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PREFACE

Composite solid eledrolytes are a one dassof eledrolytes. The primary concern of these dedrolytes
is ionic conductivity (U) based on various transport charaderistics. Though the dkali halides are

intrinsic ionic conductors, they rarely meet the techndogicd demands due to the limitation in their
conductivities (typically for o—Agl~1.0 Q*cm™ at 150°C, 0—CuBr~5.0 Q'em™ at 480°C, a-Cul~9.0x
102 O*em™? at 450°C etc.). Therefore there was a gentine neel to synthesize / tail or-make solid
eledrolytes which can have high conductivities. This could be redized by making the composite
eledrolytes with insulating oxide dispersions. Although the ideaof composite dedrolytes and thereby
enhancing the ionic conductivity was propcsed as ealy as 1973when Liang [76] reported a 50 time
incresse for the Lil+Al, O3 system. Since then a large number of systems were developed and
investigated for a search of higher and higher conductivities. A reasonably large number of studies on
oxide dispersed metalli ¢ halides and alkali halides were conducted and reported by various reseachers
aaoss the world. All these works were essentially targeted to develop eledrolytes for the power
sources for various applications such as cdl phones, pagers, computers, light shutters, smart windows
etc. The ever-increasing demand d power sources for modern electronic devices grongly motivate
researchers to develop and investigate newer and newer electrolytes, which are the key comporents of
power source/ solid state battery. In view of the aowve requirements, the solid eledrolyte preparation
and their physicd and eledricd charaderizations were caried ou in the present thesis. In order to
demonstrate the superiority of mixed matrix base for the oxide dispersion as compared to the case of
single halide matrix and the resulting oxide dispersion characteristics-bath in single and mixed
matrices, a number of eledrolytes in the following systems were prepared: (i) (KCl)1_x+(ZrOy)y; (ii)
[(KCD1-x + (NaCl)x] 14 H(ZrOz)y; (iii) [(KCl)1-x +H(CUCl)u1y + (SnO2)y; (iV) [(BaCl2)1-xH(KCl)u1y +
(ZrOy)y and (V) [(KCl)1x+(K1)x]14+(ZrO2),. These mixed systems were chosen to addressthe issues
of the dharaderistics of oxides dispersed in mixed matrices in relation to that of single matrix
compasite dedrolytes. In the systems (ii) and (iii ), the essential charge carriers are cdions, whereas,
in systems (iv) and (v), the conduction is exeauted essentially by anions. The reason for choosing the
KCl-based matrix is due to the fad that it does not undergo phase transformation before melting,
thereby accommodating the dfed of wide variation d temperature on transport charaderistics to

develop an empiricd relationship of conductivity (o) and ionic mohility (u) with temperature. In a

majority of the present studies, the dispersoid taken is ZrO, particles (size ~1um). Thisis due to the



fad that in general, aluminais used as dispersoid for which systems were well studied and reported by
other researchers. However, to the best of author's knowledge, no systematic studies on ZrO,-
dispersed compasite dedrolytes are reported in the literature.

The entire work has been presented in the foll owing five dapters:

Chapter |

Chapter | presents an introduction to eledrical condictivity of ionic solids. A review of research
findings reported in the area of solid eledrolytes and their applicaions in dfferent fields are also
presented. The fundamental charaderistics, ions transport medanisms, temperature dependent
conductivity behaviour and defect chemistry of the solid eledrolytes have been discussed too. The
eledrical conductivity behaviour of the two-phase cmposite dedrolytes and, the methods by which
the conductivity enhancement can take placeare dso explained. Several phenomenodlogicd theories
and the asciated models viz. space targe model, adsorption-desorption model etc., that were
propcsed by various reseachers to explain the conductivity enhancement in the oxide dispersed
composite dedrolyte systems, are also dscussed. The scope of the present work, reported in the
thesis, is given towards the end d this chapter.

Chapter I

Chapter Il deds with the materials requirement, sample cwmpaositions, methods of sample preparation,
the physical charaderization and eledricd measurements of the samples. The samples were prepared
from powder processng route, following compadion and solid state sintering. The following physical
characterization methods have been used: X-ray diffradion (XRD) and Therma Analyses (DTA/TG)
to deted the formation d any new phases / chemicd changes that may occur in the material during
hea treament, and Scanning Eledron Microscopy (SEM) to reved the microstructure development
espedaly showing the halide-dispersoid interface formations. The methods of conductivity
measurement by impedance spectroscopy technique, ionic mohility estimation by transient ionic
current tedhnique and the determination d ionic transference number by Hebb Wagner pdarization
methodare dso explained.



Chapter Il

Chapter Il presents the preparation, characterization and transport charaderisticsnamely o and u of

K Cl-based solid electrolytes dispersed with ZrO, particles. Thiswas gudied with aview to urderstand
the dfect of oxide dispersion in single halide base matrix. The samples were prepared by ceramic
powder processng technique. The XRD analysis and the microstructural studies of the sintered
compasite dedrolyte samples were arried ou. The ionic conductivity arises due to the combined
effect of mohility (1), concentration (n) and charge (q=Ze) of ions, and thisis given by the relation
o=nqu.Asthe o and u vaues are temperature dependent, the measurements of these parameters

were made a afunction d temperature. These temperature dependent studies helped to determine the

predominant factor, i.e. ¢ or n for conductivity increase with temperature.

Chapter 1V

Chapter IV demonstrates the preparation d mixed halide matrix and oxide dispersion into the matrix.
The systems [(KCl)1+(NaCl)y] 14y+(ZrOz)y and [(KCl)1+(CuCl)y] 14+ (SnOy), were studied to fulfill
the objedive. The details of preparation d mixed matrix for different compasitions by melt quench
tedhnique and subsequent oxide dispersion by wet mixing technique in the highest conducting mixed
matrix compositions are presented. The samples were dharaderized by SEM, XRD and DTA / TG to
explain the cnductivity behaviour of the materials. In order to show the dfect of dispersoid particle
size, the conductivity studies were dso carried ou on the samples in the system [(KCD)1-

xH(NaCl),]14+(ZrO,)y prepared by finer particles szes (size~20-50 rm) of ZrO, aso.

Chapter V

Chapter V deds with anionic conductors in mixed halide base. The following systems [(BaCl,)1-
xH(KC]14H(ZrOz)y and [(KCl)1x+(K1)x]14+(ZrOz)y were studied. The mixed matrices for different
compositions were prepared by melt quench technique and the oxide dispersions were made. The
temperature dependent transport charaderistics, o and u were studied for [(BaCl,)1x+(KCl)y]1-
yH(ZrOy)y system. The highest conducting eledrolyte samples in this system were taraderized by
SEM and XRD. The onductivity charageristics in the system [(KCl)1u+(Kl)y]1- y+(ZrO2)y were
studied and the optimally high conducting composition in this system was establi shed.

VI



At the end, the entire study is concluded and a few points on the scope of future work are suggested.
The net conclusion is that with oxide dispersion the conductivity enhancement has been found with
resped to the base single matrix. Further enhancement in conductivity was found by base matrix

modificaion,i.e. by making mixed halide & base matrix. The list of papers pulished, presented and
communicaed is also appended.

VIl
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Chapter |

I ntroduction to composite solid electrolytes

Overview
This chapter presents a review of the research work reported in the area of solid

eledrolytes. A detailed description d the solid eedrolytes and ther different
applicaions is presented. The ionic conduwtivity is the key feature of the solid
eledrolytes from their applicaion pant of view. The possble medanisms constituting
various propcsed models for understanding conductivity enhancement in solid
eledrolytes are eplained. The parameters that govern the properties of the solid
eledrolyte systems are dso mentioned. The scope of the present disertation is explained

towards the end of this chapter.




1.1 Alkali halides

The dkali halides such as LiCl, NaCl, RbCI etc. are the most interesting ionic solids as
these are fully ionizable. The dkali halide aystals have always been at the canter stage of
solid state physics and these have been treaed as “model crystals’ for verifying many
solid state theories. In present decales, these have proved to be useful in severa
applicaions ranging from X-ray monochromators to tunable lasers. Because of the dua
importance — purely scientific and techndogicd — a vast amourt of information has been
generated on \arious aspeds of the dkali halides. The study of alkali halides has played
an important part in the development of theory of paint defeds in crystalline solids. In
particular, the measurements of ionic conductivity and coefficient of self diffusion can
give valuable information regarding the number and type of defedsin the aystal lattice
the energy for the formation o different defects, their mohili ty and interadions between
them. The ionic transport both in pue dkali halide aystals and doped akali halides at
elevated temperatures is used to estimate defed concentrations, enthalpies of defect
formation, adivation energies for ion migration and aher physicd parameters. It is
generally considered that Schottky defeds are present in most of the dkali halides with
concentrations far higher than that of other type of defeds i.e. Frenkel defeds. The
defed structure and defect concentration can be predicted clearly in the ase of Schottky

vacaicies.

1.2 Eledrical conductivity

Eledricd conductivity (o) isan indicaor of the ease with which a material is cgpable of
condwcting an eledric charge. The dedricd conductivity is the inverse of resistivity i.e.

o= 1 Ohm’s law relates the auwrrent | (i.e. the rate of charge flow) passng in a

P
material to the gplied vdtage & V =IR, where R is the resistance offered by the

material against the aurrent. The resistivity p is independent of the spedmen geometry
andis given by the expresson p = Rl—A , Where | isthe distance between the two points

along the aurrent path across which the voltage is measured and A the adosssedional

area perpendicular to the current. Alternatively, o may be defined as the propartionality



constant in the linea relation d current density ( j ) with the gplied eledric field (E)
such that j=o E. The magnitude of the dedricd conductivity as given by the
relationship o=neZu is determined by (i) n, the density of charge carrier; (ii) q:(eZ),
the dharge on a carier; and (iii) u, the average drift velocity of the charge cariers per

unit eledric field defined as mohility. Commonly used unit of conduwctivity is S cm™

where 1 siemen, S = 1Q™%.

The charge carriers can be ions (cations and/ or anions) and/ or eledrons (or holes). As
the cdions and anions possesseledric dharge, they are ale to migrate when an electric
field is applied, resulting in an eledric aurrent in addition to that due to any electron

motion in the solid. The total condtctivity for an ionic material o, isthus equal to the
sum of both eledronic and ionic contributions expresed aso iy, =0 ionic O ectronic -

Solids are dasdfied as first type conductors if the charge arriers are mainly eledrons
and seand type onductors when the cariers are mainly ions. Materials that have
conductivity due to both eledrons and ions are regarded as mixed conductors. This
classficaion d conductors is, however, based on their room temperature conaductivity.
The materia, for example, yttrium stabili zed zirconia (Y SZ) (0.92ZrO, + 0.08Y,03) [1],
which is insulator a room temperature, may have significantly high condctivity at
higher temperatures. The condictivity in YSZ is predominantly due to oxygen ions, and
negligibly by eledrons. Table 1.1 gives classfication d solid materials according to their

typicd conductivity range & room temperature.



Table 1.1 Typicd vaues of electricd conductivity

Material Conductivity (@ cm™)
lonic condtction lonic aystals <10 -10*
Solid eledrolytes 10° - 10

Strong (liquid Eledrolytes) 10° - 10

Eledronic conduction | Metals 10 - 10
Semicondtctors 10° - 10
Insulators <10%?

1.3 Applications

The discovery of transistors in the 195G revolutionized the field of semiconductor
eledronics and a new branch of science named as lid state dedronics was emerged.
This branch of science mainly deals with the physics, engineering and techndogicd
aspeds of eledronic materials and has made tremendous grides, espedaly in the aeaof
integrated eledronics. Until the late 1960Cs, a very few devices based on ion condicting
materials, were avail able. Out of the known devices, the majority of them were based on
liquid agueous eledrolytes. These devices were reported [2-5] to suffer from a number of
major shortcomings such as:

(i) they have limited temperature range of operation; the devices would fail to function
below freezing and above baili ng temperatures of liquid eledrol ytes,

(ii) they are lessrugged,

(iif) they have limited shelf life due to the crrosion o eledrode materials by the
eledrolytic solution resulting in leakage,

(iv) difficulty in constructing in miniature thin film.

In order to eliminate the &ove shortcomings, there was a need to replace the liquid
eledrolytes with some suitable ion condwcting solids. As an early attempt, the ion
condwcting solids such as akali halides, silver halides etc. were used. However, due to

the fad that these solids were poa conductors, they remained ursatisfactory choices as




replacement of liquid eledrolytes. However, the seach for solids having high ionic
conductivity continued rigorously. Eventually, the situation took a dramatic turn in the
yea 1967 when two new kinds of solid systems namely MAg4ls (where M = Rb, K, NH,)
[6-8] and Na p —aumina[9], exhibiting exceptionally high Ag” and Na" ion condctivity
(o ~ 10" Q*cm™) in the respedive dedrolytes at room temperature and also moderately
high temperature were discovered. A large number of fast ion conducting solids with
various mobhil e ion species, namely H*, Li*, Na*, K*, Ag", Cu*, F, O etc. have, so far,
been reported. In fact, the year 1967 has been marked as the beginning of a new erain the
fiedld o materials <ience which currently beas the name solid state ionics, a

terminology used parall €l to solid state dedronics.

Energy generation, which, to date, has largely been based on fossl fuels, is a major
source of anthropogenic green howse gas emissons and aher pallutants. However, future
energy generation must be sustainable in terms of (i) cost fador, (ii) fuel resource
availability and (iii) environmental acceptability. Much effort is being made on
sustainable energy supdy through dfferent measures such as the development of more
efficient energy generation techndogies, increased end wse dficiency and greater use of
new renewable energy sources such as solar, wind and iomass At the same time thereis
an increasing emphasis on small-scde distribution eledricity generation. Fuel cdls have
the patential to play a dominant role in the future distributed energy generation retwork,
with their high fuel conversion efficiencies, and as a dean source of power (significantly
lower pdlution and geen howse gas emissons compared to thase of conventional,
centralized power generation). Furthermore, the use of fuel cdls in transport vehicles as
an auxiliary power unit or a replacement for internal combustion engines will bring
substantial benefits in terms of clean urban area and by extending the life of existing
fosdl fuel resources. While solid oxide (SOFC) and pdymer eledrolyte membrane
(PEMFC) fue cdls and oxygen sensors are perhaps the best known and prominent
applicaions of Solid State lonics (SSI) in the field of energy generation, dher potential
aress are starting to emerge. These include hydrogen production from solar energy and
novel methods of oxygen separation from air. Efficient and cost eff ective energy storage
systems are aqucia for new load levelling and eledricity supdy applications. The wider



use of solar and aher renewable energy sources are in bah stationary and mobil e power
applicaions. Storage techndogies sich as advanced hetteries and high power delivery
supercgpadtors will play key roles, while hydrogen generated from renewable energy is
see as the fuel for the future [10]. SSI techndogies which are set to play increasingly

important roles in sustainable energy systemsinclude :

» fud cdls (PEMFC and SOFC);

+ advanced betteries (based onLi*, Na" and H* etc ion conductors);
* supercgpadtors (poymer membrane cgadtors);

e jonictransport membranes (gas sparation and chemicd readors);
e advanced sensors for processcontrol and safety;

» eledrochromic smart windows for opticd moduation and energy efficient buildings.

Severa of these tedhnologies are presently being commercialized [11,12], while the
others are & various gages of the development. All are set to play increasingly important
roles across the eatire spedrum of sustainable energy generation and supgy.
Eledrochemica devices have been proven to be products for a full range of corrosion
control applicaions. Eledrochemical devices based on ceamic eledrodes and
eledrolytes are becoming increasingly important for energy generation, oxygen
separation, coal gasificaion, and seledive oxidation d hydrocarbons. Major portion of

the @st of manufacturing these devicesis due to the raw materials.

1.3.1 Electrochromic display devices

The increase in the interadion between man and madine has made display devices
indispensable for visual communicaion. The information, which is to be communicated
from amachine, can be often in the form of colour images. Eledrochromic display device
(ECD) is one of the most powerful candidates for this purpose and hes various merits
such as multicolour, high contrast, opticd memory, and no vsua dependenceon viewing
angle [13]. Eledrochromism can be defined as the @lour change in a material by an
applied eectric field or eledric current as optical properties of these materials change
when a voltage is applied acossit. The opticd properties soud be reversible i.e. the
original state shoud be remverable if the pdarity of the voltage is reversed. Some of the



mechanisms which are resporsible for the @lour change in solids or liquids are given
below [14] :

(i) Eledrolyte mlouration or colour center
When eledrons are injeded into solids, colour centers are produced as aresult of eledron

trapping.

(if) Chargetransfer

In this mechanism, the eledric field causes a dharge to be transferred from one type of
impurity center to ancther. An absorption band associated with ore type of impurity
center grows at the expense of that of the other type.

(iii) Franz — K eldysh effed
In this case, the electric field induces a shift in the absorption band and hence ®lour due
to atunneling eff ect results.

(iv) Electrochemical redox reaction
Some ions or moleaules can be reduced or oxidized electrochemicdly with the dangein

colour.

Based on above medanisms, eledrochromic devices can be cdegorized according to the
type of electrolyte or ion conductor. Liquid electrolytes are mnvenient for reseach and
exploratory work. However, solid inorganic or organic materials are preferred for

pradicd devices.

In an inorganic dectrochromic display device RbAguls, f—alumina and HUO,PO,.4H,0
have been tested as slid eledrolytes. An example of a mwmplete cell configuration

consisting of such eledrolytesis given below:
Ag (1) / RbAg4ls/ WOs3, SnO,, Ag (2)

The cdl isinitidly transparent with a faint milkiness due to RbAgsls. When a low dc

voltage is applied across the cell with WO; as the cathode, a blue colouration develops



over the region d the eledrolyte. Even after the removal of the dectric field, the film
remains coloured. On reversing the potential, the wlour (blue) disappeas. These
properties make dedrochromic materials of considerable interest for opticd devices of
different types, such as elements for information display, light shutters, smart windows,

variable reflectance mirrors and variable anittance thermal radiators.

1.3.2 Solid electrolyte thermometer

Solid eledrolytes are dso used as high temperature dectrochemicd thermometer. Such a
thermometer has an advantage that it can be used at high temperatures (>1000°C) because
the materials used are ceramics. Generally gas thermometry is limited to a maximum of ~
1000°C dueto ladk of suitable materials. Such athermometer hasthe cédl geometry

Pt/ O, (Py) / Solid eledrolyte/ O, (P2) / Pt
The temperature can be calculated from the oxygen presaure levels P; and Ps.

1.3.3 Electrochemical pumps

Solid eledrolytes can also be used for gas separation becaiuse of their selectivity to orly
one type of charge carying spedes. In the ase of Zirconia based eledrolytes, orly O
ions migrate. Therefore on application d an eledric field acossthe cdl, pue O, gas can
be generated at the anode. Such devices can be used eledrochemicdly to pump axygenin
or out of bath a stationary and a dynamic system. They aso find applications in food
padkaging indwstry as well as in the medicd field if the cdls can be made to

eonamicdly produce large quantiti es of oxygen for low energy consumption [15].

1.3.4 Thermoeledric generators

A thermoelectric generator is a unique hea engine in which charge carriers srve a the
working fluid [16]. These generators convert a part of the hea flowing from a hot body to
a old bady into eledricity. The portion d the thermal power that converts into eledricd
power is referred as efficiency. The operation is based onthe principle that an EMF is
generated when a solid eledrolyte with its two oppaite faces either at (i) different



temperatures, or with (ii) different presaures resulting in different eledrochemica activity

of the mohil e spedes.

In 1974, the design of a thermoeledric generator with 3 - alumina dedrolyte was
suggested in which dfferent sodium adivities at the two faces were maintained as a
result of a temperature difference Thermoelectric power generators have, so far, been
primarily employed in space ad military applications. Generators are reliable becaise
they produce dedricity withou moving parts which may fall or wea out. This high
degree of reliability is espedally important in space gplications, where the investment is
quite high and repair or replacement of equipment is not feasible [17].

1.3.5 Solid state battery

A battery is a device that converts chemicd energy contained in its material constituents
into eledrical energy. The earlier eectric power sources used liquid eledrolytes.
However, solid state batteries have some distinct advantages over those with a liquid
eledrolyte. The primary advantage is the avoidance of eledrolyte leakage into the
eledrodes, which can cause the damage to the performance of electrodes. So solid state
batteries have longer life and are inherently safer than liquid eledrolyte cdls. A number
of solid state high energy density storage batteries based on ceramic superionic
conduwctors are being developed for utility load levelling and vehicle tradion applicaion
[18-21]. The first sodium / sulfur battery using Na" B - alumina solid eledrolyte [22] is
under testing in severa courtries for use in, for example, eledric cars and power station
load levelling. The normal temperature of its operation is between 300-%0°C.

Other types of cdlswhich are in applicaions are miniature primary cellswhich operate &
room temperature and have long life rather than a high power output. They are used in
eledronic watches, heat pacenakers and in military appli cations.

1.3.6 Fuel cells

A fuel cdl operating as a sort of continuously replenished bettery provides an alternative
whereby eledricd energy can be made available with small losss. It operates like a
battery but does not nead to be recharged. It continuowly produces power to convert



gaseous fuels (hydrogen, retural gas, gasified coa) diredly into electricity via an
eledrochemicd process These devices are a@pable of generating continuous voltage and
current. They offer a dean and pdlution freetechndogy for electricity generation. The
basic dements of atypical fuel cdl as depicted in figure 1.1 consist of an eledrolyte in
contad with a porous anode and a porous cahode. The fuel and axidant gases flow aong
the surfaceof the anode and the cahode respectively and they read eledrochemicdly in
the three phase boundary region establi shed at the gas-electrol yte-electrode interface.

.
Fuel Anode
' Direct
irec
Eledrolyte Externa
current
Oxidant Cathode <

Fig. 1.1Schematic representation d a planar fuel cdl.

A fuel cdl produces electricd energy for aslong as fuel and axidant are fed to the porous
eledrodes. Hydrogen, ethandl, methand etc. are used as fuels, while oxygen or air can be
used as oxidant.

In 1899,Nernst [1] discovered the solid axide dedrolyte stabili zed Zirconia for the fuel
cdl. In the middle of the 20" century, a rapid development in this areahas taken place
At present several types of fuel cdls are avalable in the consumer market and the
following five types of fuel cdlsare mmmonly employed [23,24:

» thesolid pdymer proton condctor fuel cdl (SPFC);

» the dkainefud cdl (AFC);

» thephosphaic add fud cdl (PAFC);

» themolten carborete fuel cdl (MCFC);

» thesolid oxidefuel cdl (SOFC).
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Low temperature fuel cells (AFC, SAH-C and PAFC) have apatentia for propusion o
cas, where ashort heaing time is neaded and the dficiency hasto be compared with that
of a ombustion engine (~ 20%) given by the limitations of the Carnat cycle.

High temperature fuel cells (MCFC and SOFC) are suitable for continuows power / hea
produwction, where the cdl temperature can be maintained. In genera the high
temperature fuel cdls exhibit higher efficiency and are less ensitive to fuel compaosition
than the case with low temperature fuel cdls. At higher temperatures, natural gas can be
applied dredly asafuel.

1.3.7 Ceramic sensor s

There is a continuows need for the development of rugged and reli able sensors cgpable of
making measurements in crucial environments in industries viz. sted manufaduring, hea
treament, metal casting, automotive, agospace, utility and pover industries, etc. [25-27].
The gplicaion d sensor and measurement techndogy has resulted in many benefits
including improved energy efficiency, better quality, and lower scrap or off spedfication
products and reduced emissons. The aitomotive industry is an excdlent example where
increased use of sensor and measurement technology has led to an improvement in

engine performance, higher energy efficiency and reduced pdlutant emissons. Solid

eledrolytes of the mobile M #* ions may be used to control the dement concentrationin

various environments by eedrode readion d the first kind (M/M “*) [28]. The high
alkali ion readivity allows the use of akali ion condwting solid conductors for
monitoring of various gases. While low temperature sensors have been commercially

succesdul, their high temperature cournterparts have been less ®.

1.4 Solid eledrolytes

New types of eledrochemicd devices, including lithium batteries, eledrochemical
cgpacitors, eectrochromic windows, fuel cells and phdo eledrochemicd solar cells
demand a variety of specia properties of the ubiquitous eledrolyte contained therein.
Materials such as solid pdymer electrolytes, molten salts, ceramic fast ion conductors

and fast ion conduwting plastic crystals are currently in focus world-wide for the
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appli cations mentioned above. The solids exhibiting high ionic conductivity are termed as

superionic condctors or solid eledrolytes or fast ion conductors or hyperionic solids.

The term superionic conductors is used to describe a ¢ass of materials which may be
crystalline, glassy or paymeric through which the transport of ions is fast due to the
applicaion d an eledric field, and hes insignificant eledronic conductivity. These
materials are intermediate in structure and property between, on the one hand, rormal
crystalli ne solids with regular three dimensional structures and immobile aoms or ions
and onthe other hand, liquid eledrolytes which do nd have regular structures, bu do
have mohileions as hownin figure 1.2.

Increasing
defed
concentration

Normal Solid |____
eledrolyte

Liquid

crystallin

Phase

transition

Temperature >

Fig. 1.2Solid eledrolytes as intermediate between namal crystalli ne solids and liquids.

The high ion conductivity in solids, such as a—Agl [29], MAg4ls (where M = Rb, K,
NH.) [6,8 and Na B—alumina [30,3]], approach similar values (10°-10° Q'cm™) as that
of liquid salt solutions or melted salts (eledrolytes). Such materials are cdled solid
eledrolytes. Their conductivity is caused by adelocdization d Ag” and Na' caions over
awide range of interstices in an immobhile sub lattice. The high ion condctivity for solid
materials is rather unusual at moderate temperatures (i.e. 20° - 300°C). Most of the solids
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show certain ion locdization. However, in some compound at certain temperatures, a
phase transition is possble, where the locdized caion sublattice gets disordered over a
numerous interstices. Such a phase transition is observed in Agl (B — a phase transition
a 147°C) and AgsRbls (at 122 K). The conductivity sportaneously increases by several
orders of magnitude upon the melting of cation sublattice Therefore, the term “solid
eledrolyte” can rather be used to identify a particular state of solid material, when a sort
of ion is quasi-fredy (with low adivation energy < 0.5 €V) moving around er
numerous avail able sites in the rigid sublattice However, many other materials with the

lower ionic condctivity are dso regarded as lid eledrolytes.

Other type of solid electrolytes form due to a gradual increase in defed concentration
with increasing temperature. For example ZrO, in which the mncentration d anion
vacancies above ~ 600°C is sufficiently large and therefore is a good high temperature
oxide ion conductor. The distinction between namal ionic solids and solid eledrolytesis
often na well defined, espedally for material such as ZrO,, which undergoes a gradual

changein behaviour with increasing temperature.

Ratner and Nitzan [32] gave ageneral definition d the solid eledrolyte as a solid that
exhibits a dharaderistic ionic conductivity, more typical of liquids, lying in the range
from 10° to 10 Q*cm™ nea ambient temperature. “High temperature solid eledrolyte”
refers to the material such as YSZ. This is a poa conductor at room temperature
(o <100 cm™) but has  high ionic conductivity of 0.15 Q*cm™ at 1000C [33].

1.4.1 Fundamental characteristics

Since the mid 196G, a very adive field of research namely solid eledrolyte has been
under the investigation. Many of these searches were carried ou on a ‘try and see’ basis
because the crystal structures of the materials were nat known at that time. However, it
was possbhle to study other materials whaose aysta structures contain open channels,
layers etc., with an idea that these dhannels may provide pathways for easy ionic
transport. Although many theories have been proposed to acourt for solid eedrolyte
behaviour, it is ill very difficult to make a priori reliable predictions about the value of

o in a particular material whose aystal structure is known. The following are the
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guideli nes, which show the likely structural characteristics that are a prerequisite for high
ionic conductivity [34]:

(i) A large number of the ions of one spedes sould be mohilei.e. alarge value of n in
the gquation o =neZ u.

(i) There shoud be alarge number of empty sites avail able for the mobile ions to jump
into.

(i) The empty and occupied sites houd have similar potential energies with a low
adivation energy barrier for jJumping between neighbouing sites.

(iv) The structure shoud have aframework, preferably three dimensional, permeated by

open channels through which mobil e ions may migrate.

1.4.2 lon transport medhanism

Even thowgh crystals are defined as ordered arrangements of atoms or ions, they are not
perfect. They aways possess defects, the types of which can be divided into two broad
caegories; point defects and extended defeds. The examples of extended defects are
dislocaion, grain bourdary etc. In materials having high ionic condtctivity, conduction
occaurs mainly through point defects e.g. vacancies, interstitial and substitutional
impurities. A point defed can be developed by (i) intrinsic and / or (ii) extrinsic
mechanisms. An intrinsic defed (due to thermal effed) is one that is inherent to the
material; Schottky and Frenkel defeds are in this class While an extrinsic defed occurs
due to the aldition d an aiovalent impurity. This can be visualized by taking an example
of Yttria stabili zed Zirconia (Y SZ) in which Zr** is replaced by additive Y.

A Schottky defect consists of a caion and an anion vacancies. These vacaicies move
from the lattice site to the surface A Frenkel defect is the result of movement of anionto
produce asimultaneous interstitial and a vacant lattice site. Figure 1.3 (a) and (b)
schematicdly show Frenkel and Schottky defeds respedively. As the size of theionis
important, the defects are limited to the sub lattice of the smaller ion, wsualy cation.

14



+—-—+-+-—+-+-+ + = H =+ =+ | +|- [+
-—E-f-t+t-0O-+- -+ —{+= H - H=|+]|-
+—+—+—+—b—+ +— +0 + —)+0 +-|+
—+t -t -+ —+-+ - -+ -J+-g0-+-p-
+—-+-+—-+-0O-+ +-O0-+-+—+0+
b — o — - —+ -+t -+ -+ -+ -
Fot ot -+ -+ 4 +—-+-—-+-+—-+-+
—+t -t -t - +t—-+ - —+ -t -+t -+-+ -
(@) (b)

Fig. 1.3Schematic representation d (a) Frenkel defeds and (b) Schattky defeds.

Very few ionic solids exhibit conductivity due to the intrinsic defeds. One natable
exceptionisthe dassof halides. Due to the thermal vibrations, when ions recave enough
energy to be pushed into an interstitia site or to a neaby vacant lattice site, ion
conduction takes placein the solid. For understanding the factors determining the ion

conductivity in crystals, let us consider a binary AB ionic aystal which is basicdly a

Schottky disordered solid. The Schottky disorder has n,, =ng, = nNg, where n,,,Ng,

are the number of A type and B typeion vacancies respedively and ng isthe number of

Schottky pairs. In ionic crystals, conductivity may be described as transport of such
defeds given by the well-known general equation

o= nez; 1.9
1
where n;, eZ;, and u; are @ncentration, charge and mobhili ty respectively of the ith
spedes of the carier ions.

The defect concentration is estimated from thermodynamics. In the ase of Schottky
defeds, a change of the thermodynamic potential is given by

AG=nggs-TA Sconfig 12
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where g isthe diange in thermodynamic potential of the system caused by a single
occurrence of a Schottky defect and A Sy, is the crrespondng change in the

configuration entropy. Further the entropy change A S 4 IS given by the equation

AS =kgInw (1.3

config™

where kg is Boltzmann constant and w is the number of possble ways of arranging the
Schottky defeds. At thermodynamic equilibrium, (0AG/dng), + =0 and from this

condition, the number of Schottky defeds can be derived as
ne= Nexp(-g¢/2kgT) (1.4)

where N represents the number of lattice sites. Analogously, the number of Frenkel

defeds can be given by
ne =(NN)%exp(- g /2 ks T) (1.5
where N " isthe number of interstitial sites.

lon transport inionic aystals takes place by the jump mecdhanism (vacancy, interstitial or
interstitialcy). The formation d defects changes the vibrational modes of the ions
surroundng the defeds. Following the Einstein Model, the probability P (per unit time)
for agiven ionto jump from one site to ancther is governed by

P=u,exp(-Ag/ksT) (1.6)

where v, isthe vibrational frequency of the ions about their mean pasitionin a potential

well of barrier height A g, which istermed as Gibb's free @ergy for migration d ions.

Gibb'sfree energy isexpressed as

Ag=Ah-TAS (1.7
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where Ah and AS are the enthalpy of migration and entropy change in the system

respedively. In the dsence of an externa electric field gradient, this equation (1.7)
represents an equal number of ion jumps both in left and right diredions at
thermodynamic equili brium.

Asthe dedricfield E, is applied along the x-diredion, as shown in figure 1.4, the jump
probabiliti es (P" and P" ) of theions in and against the diredtion o the field are given as

foll ows:

Fig. 1.4Potentia barrier for an ion with and withou eledric field, E, where a is the
interatomic spadng.

P =u,exp{-[Ag-(qaE/2)] Ik T} 1.8
and
P =v,exp{-[Ag+(qaE/2)] /ks T} (1.9
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Hencethe number of ions per unit volume moving in the direction d thefield is

n':n(P'—P")
On (qaE/kgT)P (1.10

where it isassumed that qa E <<k g T . Here n isthe number of charge crriers per unit
volume. So the aurrent density |, defined as the amourt of charge passng through unt

areain unt time can be given by

j=n ga

=ng®a?(PE/kgT) (1.11)
Hencetheionic conductivity o can be expressed as

o=jlE

=n(a2q?/kgT)v,exp(-Ag/kyT) (1.12
In the case of solids having Schattky defeds, ore can derive from equation (1.4)
o=N(a?q2/ksT)u,expl-[(gs/2)+Ag] Ik T} (1.13
Similarly in case of solidswith Frenkel defects,
o=(NN')"2(a2q2/kg T)u,exp{-[o; /2)+a0] /Ky T} (1.19

However, in case of solid eledrolytes, the number of mobile dharge carriers is extremely

large, therefore the energy of formation d the defedsi.e., g; or gg, isnegligibly small.
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Hence for solid electrolytes, these equations are slightly modified and can be generali zed
to the foll owing Arrhenius type equation

o=0,exp(-AE,/ kgT) (1.19

where o, is the pre-exporentia factor (=N (a2 q%/kg T) v, for Schottky defeds,

E(N N ')1/2 (a2 qzlkBT)uo, for Frenkel defeds) and AE, (=Ag) is the adivation

energy.

1.4.3 Temperatur e dependence of ionic conductivity
The ionic transport parameters o, 4 and n in equation 1.1are function d temperature.

Hence for solid eledrolyte systems having single mobile ion spedes, the equation (1.1)

can be written as
o (T)=n(T)ezu(r) (1.16

and the variations of n and u with temperature an be expressed by following the

Arrhenius type equations
n(T)=n,exp(-AE /kgT) (1.17)

u(r)=p,exp(-AE kg T) (1.19

where n, and i, arethe pre exporential fadorsand AE ; and AE , can be designated

as energy of formation and energy of migration respedively for the mobile darge

cariers. The energy values (AEa,AEfandAEm) involved in the &ove thermally

adivated processes can berelated to eath ather by foll owing energy equation

AE, = AE +AE,, (1.19
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The | can be expressed in terms of drift velocity, v, asgiven below

j=nqvy

=nqVvy,exp(-AE 4 /kgT) (1.20
where AE ;4 isthe adivation energy required for ion dift.

1.4.4 Defed chemistry

The role of point defeds in transport properties is perhaps among the best atomisticdly
modelled so far [35,3]. The results are cmmonly represented by the Kroger-Vink
natations or Brouwer diagrams[37].

Kroger-Vink ndation is a standard form used to describe the point defeds. It is
represented by the symbol M §,(; where M represents the defed type, the superscript X
represents the dfedive carge or the relative charge of the defed with resped to the
original species and y is the position site. Positive excess charge is marked by a point
“e” say M" and the negative charge by a hyphen “* —” or dash “ ' ” e.g. M .
Considering a Frenkel disordered material M TX 7, the ionic disorder reaction equation

can be written as
My +V, = M’ +V, (1.2

where M. is an interstitial cation; V,, a cation vacancy; M ,, aregular caionand V, a
regular interstitial site. Similarly in case of a material M X having Schottky defed, the

readion can be given by
My + Xy ==V, +Vy +MX (1.22

These defed reactions are required to conform to the foll owing condtions:
» A chemicd reaction cannot crede or loose mass

» Theratio of cationto anion sites of the haost crystal |attice must be preserved.
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* The dfedive dharge must be balanced.
1.4.5 Solid electrolytes: a classification

On the basis of the nature of the host matrix and dspersoid, solid eledrolyte systems are
broadly clasgfied into the foll owing categories:

1.4.5.1 Crystal-crystal composites

They are the most extensively studied dispersed solid electrolyte systems. In these
systems the first phase host matrices are moderate ionic solids, like silver halides, copper
halides etc.; whereas the second plase dispersoid is either another ionic solid (such as
AgCl or AgBrin Agl) or an inert and insulating material (such as Al,O3, SIO,, ZrO,, fly-
ash etc.) [38-42]. In the case of dispersion d insulating and inert second hase material, it
has been reported that the smaller the particle size, the larger the cndctivity
enhancement.

1.4.5.2 Crystal-glasscomposites

These systems are relatively a new class of composite dedrolytes. lon conducting
glases have several distinct advantages over their crystalline-pdycrystalline
counterparts. They have (i) continuously variable compositions; (ii) high value of ionic
conductivity with isotropic ocondwction; (i) pradicdly no grain boundhies,
(iv) suitability of fabrication in thin film form etc. The first Ag” ion condicting gass
Agl+Ag,SeO, was reported by Kunzein 1973 [43]. Sincethen alarge number of glasses
with various mobile ion spedes, namely Ag’, Li*, Cu’, Na', F, have been developed.
These glasses are formed based onthe cwmposition (MX+M,0+A,0y), where A,Oy (i.e.
B,03, P,Os, SIO,, M0O;3 €tc.) is the oxide glass former, M0 (e.g. Ag,O, Li»O, Cu,0,
NaO etc.) is the network modifier and MX (e.g. silver halides, akali halides, copper
hali des etc.) isthe salt [44-47].

1.4.5.3 Glass-polymer composites
Polymer eledrolytes have several advantages over other solid electrolytes sich asthe thin
film forming property, good processhility, flexibility, lightweight, elasticity and

transparency. However, these systems exhibit less medhanical strength, workability,
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time-stability and ionic condctivity etc. a room temperature [48,49. In oder to
improve the dedrical and medhanica properties, high ion condwcting gasses can be

dispersed into pdymer el edrolytes during sample preparation [50-52).

1.4.5.4 Crystal-polymer composites

Another way to improve the dedrical and mecdhanicd properties of polymer electrolytes
is by dispersing with organic filler (PEO+PMMA) and inorganic filler (Al,O3, SIO,,
Nasicon, f—alumina, LIAIO,) into pdymer eledrolytes [53-56]. There are several crystal
polymer compasite systems reported in the literature in which the dispersion d fill ers has
not only improve the medianical stability of the poymer electrolytes but aso
significantly enhanced theionic condtctivity. This classof solid e ectrolytes has attracted

considerable dtention as compared with glasspolymer compasites.

1.4.6 Characteristic features
Composite dedrolyte systems have several characteristic features. Some of the important

fedures are described below:

1.4.6.1 Concentration of the disper soid

The @nductivity increases with increasing dispersoid concentration and then it deaeases
after attaining a pe&k value. The pe& is generally sharp, except for a few systems, such
as Hgl,+Al, O3, Agl+dried Al,O; etc. [57,58. Furthermore, the gpeaance of
conductivity maximum and the composite system depends on the nature of seaond phase
dispersoid [59]. In some compasite systems, the dispersion daes nat ater or increese the
condctivity of the host matrix [51,6(Q.

1.4.6.2 Nature of the disper soid

For instance in the systems Agl+Al,O3; and LiCl+Al,Os, highest conductivity attained
with n—-Al,O3 dispersoid was reported [58,6]. It is reported that, in general, larger
conductivity enhancements are foundwith Al,O3 dispersion [59,&]. Other materials sich
asferroeledric oxides (viz. BaTiOs, SITiOg, etc.) having high dielectric constant can also
be used as dispersoid [63,64. CondLctivity enhancement was also observed in systems
treded with Lewis add (SbFs) [65].
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1.4.6.3 Particle sizeof the dispersoid

It has been foundthat the condctivity of the mmposite system increases with deaeasing
particle size [53,59,6(. The particle surface area increases with decreasing particle size
[59,69. Hence porous materials having large surface area, irrespedive of the large

particle size ae reported to exhibit better enhancementsinionic conductivity [39, 67.

1.4.6.4 Conductivity asa function of temperature
The enhancement is highest only at low temperatures. As the temperature increases, the
enhancement deaeases [68]. Thisis due to the fad that with increase in temperature, the

adivation energy for the dedrolyte gets lowered as compared to the matrix.

1.4.6.5 Preparation route

An analysis of the various methods used for the preparation d the cmmposite dedrolytes
shows that the best results can be adieved by mixing the dispersoid with the matrix in its
molten state [62,69,D]. This increases the cntact surface aea and dfers more uniform
distribution. It has been reported that for compaosite dedrolyte systems prepared by the
solution cast method, conductivity enhancement is abou one order of magnitude higher

than thase prepared by conventional methods [ 71].

1.5 Literature Review

Liang et a. [72,73 in 1969reported the use of Lil as a solid electrolyte material for the
applicaionsin solid state battery systems. Lil is chemicdly compatible with adive anode
material lithium and has extremely low ionic conductivity. However, the relatively low
ionic conduwctivity of Lil (107 Q'em™ a 25°C) limits the performance of the solid
eledrolyte cdls. In an attempt to increase the ionic conductivity of Lil, Schlaikjer and
Liang [74,79 studied the condiction charaderistics of Lil doped with various cacium
compound. However the mnductivity was found to deaease with time. In oder to
overcome this problem, Liang in 1973[76] tried to stabili ze the condvctivity of Lil-based
solid eledrolytes at room temperature by incorporation d Al,O3;. The maximum increase
ocaurred at 33-45 m/o Al,O3; and the aondctivity value was foundto be dou two orders
of magnitude higher than that of pure Lil.
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Jow and Wagner in 190 [68] studied the dfed of Al,O3 particles dispersionin CuCl on
conductivity behaviour. It was foundthat the maximum conductivity enhancement was
occurred at lower temperatures and the conductivity value was fourd to increese by as
much as two arders of magnitude. It was also found that the samples containing finer

aluminaparticles show smaller agglomeration and higher condLctivities.

In order to confirm the dfed of dopng, Shahi et a. [58] studied the cndiction
characteristics of pure and Al,O3 dispersed Agl. The adition d undied 30m/o aumina
of 0.06 um size increased the conductivity by about 3 orders of magnitude, the room
temperature value being ~ 6 x 10* Q*cm™ as compared to 3x 107 Q™ em™ for pure Agl.
Also the larger enhancement was foundwith finer dispersoids. Further, it was observed
that wet dispersoids cause a larger enhancement than the dry ones. This is due to the fact
that the dispersion probability in wet condtion is more than dry state mixing. It was aso
propcsed that the position d conduwctivity maximum for a particular system is
independent of the dispersoid size; rather it is a sensitive function d the matrix.

Maier [77,79 presented the effect of space darge arising ou of possble surface
interadions between the matrix and the second plase. This effed results in drawing
mobile ions out of the boundary layers and thus increasing the vacancy concentration.
The theory developed describes the problem quantitatively very well with experimental
resultsin AgCl+Al,0O3; and AgCl+Si O, systems.

Fujitsu et al. in 1986[79] studied the dispersion d Al,O3 in SrCl, and propaosed that the
enhancement of the ionic condtctivity is due to the formation d high ionic conductivity
interface layers between SrCl, and Al,O3 particles. The conductivity of the interface layer
was foundto be ~ 2 orders of magnitude higher than that of pure SrCl..

Up to 1982 lithium halides were anong the first solid eledrolytes to be investigated and
the main focus was on Lil. Nakamura and Goodenough in 1982investigated composites
of very small particle size Al,O3 with lithium bromide mondhydrate (LiBr.H,0O) [80] and
lithium bromide dihydrate (LiBr.2H,0) [81]. LiBr.H,O shows an electrical condictivity
of the order of 1.4 x 10* Q'cm™ at 100°C with AE , = 0.59eV. In the first case, the
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conductivity was found to be enhanced by nearly one order of magnitude by Al,O3
dispersion, bu the adivation energy was foundto be the same. While in the latter case,

very high conduwtivity vaue (o ~ 0.1 Q'cm?) was reported a 130°C with
AE _=0.13eV. Slade and Thompson [39] reported in 1988,the temperature dependent

conductivities for composites of LiBr and LiBr.H,O with a range of both nonpwous and
porous dispersed axides like dumina and silica Porous alumina can give enhancement
when their elementary particle size is very much larger than that required for
enhancement by nonpaous aluminas. It was also establi shed that surface chemistry plays
asignificant role in conductivity enhancement. In bah the systems, a high surface aeaof
silicadoes not lea to the same enhancements as are dharaderistics of aluminas of simil ar

surface aea

Shastry and Rao in 199 [62] studied the Agl-based composites with a genera formula
Agl+M,Oy (MxOy = ZrO,, CeO,, Fe03, Smy03, M00O; and WO3) and observed ~ 2
orders of magnitude enhancement as compared to pue Agl. The thermal stability of Agl
in these mmposites was explained as a @nsequence of deaease in the Ag’ ion

concentrationin Agl due to the migration d silver ionsto the interfacelayer.

Uvarov et a. in 1992[82] caried ou ionic conductivity measurements on Li . X+Al,03
(where n is the valency state of X and X = F~, CI -, Br~, COZ™, 077, PO.) as

well as Li,SO4+A (A = Aly03, CeO,, La0s, Y203, Yb,0s, ZrO,, BaTiO3) compaosites
prepared by different routes. It was surmised that the particle size of both the dispersoids
and the hosts nat only influence the ionic conductivity of the host matrix but also affeds
its bulk properties. Also the preparation route of the cmpasites plays an important role

in dedding their properties.

Naga and Nishino in 1992 [83] reported a novel method to fabricade a @mposite
utilizing porous Al,O3; with micropaes as a matrix and Agl as a dispersoid. The
compasites srowed the condctivity several to ten times higher than the pure Agl sample
prepared by the same starting materials below the B to a phase transition. To confirm the
fad that heterojunctions are dfedive to enhance the ionic condctivity of the system
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AgCI+Agl, heterojunctions in the system AgCI+Agl were formed within the thin
micropares of porous Al,O3 by use of an electrochemica depasition technique [84]. The
deposited AgCl and Agl showed enhanced conductivity compared with the reported buk
values. The mmposite Al,O3z+AgCI+Agl exhibited enhanced conductivity compared with

Al,0O3+AgCl and Al,Os+Agl in awide range of the composition d the mixture.

Though the composite solid eledrolytes were extensively studied, the dkali hali de based
compasites with the exception d lithium salts have not been studied much. Kumar and
Shahi in 1994 [85,89 synthesized the @mposite dedrolyte system KCI+Al,O3 by
conventional as well as by solution casting methods. The samples prepared by solution
casting method showed an arder of magnitude higher condctivity than those prepared by
the conventional method. Also KCI containing dispersed phase Al,O3 particles exhibited
enhanced condictivity by ~ one order of magnitude higher over its pure phase. Further
the dependence of conductivity of KCI+Al,O3 composites on the cmmposition and the
particle size of Al,O3 was reported and it was found to be consistent with the space
charge theory of conduction. The cnductivity maximum shifted to higher concentrations
of Al,O3; as the particle size increased. Similar investigations were catried ou on
NaCl+Al,O3 composite system by Kumar and Shahi in 195 [87]. These investigations
indicaed that the enhanced ionic condtction in these cmposites occurs through the
migration d Na“ ion vacacies which are dso the dominant charge carriers in pue
matrix phase (NaCl).

Brune and Wagner [88] reported a deaease in conductivity of PbCl, containing
dispersion d Al,O; particles. The results were interpreted in terms of the trapping of
chloride vacancies at PbCl,+Al,O3 interfaces. However, the Pbl,+Al, O3 system [89
exhibited an enhanced conductivity. In 1995,Kumar et al. [90] reported a comprehensive
study of the three lead halides namely PbX,+Al,O3 (X = ClI, Br, 1) systems. The Pbl,+
Al,O3 system exhibited enhancement in conductivity, whereas PbCl,+Al,O; and
PbBr,+Al,O3; showed a deaease in condctivity with resped to that of their matrix
values. This behaviour has been attributed to the fad that the Pb® ion vacancies are

amost immobil ein PbCl, and PbBr,, bu are & mobile & 1™ ion vacanciesin Pbl,.
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CaF; is known to be agood fluoride ion conductor [91]. However, its ambient and
moderate temperature anductivities are relatively low. In order to lower the operating
temperature of CaF,, different second heterophases were introduced into it. Wen et a.
[92] measured the dedricd conductivity of the CaF, samples containing 2 and 5 m/o
Al,Os, BioO3 or CeO, as a seawnd plase and the ionic conductivity was found to be
enhanced by up to 3 aders of magnitude. Fujitsu et a. [93] measured the dedrica
conduwctivity of CaF,+Al,O3 and BaF,+Al,O3 at a temperature of 500°C up to 40m/o
Al,Os. Theionic conductivity of both the systems increased by abou one to two orders of
magnitude. Khandkar et al. [94] prepared two series of CaF, eledrolytes using Al,Os
powders in its two different forms (y and a) and measured the electrical conductivity in
the temperature range of 25-90F°C for 5, 10 and 25 m/o Al,Os. Rog et al. [95,94 caried
out the investigations on CalF, doped with Al,O3 and SIO, inert phases. The @mnductivity
values were increased on dispersion by Al,O3 by two orders of magnitude relative to pure
CaF; and aso the conductivities were foundto be dependent on the preparation method
of the samples. Similarly an increase in conductivity up to four orders of magnitude was
observed in CaF,+SiO, compaosite dedrolyte system.

So far, severa attempts have been made to enhance the ionic oconductivity in
paycrystali ne solids. The various methods employed, so far, include (i) the adition d
aliovalent impurities [97,99], (ii) the opening of the lattice structure by substitution with
wrong size ion [99,1@)], (iii) the optimization d the preparative parameters like the
applied load for pelletization, temperature and sintering time ec. [101] and (iv) the
dispersion d insulating and chemicdly inert second plase into the halide matrix resulting

into composite solid eledrolytes as already discussed.

Although the o enhancement in case of methods (i) and (ii) is generaly limited to a
fador of 50to 100.Yet it has proven to be apowerful tod to tune defect chemistry and
ion conduwcting properties [102. In the cae of two coexisting ion condictors, a
redistribution d the mobile ions is expeded analogously to the dectron redistribution in
the cae of semiconductor / semicondictor contads. When asingle dkali halide matrix is
replaced by a mixed ore, a number of passhiliti es may affed the conductivity behaviour
of the matrix. This can happen dwe to the following reasons:
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* mismatch of crystalli ne structures between the halides leading to distortion/ defeds
at the halide/ halide interface

» difference in ionic (cation and / or anion) sizes resulting in lattice  loosening /
contradion and

» diovaent ionsubstitution, if any.

In order to evaluate the effects of mixed halides on the lattice defed parameters of the
silver halides, Cain et a. in 1980[103] measured the ionic condctivity both of the entire
range of mixed AgBr+AgCl single aystals and also of severa iodide-doped crystals. For
the AgBr+AgCl system, the intrinsic conductivity at a given temperature decreased
monaonicdly from pure AgBr to pue AgCl. However, the results were quite diff erent
for the iodide-doped crystals. Small amounts-of iodide caused large increase in the
conductivity of AgBr and AgCl, espedally in the AgCI. These results were explained by
the fact that the elastic strain introduced by the oversized iodide ion and this exerts an
appredablelocd effea on the Frenkel defed formation.

Shahi et al. in 1981 [104] observed the anomaous incresse in conductivity by
incorporating Br~ ions in B-Agl and this incresse was attributed to puely elastic
displacement (lattice distortion) caused by the wrong size of the substituent.

Hoffer et al. in 1981[109 presented the @nductivity data of several NaSO, solid
solutions with caion substitutions. It was found that the condictivity is grongly
correlated to the vacancy concentrations, whereas the size and charge of the substituting
ions siow no effed within the acaracy of the measurements. The maximum of the

conductivity was foundto be 1.5x 10% Q™ em™ at 500°C with 7% vacancies, as reported.

Shahi and Wagner introduced the concept that by the substitution d homovaent ion,
either the concentration a the mobhility of the mobhile ions (defeds) gets altered and for
understanding this phenomenon the studies on Agl+AgBr and KI+KBr were conducted
[106-109. It was fourd that the substitution of ions having wrong size but the wrred
charge increases the dedrical conduwctivity. Furthermore, the first order phase

transformation temperature in Agl was lowered by the introduction o AgBr into Agl.
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The @nduwtivity enhancement was attributed to the lowering of the enthalpies of

formation and migration krought abou by the resulting lattice strain.

Singh in 1988[109 caried ou the dectricd conductivity measurements of Ag,SO,
doped with a number of divalent and trivalent impurities at fixed extrinsic vacancy
concentration d 7%. The results of impedance analysis $howed the largest condictivity
of Ag,SO4 when doped with CoSO,4 and La, (SO,) 3 as divalent and trivalent sulphate
respedively. The incorporation o a trivalent cation La®* was found to ofer higher

condtctivity compared to divalent cation Co*, under identica vacancy concentration.

Shahi and Wagner [104] studied the dfed of chemicd substitution of Agl by AgBr on
transport properties and observed the increase in interstitial defeds in the Agl lattice
This has aso resulted in enhanced covalent phase conductivity with an accompanying
reduction in the temperature separating the superionic and covalent phases. In the same
diredion, Beeken et a. in 1989[110] prepared the paycrystaline solid solutions of
AQsSl1xBry. It was observed that the room temperature wnductivity of AgsSl is
enhanced with the substitution d bromide for iodide while a corresponding, though
smaller, effed is observed in Ag;SBr asiodideis substituted for bromide.

Various gudes [111-113] have reveded that the homovalent ion substitution enhances
the ionic conductivity and the enhancement is more pronourced if the mismatch in the
size between the host and dogant ionsis large. Manoravi and Shahi carried ou the same
investigations on dfferent mixed crystals and observed the maximum conduictivity
enhancement by a fador of 25 and 8in relation to pue KBr and NaBr respedively for
the KosNaysBr solid solution at 500°C [114]. Similarly maximum conductivity
enhancement by fadors of 2.8 and 2.4 x 10" with respect to pue LiBr and NaBr
respedively was obtained at 400°C for Lio7Nay3Br solid solution [99]. In the light of
aliovalent doping, Manoravi and Shahi [115] caried ou the investigations of KBr+Nal
pseudo bnary system. An enhancement in o by afador of 500with resped to pue KBr
and a fador of 8 with resped to pue Nal was obtained at 500°C correspondng to the
composition d 70m/o Nal.
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To confirm the @nductivity anomaly of AgBr+Agl system, Lauer and Maier caried ou
the cnductivity measurements on AgCI+Agl composites [102, 15B]. Distinct anomalies
of the ionic conductivity were foundin the two phase system AgCI+p—Agl. Two main
conclusions were proposed from this gudy that the cnducting interfada pathways are
compaosed o homo (AgX/AgX) and hetero (AgX/AgX') contacts, both exhibiting
enhanced conductivities as compared to buk and secondy, bah pathways are
characterized by vacancy conductionin the relevant space darge layers.

Agrawal et al. [117] reported the ionic mobility, condictivity, number of charge cariers
and transference number for annealed and rapidly quenched [x Agl+(1-x) AgCl] mixed
systems and then compared these results with those of Agl. The mixed system in all
these materials were prepared by melt quench technique for higher Ag® ion conductivity.
The mohility was fourd to deaease sharply on plese transformation from the p — a
phase for maximum conducting composition (0.75 Agl+0.25 AgCl). However, a large

increase in n isnot only compensated for but essentially resulted anet increasein o .

In the cae of sulphate based solid eledrolytes which dffer from other solid eledrolytes
in some respect that they are thermodynamically more stable, lessexpensive and easy to
hande. One alvantage is that many monovalent and dvalent caions have high mobili ty
in their high temperature phases. Hence various researchers have caried ou
investigations on sulphate based solid electrolytes[118123.

Hull et a. [124,15] caried ou the ionic condictivity measurements on PoF, doped with
various dopants. Doping with relatively low concentrations of aiovalent cdions
significantly enhance the ionic condctivity at room temperature. To further investigate
the dfed of aiovalent substitution, Hull et al. investigated the ionic condctivity
measurements of the Ag” rich phasesin (Agl)x+(Pbl,)1.x; where 2/3 <x < 4/5 [126].

1.6 Theoretical Models
Severa phenomendogical theories have been proposed to understand the ion transport

medhanism in compaosite solid eledrolyte systems. No single unified model exists, as yet,

which can explan unquely various experimental results on dfferent composite
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eledrolyte systems. However, the central fedure of the majority of the models, suggested
to explain the @nductivity enhancement in two phase wmpaosite dectrolyte systems is
the existence of a space charge region (doulde-layer) at the interface between the host and
the dispersoid. Various experimental studies have been direded towards this propasition,
namely dependence of conductivity on the dispersoid surface area [59,66,68 and
apparent effed of surface hydration [60,68,127 etc. In addition, buk interadions have
also been suggested as a cause of conductivity enhancements in some mmposite systems
[61,128. Most of these models focus on cdculation d the compaositional dependence of
conductivity. They differ only in the methods of cdculation and in the assumptions
concerning the distribution o the dispersoid particles in the composite system. Some
important models propased for composite dedrolyte systems are discussed below:

1.6.1 Abandoned models

Some of the erlier models, to explain the conductivity behaviour in two-phase mixtures
were put forward by Maxwell [129], Raleigh [13(Q, Lichtenecker [131], Landauer [137]
and Wagner [133 etc.

Maxwell [129 and Raleigh [13( cdculated the conductivity of two phase mixtures in
terms of the bulk conductivity of the individual phases. Raleigh assumed that the material
of the seand plase in the form of spheres or cylinders is embedded in materia of the
first phase, forming a rectangular array. In this model he assumed the airrent flow in the
mixture is always through the first phase material only. Hence the conductivity of the
first phase material always dominates even if the volumes of both phases are equal. This
model is applicable only when the volume of the second phase is much lessthan that of
the first phase. However, this modd is ided since such physical arrangements never

occur in red systems.

Lichteneder [131] considered bah the phases as nonpassgve metalic mixtures and

expressed the resistivity, p ,, as

Pw=P1' P’ (1.23
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where p, and p, are the resistivities of the first and second phase materials,
respedively; x; and x, their volume fractions. This model is valid orly when p, and

p , areof the same order of magnitude.

Landauer [132 propased effedive medium theory by considering the arrangement of
materials in alternate layers. The flow of current is paralel to these layers; hence the

conductivity o ,, of the mixture can be expressed by

On,=X,0,+X,0, (1.29

where o, and o, are the condutivities of first and send phase materials. This

expresson is adequate only for passve @nstituent phases; hence the airrent can flow
straight through the region d low resistance However, in such a model, the arrent
canna avoid regions of high resistance, asit will do if the phases are randomly mixed.

Wagner [133 attempted to explain conduction bkehaviour of bi-phasic metal-
semiconductor mixtures on the basis of the existence of an interfada space dharge region
at the boundry between the two phases. This ace charge region aiginates from the
charge density (or potential) gradient due to the nonpassve nature of the different
constituent phases at the interface. The total conductivity, o, of such a bi-phasic system

can be expressed as

0=0.19(g0k s T/q2) vy /1) qu (1.25

where g is a structural factor; [ the dieledric constant of the medium at temperature,

T; k g the Boltzmann constant; V,, the volume fradion d the dispersoid in the mixture;

g the fundamental charge; ¢ the mobility of the charge carier; and r, the radius of the

dispersoid particle.
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Croshie [134 modified the &owve expresson to explain eedricd conduwction in a
TiO,+SiO, bi-phasic mixture and wrote the equation for the total conductivity of the
dispersed mixture &

o =0,[1+0.83g|Z|V, (A /1,)? ] (1.26

where g, isthe ondutivity of the host; Z the dfective dharge on the defeds created;

and A thethicknessof the doule-layer cdled the Debye length, which is given by
A =[8mq? n(e) 1€ kyT| 2 (1.27)

where n(w) is the defedt concentration in the bulk. The @nductivity of lithium, silver

and copper halide systems can be @nsiderably influenced by dopng (homovalent and
aiovalent). If it is assumed that Al,O3 or SiIO, were soluble in the halides, a few mole
percent would be sufficient to saturate the respedive lattices with defects. Hence a
classcd dopng theory can na be used to explain the conductivity behaviour in the
compasite dedrolyte system. Jow and Wagner [68] attempted to explain the cnductivity
enhancement in the CuCl+Al, O3 composite system. As assumed in their model,
dissolution d the dispersoid into the bulk lattice aeaes copper vacancies. Alternative
explanation d the conductivity enhancement originates from severe lattice distortion d
the phase boundiries. These posshiliti eswere ruled ou by XRD results.

The @ove models failed to explain many experimental outcomes reported for compasite
eledrolyte systems; hence, they were eventualy discarded due to the reason that they
were originally proposed for eledron condiwcting bi-phasic systems. However, the
posshble eistence of a space targe region, which was ascribed as the major cause for
conductivity enhancement proposed by Wagner [133, becane the basis for the
forthcoming models.
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1.6.2 Space darge models

1.6.2.1 Jow and Wagner’s model

Kliewer [135 propased the continuum model for the space dharge region nea surfaces of
Frenkel disordered compounds (e.g. CuCl) to describe the space charge regions
surroundng sphericd inclusions in matrix material of Frenkel type. In order to explain
the @nductivity enhancement in a CuCl+Al,O; composite dedrolyte system, Jow and
Wagner [68] extended Kliewer's theory. They assumed that a space charge region is
creaded at the host-dispersoid interface bourdary when a dispersoid phese (A) is
introduwced into the dedrolyte host matrix (M X). Figure 1.5 (a) shows a dispersoid

particle enbedded in a host matrix. A space charge layer of thickness A has been creaed
aroundthe dispersoid perticle. Figure 1.5 (b) and (c) show the ideali zed sphericd particle
and cross ediona view for analyticd cdculation. They proposed that the dispersoid has
a darge, thouwgh the signis not known, at or nea the surface which is compensated by
the formation o oppasitely charged defeds in the diffused space charge layer. As a
result, an excessdefed concentrationin thisregion isformed. Figure 1.5 (d) and (e) show
the defect concentration profile and excess charge density in the space darge region.

Hence itisasumed that F, < F,,, whereF | andF y are the free eergies of formation

of interstitial and vacancy defeds, respectively.
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Fig. 1.5(a) Schematic diagram of a dispersoid particle (A) surrounded by a space dharge
layer of thickness A embedded in the host matrix (MX); (b) an idedized sphericd

approximation d the dispersoid; (c) a crosssectional view of A of radius r ,, for
analyticd cdculation; (d) defect concentration profile in the space targe region where
Fi << F; (e) average excess charge density, <An, >, in the space &arge region

(reference[69] ).
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Jow and Wagner attributed the space targe dfect (04 ) as the main reason for

conductivity enhancement, and hence the expresson for total conductivity o of the

composite dedrolyte system can be given by

O=0,+0 (1.28

=5n QLm +3 au; (an, >(/\/rA)[VV -v )l (1.29

where the condctivity contribution from the space chargeregionis

pxz {j:jg/zjozn[ni (r)-n, ()] r2dr singde do|
e {J’rzz_[glzﬁ"rzdr sin@d@dqo} (1.39
=3 qu(on, YAV 1=V )] (1.30)

The summation runs over al the different defed spedes. Other notations have their usual
meaning. < An i) is the average excess charge density representing the excess defed
concentration rea the surface, for which A<<r ,. Here the conductivity contribution
due to the dispersoid is negleded. Moreover, i and (An) increase with temperature,

while A decreases with temperature. Hence their combined effed is not easy to estimate

in this treament.

This model has qualitatively explained the dependence of condtctivity enhancement on
() temperature, (ii) particle size and (iii) volume fradion o the dispersoid, but with not
much o success Jow and Wagner failed to predict maximum in o versus V,,
experimental plots snce the gproximation wed in their equation for o4 does not
justify its applicaion to compasite systems containing high vdume fractions of the
dispersoid phese. The term [V, /(1-V )] is an indefinitely increasing term. It aso
failed to explain the medhanism leading to enrichment of the defect concentration in the
space targeregion.
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1.6.2.2 Pack’s model
In order to explain the onduwtivity enhancement in another composite system
Hgl,+Al,03, Pack [57] developed a model and expressed the total condictivity by the

foll owing equation
o=0, -V, J+GSA-V,)?+0,V, (1.32

where o, and o , are the condutivities of the host matrix and dispersoid material
respedively, V,, the volume fradion d the dispersoid, S the surface area ceated by the
dispersoid per unit volume of the mixture.G (=0 & / [S(-V)]) is a fador that

acourts for the number of excesscharges per unit volume of the mixture.

This model not only describes the conductivity enhancement but also accourts for the
deaease in conductivity value due to the blocking effect of the dispersoid particles.

1.6.3 Adsor ption-desor ption model

The most extensive quantitative model has been proposed by Maier [78,102,136139
who gives a thorough treatment of the redistribution d mobile spedes at various types of
interfaces and its consequences on ionic conduction peralel to the interfaces. He
employed the principle of a parale switching resistor and modified the space targe
model by considering the dispersoid phese not as an inadive insulator but as a driving
force for the evolution d a space charge region which in turn causes an enrichment in
defed concentration at the interfadal bourdary. The space charge region was treaed as a
separate phase which acts as a paralle resistor. The total conductivity of the two phase
dispersed solid eledrolyte can be expressed as

O=BAVAOAtBVpOp BV 0 (1.33

where A,bandSC denate the dispersoid, the bulk (MX) and space targe comporent

respedively. V and o are the volume fradion and conductivity of the respedive phases,
and B the parameter describing the deviation from the ided parall €l switching.
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Maier discussd a possble mechanism for enrichment of defed concentration at the
interface boundary on the basis of defed chemistry of the dispersed solid eledrolytes.
The second plase dispersoid ( A) affeds defect equili brium at the interface boundry.
For ahost matrix (MX) with Frenkel defects, the metal ions (M) will be atraded from or
repelled into the MX phase depending on the chemicd (charged) spedes present on the
surface of the dispersoid phese (A). The dtradion or repulsion processs are discrete and
only one of them occurs in a given system under spedfic condtions. Figure 1.6 (a) and
(b) show these phenomena for a Frenkel type MX+A compasite system. In the cae of
attradive interadion, the surface-adive dispersoid sucked ou the cdions from its regular
sites and consequently enhanced the vacancy concentration (adsorption process,
whereas, in case of repulsive interadion, the dispersoid driives M* ions into interstitial
sites and enhances the interstitial concentration (desorption pocesy. Therefore an

extrinsic conductivity enhancement is assumed in thismodel as shown in figure 1.6 (c).
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Fig. 1.6(a) Attraction, (b) repulsion mechanism by the surface of dispersoid A and (c)
Concentration (C) profiles for the cdion vacancies, V,, and the interstitial caions, M .

(reference[102).

Using Kroger-Vink ndation, these mechanisms can be written as,

For afree surface

My +Ve= M +V,, Step 1
Mg+V == M/ +Vqg Step 2
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andin the presence of dispersoid phese A

My +Vs== Mg +Vy Step 3

Mg +Vy= M, +Vs Step 4

M, +V,= M; +V, Step 5
where M denotes the cdion a its regular site; V, a vacawcy; S, surface; |, an
interstitial site and“«” or “ ' ” represent the charge of the defect (positive or negative)

relative to the perfect lattice Here steps 1 and 2indicae the alsorption process whereas
steps 3 to 5 indicae the desorption pocess In the cae of a Schottky defed ionic solid
MX+A compasite system, bah caion and anion compete for attradive and repulsive
interadion d the dispersoid. Consequently these two processes will be nondiscrete in
nature. Hence it beaomes too dfficult to predict whether the dispersion d A into MX will
enhance onductivity. The medianism for the formation d cdaion and anion vacacy

pairsin a Schottky ionic solid MX+A compasite system can be visualized as

My +Vs==Vy +Mg

Xy +Vg = Xg +Vy

My, + Xy + V==V, +Vy +M s+ X

Employing the principle of parallel switching, Maier cdculated the condictivity
contribution from the space charge region by integrating equation (1.30 in one
dimensional Cartesian coordinates using an exporentia variation d the defed

concentration and wrote the equation for condictivity enhancement as

Ox =qHy (CVSCVb)l/Z (1.39

where y,, isthe mohility of vacacies; ¢ g and c,,, are the mncentration at the surface

and buk, respedively. Here dispersoid particles are asumed to be sphericd and
surrounced by a sphericd space darge region d thickness 2 . The volume fradion o
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the space darge region can be obtained by subtrading the volume of the inner sphere
from that of the outer sphere andis given by

Vg =3(2A /14 )V, (1.39

Negleding the condctivity of the insulating dispersoid phese, Maier expressd the total
conductivity as

0=(1-V,a)oy + B Ve O

=(1_VA)Ub +30 B (ZA/rA)VA Hy (Cvs CVb)l/Z (1.39

By adjusting the ided parallel switching parameter, B4, in the range 0.2-0.7 depending
upon dstribution topdogy, it has been seen that the @ove equation (1.36) could explain
the following experimental results: (i) larger conductivity enhancement at low
temperatures, (ii) particle size dependence, (iii) effed of wet dispersoid etc., for various
solid eledrolyte systems fairly well. The dtractive feaure of Maier's model is that it
highlights the medianism resporsible for enrichment of surface defeds in the space
charge region. Although Maier's model explains many charaderistic fedures of
compasite dedrolyte systems well, it faled on several points such as. occurrence of

maximum in o versus V, plots, the assumption of an owersimplified dstribution
topdogy being characterized by a g -fador; the assumption d spatially constant values

for mobhility; the dieledric constant and the molar volume; negleding the structural
changes, pdarization effed, elastic eff ects etc.
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1.6.4 Percolation modéel
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Fig. 1.7 Two phese mixtures on a square lattice for different concentration, p, of
dispersoid A [142]. The highly conducting layers are marked by bold lines () p< p'c , (b)

p=p,, orset of interface percolationand (c) p > p, for disruption o conducting paths.
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The models of Jow, Wagner and Maier could not acourt for the typical condictivity
variation with composition in most of the compasite dedrolyte systems. The variationis
marked by initial increase in conductivity with increasing concentration d the dispersoid
phase followed by rapid deaease. Bunde, Dieterich and coworkers [140-142] attempted
to explain this behaviour through their percolation model. They assumed a two-
dimensional percolation retwork as gown in figure 1.7 in which insulating dispersoid
and conduwcting host grains of identicd size and shape are randamly distributed. An
interfadal high condicting path is formed, as siown by the dark boundxry line in the

figure. Monte Carlo simulations for conduwction in such a threedimensional array

identified two percolation threshald concentrations, p, and p, .

P, (0 < p,< 0.5 corresponds to the onset of interface percolationand p, (0.5< p.< 1)

to conductor insulator transition, where condictivity may approacd to zero. Maximum

enhancement in conductivity, o, with concentration o dispersoid, p, is foundto be

between p; and p; . Thismodel accountsfor effeds for the physicd nature (i.e. size and

shape) of the dispersoid and buk conductivity of the host-matrix in condictivity
enhancement.

1.7 Scope of the present work

From the foregoing discusgons, it can be seen that the development of composite
eledrolytes took dace in several systems. Silver-based halides either in single matrix or
mixed matrix form, are the well studied materials, so far. The primary reason for
developing silver-based materials is that they exhibit higher ionic conductivity even at
room temperature. Likewise, other metalli c halides (such as copper halides, etc.) were
also investigated for battery applications. However, these metallic halides suffer from
stabili ty criteriafor operation ower awide temperature range.

Though akali halides are very important members for solid electrolytes techndogy, the
conductivity that could be obtained with these halides is limited to a value relatively low
compared to that of metalli ¢ halides. However, the thermal stabili ty of alkali halides over

a wide temperature range is a merit in the dedrolyte gplications. So far, most of the
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investigations in the family of alkali halides are @nfined to the development of lithium
and sodium halide based eledrolytes. To the best of author’s knowledge, na much of
works have been reported, so far, on KCl-based eledrolytes from the point of view of
their applicaion and undrstanding of the @nductivity enhancement medanisms.
Therefore, there has been a need to develop composite solid eledrolytes with suitable
modificaions either at the halide base and / or nature of dispersoid. The present thesis
deds with “lon transport properties of some mixed halide based oxide dispersed
composite dedrolyte systems’. In arder to fulfill the objedive, suitable halides were
chosen to demonstrate the daracteristics. The investigations darted with KCl-based
matrix dispersed with Zirconia (ZrO,) powder.

The reason for choasing the KCl-based matrix is primarily due to the fad that it does not
undergo phase transformation kefore melting, thereby accommodating the effea of wide
variation d temperature on transport charaderistics viz. conductivity (o) and ionic

mohility (). ZrO, was taken as a dispersoid in the mgority of the present studies. This

is due to the fad that in general, duminais used as dispersoid for which systems were
well studied and reported by other researchers. However, to the best of author's
knowledge, no systematic studies on ZrO,-dispersed compasite dectrolytes are reported
in the literature. In order to demonstrate the superiority of mixed matrix base for the
oxide dispersion as compared to the case of single halide matrix and the resulting oxide
dispersion characteristics-both in mixed and single matrices, a number of eledrolytesin
the following systems (i) (KCI)1x+(ZrOy)y; (i) [(KCl)ix+(NaCl)y]1oy+(ZrOy)y;
(i) [(KCHCUC) ]y (SNOz)y; (V)  [(BaCl2)isH(KCI)]1y+(ZrOz),  and
(V) [(KCD) 1t (K] 14+(ZrOs)y, were prepared, charaderized and studied for their
transport charaderistics. The detail ed studies are presented in the subsequent chapters.
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Chapter ||

Experimental procedures

Overview
This chapter describes the materials and the methods used for the preparation o

composite dedrolyte systems. The samples were prepared in the form of cylindricd
pell ets foll owing powder compadion and solid state sintering process The samples were
characterized by Scanning eledron microscopy (SEM), X-ray diffradion (XRD) and
Thermal analyses (TG, DTA). The samples were dedroded with silver paste for
conductivity measurements which were carried out using Impedance spedroscopy

technique. The ionic mobility (u) and the ionic transference number (t;) were

determined for the composite dedrolyte samples using Transient ionic current (TI1C)
technique and Hebb-\Wagner’ s pdarization method, respedively.
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2.1 Raw materials

In the present study, the raw materials used were KCI (purity>99%, E Merck), Zirconia
powder (particle size ~ 1pm, purity>99%, C S Zircon), BaCl, (purity>99%, Quali gens),
NaCl (purity>99%, Qualigens), CuCl (purity>99%, sd fine) and Kl (purity>99%, sd

fine). All these materials were used without any further purification.

2.2 Sample preparation

This dionisdivided into the foll owing subsedions:

2.2.1 Powder preparation

Powders of foll owing five diff erent systems were prepared:

Single matrix based
() (KCH1x+(ZrOy)x

Mixed matrix based
(i) [(KCl)1x+(NaCl)y] 1+ (ZrOy)y

(i) [(KCI)eH(CUCH)d1y*+(SNO2)y
(V)  [(BaCly)is+H(KCl) 1+ (Zr0y),
V)  [(KCD1x + (KD)x]1y + (ZrO2)y

The powders in the required compositions were weighed. The mixed halide matrices
were prepared by melt quench technique in which a homogeneous mixture of the mixed
halide powders was melted in suitable temperature ranges and then the melt was air
quenched to room temperature. The dunks  dbtained were ground wsing a mortar and
pestle. The oxide dispersion in the matrix (bath in single and mixed) was caried ou in a
wet medium (aceone). The wet mixing process is effedive in two ways: (i) uniform
mixing and (ii) avoidance of agglomeration d oxide powders. The composite solid
eledrolytes of interest were prepared with the highest conducting compasition d the

mixed matrix powder.
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2.2.2 Pellet fabrication
The powders of mixed matrix and oxde dispersed ore were compaded in a hydraulic
press at an applied load of about 200 kN (or a presare level of 240 Kg/cm?) to form

cylindrical pell ets of 20 mm diameter and 3mm thickness

2.2.3 Sintering the samples

The green pell ets were then sintered in a muffle furnace at suitable temperature ranges for
the soaking period d about 5 housin air with a heaing and codling rate of about 10°C /
min. The sintering process is very criticd for the microstructura development in the
samples which in turn has a strong bearing with the transport characteristics of the

samples.
2.3 Characterization of the materials

2.3.1 Microstructural investigation

The size and morphdogy of the powders were determined by SEM (JEOL, 84QA and
LEO, 435VP). The primary objective of the microstructural study was to visualize the
morphdogicd fedures of gran formation and the dispersoid-matrix interfaces
confirming the possble development of percolation paths for the conductivity
enhancement. Grain sizes were dso measured diredly from the micrographs of the

samples.

2.3.2 Thermal analyses (TG/DTG, DTA)

The samples were subjected to thermal analyses using TG / DTA to determine the phase
transformations and to assss the paosshility of compound formation, if any, due to
sintering process The analyses were carried out in the temperature range of 20%C to
1000CT at a heding rate of 5°C / min, wsing the analyzer (Perkin-Elmer, Model: Pyris-

Diamond) taking alumina & reference sample.
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2.3.3 Phase identification

The new phases form, if any, due to sintering the samples were analyzed and identified
by X-ray powder diffraction recorded at room temperature using X-ray diffradometers:
(i) Rigaku, Model D max Illc and (ii) Philli ps, Model PW 114009, employing CuK,
radiation at moderate scanning speal in bah the meters. The diffradion data of the
samples were analyzed with reference to standard bese of powder diffradion files
provided by the International Centre for Diffradion Data — ICDD (formerly known as
JCPDS).

2.4 Transport characteristics

The medhanism of high ionic condwctionin solid eledrolytes is governed by a number of
ionic transport parameters viz. (i) ionic conductivity (0), (i) mohili ty (u) (iii) mobile
ion concentration (n), (iv) ionic transference number (t;) and (v) activation energies
involved in various processes. In order to characterize the ion transport behaviour in solid
eledrolytes, it is imperative to have quantitative information d these basic transport

parameters. A wide variety of experimental tedniques is employed to determine these
parameters [143. Some of the widely used techniques are:

» Impedance spedroscopy (1S) for measurement of eledrical conduwctivity (o) [144);

e Transient ionic aurrent (TIC) technique for measurement of charge mobility (u)
[145,146;

*  Wagner's poarization method for measurement of ionic transference number (t;)

[147.

From the measured values of u and o, the n is determined from the ejuation

o (r)=n(r)ez u(r

IS, TIC and Wagner’s methods can be explained as below:
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2.4.1 I mpedance spectroscopy (I1S)

2.4.1.1 Introduction

Severad dired current (dc) methods are available for the determination o the dedrical
conductivity [148. Each method depends on the type of conductor (i.e. ionic, eledronic
or mixed). The simple two-point dc methodis of limited use sincethere are usualy large
voltage drops acrossthe interfaces between the non-metalli c conductor and eledrodes. A
common method to eliminate this effed is to apply the four-probe technique [149 as

showninfigure 2.1.

A — CunuUuter 1~t L B

Fig. 2.1Configuration d four probe technique.

In this configuration, the arrent (I) is passed between A and B eedrodes and the
resulting voltage drop V =1 R (R being the resistance offered between the C and D) is
measured between the probes C and D which are separated by a distance L.

Therefore the cnductivity is

jL

o=—

\%
This technique is commonly used for semiconductors measurements. But this method has
a limitation in measuring the ionic conductivity, as the dectrodes used in the
measurements houd be of reversible in nature. Another prerequisite is that the internal
resistance of the voltmeter must be much larger than the resistance between the probes C
and D. This method demands rather complicated sample preparation. This measurement

provides the total conductivity values, with no information abou any morphdogicd
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related feaures which are often present in pdycrystalline materials having grains and

grain boundries.

The dternating current (ag method hes been developed since 197G and hes been
bocsted by the rapid developments of microeledronics and computers. Impedance
spedroscopy (IS) is a powerful ac measurement technique [150,13], which has been
applied qute succesgully to determine anumber of important charaderistics sich as bulk
resistivity in the case of single aystals and contribution d grain and gain boundry
resigtivities in pdy crystalline solid eledrolytes. This tedchnique invoves the
measurements of impedance data (resistance vs. read¢ance) of the samples as a function
of frequency and dotting the datain a mmplex plane.

2.4.1.2 Theory

If amonochromatic signal having angular frequency of w, given by

V(t)=V,, Sin (wt) (2.1)
isapplied to a cdl, asteady current expresed as

| (t)=1,Sn (wt+6) 2.2

can be measured, where 6 is the phase difference between current and wltage. In the

case of apurely resistive comporent, 6 will be zero.

As the Impedance
Z(w)=2"+2’ 2.3

is a vedor quantity, it may be plotted on pane with either redangular or planar co-

ordinates. A representation d such aplot is srownin figure 2.2.
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¥ axis, Imaginary (£)

¥ axis, real (£)

Fig. 2.2Impedance Z plotted as rectangular and pdar Co-ordinates.

In the éowve figure, the redangular co-ordinates are;

Re(z) =z =|z|Cos(0) (2.4)
and

Im(z)=2"=1z|Sn (8) (2.5
with the associated phase angle of

o=tan™(z"12') (2.6)
giving amoduus of

z|=|2) + @] 2.7
From this an Argand dagram can be drawn in pdar form allowing, Z to be expressed as

Z (w)=|z|exp(j 6) (2.8
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The @mplex ionic stuations are modelled with a more ssmple dedronic (circuit)
representation and the analogies are often drawn in the form of equivalent circuits where

an equivalent circuit is made to represent the IS spedrum produced.

The euivaent circuit gives * RC’ element which is characterized by a relaxation time,
T (=RC). Alternatively RC can be expressd in terms of ., (= the frequency at

which the lossis maximum) as
W RC=1 (2.9

The vaue of R dredly vyields the dc resistance The cdl (eledrode/ion
conduwctor/electrode) function, which involves esentialy charge carriers, is described by
the suitable combinations of R and C. The equivalent circuit consisting of R and C in

series and the arresponding impedance plot is sown in figure 2.3 (a) and (b).

Z"

| | 0

R 7!

(a) (b)
Fig. 2.3 (@) Series combination d R and C, (b) Impedance plot for the eguivalent
circuit.
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The impedance of the drcuit is given by

(2.10

where Z =R, Z =-L

When imaginary part is plotted against the red part, the @ove combination gives a

verticd spike in the Z" complex plane & shown in figure 2.3 (b) because Z ' is of fixed

vaue R and Z deaeases with theincreasing w.

In the cae of parallel combination d R and C, as iown in figure 2.4 (a),

-1
z=H +iwcH (2.11)
R [

___R L iuRC
1+(wrRC)y 1+ (wRC)

The data when plotted lies in a semicircle in the omplex Z" plane, as hown in figure
2.4(b).

R 7
NN
|| «
|| 2
C
71
(@) (b)

Fig. 2.4(a) Parale combination d R and C, (b) Impedance plot.
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A typical IS spectrum for a paycrystaline solid eledrolyte cnsists of a series of semi-
circles. Each semi-circle represents a separate process A simple equivalent circuit model
that could be used to represent eledrode-eledrolyte system consists of three parall el
RC circuits representing grain, grain bourdaries and eledrodes, conneded in series. The

values of the comporents are obtained from the intercepts of respedive acs on the
Z axis and the frequencies at which the acs $iow a maximum height. Thus the values of

dc resistivities can be obtained from ac measurements.

In the present study, the measurements were performed using LCR meter (HP, Model
4274A) in the frequency range of 100Hz to 100kHz. For the measurements, the samples
were eledroded with sil ver paste.

2.4.2 Transient ionic current technique

lonic mohiliti es (u) of the samples at room temperature and at higher temperatures were
measured using transient ionic aurrent (TIC) technique, originally suggested by
Watanabe @ a. [149 and Chandra @ al. [146]. In the TIC method the sample is
sandwiched between two bocking eledrodes as shown in figure 2.5 and pdarized by
applying a constant dc voltage for sufficiently long time to ensure that a state of complete
polarization hes been attained.

Reversing key

W | R
11| |
Battery » r N

()

/v (valts)

R (small)

VvV \AAN

X =Y —t reoorder

Fig. 2.5Schematic drcuit diagram for transient ionic aurrent measurements.
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Thus the mobile ions remain blocked at the respedive dedrolyte-eledrode interfaces.
The pdarity of the gplied paential is then reversed and the airrent is monitored with
resped to time using X-Y-t recorder. The instant the pdlarity is reversed, the polarized
ion clouds gart travelling in the bulk towards the dectrode of oppasite palarity. This
results in a flow of current through an external circuit. The moment the pdarizing /
blocking ion cloud reaches the other end d the sample, a peak occurs in the airrent vs.
time plot. If more than one ionic spedes were mobhile in the system, a number of peaks
appea in TIC plot when suitable blocking electrodes are used. Each individua pedk
corresponds to ore type of mohileionic spedes. The position d the pe&k onthe time ais
diredly measures the time of flight t of the mobile ion spedes to crossthe thickness d

of the sample. Hence the ionic mobility ¢ can be determined using the foll owing

expresson:
p=d?/(tV), where V isthe gplied constant dc patential.

2.4.3 Transferenceionic number determination
Transference ionic number (t;) of mobile spedes is an important factor in establishing

the suitability of a conductor as an electrolyte. High ionic conductivity and an ionic
transference number close to unty over wide cdl operating condtions are some of the
criteriawhich must be fulfill ed by a material to be a good eledrolyte. Many materials are
mixed conduwctors and even a small electronic conductivity can limit the use of a material

asan electrolyte. The t; can be expressed as
ti=o;/(0,+0)
and the associated equations are given below :

0r=0,+0.)
and

te=0./0+
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where t , isreferred as the dedronic transference number. For a purely ionic conductor,
t; =1 and for electronic conductors, t .= 1. For mixed conductors, the t; may have aly

valuesfromOto 1.

Severa different techniques are available for separating the ionic and eledronic
contributions to the total conductivity in solid electrolytes. The most common techniques
are described below [152,153:

» Eledrolysis— Tubandt’s method
» Eledrochemicd poatential measurements

* Polarization cdl —Wagner’'s method

2.4.3.1 Tubandt’s eledrolysis method

This dc dedrolysis method is based onFaraday’s law of eledrolysis. The change in mass
(or volume) due to the ionic movement is measured when a @rtain charge is passed
through the sample. This method can furnish information abou bath cation and anion

transference numbers at the sametime.

Transference number measurement by this method [154] has the alvantage that relatively
simple measuring systems may be used. However, the transference number cdculated
from this method may be significantly erroneous for a number of reasons. For example, at
high temperatures, problems may arise from loss of weight by evaporation a from
diffusion d the protedive dectrolyte into the material being studied. The use of a
protedive dedrolyte may also cause blocking of current carriers (i.e. if an eledrolyte

with t; = 1is placed in series with a cnductor which exhibits both eledronic andionic

conduction, the ionic dectrolyte may block the eledronic dharge arriers and thus alter

the ionic transference number of the material).

2.4.3.2 Eledrochemical potential measurement

The ionic transference number of electrolyte may also be determined from emf
measurements [155,156 on the cdls with ionic conductor sandwiched between different
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reversible electrodes with dfferent chemicd potentials. Because of the chemicd patential

gradient, the cations migrate towards the cahode and the anions towards the anode.

The mgor limitation d thistedhnique is the selection d appropriate dedrodes having its
compatibility with the eledrolyte & it may cause internal or external current leskage
paths. The net effed of the arrent leakage pathsisto produce a mass transfer through the
eledrolyte via a ionic current. Polarization d the dedrodes will occur if the ionic
current is large enough to dsturb locd thermodynamic eguilibrium and poduce an

undefined chemicd potential of the dedrodes at the dedrode-eledrolyte interfaces.

2.4.3.3 Wagner’s polarization method

This is a most convenient and widely used method suggested by Wagner [157] to
measure ionic / eledronic transference number in solid eledrolytes. This technique
[158-16Q invadves pladng the sample between a reversible and irreversible dedrode. A
constant dc voltage is applied acdossthe sample & $iown in figure 2.6 and the resulting
current is monitored as afunction d time with the help of an X—Y—t recorder.

Bloching Non- blocking
glectrode electrode
{Graphite paint) {Silver paint)
’1 T ‘ i A
N . - L
LM
S [
S ' - :
To e i
X=Y-t s
recorder 5
o
L 3! - E'
a}'_l'L (3o Time e
Key

{a) {h)

Fig. 2.6(a) Schematic drcuit diagram for the ionic transference number measurements,
and (b) Variation d total current (i) with time.
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A typical current versustime plot is shown in figure 2.6 (b). Initially the aurrent is due to
the movement of ions acdossthe sample. After some time, the aurrent decays to a steady
state. The remaining part of the total current is due to the movement of electrons or haes
aaossthe sample, asion concentration gradient becomes equal throughou the sample.
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Chapter 111
Microstructural features and transport characteristics of
(KC1)1H+(Zr Oy)x system

Overview
The present chapter deds with the preparation, characterization and transport

characteristics (namely condtctivity (o) and mohility (u)) of ZrO, dispersed KCI based
solid eledrolytes. The temperature dependent carrier concentrations (n) were estimated
from the 0 and U values at correspondng temperatures. The main oljedive of the

present work isto find which fador (¢ or n) dominates the cndctivity behaviour.
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3.1 Experimental

The samples in the form of cylindricd pellets were prepared in the system
(KCl)1x+(ZrOy)x by varying x (mol%) from 0.0to 1.0by powder compaction foll owed
by the solid state sintering process The pell ets were sintered in the temperature range
650-850C for 5 hous in a muffle furnace. The dedrical resistivity of the samples was
measured for al the compasitions. The temperature dependent impedance spectra were
studied for both the base matrix (KCl) and the samples having maximum conducting
compasitionin the temperature range of 10°-500°C at an interval of 20°C. The agivation
energies for the ionic transport were determined from the temperature dependent

conductivity plot (logo vs. 1/T ). Theionic mohiliti es at room temperature and at higher

temperatures in the range of 300- 460°C in steps of 20°C, were dso studied.

3.2 Results and Discussion

3.2.1 XRD analyses

The X—ay diffraction petterns were obtained for the sintered samples in the system
(KCI)1x+(ZrOy)x, where x = 0.0to 1.0. The patterns correspondngtox =0, 0.5, 0.7 and
1 are presented in figure 3.1. As can be examined from the figure 3.1 that the composite
eledrolyte system essentialy consists of KCl and ZrO, as sparate phases withou
showing any evidence of new chemicd compound/ phase formation die to sintering.
However, the relative intensities of the KCI and ZrO, pe&ks vary with the composition
the dedrolyte system.
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3.2.2 SEM micrographs

7

Fig. 3.2SEM micrographs of (a) KCI, (b) KCI+10 m/o ZrO,, and (c) KCI+30 m/o ZrO,

compasite dedrolyte samples.
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Fig. 3.2 SEM micrographs of (d) KCI+50 m/o ZrO,, (¢) KCI+70 m/o ZrO, and
(H KCI+80 m/o ZrO, composite dedrolyte samples.
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The microstructural observations were made on all the samples and the micrographs
correspondng to x =0, 0.1, 0.3, 0.5, 0,70.8 are presented in figure 3.2. As can be see
from the micrographs, the evidence of grain formation die to sintering is clea with an
indicaion d the oxide dispersionin the base matrix. Uniformity in grain sizeis morein

the pure KCl samples.

An important asped of the microstructural feaures in figure 3.2 is examining the degree
of interconneding interfaces formed due to intimate mntact between the dispersoid and
the halide matrix. On careful examination d the microstructures of the samples shown in
figure 3.2, it can be seen that such interconreding interface regions are significantly
higher for the sample crrespondng to x = 0.7 explaining the reason for obtaining the

condctivity enhancement in this composition.

It is imperative to mention at this point that various reseachers [82, 140, 14] have
propcsed that the microstructural development resulting in interconrecting interface is

the key factor to explain the cmnductivity enhancement in composite solid eledrolytes.

3.2.3 Electrical conductivity

The impedance spedra of the samples (x = 0.1to 0.8 at room temperature obtained by
plotting imaginary part, Z;m against the red part, Zges Of complex impedance measured at
different frequencies are shown in figure 3.3. The plots mostly resembled semicircular
curves. The dc resistances of the samples were estimated by extrapalating the airves to
bath low and hgh frequency regions following the semicircular trend. The bulk dc
conductivities of the samples were derived from the estimated values of their dc

resistances.
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Figure 3.4 shows the variation o room temperature mnductivity (o) as a function o
dispersoid (ZrO,) concentration (m/o0). It can be seen from the figure 3.4 that within the
ZrO, concentration range of 0 to 40 m/o, the cnductivity value passes through a
maximum at around 10m/o of ZrO, and at this compasition the @nductivity value has
been estimated to be 1.19 x 10° Q*cm™ (abou 500 times the base matrix value
0.24x 102 Q0 'em™).
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Fig. 3.4 Composition dependence of conductivity for (KCl)i,+(ZrOo)y ; 0.0<x<0.8

system at room temperature.

The occurrence of appreciable conductivity enhancement lies in the range of 40 m/o and
100 m/o in which the highest conductivity was foundat abou 70 m/o ZrO, dispersion.
The @nduwtivity value at this composition (x = 0.7) has been estimated to be
3.66x 10° O 'em™* which is about three orders of magnitude @mmpared to that of the base
matrix condtctivity. The condctivity enhancement can be dtributed to the change in the
carier concentration at or nea the interface region (region d space darge formation)

and/ or theincrease in ionic mohili ty.
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3.2.4 Conductivity as a function of temperature
Expressang explicitly the temperature dependence, the ionic conductivity can be written

as

0(T)=n0exp(—AEf/2kBT)quoexp(—AEm/kBT) (3.1

where AE; /2 is the activation energy required for the formation o one caion vacancy

in the intrinsic region assuming the defects are of purely Schottky type and AE, the

adivation energy for migration d the cation. As the cnductivity is very sensitive to the
temperature dhange, the temperature dependent conductivity study was also caried ou
for (KCl)os+(ZrO,)o.7 System in the temperature range of 100to 500C and the results are
plottedinlog o vs. 1/T (figure 3.5).
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Fig. 3.5log o versus 1/T plot for (KCl)o3+(ZrOz)o.7 compasition.
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It can be seen from the plot that due to the increase in temperature from 300°C to 500°C,
the @nductivity enhancement to about 11.20 x 10° Q*cm™ is resulted. The @mnductivity
remains aimost constant over the temperature range up to abou 300°C. This temperature
range is regarded as extrinsic regionin view of the operating temperature of the material.
Theincresein o (T) over this temperature range (i.e. up to ~ 300°C), which is nominal,

isdue to the restricted increase in ionic mohili ty with temperature owing to the increasing
probabili ty of scatering that the ions experience with the increase in temperature. In the
temperature range of 300°C to 500°C, the condutivity increase is quite significant. The
enhanced o value was estimated as 11.20 x 10° Q*cm™ which is 4667 times that of
room temperature matrix conductivity value. This incresse can be dtributed to the
combined effed of increasing vacancy concentration with increase in temperature and the

ionic mohili ty enhancement.

This temperature range can be regarded as intrinsic region in view of the operating
temperature range of the material. The scatering centers may be impuriti es present in the

material and the grain boundaries in the sintered samples.

In order to compare the temperature dependent conductivity behaviour of
(KC)o3+(ZrOy)o7 with that of base matrix KCl, the log o versus 1/T plots of the

measured condLctivity values in the temperature range of 300° to 500°C are presented in
figure 3.6.

From the plots, the average activation energies for KCl and the highly conducting
(KCl)o3+(Zr0O,)o.7 samples have been estimated to be 0.35€eV and 0.5 eV respectively.
The difference in the adivation energy values is attributed to (i) the nature of the plots,
(i) difference in the relative ntributions of the ionic mobility and the carrier

concentration.
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Fig. 3.6The variation d conductivity (o) asafunction of inverse temperature (1/T ) for

(&) KCl and (b) (KCl)g3+(ZrO,)o.7 sintered samples.

The enhanced condctivity for the dedrolyte compasition (KCl)o3+(ZrO,)o7 can further
be explained from its microstructural feaures (figure 3.2 (€)) in which the presence of
interconreding interfacial regions were observed. The requirement of interconrecting
interfadal regions for satisfying the percolation theory has thus been achieved in the

present study.

3.2.5 lonic mobility determination
Figure 3.7 shows the variation d transient ionic current at room temperature with time
through the (KCl)o3+(ZrO,)o.7 samples.

From this trace the ¢ has been estimated to be 20.8 x 102 cm?/ V sec It is pointed out

that KCI sample has mohility of 5.7 x 102 cm?/ V sec Therefore it can be inferred that
the oxide dispersion (70 m/o) in KCI has enhanced the mohility by abou 3.5 times that of
KCI value.
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Fig. 3.7Transient ionic aurrent vs. time plot obtained for ionic mohili ty measurement of

the (KCl)o3+(Zr0O,)o.7 compasition at room temperature.

The transient ionic aurrent variations as a function d time were recorded at various
temperatures and ore such typicd plot at 400°C is shown in figure 3.8.
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Fig. 38 Typicd TIC plot for u-measurements at 400°C. Inset : Schematic experimental

circuit for TIC measurement.

The temperature dependent mobility values for the samples having highly conducting

compasition are plotted interms of log u versus 1/T infigure 3.9.
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An average linear variation d u(T) values over the temperature range 300°C to 46(°C
was found.As the mohili ty is expressed by the equation:

p:uoexp(—AEm/kBT) (3.2

the adivation energy (AE,,) for K* ion migration was caculated from the slope of log

p versus 1/T curve (figure 3.9) and value was foundto be AE = 0.06 €V which is

significantly small. The mobility enhancement that has been resulted duwe to the

temperature increase from 300 to 460 C, is very small (1 t=a600c = 1.4 U 1=300c). This

is perhaps due to the obstructions of the ionic movements with the impurities, distortion

in regular interionic spacing etc.
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3.2.6 Chargecarrier concentration

The temperature dependent n values were clculated from the o and p values

measured at correspondng temperatures and are given in Table 3.1. The plot of log n vs.
1/T ismadein figure 3.10.

Table 3.1 lonic mohility, condctivity and charge concentration d (KCl)gs+ (ZrOy)o7 at

various temperatures.

Temperature (°C) | 10T (K™ p(em’Vvish) |6 @*cm? | n (cm?d)

300 1.745 1.38x 10* 1.6x 10° 7.24x 10"
360 1.579 1.66% 10" 1.73%x 107 6.51x 10"
380 1.531 2.08x 10* 3.41x 10’ 1.02x 107
400 1.486 2.08x 10* 7.02x 10" 2.10x 10"
420 1.443 2.37x 10" 1.18% 10° 3.11x 10"
440 1.402 2.77%x 10" 2.36x 10° 5.32x 10"
460 1.364 2.77%x 10" 4.30x 10° 9.70% 10"

It can be seen from the plot that by increasing the temperature from 300 to 46C0°C, an

increasein n valueto 9.63 x 10 cm™ was resulted.

Asaiming the defeds that are produced due to thermal energy in the intrinsic region are

of purely Schaottky type, defed concentration (n) can be expressed as

n=n, exp(—AEf / 2kBT)
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Fig. 3.10log n versus 1/T plot for the (KCl)o3+(ZrO,)o.7 composition.

The adivation energy for the formation d one cation vacaicy was estimated from the
graph (figure 3.10 and the value was foundto be 0.48 eV. The mohility enhancement
over the temperature range studied was fourd to be less significant. As the overall
conductivity of the material depends upon bah n and u as given by equation (3.1), the
resultant conductivity enhancement can be explained dwe to the large increase in the

carier concentration.
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Chapter 1V
Prepar ation, characterization and ionic conductivity

measur ements of cation conducting systems

Overview
Among the various techniques employed so far to enhance the ionic conductivity of

compasite dedrolyte systems, ore of the techniques is the opening of the lattice structure
by substitution with wrong size ion (caion / anion). This chapter describes the
preparation and ionic conductivity measurements of mixed halide based composite
eledrolyte systems [(KCl)1x+(NaCl)x]14+(ZrOz)y and [(KCI)1+(CuCl)y]14+(SnO2)y,
wherey isthe mole fraction d the dispersoids.
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4.1 Experimental

The mnstituent powders in the required compositions were weighed. The mixed halide
matrices were prepared by melt quench technique. The chunks 2 obtained were ground
The oxide dispersion in the matrix was caried out in a wet medium (acdone). The
homogeneous mixtures o oltained were pelletized at a load of 10 tons in the form of
cylindrical pellets having diameter of 20 mm and thicknessof abou 3 mm. The pellets
were then sintered in a muffle furnace a temperatures ranging between 250°C and 63°C

for the soaking period d 5 hrs.

4.2 Results and Discussion

4.2.1 Electrical conductivity of (KCl),_x+(NaCl), system
Figure 4.1 shows the variation d room temperature cnductivity (0) VS. compaosition (X)

of the mixed matrix (KCl)1_x+(NaCl)x (0 < x < 0.4). It can be seen that the o bemmes
maximum (abou 50 times that of the base matrix KCl value), at x = 0.1.

The following gves an explanation d the mmpasition dependent conductivity behaviour
and the gpearance of a maximum. It is appropriate to consider the lattice distortion
caused by the incorporation d the guest ion having dfferent size (wrong size with
resped to the regular lattice ion size) into the lattice of the host material. The lattice
distortion would be larger, in general, if the guest ions are of much larger or smaller size
than the @rrespondng host ion and therefore, the host lattice may be forced to expand a
contrad by the ionic substitution.
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Fig. 41 The room temperature @nductivity variation d mixed haide matrix
[(KCl)1x*+(NaCl)y] asafunction d x (0.0<x <0.4).

In either of these cases the host lattice is subjeded to a strain whose magnitude depends
onafador f :|1—r h Ty | , Wwhere r, and r, aretheionic radii of the guest and the host
ions respectively. The net result of such astrain is apparently lattice loosening leading to
a decrease in the melting point of the mixed matrix. This also decreases the enthalpy of
formation o defeds (Ahf), which leals to the generation d more number of defeds
contributing to ¢ enhancement. The substitutions with larger values of f are then

expeded to cause more lattice distortion resulting in appredable incresse in o . In the
present system, the lattice distortionis appredable ( f =0.3103 causing the condictivity

enhancement.

As KCI and NaCl baoth possessrock salt structure, the substitution  KCl by NaCl cause
the possble defed reaction

NaCl O Na*+Clg*
KCl
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As the cdions are isovalent, the ionic size difference of K™ and Na" essntialy plays the
major role for the anductivity enhancement. The ionic radii of the Na” and K* are 0.9
and 1.3 respedively, acording to Pauling crystal radius (in A) data. Therefore the
substitution by wrong size ions (Na") lowers the melting temperature and this is in
agreement with the phase diagram of the system KCI+NaCl. Since the formation and the
migration enthalpies are crrelated to the melting temperature of the solid, the dfed of
substitution within the limited composition d the mixed matrix, is to increase the
concentration as well as mohiliti es of the defeds leading to increased ionic condtctivity.

4.2.2 Electrical conductivity of [(KCl)oo+(NaCl)g1]1y+(ZrO,), system
The dc condictivities (o) of the samples in the system [(KCl)og+(NaCl)o1]1y+(ZrOy),

were determined from respedive complex impedance data plots. These o vaues were
then plotted as afunction of compasitiony as sown in figure 4.2.
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Fig. 4.2 The composition  dependence of the  conductivity  for
[(KCl)og+(NaCl)o1]1y+(ZrOz)y system a room temperature & a function o
y (0.0<y<0.6).

79



It can be seen from the plot that the cnductivity enhancement of about one order of
magnitude was foundto occur at 50 m/o ZrO,.This enhancement could be atributed to
the formation o space charge layer at the host-dispersoid interfaces.

4.2.3 Conductivity as a function of temperature

The temperature dependent impedance data & different frequencies were coll eded for the
maximum conducting compasition [(KCl)gg+(NaCl)o.1]os+(ZrOz)os in the temperature
range of 25(°-450°C. The dc oconductivities, which were derived from the complex
impedance plots at different temperatures, were plotted in figure 4.3 as a function

temperaturein theformof log o vs. 1/T .

-4.5

& &
[8)] o

n 1 n 1 n
P

o
o
1
e

&
3

1

=~
3

1

log o (@ cm?)
N .
o
1

[oe]
o

1
e

oo s
(&)l
[ -

©
o
.

S e S L R m e e e e
14 15 1.6 17 1.8 1.9

103/T (K1)

2.0

=
w

Fig. 4.3 The variation d condwtivity as a function d inverse temperature for
[(KC|)0.9+(NaC|)0.1] 0.5+(Zl'02)0.5 sampl e.

It can be seen from the plot that by increasing temperature from 250°C to 450°C, the o
increases from 0.0046. x 10° Q'cm™ (at 25(°C) to about 7.45x 10° Qem™® (at 450°C)
yielding the adivation energy for iontransport AE, = 0.57¢eV. This AE, valueis fourd
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to be mmparable with ather reported eledrolyte systems sich as PbX,+Al,O3 (where
X =Cl, Br, I), KCl+ZrO, and AgX based systems[90, 161,16

4.2.4 SEM micrographs

The microstructural studies were arried ou for the [(KCl)ggo+(NaCl)p1] mixed matrix
and ([(KCl)got+(NaCl)o1]14+(ZrOy)y; 0 <y < 0.5) composite electrolyte systems. The
micrographs are shown in figure 4.4. From the micrograph 4.4a), the evidence of grain
formation is clear. The grain sizes are found to vary from 2pm to about 9um. However,
the majority of the grains arein the range of 2um to 4pum and there are a fewer number of
larger grains which are in the size of S5um to 9um. The presence of ZrO, particlesis clea
from the micrographs of all the composite samples, as srown in figure 4.4(b) — 4.4(f). On
examination d the micrographs the relative increase in dspersoid phese content in the
samples is evident. From the observation d the micrographs it may be commented that
ZrO, particles have not undergone arsening on sintering the composite dedrolyte
samples. It is difficult to comment on the quantitative development of interfacial paths
vali dating the percolation theory. However, the continuity of interfaces is relatively more

in the case of ([(KCl)ogt(NaCl)o1]os+(ZrO)os) samples as can be seen in the figure

4.4(f).
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Fig. 4.4The SEM micrographs of compasite dedrolyte [(KCl)oo+(NaCl)o.1]14+(ZrOy)y
withy equal to (d) 0.3,(e) 0.4and (f) 0.5.
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4.2.5 XRD analyses

The X-ray diffradion analyses of mixed halide system and axide dispersed compasite
eledrolytes were mnducted. In the present case, the patterns corresponding to highest
condwcting compasitions both for matrix and compaosite dedrolytes are given in figure

4.5(a) & (b). In bah the cases, the scanning was done between 5° and 12°.
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Fig. 4.5The X-ray diffraction patterns for (a) mixed halide matrix (KCl)g+(NaCl)o1 and
(b) composite dectrolyte [(KCl)gg+(NaCl)g1]os+(Zr0,)q 5 sintered samples.

The patterns were recorded using a strip chart recorder. The relevant portions of the
patterns $owing high intensity peds are given in the figure 4.5. The patterns were
analyzed and the peaks were identified using JCPDS data file. One can see from the
patterns (figure 4.5) that the pegks correspondng to mixed matrix materia are retained
with reduced intensities in the pattern of the composite dedrolyte. The intensity
reductionis attributed to the differencein weight fradion d mixed matrix in the
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compasite dedrolyte. The alditional pedks that are present in the pattern (b) correspord
to ZrO, material. Therefore the XRD results confirm the presence of oxide material as a
separate unreaded phase. Thisfad was further indicaed by thermal analyses also.

4.2.6. Thermal analyses

The samples of high conducting matrix and composite dedrolyte were analyzed by using
TG & DTA and the thermal traces are shown in figures 4.6 & 4.7. The TG plot (figure
4.6) shows the thermal stability of the matrix up to the temperature 780°C and then the
reduction d masscorrespondng to the melting of the material, takes place. The melting
temperature of the matrix material as can be seen isvery close to that of pure KCI. Thisis
due to the fad that the materia is KCI-rich. However, the DTA traceis found to be quite
uniform except there are minor endathermic peeks at 728°C and 745°C temperatures. The
peek correspondng to 745C, is relatively larger compared to 728C peak and this is
perhaps due to the gopearanceof the liquid phese of the material.

The DTG trace aonfirms the melting of the matrix material well below the temperature of
826°C. The material that has been formed is more or lessuniform with minute quantiti es
of unreacted comporents. This is due to the fad that as the mass changes from the
starting value 10.41mg to the final value 0.0Img, the TG trace is quite smoaoth after the
melti ng process
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Fig. 4.6Typica (a) TG, (b) DTG and (c) DTA curves smultaneously recorded for the
mixed matrix (KCl)og+(NaCl)g.1.

Figure 4.7 shows the thermal analyses of the amposite
[(KCl)ogt(NaCl)o1]os+[ZrOy]os. It can be naticed that the residual mass of the thermal
runis 6.18mg which is the estimated quantity of ZrO, in 10.1Ing initial sample powder.
This observation suppats the XRD results that the ZrO, presents in the mmpaosite
eledrolyte & a separate phase. The relative reduction d mass from the starting
temperature to near the melting point in TG study is more for compaosite dectrolyte as
compared to matrix system. This may be due to the partial sublimation d oxides.
However, the melting process sarts at aroundthe same temperature & was foundin the
mixed matrix. The DTG trace onfirmed the melting well below 814°C.
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Fig. 47 (& TG, (b) DTG and (c) DTA profiles of the composite dedrolyte
[(KC)og+(NaCl)g1]os+(ZrO2)os in the temperature range of 20° to 10@°C.

The DTA trace in the omposite is dmost identicd to that of mixed matrix till the
melting process The minute endathermic peaks at 742°C temperature and 908C
temperature are less $arper than that of the matrix indicaing the involvement of less

quantity of the matrix material.

4.2.7 Conductivity dueto finer dispersoid particles

In order to olserve the effed of particle size of the dispersoid on the cnductivity
behaviour of composite eledrolytes, an attempt was made to dsperse the matrix
(KCl)og+(NaCl)o1 with very fine (sizeis 20-50 nm) ZrO, particles.
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427.1 [(K C|)09+(NaC|)01] 1_y+(zr02)y Systern
The dc conductivities (o) of the samples in the system [(KCl)oo*+(NaCl)o1]1y*+(ZrOy)y;

0 <y < 0.5 were determined from respective complex impedance data plots. These T

values were then plotted as afunction d compositiony in figure 4.8.
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Fig. 4.8 The room temperature @nductivity of the @mpaosite dedrolyte
[(KCl)o.g+(NaCl)g1]1-y+(ZrOy)y asafunction d y (0.0<y <0.5).

The @nductivity variation with composition shows the condctivity maximum at around
20 m/o dispersoid. The room temperature o value & this composition was foundto be
1.22 x 10 ~® O 'cm™ which is dightly lower than the maximum conductivity value
obtained with micron size powder. The insensitivity of the particle size mntrasts with the
well -establi shed composite theories that state an amost inverse relationship between the
conductivity and the particle size. The observation interestingly indicates that although a
catain minimum particle size is required to oltain a naticedle condwctivity

enhancement, the size fador perhaps become ineffective beyond some aiticd particle
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size. The @nduwtivity maximum with finer particle is attained at lower oxide
compasition than the case of micron size particle dispersion presented in sedion 4.2.2.
This feaure can be atributed to the fad that as the second-phase particle size deaeases,
the matrix-particle interface areaincreases. Idedly it is assumed that all the particles are
separately contributing to the interface formation required for the space carge layer
leading to conductivity enhancement. However, this is not the cae in adua pradice
because the particles being finer have astrong tendency to undergo agglomeration and
remain in that state.

4.2.7.2 SEM micrographs
The SEM  micrographs were taken for the mposite  dedrolyte
[(KCl)og+(NaCl)o1]1-y+(ZrOy)y and the micrographs correspondng to y = 0.1, 0.2, 04

and 0.5are givenin figure 4.9.

In al the micrographs, contrast diff erence acrossthe micrographs ensures the presence of
oxides in the microstructural developments. However, as can be seen from the
micrographs that the grain structure in the materias for y = 0.2 is more dea with an
amost continuots layer of dispersoid at the grain boundxries. The presence of dispersoid
particles on the grain surfaces is also there. The increase in the dispersoid content is also
evident from the micrographs 4.9 (c) and (d). Due to the excessdispersoid quantity, the
blocking eff ect results.
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Fig. 49 The SEM micrographs of [(KCl)og+(NaCl)o 1] 1-y+(ZrO,), composite with y equal
to (a) 0.1and (b) 0.2.
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Fig. 4.9 The SEM micrographs of [(KCl)og+(NaCl)o.1]14+(ZrO,)y, composite with y
equal to (c) 0.4and (d) 0.5.

4.2.8 Electrical conductivity of (KCI),+(CuCl)y

Figure 4.10 represent the different impedance spedra of the mixed halide matrix
(KC1x+(CuCl)y; 0.1 < x < 0.6. The dc resistances determined by extrapolating the
impedance plots to the real axis and the dc condLctivities were cdcul ated.
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Figure 4.11 shows the plot of log o versus x for the (KCl);x+(CuCl), system at room

temperature.
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Fig. 4.11Variation d log o with xin the mixed halide matrix (KCl);_+(CuCl), at room
temperature.

From the figure 4.11, it can be seen that the condictivity enhancement occurs at the
compasition (KCl)os+(CuCl)os and the @nductivity becomes abou 500times that of the
base matrix KCI. Therefore the matrix with (KCl)os+(CuCl)os was used as the base

matrix for further preparation d the oxide dispersed composite dedrolytes with varying
oxide @ncentrations.

4.2.9 Electrical conductivity of [(KCl)os+(CuCl)gs]1,+(SnOy),
The samples in the system [(KCl)qs+(CuCl)os]14+(SnOy), were prepared and the

conductivity (o) variationwith compoasition d SnO, was gudied.
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Fig. 4.12log o versus y plot a room temperature for compaosite dedrolyte system
[(KCI)o5+(CuCl)gs]1-y+(SNO,), prepared using solid state sintering route.

The results are plotted in figure 4.12 from which it can be seen that with 30 m/o SnO,
dispersion in (KCl)os+(CuCl)os mixed matrix results in highest enhancement in
conductivity which is about six times than that of the base matrix (KCl)gs+(CuCl)gs,

giving thereby an overal condctivity enhancement of abou 3000 times compared with
the base KCl value.
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Chapter V

Preparation, characterization and ionic conductivity

measur ements of anion conducting systems

Overview
This chapter presents the preparation, charaderization and ionic transport characteristics

of [(BaCly)1x+(KCl)y]1+(ZrO,)y system. Such system has been considered to show the
simultaneous effect of substitution o aliovalent ions and wrong size ion onthe mixed
matrix conductivity. However, the system acts as an anionic condwtor. The present
chapter also deals with the preparation and eledrical resistivity measurements of
[(KCI)1x+(K1)x] 1y+(ZrOs)y to consider the anionic substitution.
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5.1 Experimental

The homogeneous powder mixtures of the system (BaCl,)1 x+(KCl)x were melted in the
temperature range of 700°C-1000C and guenched to the room temperature in air. The
solids thus obtained were ground and then pressed at a load of 200 KN to prepare the
samplesin the form of cylindricd pellets of 2 cm in dameter and 3 mm in thickness The
green pellets were sintered in a muffle furnace in the temperature range of 50—700°C
for 5 hrs. The ZrO, particles were dispersed in the highly conducting matrix composition.
The conductivity behaviour of the dispersed electrolytes was dudied as a function d
ZrO, content. The composite of maximum condctivity was charaderized by SEM and
XRD.

Theionic mobiliti es (i) and the ionic transference number (t; ) were determined for the

maximum condtcting composite dedrolyte & room temperature. In order to investigate
the temperature dependent transport characteristics of the material, the variations of o

and u with temperature were dso studied.

The mixed matrix (KCl);x+(Kl)x was considered to olserve the effect of the size
difference of the anions ClI” and I". The preparation route of this system was same & for
the previous system. The compasite samples were sintered in a muffle furnace in the
temperature range of 350°~700C for 5 hrs. The dc resistivity measurements were carried
OUL.

5.2 Results and discussion

5.2.1 Electrical conductivity of (BaCl,),_x+(KCl)y
Figure 5.1 shows the variation d conductivity (a) vs. compasition (x) of the matrix

(BaCl,)1x+(KCl)x (0 < x <0.5) at room temperature. It can be seen from the figure 5.1,

that o beammes maximum at x = 0.1. However, the increase is nominal .
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Fig. 5.1 The room temperature conduwctivity of [(BaCl,):x+(KCl),] as a function d x
(0.0sx<0.5.

The following gves an explanation d the cmpasition degpendent conductivity behaviour

and the aise of maximum. On substituting the host lattice ion by guest ion, the lattice

distortion takes place which is charaderized by the fador f :|1—r nlry | where r and

r, are the ionic radii of the host and guest ions respedively. In the present cese, the

magnitude of this fador (~ 0.019 is negligibly small. Therefore the dfed of lattice
distortion towards the @nductivity enhancement is insignificant. The conductivity
increasse auld be dtributed to the net charge transfer acrossthe interface of the bi-phasic

mixture.

Further, it isworth mentioning a brief accourt of the bulk defed structures of KCI, BaCl,
and at the interfaces of KCI+BaCl,. The aystalographic structures of KCl and BaCl, are
rock salt andfluorite respedively. Therefore, the predominant bulk defects are of
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Schottky and Frenkel types in KCl and BaCl, crystals respectively. In BaCl,, Ba®* ions
form FCC structure and the tetrahedral voids are occupied by Cl™ ions. The structure of
KCI is cubic with the anions arranged in cubic close padking with all the interstitial
octahedral sites occupied by the caions. On adding KCl into BaCl,, the foll owing defed

readionisposshle:

2KCl 0 Kga + K +2Clg*
BaCl,

On the other hand, if the BaCl, addition is made into KCl the possible defed readions
satisfying the preservation d the regular site ratios of the host crystal, would be &

follows:

BaCl, 0 Bak + Vi +2CI* and
RCl

BaCl, I Bac +Cl +Clg*
KCI

In view of the fad that K" ionis snaller (smaller than Ba?* ion size) the replacement of
Ba®* site by K* would be relatively easy provided the required thermodynamics and
kinetic properties of point defeds are satisfied. Therefore an appredable effed on defed
mobility as refleded by the @&owve defect reaction may be the likely cause of the

conductivity enhancement in the BaCl,+K Cl mixed matrix.

5.2.2 Electrical conductivity of [(BaCly)oe+(KCl)o1]1-y +(ZrOy)y,
The @nductivities (o) of the samples in the system [(BaCl2)oo+(KCl)o1]1-+(ZrO),

were determined from their complex impedance plots. The o vaues were plotted as a
function d compasitiony infigure 5.2.

From the plot, it can be seen that a significant condictivity enhancement (almost two
orders of magnitude) occurs at abou 50 m/o ZrO,. This enhancement is attributed to the
maximum percolation pathways at 50 m/o ZrO,. The pathways are developed die to the
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formation d space darge layer at the interface between matrix and dspersoid. The

indication d such interface formation was found by microstructural investigation d the
sample.
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Fig. 52 Variation d the room temperature condwctivity of composite dedrolyte
[(BaCly)o9+(KCl)o1]1y+(ZrOy)y asafunction o y (0.0<y < 0.55.

Asthe defectsin KCI and BaCl, are of different types (Schottky type in KCI and Frenkel
type in BaCl,), a difference in diffusivities (be they ionic or vacancy) will result at the
interfaces BaCl,+KCl. For BaCl,, KCI or the matrix BaCl,+KCI in contad with ZrO,
which being oxide; is normally nucleophilic, the dharaderistic defed inducing process

resporsible for the increased vacancy concentration as compared to the buk can be
written as
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Va+Kg = Ka™+ Vi
Va +Bagy = Ban™" + Vga

and
Va+Kpa +Ki" = Ka" +Kgg

respedively. V. denctes a free ative surface site which is resporsible for the K* / B
caion adsorption. Vi« and Vg, are the potassum and herium vacacies formed in the
gpace targe region. While the alsorption process from the halide components KCl and
BaCl, separately creates potassum and barium vacancies respectively in the space targe
region; the alsorption pocess from the mixed matrix will make the oxide / halide
interface positive ad as a result Kga may get bound rmar the interface in the space

charge region.

5.2.3 Conductivity as a function of temperature

As the ionic conductivity is a very sensitive function d temperature, the temperature
dependent conductivity was aso studied. The study was carried ou for
[(BaCl2)o9+(KCl)o1]os+(ZrO2)os sample in the temperature range of 100°-300°C. The

condctiviti es were plotted as afunction d temperature in the form of log o vs. 1/T, in

figure5.3.
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Fig. 5.3 Variation d the conductivity with temperature in
[(BaCl2)og+(KCl)o.1]o5H(ZrOz)0s Sample.

From the plot, it can be seen that the o increases from 0.01 x 16° Q*cm™ (at 100°C) to
abou 10 x 10° Q'em™® (a 270°C) yidding the activation energy for ion transport
AE_ = 0.34 eV. This vaue is found to be cmparable with that of other reported

eledrolyte systems[90, 161,16P.

5.2.4 XRD analyses

The XRD analyses of sintered KCI, BaCl,, matrix (BaCl,)oo+(KCl)o1 and composite
eedrolyte [(BaCl,)oot(KCl)o1]os+(ZrO2)os samples were caried ou. The patterns are
presented in figure 5.4. It is evident from the figure 5.4 (c) that for the matrix, the major
peks are dather of BaCl, or KCI. There is no strong evidence of compound formation
between BaCl, and KCI. It can be seen that most of the high intensity pegks of the matrix
remain in their angular pasition, when compared with the patterns of KCl and BaCl,
given in figure 5.4 (a) and 5.4(b) respedively. However, a slight shift was observed in
case of afew pedks. This dift may be dtributed to the lattice distortion which is very
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limited as there is no appredable size difference between the Ba® and K* ions. In the
pattern given in figure 5.4 (d), the presence of ZrO, was found while BaCl, and KCl
pe&ks are foundto remain in their paosition with intensity reduction as compared to those
sea in the matrix pattern (figure 5.4 (c)). However, in the mmposite dectrolyte, a few
unidentified peaks were also observed. This may be due to the nonavail ability of
matching pe&k datain the JCPDSfile.
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Fig. 5.4XRD patterns of (a) KCI; (b) BaCl,; (c) (BaCl,)oo+(KCl)o1 and

(d) [(BaCl5)oo+(KCl)o.1]05+(ZrO2)os.
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5.2.5 SEM micrograph

The microstructural investigation was carried ou for the cmposite dedrolyte
[(BaCl)o.o+(KCl)o.1]os5+(ZrO2)0s sample. The micrograph is shown in figure 5.5. From
the micrograph, the evidence of grain formation die to sintering is clear. The micrograph
suggests that the system is a ompaosite, wherein ZrO, particles are dispersed in the grains
of matrix. As can be seen from the micrograph that the interconneding interface regions

are quite significant. Thus the microstructural evidence of the sample suppats the

development of higher percolation pathwaysin it.

Fig. 5.5SEM micrograph of [(BaCly)oo+(KCl)o.1]os+(Zr02)os Sintered sample.
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5.2.6 lonic mobility determination

In order to estimate the condctivity contribution due to the ionic mobhili ty (u) fador, the
ionic mohilities of the cmpaosite dedrolyte [(BaCl,)ogt(KCl)olost(ZrO2)os were
determined at different temperatures. The mohility values were estimated using
d=3.08mmandV = 1.95V. Some of the mobhility values e.g. 0.185, (230, 0.328nd
0.383cm? Vs determined at 25°C, 100°C, 250°C and 300C respedively are given here
as typicd data. A transient ionic current profile at a typicd temperature of 250°C is

presented in figure 5.6 from which the t has been estimated as 0.17%.
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Fig. 5.6Typical TIC plot of the mmpasite dectrolyte [(BaCl,)oo+(KCl)o1]os+(ZrO2)o 5 @t
250°C. Inset : Schematic experimental circuit for TIC measurement.

From the u values, it can be seen that the mohility at 300°C becomes just two times the

room temperature value, confirming the contribution d the mobility to the @mnductivity,
is limited. Therefore the condictivity variation with temperature is due to a combined
eff ect of the mohili ty and the carier concentration enhancements.
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5.2.7 lonic transference number determination
In order to ascetain the extent of the ionic and eledronic contributions to the total
condtctivity, a measurement of the ionic transference number (t;) was made. A profile

showing the time dependent ionic current a room temperature for
[(BaCI 2)0_9+(KC|)0,1]o_5+(zr02)0_5 is downin figure 5.7.
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Fig. 5.7 Time dependent current response of the @mpaosite dedrolyte
[(BaCl)o.ot+(KCl)o1]os+(ZrO2)os. Inset: Schematic experimental circuit diagram for the
transference ion number study.

The arrent value deaeased to a negligibly small value. Therefore, it can be concluded

that the contribution to condctivity is predominantly due to the ions and from the plot

the transference number has been estimated as t;, = 0.964 at room temperature.
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5.2.8 Electrical conductivity of (KCI)1_+(K1)x
Figure 5.8 shows the variation o room temperature @nductivity (0) VS. compasition X

of the matrix (KCI)1+(Kl)x where 0.0 < x < 0.5. From the figure 5.8, it is evident
that the conductivity enhancement of ~ 2 orders of magnitude was found to occur for

(KCl)o.6+(Kl1)o.4 compasition when compared with the base matrix (KCI) conductivity.
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Fig. 58 The room temperature condctivity of mixed matrix (KCl)1_+(Kl)x as afunction
of x (0.0£x<0.5.

The mnductivity enhancement could be explained in terms of the lattice distortion caused
by the incorporation d the guest ion I” having different size (wrong size with resped to
the regular latticeion size CI") into the lattice of the hast material. In the present case, the

magnitude of this fador f=|1~r/r| is quite gpredable (~0.189 and hence the

lattice distortion could be wnsidered as the possble caise for the condictivity
enhancement.



5.2.9 Electrical Conductivity of [(KCl)oet(KI)o4]1-y+(ZrOs)y
Figure 5.9 shows the typicd impedance spedra of the samples in the system
[(KCDogst(KI)o.4) 1_y+(Zr02)y where0.1<y <0.4.
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Fig. 59 Impedance Spedra of the mmposite [(KCl)oet+(Kl)oa]1yH(ZrOs)y with

(@ 0.1m/o ZrO, and (b) 0.2m/o ZrO, at room temperature.
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Fig. 5.9 The room temperature impedance spedra of the @mposite
[(KC)oe+(K1)o.4] 14y+(ZrOy)y with (c) 0.3m/o ZrO, and (d) 0.4 m/o ZrO..

From the impedance spedra obtained in the form of semicircles, dc resistances of the

samples were obtained by extrapadlating the semicircular curves to zero readance value



(at w = 0). From the resistancevalues, the dc conductivities (o) were calculated. The o

values 9 oltained were plotted as afunction d compositiony in figure 5.10.
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Fig. 5.0 Variation d the room temperature condictivity of compaosite dedrolyte
[(KCl)os+(K1)o.4]14+(ZrO2)y asafunction d y (0.0<y < 0.4).

From the plot, it can be seen that a significant condictivity enhancement (~25 times the

base matrix value) occurs at abou 30 m/o ZrO,. The pathways are developed due to the

formation d space dharge layer at the interfacebetween matrix and dspersoid.
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Chapter VI

Discusson, conclusion and scope of future work

6.1 Discussion

The composite solid electrolytes were prepared in five different systems as described in
the previous chapters, charaderized and their ionic transport properties were reported.
The primary objedive was to study the ionic conductivity behaviour of the electrolytes
prepared. There are several ways of increasing the cnductivity in the cmpasite solid
eledrolyte. The dhoice of base matrix and its modificaion gays an important role in
conductivity value. The conductivity of composite solid eledrolyte with a single halide
matrix as base, can be enhanced by repladng the single matrix with mixed matrix.
Therefore, the single halide matrix and the mixed halide matrix bases were wnsidered for
oxide dispersion. The obedive of the present thesis has been demonstrated by
developing either KCl-based matrix or KCI substituted (partially) mixed matrix dispersed
with ZrO, powder, in al the caes, except in one case where SnO, was used as
dispersoid. Initially oxide (ZrO,) dispersed single matrix (KCl) was studied.
Subsequently mixed matrices were developed in a number of systems for oxide
dispersion. The systems were so chaosen that the condctivity in a system is acemplished
preferentially by a particular type of ion (caion/ anion). The data obtained in the present
study are further discussed in amore mhesive and coherent manner as given below:

6.1.1 XRD analyses

The primary objedive of the XRD analyses of the samples was to deted new compourd
formation, if any, for the preparation of mixed halide matrix and axide dispersion
thereon, resulting in compasite solid eledrolytes. The mixed matrices and the compaosites
along with the @nstituents were analyzed and the patterns were presented. On analysis of
the patterns concerning a system, it can be seen that the mixed halide matrix and

compasite dedrolyte patterns consist of those of constituting comporent halides and

111



oxides. As can be seen from figure 3.1 (a) & (d), the angular pasitions of some of the
peks of KCl and ZrO, are dmost same, the peaks of these materials at these positions
appea to be overlapping, as sen in figure 3.1 (b) & (c). It can also be seen that some
pe&ks which are present for one cmposition, are not found to be present in ancther
compasition. This is due to the fad that the relative intensities of the comporents are
different in different composition. In figure 4.5, even the most intense peak of NaCl line
is negligibly smaller than that of the KCI lines in the mixed halide matrix pattern. This
can be attributed to the propartionate anourt of NaCl which is lessin the mixed matrix.
The presence of ZrO, with adequate intensities is e in the composite dedrolyte
pattern. The system in figure 5.4 has aso shown no rew compoundformation ether in

the matrix or in composite dedrol yte preparations.

6.1.2 SEM micrographs

The microstructural studies of the systems were carried out primarily:

(i) to confirm the grain structure that develops due to sintering,

(i) to olserve the oxide dispersion characteristics in the resultant microstructure of
compasite dedrolytes and thereby

(i) the development of interface between oxide axd matrix phases as the

interconreding interfacesis the main cause of space darge layer for high condctivity.

The microstructural analyses of matrices and compaosites were caried out in aimost all
the systems. The sintered samples in (KCl)1x + (ZrO,)x system are found to consist of
grains whose size and shape dianges with increase in oxde mntent. On careful
observations on the micrographs, it can be seen that the oxides are not present in the form
of agglomerate. The oxide dispersion charaderistic in the system [(KCl)1.x +(NaCl)y]1-y +
(ZrOy)y is clealy reveded from the micrographs. The presence of oxide @ a separate
phase in the microstructure is clearly reveded. However, the oxide dispersionis not free
from agglomeration. However, the cntinuity of the inter dispersoid particles contact are
more ad as a result larger oxide-matrix interface aea developed in
[(KC)ogt+(NaCl)o1]os+(ZrOz)os compasite. The micrographs in figure 4.9 refer to the
dispersion with very fine (20-50 mm) ZrO, particles in [(KCl)go+(NaCl)o.1]14+(ZrOz)y
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system. The grain structure of the matrix and the presence of oxides as dispersoid can be
seen in the micrographs (figure 4.9). However, relatively high dstinct grain boundries
and the presence of dispersoid as a separate phase ae found for the sample with
compasitiony = 0.2. The dispersoid contents are foundto be excessve for the samples
with y = 0.4, 0.5and this microstructural feaure suppats the lower condtctivities of
these mmpasitions. The conductivity maximum at y = 0.2 within the composition range
studied is thus explained. The microstructure of the sample in the cmposition
[(BaCl2)oot(KCl)o1]os+(ZrO2)os, consists of grains and axide dispersion. The grains in
this system are more uniform in size than in the other systems dudied in this thesis. Well -
defined interconneding interphase region die to the oxide dispersion is evident from the
micrograph. The formation d interfacial layer between interconrecting oxide particles
and the matrix phase is aso evident from the micrograph.

6.1.3 Transport characteristics

6.1.3.1 Electrical conductivity (c) of mixed halide matrices

The dedrica condictivities at room temperature of the single halide matrix (KCl) and
mixed halide matrices ((KCl)i1«+(NaCl)y, (KCl)1x+(CuCl),, (BaCl,);x+(KCl);x and
(KCH1x+(K1)x) were studied. The room temperature cnductivity of the KCl was
estimated to be 0.24x 10® Q*cm™ and this was enhanced to about 50 times for the mixed
matrix (KCl)ogt(NaCl)o1, which was foundto be highest condicting compasition over
the mposition range studied. The possble eplanation for the conductivity
enhancement is lattice distortion as explained in sedion 4.2.1.The defect reactions that
occur due to the partial substitution o haost caions by guest ions are also described in that
sedion. The nductivity enhancement at room temperature in (KCl)os+(CuCl)gs
composition was abou 500 times the condctivity of KCI. This situation demonstrates
that the substitution d akali halide by metalli c halide for mixed matrix preparation hes
superior effect, athough the cnductivity maximum obtained for the two systems
(KCh1x*+(NaCl)x, (KCl)1x*+(CuCl)y investigated were a different compositions i.e. at
different x values. The condtctivity begins to rise & arourd x = 0.3 for the KCl+CuCl
system, whereas, the enhancement begins right from x = 0.0for KCI+NaCl system.
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The dedricd conductivity in (BaCl,)1x+(KCl)x system was gudied between x = 0.0to
x = 0.5 and the @nductivity maximum was foundto occur a x = 0.1. However, this
enhancement is nominal with resped to the conductivity of BaCl,. The reason for small

conductivity rise is due to very small value of the fador “f” as explained in sedion 5.2.1.
The conductivity maximum in the system (KCl)x+(K|)x arises at x = 0.4 and the value is
abou 2 orders of magnitude higher than the @nduwtivity of KCl. The study was
condwcted in the cmposition range x = 0.0 to x = 0.5. The higher conductivity rise in

(KChoget(Kl)o4 is attributed to the higher lattice distortion caused in the matrix as

characterized by the fador “f” in sections 5.2.8.

6.1.3.2 Electrical Conductivity (6) of Composite electrolytes

The conductivity maximum in the system (KCl)1.4+(ZrO,)x was occurred at x = 0.7, and
the value beacomes 3 arders of magnitude of that of KCI. The conductivity increases with
increase in temperature and the value & about 500C beammes 4670 times when
compared to the conductivity of KCI at room temperature. The ionic mobility was
estimated as a function of temperature in the temperature range of 300°C to 460°C. The
mohili ty was foundto increase gradually with increase in temperature and the value &
460°C becomes 1.4 times the mohility value & 300°C.The mnductivity enhancement at
room temperature in the system [(KCl)gg+(NaCl)o1]os+(ZrO,)os was found to be
maximum for y = 0.5 and the magnitude is estimated to be 500 times the room
temperature conductivity of KCl. On increasing the temperature to about 450°C, the
conductivity of the maximum conducting composite has increased to about 3000 times
the room temperature conductivity of KCl. The room temperature conductivity of the
SnO;, dispersed [(KCl)os+(CuCl)os]o7+(SN02)03 samples was found to be dou 3000
times the @nduwtivity of KCI. The ndctivity maximum at room temperature in
[(BaCl5)1x+(KCl)x] 1y*+(ZrO,)y system was found to occur at 'y = 0.5 and the value
bemmes 2 orders of magnitude higher than the cnduwctivity of KCIl. On increasing
temperature, the conductivity value a 270°C becomes 4000times the room temperature

conduwctivity of KCl. The ionic mobhility as a function d temperature shows 2 times the

114



room temperature mobhility at 300°C. Therefore, the large conductivity variation with

increase in temperature largely depends onthe variation d carrier concentration.

In arder to determine the ionic contribution to the eledricd conductivity in the materia,
the ionic transference number in the compasition [(BaCl2)og+(KCl)g.1]o5+(ZrO2)0s Was
estimated and this was found to be 0.964 indicaing that the condictivity is

predominantly dueto ions.

6.2 Conclusion

The work presented in the thesis describes the preparation d composite solid eledrolytes
for patential applications in solid state batteries and ather eledrochemica devices. Asthe
performance of the dectrochemica devices depends primarily on the ionic condtttivity,
there has been a wntinuows upsurge to develop eledrolytes with higher and higher ionic
conductivity. Though insulating phase dispersed ionic aystals paved along way towards
developing highly conducting eledrolytes, efforts are onto find ketter eledrolytes. In this
line, the dissertation work was undertaken to develop composite dedrolytes primarily on
mixed halide matrix as eledrolyte base and then dspersing the base with axide particles.
In order to addressthe present isaue, the dedrolytes chosen to study were divided into
two categoriesi.e. type | in which the conductivity is by the cdions and type Il for which
anions are the main conducting spedes. The fact that the cnductivity enhancement can
be adieved by mixed halides compared to single halide used as base for preparations of
compasite dedrolytes was exploited in this gudy. The superiority of mixed halides in
relation to ionic condictivity was established in all the systems gudied. A many fold
increase in conductivity could be achieved with oxide dispersion. The a@nductivities at
room temperature of all the systems and as a function d temperature for some of these
systems were reported. The @nductivity data were explained, in majority of the cases,
by the measurements of other transport properties and microstructural feaures. The
mobhility data & room temperature and as function d temperature for afew systems gives
further insight abou the predominant fador on which the cnductivity depends. In the
systems (K Cl)1+(ZrOz)x and [(BaCl)1+(K Cl)x] 1y+(ZrOz)y, the mohility studied over a
temperature range show anominal rise. The charge carier concentration as a function o
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temperature was cdculated from the measured mohility and conductivity data. It can be
inferred from the calculated data that the carrier concentration days a substantial role in
giving rise to the conductivity. The electricd characterizations of the materials were
made to correlate with the physicd characterizations results. The possbility of formation
of new compound (during the synthesis of the materials), which may offer high ionic
conductivity, was ruled out by the X-ray diffradion analyses. This fad leads one to resort
on the phenomenadogical models as propased by many researches for the conductivity
enhancement due to axide dispersion. Interconneding interfacebetween the matrix and
the dispersoid that develops during sintering is the prevaili ng mechanism in the literature.
In order to make an attempt to reved such interface formation in the present study,
microstructural investigations were arried ou. The microstructural feaures as discussed
ealier indicaed the formation o pathway which is optimum with a particular

compasition depending on the system.

6.3 Scope of the further work
In the light of the present work, it is suggested that the foll owing investigations can be
caried ou for further study:
(i) The dfed of matrix grain size on its condtctivity as well as compasite’s condLctivity
can be studied. The grain size, in turn, depends on the sample preparative parameters.
Therefore preparative parameters are required to be @ntrolled for the cnductivity
enhancement.
(i) The relationship between the second-phase particle size and the matrix grain size
must be dealy understood if maximum enhancements in condictivity are to be
engineaed.
(i) The relationship between structural (crystal structure) behaviour and the ionic
conductivity of mixed matrices needs to be developed.
(iv) In order to understand the structural effed on hgh temperature transport
characteristics, the samples can be caracterized by high temperature X-ray diffradion
anaysis.
(v) A method suitable for the determination o carier concentration (n) both at room
temperature and as a function d temperature, should be devised for knowing the relative
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contributions of the mohility and carrier concentration to the ionic conductivity at
diff erent temperature of different materials.

(vi) The effed of dispersoid particle size can be wnsidered in the dectrolytes
development.

(vii) The performance of the dectrolytes developed shoud be tested in an adua
configuration for eledrochemicd devices applicdions.

(viii) It is required to establish a relationship between the ionic conductivity of the
eledrolytes and its defed chemistry.

(ix) A relationship can be developed between lattice strain and the increased vacancy
concentration in mixed matrices.

(x) Impedance plots in the form of depressed semi circles for compasite dedrolytes can
be resolved very accurately for separating the contributions due to the diff erent interfaces
formed, in the material.
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