1.3646

69.54 1.3508 2 303 1.3507
69.99 1.3431 14 312 1.3435
70.46 1.3353 13 224 1.3356
72.37 1.3047 2 008 1.3054
314 1.2271

79.02 1.2108 2 321 1.2111
79.88 1.1999 1 305 1.1997
118 1.2036

217 1.1885

226 1.1594




Fig.5.17a X-ray diffraction patterns for the samples of
Li,, 2r,Y,,0,: A(%=0); B(x=0.005); C(x=0.01);
D(x=0.01); E(x=0.1) and for JCPDS card :G(LiYO,,

# 24-671).
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Fig.5.17b X-ray diffraction patterns for the samples of
Li,  Zr Y,,0,: H(x=0.15): I(x=0.2), and Li,,  2rY,.0,,.:
J(x=0.15); K(x=0.2); L(x=0.3) and for JCPDS cards:

M(LiYO,, #24-671); N(Y,0,, #25-1200).


http:J(x=0.15
http:H(x=0.15

67

g
€8

4@
=45 NS «".Jl""v . J)lMMquJWJWM

AR R AL BN AL A S A S S A | LRSI B AN AN A S S S A 4

"}r"l"T’T"'FFF‘T"N

l‘l'lrf’rq

o

[ay)
> )
Ledatafa LA S

g -
46 3 J E
r—r —r—r T T
&a E
&6 2
49 ::
89,,,uwwh}}“ﬁ-‘~!w‘m~ﬁj¥~%~ 3
g6 3 '
665 K

S L. jUa. ) Jx} Aot

gt n 1ty s e b .
(*1|x]111r1111r'11tl[1ll(;||11[1l11111r1 Illl;l(ﬁl

L

T T ) NP R S At SEA A S Mt R Bkt Balt i |

T T T T T T T T

M

T

3
3
- 1
3
E
r
3
P

20 :
g R | || R S h,{ﬂ,, iJL” i} li-
S — S

L
T T T YT YT T T

[

=

1

4 B
T T T

! | { s 1
I I T I Y T A

10 20 30 40 90 6

o

26 (%)



68

86 3 3
€@ 3
46 3 E-
&ef s .)\m. .Jl\.ﬁ_,; LWJWJWW?
] '7'_"_‘l" LA B BN AR BLELELALEY BN ELELID B
1@E o
60 3 P A
68 2
493 2
26 3 A fl k] At b
I e e e
80 3
66 =
46 3 2
2 W) S :
.:'ﬁwnuﬁxﬁiﬁ-'u---w-t-l:TIfn-uﬂﬂTw”"(”ﬂf'r =
80 3
60 3 R
4 3 J ' 2
L
_‘,.ﬁﬁ,ﬁ.ﬁ.T.,.,.,.:,j:m.j.-..,,ﬁﬁ'ﬁh.ﬂn,‘.ﬂ.,‘..L,.ﬁﬁ
80 3
60 3 S
40 3
20 -
E‘rrﬁ—r—ﬁ—l‘*n—r—f"l‘—l‘rr'r“rl et
10 20 30 40 50 60 70
26 (%)

Fig.5.17c X-ray diffraction patterns for the samples of
Li  2r,Y,,0,: O0(x=0.4); P(x=0.5); Q(x=0.3) and for

JCPDS cards: R(LiYO,, #24-671); S(2r,Y,0,,, #29-1389).
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Therefore, compared to pure LiYO, which is monoclinic, it is
known that the samples of Zr-doped LiYO, form a solid solution
Li,,Z2r Y,,0, with tetragonal structure at 0.005<x<0.1, a two-
phase region of the solid solution and Y,0; at 0.15<x<0.2, a
mixture of three phases of the solid solution,Y,0; and 2r;Y,0,,
at 0.3<x<0.4, a mixture of three phases of the solid solution,
and 2r,;Y¥,0,, and tetragonal Li,ZrO; at 0.4<x<0.5. The
corresponding phase diagram is shown in Fig.5.1.

From the patterns in Fig.5.17 and Table 5.3, it is
also known that the samples of Li,, 2r,Y,,0,,, are the tetragonal
LiYO, phase at 0<x<0.3. Then if the doping follows the LiYO,-
Li,ZrO; line,the solubility of Li,, 2r,Y,,0,,, solid solution
extends to at least 0.3.

From previous XRD results, it is known that pure
LiYO, is monoclinic with a=6.116 A, b=6.189 A, c=6.197 A and
$=118.6° (JCPDS #24-671). Therefore, it is a deformed cubic
structure and also close to the tetragonal structure from the
point of view of cell constants. The so0lid solution of
Li,, 2rY¥,,0, (0.005<x<0.1) and Li,,Z2r.Y, 0,,, (0.15<x<0.3) are
tetragonal. The cell constants of tetragonal phase for x=0.1
and other solid solutions studied by Hoppe and Schepers[93],

Bertaut and Gondrand[94] are listed in Table 5.4.
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Table 5.4 Cell constants of tetragonal LiYO,

in this study* by Hoppe and by Bertaut and

Schepers([93] Gondrand[94)
a(A) 4.3965+0.004 4.38, 4.44
c(A) 10.443%0.002 10.60 10. 3,

a. the composition is Lij4Zr,,¥,,0,.

From the above results, it is also known that the
solution of zirconia in LiYO, changes from Li, Zr,Y,, 0, for x<0.1
to Li,,,2r,Y,,0,,, for x>0.3. This can be explained as follows.
For the former solution, the corresponding substitution

reaction is
zr*t = y¥* + Lit (5-1)

while for the latter solution, the corresponding reaction is

Zr't + Lit + o* = v+ (5-2)
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Since the ionic radius of Zr** is smaller than Y%, there will
be larger deformation in the unit cell when 2zirconium
substitution for yttrium follows reaction 5-1. However, the
decrease from smaller Zr** for larger Y** will be counteracted
by extra Li* and 0> ions when the substitution follows
reaction 5-2. Morever, the substitution reaction following
reaction 5-2 is also more favourable from point of view of
kinetics since mobility of lithium and oxygen ions are much

larger than that of zirconium ions in the starting materials.

5-3-2 Conductivity

The typical ac complex impedance spectra for the
sample of pure LiYO, are shown in Fig.5.18 for a frequency
range from 2 Hz to 10 MHz. The impedance spectra for the other
Zr-doped LiYO, samples are similar and are not shown. From
Fig.5.18, it is seen that at high temperature, the impedance
spectra only show the Warberg impedance. At the nid-
temperature range, the spectra clearly show two parts. One is
the Warberg impedance, the other is from the superposition of
bulk and boundary impedances. At low temperature, the spectra

are close to those at the middle temperature, consisting of
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Fig.5.18a The ac impedance spectra for LiYO, in the frequency

range of 2 Hz to 10 MHz at 420°C.
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Fig.5.18c The ac impedance spectra for LiYO, in the frequency

range of 2 Hz to 10 MHz at 200°C.
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the Warberg impedance and the superposition of bulk and
boundary impedances, but the superposition parts are more
developed. In this present work, the separation of the bulk
(grain) impedance and boundary impedance from their
superposition is omitted. The total resistance is obtained
from the natural intersection point of the Warberg part with
the superposition part for low and middle temperatures, and
from the natural intersection of the Warberg part with the
real axis for high temperature since the superposition parts
have not developed. Thus, the conductivity obtained is the
total conductivity contributed from both grains and grain
boundaries.

For the pure LiY0O,, and solid solutions of
Li, 2r,Y,,0, (0<x<0.1) and Li,,2r,Y, . 0,,, (0.2<x<0.3), the total
conductivity dependence on temperature is shown in Fig.5.19.
It is seen that there is a good linear relationship between
conductivity times absolute temperature and reciprocal
absolute temperature in the range measured. Thus, the
correlation of conductivity and temperature follows Arrhenius’
formula oT=0exp(E/RT). Also, it is seen that the undoped pure
LiYO, has highest conductivity of all the samples. With the
increase of doped amount x the conductivity of the solid

solutions decreases significantly.
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CHAPTER 6 DISCUSSION

The solubilities of yttrium in both Li,Zr0O; and LigZr0O,
and zirconium in LiYO, have been reported in Chapter 5. The
phase boundaries in the Li,0-Y,0,-2r0, ternary system and
structures of the solid solutions have also been discussed.
The conductivities of these materials have also been presented
in the previous chapter. But the conductivity is affected by
both crystal structure of the phases and microstructure of the
sintered ceramics. A major effect is due to reaction of
lithium compounds with the atmosphere, which results in the
formation of hydroxide and carbonate eutectic. All of these

effects will be considered further in this chapter.

6-1 Conductivity

6-1-1 Yttrium-doped Li,Z2ro0,

From Fig.5.7, it can be seen that there is a good
linear relationship between the logarithm of conductivity o
times temperature T versus reciprocal temperature 1/T for all

the samples. The relationship can be expressed by the formula

oT = o,exp(-E/RT) (6-1)
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where o, is the preexponential factor, R is the gas constant
and E 1is the activation energy. From the formula, the
conduction activation energy for all the samples can be
obtained. The results are given in Table 6.1.

It can also be seen from Fig.5.7 that the conductivity
at 400°C increases from 3.9x10°% to 5.0x10° S/cm as x varies
from 0 to 0.05 and then decreases to 4.8x10° S/cm at x=0.1.
Also the conductivity at 300 and 250°C increases slightly with
x from 0 to 0.05, and then decreases slightly as x goes to
0.1. From Table 6.1, it can be seen that the conduction
activation energy for the ceramic samples of Li,, Y 2r, 0,
decreases from 0.99 eV to 0.92 eV between x=0 and 0.05, and
increases to 0.94 eV again for the sample with x=0.1.

For the sample with x=0, the conductivity and the
activation energy are close to those reported by Hellstrom and
Van Gool [95]. The discrepancies 1in the conductivity and
activation energy may be caused mainly by different
microstructures. From the dc measurements of Hellstrom and Van
Gool [95], it is known that the maximum electronic transport
number in Li,2rO; is less than 0.05 and that Li ion transport
through the material is responsible for the conductivity. 1In
the Li,,, Y,Z2r, ,0; materials, the compositions under consideration
all lie in the Li,0-rich corner of the Li,0 -Y,0; - Zr0O, ternary

system. Because of this, there is no free zirconia or
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Table 6.1. The conduction activation energy of

Li,,, Y, 2r,,0,

sample composition x conduction activation energy
(kJ/mol) (eV)
ZYNS1 0 96+1 0.99+0.01
ZYNS2 0.01 9010 0.94+0.00
ZYNS3 0.05 8810 0.92%0.00
ZYNS4 0.1 9010 0.94%0.00

zirconia-yttria solid solution which might give rise to oxygen
conduction. Further, the temperatures under study would
dictate that the oxygen ion contribution to conductivity
remains negligible.

Combined with the previous results from XRD, IR, SEM
and density determinations, the total conductivity change with
composition x in Li,, Y Zr, .0 ceramics comes from two
contributions. One is from the crystal structure change
because of the formation of the solid solution of

Li,,Y,2r, ,0;. The other is from microstructural changes such as
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the changes in the density (porosity), grain size, grain
shape, and second phase effect. With the composition x
increasing from 0 to 0.05, the density increases from 80.5 to
94.9 % T.D., while the conductivity at 400°C increases by
28.4%. Therefore, the formation of the solid solution does not
significantly improve the lithium ion conductivity of Li,Zro;.
For the sample with x=0.1, although the density is higher than
that of the sample with x=0.05, the conductivity is lower.
This is mainly due to the second phase effect.

The increase of the bulk conductivity in the solid
solution can be estimated from the effective medium theory.
From the theory, the conductivity of the medium with porosity

p is [96,97]

o = 20,(1-p)/(2+p) (6-2)

where o, is the conductivity of the medium without pores. As

an approximation, the porosity is taken as

p = 1 - relative density (6-3)

Then, from Table 5.2 in the previous chapter the following

expressions are obtained:
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for x=0.01 0, = 0.79200,, (6-5)
for x=0.05 03 = 00921100,3 (6-6)

From equations 6-4, 6-5 and 6-6, we obtain

0o, = 5.32x10° S/cm

5.39x10°% S/cm

Q
L
o

i

= 5.47x10°% S/cm

Q
L
W
|

Thus, o0,, is approximately 1% larger than og,, and o0,; is 3%
larger than o0,,. The conductivity increase may be due to the
increase of lithium concentration in the lattice. The lithium
conduction activation energy exhibits almost no change in the
formation of the solid solution.

An essential part of any commercial fusion reactor
will be a lithium-containing tritium breeder blanket. The
breeder should have a wide operating temperature window and
good thermal and mechanical properties, but perhaps the most

important consideration is that the tritium inventory should
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be as low as possible. Thus the tritium release should be as
high as possible. Tritium diffusion is a major factor
controlling tritium release [98,99] and has a close
relationship with lithium diffusion [100,101]. In addition to
good heat and tritium conduction, the breeder blanket material
must maintain its integrity over a long term. Therefore, a
well-sintered material with small uniform grain size is
essential [102]). All factors considered, the solid solution of
Li,,Y,2r,, 0, and the two phase mixture of Li,, Y 2r, O, and Li(Zr,0,
with composition 1.05Li0-0.05Y,0,-0.9ZrO, show enhanced

properties for tritium breeding applications.

6-1-2 Yttrium-doped Li Z2ro,

From Fig.5.15, the preexponential factors o, and
conduction activation energy E are calculated from the
Arrhenius formula oT = oexp(-E/RT), and the values are listed
in Table 6.2 for all the samples.

The dc polarization experiments show the electronic
conductivity for all the samples is less than 2.0x10° S/cm at
450°C, and 5.0x107 S/cm at 400°C. From the total conductivity
data , shown in Figs.5.15 and 5.16, it can be seen that the
electronic contribution to the total conductivity is less than
1% below 435°C.

Morever, the NMR experimental results for LiiPbO, [81]
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Table 6.2. The conduction activation energy and

preexponential factors for Lig,,Y,2r, O

samples.

E (eV) r,(S/cm)
Samples  x HT? LT HT LT
PLZS812 O 5.2+0.3 0.89+0.02 1.83x10% 1.15x10¢
PLZS22 0.01 4.0+0.9 0.96+0.02 5.51x10% 3.59x10°
PLZS3 0.05 1.3+0.0 0.89+0.01 6.34x10" 8.94x10°
PLZS4 0.1 5.5+0.3 0.98+0.02 2.82x10% 7.02x10°
PLZS6 0.2 5.2+0.3 0.95+0.02 4.11x10% 1.48x10°

a). HT means high temperature range which is from
about 400 to about 440°C for all other samples except for
PLZS3 for which it is from 300 to 440°C.

b). LT means low temperature range which is from
about 160 to 400°C for all other samples except for PLZS3 for
which it is from 160 to 400°C.
with the same crystal structure as LiZr0Oy show that the
conductivity is due to Li* ion conduction. From the XRD
results, it is known that the crystal structures of the solid
solutions of the yttrium-doped octalithium zirconate do not

change except for a small shift in the lattice parameters.

Therefore, the total conductivity for the yttrium doped
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octalithium zirconate conductors comes from the lithium ions,
i.e. the contributions of the other ions and the electrons are
neglected. The mobilities of the other ions, zr**, ¥**, and 0**
are much smaller than that of Li* ion because of the much
larger ionic radii and higher electrical valences and lack of
point defects below 450°C.

From Figs.5.15 and 5.16, it can be seen that the
conductivity change with the amount of yttrium doping in the
Lig,, Y,2r,,0¢ samples is not linear. Combined with XRD, DTA, IR
spectra and SEM analyses, it can be seen that during the
processing, the samples have absorbed some water vapour and
carbon dioxide from the air and formed a LiOH + Li,CO; mixture
rich in LiOH. The melting point of the mixture is near 430°C.
The phase diagram ([92] is shown in Fig.6.1. At 435°C, the
mixture of LiOH + Li,CO; will be in a liquid state. It is also
known that the mixture exists along the surfaces and grain
boundaries of the Li4, Y,2r, 0y particles. From Fig.5.11, it is
seen that there are two kinds of Li* ions in the structure of
LigZ2ro,, tetrahedral Li;, and octahedral Li;. The Li; ions have
lower mobility than Li; ions. Thus, the LijZrO4 is a pseudo-two-
dimensional conductor(45]. As a result, the conductivity in
the ceramic samples will depend to large degree on the
microstructure as in B-alumina, but it will be more

complicated because of the formation of the mixture of LiOH +
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Li,CO; in processing of the Lij2rO,. Then the 1lithium ion
resistance consists mainly of four parts. One part, R,, is
from the solid solution crystals of Lig,Y,Z2r,,0; the second
part, R,, is from the interphase interfaces between the oxides
and the hydroxide-carbonate mixture; the third part, R,;, is
from the contribution of the mixture phase and the other
decomposed oxide phases; the fourth part, R,, is from the
contributions of the grain boundaries and interphase
interfaces of the hydroxide-carbonate layer and the interphase
interfaces between the mixture and the other decomposed
compounds. But, for the samples of PLZS4(x=10%), and
PLZS6 (x=20%), there is one more contribution from the effects
of the second phase of LiYO, on the resistivity.

At 435°C, the mixture of LiOH and Li,CO; will be
liquid, the total resistance in the Lig,Y,2r, O, samples will
be mainly due to the contribution of the so0lid solution
particles and also the LiYO, second phase (for sample PLZS4
and PLZS6) since the conductivity of molten LiOH is
approximately 0.1 S/cm [46,103] and the solid solution and
LiYO,(for PLZS4 and PLZS6) are still dominant phases in the
samples. From Fig.5.15, it 1is also known that with the
increase of the yttrium doped amount x from 0 to 5%, the
lithium ion conductivity at 435°C increases from 1.0x10? to

6.9%x102 S/cm for the Li,, Y,2r,,0 samples. The increase of the
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conductivity comes mainly from the effect of yttrium doping on
the crystal structure of the solid solution of Lig, Y, 2r,,0.
This increase may be due to the fact that the conductivity
perpendicular to the ¢ axis in the pseudo-two-dimensional
conductors of Lig, Y, 2r; 04 crystals improves due to the
formation of interstitial Li* ions in the solid solution.

At around 400°C, it is known from the DTA results
that the mixture of LiOH and Li,CO; will begin to soften. Then
the contributions to the total resistance from the R,, R;, and
R, will dramatically decrease since the resistivity of LiOH
will decrease drastically [46,103]. As a result, there exists
a transition point at around 400°C in the log(oT) vs. 1/T
curves for the PLZS12(x=0), PLZ2S22(x=0.01), PLZS4(x=0.1) and
PLZS6 (x=0.2) samples. From the study on Li;A10, and other Li,O-
based materials by Johnson et al. [46,103], a similar increase
in conductivities at about 400°C was observed.

But, for sample PLZS3(doped with 5% yttrium), the
transition point is at 296°C and the conductivity dependence
on the temperature is also significantly different from the
others at T>300°C, as shown in Fig.5.15 and Table 6.2. The
exact reasons are not clear, but it might be explained as
follows. From the SEM, IR spectra and DTA results, it is known
that the plate-like particles form a textural microstructure

with larger size whereas the hydroxide-carbonate mixture is
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more sparsely distributed than in the other samples. Although
a continuous layer of the LiOH + Li,CO; mixture was not seen,
a very thin continuous film may have formed at the grain
boundary during the processing. Therefore, the great
difference in microstructures may account for the different
conductivity behaviour at T>296°C.

At the low temperature range (T< 400°C for all the
samples except PLZS3 for which it is at T<296°C), the
contributions of R,, R;, and R, to the total resistance will be
large since the conductivities even in pure LiOH [46,103],
Li,Z2r0; and Li,Zr0, [95] are much lower than that of Li Zro0.[45]
since LigZrQ¢ is a pseudo-two-dimensional lithium conductor. As
a result, the conductivity behaviour of polycrystalline solid
solution of Lig,,Y,72r, 0, was obscured by the effect of the
mixture of LiOH + Li,CO,;. Therefore the conductivities in the
low temperaturé range overlap for samples PLZS12, PLZS22,
PLZS3 and PLZS4. But, for sample PLZS6, the conductivity is
significantly 1lower. This is mainly from the extra
contribution of the second phase LiYO, to the total
resistance.

The lithium conduction activation energies in the low
temperature range for the Lig, Y 7Zr, O, samples are close to the
result reported for Lig2rO, by Delmas and Hagenmuller el al

[46]. But the conductivities are about one order magnitude
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lower than that reported in the low temperature range, while
the conductivity for sample with x=5% is close to the values
for Liy2rO, reported by them at temperatures above 300°C.
Although they had measured the conductivity at temperatures up
to 400°C, they reported data only below 360°C. This also
implies that the conductivity in the samples is not dominated
by the bulk behaviour of the Li4, Y, 2r,,0, grains below the

melting point of the mixture of LiOH + Li,CO,.

6-1-3 Zirconium-doped LiYO,

From Fig.5.19, the conductivity dependence on the Zr-
dopant amount x can be obtained, as shown in Fig.6.2 for
typical temperatures of 500, 400, and 200°C. From Fig.6.2, it
can be seen that the conductivity drops from 1.3x102 to
1.2x10* S/cm at 500°C, from 3.2x10% to 1.8x10° S/cm at 400°C,
and from 4.9x10* to 1.1x10° S/cm at 300°C with the increase of
x from 0 to 0.3. Also the conductivity for the sample with
x=0.005 1is over one order magnitude 1lower than the
corresponding one for pure LiYO, (x=0).

From Fig.5.19 and Arrhenius’ formula oT=0exp(-E/RT),
the preexponential factor o, and conduction energy E can be
obtained for the pure LiYO, and solid solutions of

Li, 2r,Y,,0, (0.005<x<0.1) and Li,, 2Zr Y, ,0,,, (0.2<x<0.3), as shown
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in Table 6.3. From the table, it can be seen that the
conduction energy for pure LiYO, is much smaller than those
for the 2Zr-doped solid solutions. Also, the preexponential
factor o, for pure LiYO, is larger than those for the Zr-doped
solid solutions, but they have the same order of magnitude.

Biefeld and Johnson [46], also studied the
conductivity of LiYO, and the mixture of LiYO, with Li,0. They
obtained totally different results. The activation energy for
LiYO, was 0.82 eV in a dry environment and 0.96 eV in a wet
environment, respectively. The conductivity was several orders
of magnitude lower than that of our measurements for LiYO,.
They also found that the conductivity of LiYO, jumped suddenly

at around 400°C in a wet environment. And they claimed that

Table 6.3 The preexponential factor ¢, and conduction
activation energy for pure LiYO, and solid
solutions of Li, 2Zr,Y,,0, (0.005<x<0.1) and

Li,, 2r,Y,,0,,, (0.2<X<0.3)

X 0 0.005 0.05 0.1 0.2 0.3

rx10%(S/cm) 26.8 13.9 5.13 9.12 7.97 8.61

E (evV) 0.68+0.01 0.81+0.03 0.81+0.01 0.87+0.002 0.88+0.01 0.92+0.01
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this was caused by LiOH formed due to hydrolysis of LiYO, in
the wet environment.

From our theoretical calculations in next section, it
is shown that LiYO, is stable against hydration, even in an
environment with a combination of water vapor and CO,. Then,
it is unlikely for LiYO, to react with water vapor and form
LiOH and/or Li,CO;. The conductivity jump in their work may be

explained by the reaction of Li,0 with water vapor and CO,.
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6-2 Thermodynamic Stability

6-2-1 Thermodvnamic data calculations

Enthalpies of formation of Lis2r,0, and LiYO, are not
available, but the enthalpies for Li,Zr0;, Li,2rO, and LigZrOQq
have been measured by Neubert and Guggi [44]. Based on the
research on standard enthalpies of formation of inorganic
compounds by Swalin [104] and Kubaschewski, Alcock and Evans
[105], there is an excellent correlation between the
enthalpies and the molar volume changes of the compounds
formed from the elements (Fig.6.3). From this correlation and
the values of the molar volume changes of Li,ZrO;, and LiYO,,
the standard enthalpies of formation of LigZrO; and LiYO, were
determined to be -2680 and -1420 kJ/mol, respectively. Good
agreement was found when this method was applied to check the
enthalpy of Li;Al10,, another lithium ion conducting compound.
The experimental value of the standard enthalpy of formation
was
-2365 kJ/mol [106], whereas the value obtained from the
correlation in Fig.6.3 was -2366 kJ/mol.

The data for heat capacities and entropies of
Lis2r,0,, LijZr0,, LigZr0,, and LiYO, are also not available.

Since the heat capacities and entropies for Li,Zro,, Li,0, ZroO,
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and Y,0; are known [106], the missing values can be calculated
from the Neumann-Kopp rule and the third law. The results are
shown in Table 6.4. From Table 6.4, it is known that the
relative errors of calculated C, and S° values for Li,ZrO; are

less than 5%, compared with the experimental values.

Table 6.4. Calculated or experimental thermodynamic

data for lithium compounds at 298 K

C, (J/moleK) S° (J/moleK) AH? (kJ/mol)

Li,Zro, 110.3 88.0 -1756°
110.3° 91.6"

LisZr,0, 274.6 220.8 -2678

Li,zro, 164.4 129.2 -2364°

LigZroq 272.6 204.4 -3562°

Livo, 78.3 68.3 -1423

a. these data are experimental values from reference [106].

b. these AH, values are from experiments [44].

6.2.2 Thermal Stability Calculations
LigZrOy will decompose on heating because of the

evaporation of lithium oxide. The decomposition reactions are
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given as:

LigZ2roy = LiZro, + 2Li,0(9) (1)
Lig2r0s = 0.5LisZr,0, +2.5Li,0(g) (2)
Lig2rog = Li,Zro, + 3Li0(9g) (3)
LigZr0s = 2r0, + 4Li,0(g) (4)

The decomposition reactions 3 and 4 are the combination of

reactions 1 and 2 and the following reactions

Li,2ro, = Li,Zro, + Li0(g) (5)

Li,2ro, = 2Li,0(g) + 2ro, (6)

From Table 6.4 and the thermodynamic data [106], AH°, AS° and

AG° can be calculated as shown in Table 6.5.

Table 6.5 Thermodynamic values for reactions 5 and 6

AH®4 (kJ) AS%g; (I /K) AG®94 (KJ)
reaction 5 447.7 306.8 356.3
reaction 6 497.9 252.7 422.2

Since the Gibbs free energies of reactions 3 and 4

will be larger than those for reactions 1 and 2, respectively,
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only reactions 1 and 2 need to be considered in thermal
stability calculations. Furthermore, Li,0 vapour can decompose
into lithium gas and oxygen gas according to decomposition

reactions as follows:

Lig2ros = Li,Zro, + 4Li(g) + 20,(g) (8)

LigZros = 1/2Lig2r,0, + 5Li(g) + 5/40,(9) (9)
For reaction 8, the equilibrium constant is expressed as
K,1 = P%xPy (6-7)
In vacuum or an atmosphere with initial Py=0, based on the
assumption that the decomposition reaction is controlled by
the effusion of the gas products at the steady state, from the
Hertz-Knudsen equation [107], K,; of the dynamic equilibrium
of the steady decomposition can be expressed as
K1 = (Mo,/My) ?xP;/4 (6-8)
where M, is the molar mass of species i. For reaction 9, in
vacuum or an atmosphere with P,=0, the corresponding
equilibrium constant is
Ky o= (M2 /My;) PP /4% (6-9)
In air, since Py=0.2 atm, the equilibrium constants of
reactions 1 and 2 are
K,;=0.2P;} (6-10)
K,,=(0.2)%"p} (6-11)

From the thermodynamic data in Table 6.5 and reference 106,

the equilibrium vapor pressure values of lithium oxide and
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lithium for LigZrO, can be calculated (Table 6.6), based on
equations 6-8 to 6-11.

For the decomposition of LiYO,, the reaction is

2LiY0, = Li0(g) + Y,0, (10)

Then the lithium oxide vapor pressure for the decomposition of

Li,2r0; and LiYO, can be calculated similarly as for LigZrOq,

and the values are listed in Table 6.6.

Table 6.6. Lithium and lithium oxide vapor
pressure at different temperatures

for Liy2r0O¢, Li,Zr0; and LiYO,

T(K)

1173

1273

1373 1473 1673 1773
Pi.o(atm) 7.86x107° 2.50x10% 4.93x107 6.46x10°

Ppg(atm)*  7.70x10™ 1.49x10®  1.87x107 1.67x10°

Pig(atm)® 5.18x10" 1.40x10"° 4.00x10° 8.00x10®

Puo(atm)®  8.92x107 2.53x10™ 7.15x10" 1.27x10"

Pio(atm)® 1.78x10"® 2.29x10'® 1.50x10'* 5.48x10™"

Puoe(atm)  2.21x10" 1.53x10" 8.00x10° 1.14x10° 8.56x10¢
(for Li,Zr0;)

Pon(atm)  1.93x10% 2.45x10"® 4.71x10"  8.41x10"  1.80x107°

(for LiYO,)

a. in vacuum or an atmosphere with P,=0.

b. in air.
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From the previous thermodynamic calculations, it is

known that reaction 1 is more favourable than the others for
the decomposition of LigZrO,. Then for the lithium loss due to
evaporation, only reactions 1 and 8 will need to be
considered. Based on the Hertz-Langmuir expression [108] and
Table 6.6, the maximum lithium loss through reactions 1, 5, 8

and 10 can be calculated as listed in Table 6.7.

Table 6.7. The maximum lithium loss rates (ge®hlecm?)

for LiyZro4, Li,Zr0O; and LiYO, at different temperatures

T (K) 1173 1273 1373 1473 1673 1773

LigZr0o, 2.00x10% 6.11x10* 1.16x10% 1.47x10"
(reaction 1)

LigZro, 9.47x10% 1.76x10* 2.13x10° 1.83x107
(reaction 8 in vacuum)

Lig2ro, 6.63x10% 1.65x10° 4.55x10° 8.78x10°
(reaction 8 in air)

Li,Zro;, 5.6x10° 3.74x107 1.82x10*  2.43x107? 0.18
(reaction 5)

LiYvo, 4.92x107% 2.45x10'8 4.71x10" 8.41x10" 1.8x10°
(reaction 10)

From reaction 8, it can be seen that 8.73 g LigZro, will
decompose for 1 gram lithium loss and 4.07 g LigZrO, will

decompose for 1 gram lithium oxide loss from reaction 1. From
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Table 6.7, it is seen that the decomposition rate of LijZro,
through reaction 1 (into Li,0 vapour and Li,Zr0O,) is several
orders of magnitude larger than that through reaction 8 (into
Li,2ro,, Li vapour, and O, gas) in air. Therefore, the
decomposition of LigZrO, will follow reaction 1, or decompose
to Li,ZrO, and Li,0 gas if the temperature is not very high and
the time is not very long. Table 6.7 also shows that the
decomposition rate of LigjZrO¢ in vacuum or in atmospheres with
initial P,=0 through reaction 1 1is also 1larger than the
corresponding one through reaction 8.

Considering a spherical LigZ2rO, crystal with initial
radius of R,, and assuming the decomposition is uniform in all
radial directions and the products do not affect the reaction,
the minimum time of the full decomposition of the crystal
through reaction 1, (decomposed into Li,Zr0, and Li,0 vapour)

can be derived as follows

t = gR,/V (6-12)

where ¢ is density of Lij2r0O;, and v is the effusive rate of
Li,0 vapour. From equation 6-12 and Table 6.7, the minimum
time that a 1 gram spherical crystal LiZrO, decomposes
completely at different temperature can be calculated, as

listed in Table 6.8.
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Table 6.8. The minimum time for a 1 gram spherical

crystal of Lij2rO to decompose completely

temperature (K) 1173 1273 1373 1473

time (hour) 6.5x10* 2.1x10° 1.1x10? 8.8

In the preparation of LijZr0, by solid reactions, the
temperature chosen is as high as possible in order to reduce
the preparation time and get dense pure phase material. Based
on Table 6.7 and 6.8, the reaction temperature in the
preparation of LijZr0O, is suggested to be below 1100°C. In the
present work, the solid state formation parameters of Li;ZroOq
from Li,0, and Zr0O, raw materials were chosen as 900°C, and 72
hours. XRD results in Fig.6.4 show that pure phase Li;Zr0o, was
obtained after the reaction.

The decomposition experiments for LijZrO, sintered
discs with diameter 13 mm and thickness 2 to 3 mm were carried
out in air at 1000 and 1200°C. The XRD results shown in
Fig.6.4 indicate that the sample heated at 1200°C for 8 hours
in air retains Lig2rO¢ as a minor phase. For the sample heated

at 1000°C for 20 hours, Li,Z2rO, appeared. The lithium loss at
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1000°C in air was measured for a sample with 13 mm diameter
and 3.5 mm thickness (1.1585g). The experimental and
calculated values are shown in Table 6.9. From Table 6.9, it
is seen that they are close to each other though the
calculated values are slightly 1larger. Therefore, the
theoretical calculations on the thermal stability are quite

successful.

Table 6.9 The experimental and calculated values of
the lithium loss at 1000°C for a sintered
LigZrO; sample with 13 mm diameter and

3.5 mm thickness (1.1585q)

Time (hours) 10 20 30 50 72
Experimental (g) 0.0131 0.0231 0.0336 0.0528 0.0821

Calculated (g) 0.0168 0.0336 0.0504 0.0840 0.1210
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Fig.6.4 The x-ray diffraction patterns for LijZrOy heated at
different temperatures, A: before heating; B:
1000°C for 20 hours, C: 1200°C for 8 hours; D, E and F

are from JCPDS cards for Li,ZrO,(#20-645), LizZrOq

(#26-867) and Li,Zr0;(#33-843), respectively.



6.2.3 Stability Against Water Vapor
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Many lithium compounds tend to be attacked by water

vapor in air or wet atmospheres.

The worst case 1is the

complete hydrolysis of a lithium compound to form LiOH. In

order to study the stability against water vapor for lithium

zirconates due to hydrolysis, the following reactions have to

be considered:

1/2Li42r0
2/5Li,2r0,
1/3Li 2r0,

1/4Lig2r04

Li,zr0o, + H,0(g) = 2LiOH + Li,2r0,
LiyZr,0, + H,0(g) = 2LiOH + 2Li,Zro,
Li,zro, + H,0(g) = 2LiOH + Zro,

2LiY0, +H,0(g)

From the thermodynamic data in Table 6.5 and reference

+ H,0(9)

+ Hy0(9)

1l

2LiOH

= 2LiOH +1/2Li,ZroO,

il

2LiOH+1/5LigZr,0,
2LiOH + 1/3Li,Zro,

2LiOH + 1/4Zr0,

(W1)
(W2)
(W3)
(W4)
(WS)
(W6)
(W7)

(W8)

107,

the standard Gibbs free energies of the above reactions were

calculated and listed in Table 6.10.
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Table 6.10 Standard Gibbs free energies in the
reactions of lithium zirconates with

water vapor

AG°,, = -78.72+1.149x102T-1.149%x10?T1n(T/298) (kJ)

AG%,, = -215.10+1.149x%107T-1.149x102T1n(T/298) (kJ)

AG%,; = -75.69+1.149x107?T-1.149x102T1n(T/298) (kJ)
AG%,, = -62.15+1.149%102T-1.149x10?T1n(T/298) (kJ)
AG%,;s = -69.02+1.149x1072T-1.149x102T1n(T/298) (kJ)
AG°, = -1511+1.149x1072T-1.149x102T1n(T/298) (kJ)

AG%, = -21.62+1.149x1072T-1.149x10?T1n(T/298) (kJ)

AG%; = 161.58+1.149x107T-1.149x102T1n(T/298) (kJ)

From Table 6.10, the equilibrium water vapor pressure for the
lithium zirconates in the above reactions can be calculated as

listed in Table 6.11.
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Table 6.11 The equilibrium water vapor pressure

for lithium zirconates and yttrate

Pwo  T(K) 298 373 473 673 773 873
Py, (atm) 6.29x10" 8.22x107° 2.21x10° 1.24x107? 1.67x10"! 0.21
Py, (atm) 1.27x10%

Py, (atm) 2.16x10"7 3.00x10° 4.82x10°% 2.15x107 0.27 0.76
Py, (atm) 5.07x10" 2.30x107 1.57x10° 0.26 1.01

Pys(atm) 2.58x10"? 4.60x10° 2.30x107 6.43x10? 0.70 4.30
Pye(atm) 5.13x107%F

Py, (atm) 6.56x10* 9.06x107 5.35

Pyg(atm) 6.87x10%

In air, the typical water vapor pressure is 1.0x10? atm. The
Gibbs free energies of reactions W1l to W8 based on this value

are listed in Table 6.12.
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Table 6.12 The Gibbs free energies of the reactions
of lithium zirconates with water vapor in

air with Py,=0.01 atm

T (K) 298 373 473 673 873
AG%, (kJ)  -127.9  -101.3 -66.4 2.2 69.3
AG%, (KJ) 557.6 592.1 629.6 709.0 786.2
AG%,(kKJ)  -182.6  -147.8 -90.3 12.5 113.1
AG%, (KJ)  -234.9  -132.7 -65.7 72.1 205.4
AG%s (KJ)  -54.7 -38.2 -24.1 10.3 43.9
AG%, (kJ)  -1481 -1463 -1440 -1393 -1346
AG%, (kKJ)  -6.78 6.78 24.6 59.6 93.9
AG%y5 (KJ) 170.7

Table 6.11 can be used to predict whether 1lithium
zirconates are attacked by water vapor in specific situations
and also to indicate the final products of the reaction of
lithium zirconate with water vapor. This information is very
useful for the preparation, processing and applications of
lithium zirconates.

From Tables 6.10, 6.11 and 6.12, it is known that if


http:Pffi0=0.01
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the partial pressure of water vapor is larger than 6.29x10"
atm, LigZrO, will be thermodynamically unstable with regard to
water vapor at room temperature. At 400°C, LigZros will
unstable when the partial pressure of water vapor is larger
than 0.0124 atm. In air, since the water vapor content is
quite variable up to 5% (vol), LijZ2rO4 could be unstable in air
even at 400°C. However, LigZrO, should be stable against water
vapor in air when the temperature is above 500°C.

From Tables 6.10, 6.11 and 6.12, it is also known that
at room temperature the final products in the reaction of
LigZr0, with water vapor in air will be 2r0, and LiOH (in fact
LiOH will react with CO, and form Li,CO;). Tables 6.10, 6.11
and 6.12 also show the LiYO, is thermodynamically stable
against water vapor even at room temperature. In order to know
whether LiYO, is stable in an environment with a combination

of CO, and water vapor, consider the following reaction:

2LiYo, + H,0(g) + €O, = Li,CO; + Y,0; + H,0(1)

From the thermodynamic data in Table 6.5 and reference 107, we
obtain a standard Gibbs free energy of 156.7 kJ at 298 K, and
an entropy change less than 0. The Gibbs free energy will be
even more positive at higher temperature. Therefore, LiYO, is

thermodynamically stable in an environment of both CO, and
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water vapor.

The hydrolysis rate of LijZr0O, and yttrium-doped LigZro0Oq
in air at room temperature was studied by the weight-gain
experiment. The hydrolysis products were studied by XRD, IR
spectra and DTA. The dependence of the relative weight-gain
values of these materials on time are shown in Fig.6.5. The
XRD patterns for samples of LijZrO, before and after exposure
to air are shown in Fig.6.6. It seen that the background of
the patterns for the samples exposed to air are raised, and
the extra peaks appear, but the phases are very difficult to
determine except LijZrO; itself. However, the IR spectra and
DTA results show that LiOH and Li,CO; are present in the
samples.

From Fig.6.5, it is seen that the rate of weight
increase in the fresh sample is much larger than that in the
sample stored in dry air for 2 months. This may be caused by
the fact that LigZ2rO will form a compact layer of carbonate on
the surface during the stored period to protect it from attack
by water vapor when exposed to air. It is also seen that the
rates of weighs gain for samples of yttrium-doped LiZrQ, are

smaller than that of pure LiZroq.
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CHAPTER 7 CONCLUSION

From the previous experimental results in chapter 5
and discussions in chapter 6, it is known that the
conductivities of yttrium-doped Li,ZrO; and LigZr0; are not
significantly improved relative to corresponding pure Li,ZrO,
and LigZ2rO4 and the conductivities of zirconium-doped LiYO, are
much lower than pure LiYO,. However, a number of important
results have been derived in this investigation and the

following conclusions can be drawn

1. With small amounts of yttrium substitution for
zirconium in Li,Zr0;, a solid solution can be formed. The
solubility in the solution of Li,,Y,2r,,0; is x is not larger
than 0.05, whereas at x=0.1, a small amount of Li4Zr,0,
second phase will appear. The lattice parameters increase
slightly with the amount of dissolved yttrium.

2. The formation of the solid solution can improve
significantly the sinterability of Li,2r0;, and the density of
the ceramic samples increases from 80.8% to 94.6% theoretical
density as x varies from 0 to 0.05. For the sample with

X=0.1, the density reaches 99.4% theoretical density.

112
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3. The total lithium ion conductivity of the ceramic
samples of solid solution Li,,Y,2r, ,0; increases slightly from
3.93%10° to 5.04x10°% S/cm at 400°C as x varies from 0 to 0.05,
and the activation energy decreases slightly from 0.99 to 0.92
Ev over the same range of the composition. For the sample with
x=0.1, the total conductivity decreases relative to the sample
with x=0.05 because of the effects of the second phase. From
the estimation based on the effective medium theory, the
lithium ion conductivity of the solid solution Li,,Y,72r, 0,
increases by only 1% and 3% for x=0.01 and 0.05, respectively,
compared with Li,Zr0O,. Generally, the lithium ion conductivity
is not significantly enhanced by doping with Y,0;.

4. When small amount of yttrium is introduced into
octalithium zirconate to substitute some zirconium, a solid
solution of yttrium-doped octalithium zirconate forms. The
solubility in the solution of Liz¥,Zr, O is 0.05<x<0.1 via
conventional solid reactions. The cell constant parameters
in the hexagonal structures for the solid solution change
slightly with the dissolved amount of yttrium.

5. In the processing and conductivity measurements of
the yttrium-doped solid solution in air and the mixture of the
solid solution with LiY0O,, the materials will absorb some
water vapour and carbon dioxide from air and form some mixture

of LiOH(LiOH.H,0) and Li,CO,, which melts at around 430°C. The
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mixture affects significantly the 1lithium conductivity
behaviours of the materials.

6. The electronic contribution to the conductivity in
the materials is less than 1% below 435°C.

7. The 1lithium conductivity at 435°C in the solid
solution increases from 1.0x102 to 6.9x102 S/cm with the
dissolved amount of yttrium increasing from 0 to 5%. At 10%
yttrium addition, the lithium conductivity decreases because
of the second phase effects of LiYO,.

8. The yttrium doped octalithium zirconate materials
are suggested to be potential solid electrolytes for Li/S
batteries and high temperature lithium batteries at operating
temperatures around 435°C.

9. With zirconium substitution for yttrium in LiYO,,
solid solutions of Zr-doped LiYO, can be formed. The
solubilities are x<0.1 in the solution of Li,, 2r,Y, 0, and x>0.3
in the solution of Li,,Z2r,Y,,0,,,. The crystal structures are
changed from monoclinic for pure LiYO, to tetragonal for
Zr-doped solid solutions.

10. The electronic contribution to the total
conductivity is less than 1% in the pure and Zr-doped LiYO,
till s00°C.

11. The 1lithium ion conductivity at 500°C for pure

LiYO, is quite high (1.2x10? S/cm), but the conductivity for
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ceramic Zr-doped LiYO, decreases drastically from 1.3x10? to
1.2x10* S/cm at 500°C as x increases from O (pure LiYO,) to
X=0.3 in the solution, while the ionic conduction activation
energy increases significantly from 0.68 to 0.92 Ev with x
increasing from 0 to 0.3.

12. Based on the Neumann-Kopp rule and the third law,
the results of the calculations for thermal stability of
LigZr0, are in good agreement with the experimental ones.

13. LiyZrO4 will decompose rapidly above 1100°C. But,
it is stable, or decomposes very slowly below 900°C. Li;Zro0,
will decompose fast above 1500°C, but it is stable below
1200°C. LiYO, is thermally stable till 1500°C.

14. LijZr04 is thermodynamically unstable against water
vapor in the air with more than 1% (vol) water vapor below
400°C and Li,2rO; is thermodynamically unstable against water
vapor at room temperature, while LiYO, is thermodynamically
stable against water vapor even in an environment with a
combination of water vapor and CO, at room temperature. But,
LigjZroy will be stable against water vapor above 500°C in
air. The hydrolysis rate of LijZrO stored in dry air for long
periods is much slower than that of the fresh samples. Also
the rate of hydrolysis of yttrium doped LijZr0O solid solutions
is slower that of pure Li ZroO.

15. The temperature for the synthesis and preparation
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in air of LizZr0, should be in the range of 500 to 1100°C in
order to obtain pure phase LijZrO¢. In processing of LigZr0O, in
air, the temperature also should be in this range in

order to prevent its decomposition and hydrolysis.



CHAPTER 8 FUTURE WORK

In this investigation, the focus has been on forming
new lithium ion conductors in the LiO0,-Y,0,-Zr0, system by
doping lithium zirconates and lithium yttrate and studying the
structures, conductivities and thermodynamic stabilities.
There was little emphasis on the ion conduction mechanisms and
applications of these materials. A number of topic are

suggested for future work:

1) . Further analyzing ac impedance results by curve fitting to
get the grain conductivity and conduction activation energy
data, then establishing lithium ion conduction models for
lithium zirconates and lithium yttrate based on the crystal
structures and conductivity data. This is very useful for
exploring new lithium ion conductors and also for improving

the lithium conductivity in these materials.
2). Fabricating Li probes with Y-doped or pure Li,ZrO, and

LigZr0, and pure LiYO, and testing the properties of lithium

alloys.
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3). Fabricating galvanic cells of using Y-doped LigZ2r0O, and

pure LiYO, ion conductors to measure their dynamic properties.

4). Testing the radiation properties of pure LiYO, and tritium
invention property to verify whether it can be used in

applications for tritium blankets in a fusion reactor.

5). Exploring new lithium ion conductors in the Li,0-Al1,0,-2rO0,

and Li,0-Al,0;-Y,0; systems since LijAl0, is also a lithium ion

conductor thermodynamically stable in the presence of pure Li.
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