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PREFACE

The topic of reliable, clean and sustainable enesggomething that is heavily
sought after. This has to do with the increasirmpgl demand for energy and the pressure
to boost efficiency and lower emissions, since taftshe energy we are presently using
creates a high carbon footprint that is harmfuldar environment. In an era when the
requirement for traditionally exploited natural@asces is outpacing supply, conventional
industrial practices are contributing to unwantéohatic change and developing regions
are competing for a larger share of limited fuelcks, the search for innovative ways to
meet this necessity becomes more urgent than Blaterials science is only one aspect
of the response to these intimidating challengdsywever has an essential part to play in
achieving the ambitious goals. In the past, it t@stributed appreciably to advances in
the safe, consistent and efficient use of energyamcessible natural resources.

Solid-state inorganic electrolytes play a crucialerin energy conversion and
energy storage systems and enable a number of mgpeeghnologies ranging from fuel
cells, batteries, gas pumps, sensors, ion exchangmbranes, electrolysis, solid
electrodes, electrochromics and displays, capacitoptical materials, timers, and
environmental monitoring devices etc. However,doy practical uses, a lot of scientific
and technological challenges have been noticeterkla the transport of ions in solids.
The crystal structure and chemical compositiontary critical to have acceptable ionic
transport property. The subject matter of this ithésto establish a structure - property
correlation between the crystal structure, chengoahposition and ionic conduction in a
group of solid state materials selected from thie emrth based zircon-type mixed metal
vanadates. The thesis comprises of six chapteshich Chapter 1 gives an overview of
ionic conductors especially oxide ion conducto®ié conduction mechanism and
applications of oxide ion conductors.

xiii



Chapter 2 deals with the synthesis of LnMOand magnesium-doped
LNno.98V0.99Mgo.1d045 (Lh = Pr, Sm, Gd, Dy and Er) orthovanadates. &ike of
magnesium doping on the structural and electri¢edracterization of the prepared
materials is discussed. In Ln\{Qeries, highest electrical conductivity is obtdirfer
PrvOs; and SmVQ and a decreasing trend is seen with increasingniataumber of
rare-earth cation. Addition of magnesium resultsaidrop of electrical conductivity.
Interstitial oxygen diffusion is discussed as avpiktng mechanism of ionic transport in
undoped LnV@, whilst acceptor-type magnesium doping suppretisedormation of
interstitial oxygen ions. Effect of humidified atsghere has also investigated.

In Chapter 3 synthesis of EuV® and Mg substituted EuV ceramics
MgxEuVQOsss (x = 0-0.5) by solid state method is discussed. Tineact of Mg
substitution on the prepared materials is invetgjaUndoped EuV®Qis predominantly
an oxygen-ionic conductor, whereas acceptor-typbstgution suppresses total
conductivity and oxygen-ionic transport. The vaadas of electrical transport properties
are discussed in terms of interstitial oxygen diidmn in parent EuV® and oxygen
vacancy diffusion in Mg-substituted vanadate. InpEchumidified atmosphere on the
electrical properties of substituted as well asoped ceramics has also discussed and it
indicates a protonic contribution to the total &ieal transport for EuV@

Chapter 4 focused on the preparation of YYGnd Mg substituted YVO
ceramics, Yx2MgxV1x2045 (X=0.0-0.5) by two synthetic approach viz. solid etat
well as combustion method and the effect of Mg suli®n on the structural,
microstructural and electrical characterization Y0¥O4 prepared by both methods.
Employment of the combustion method was found swiltan a significant decrease of
zircon phase formation temperature. In this casemaller grain size and lower

densification on sintering was noticed. Acceptgretysubstitution by magnesium is

Xiv



compensated by the formation of oxygen vacancidsesults in a moderate increase of
oxygen-ionic conductivity with respect to the pdrgtirium vanadate. Combustion-
synthesized ceramics showed higher conductivitypared to the samples prepared by
conventional solid state reaction method.

In the fifth chapter, effect of Li" and Ag doping on the structural and electrical
properties of zircon-type Sm\i(prepared by solid state route is discussed. Doping
monovalent metal cations improved the conductirgperty of the parent material with
highest conductivity obtained for Ag doped materiglhe conductivity of Ag doped
sample is found to be purely oxygen ionic and camrcdmparable to the currently known
oxide ion conductors like YSZ LSGM, GDC, SDC etdeTfinal chapterChapter 6,

proposes the scope for some future work.
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CHAPTER 1

IONIC CONDUCTORS:
CLASSIFICATION, MECHANISM & APPLICATIONS

¢ *

This chapter is an introduction to ionic conduction in solids, mechanism of ionic
conduction and application of ionic conductors in various fields giving emphasis to
oxide ion conductors. The chapter begins with a brief introduction of ionic conduction
in solids followed by the background of invention and development in this field.
Mechanism of ionic conduction and classification of ionic conductors are discussed in
later part of the chapter. A detailed introduction to oxide ion conduction in solids is
presented followed by a description to zircon structure and a literature survey on the
oxide ion conductivity of zircon structured compounds are discussed. Application of
oxide ion conductors are presented in the last section and the chapter ends with the

scope of the present work.
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CHAPTER 1

1.1. INTRODUCTION

Solid state ionic conductors play a vital role irarieus major scientific
investigations and technological applications, esby in the domains of energy
conversion and storage and in monitoring envirortalenhanges supported by the
progressing growth in fuel cells, battery and seriechnologies? It is only in the last
few decades that solid state ionic conductors wegarded as exceptions in materials
science and the theory and application of theseenaéd have found to gather into a
coherent field. Thus the discovery of these mdtenas considered as a fortuitous event.
However, for the last few years, a large numbesadiids that exhibit anomalously high
levels of ionic conductivity have been discoverigdfact, some solid materials exhibit
ionic conductivity comparable to those of liquidfiese kinds of materials are described
as fast ionic conductors. Till now, numerous sahdterials varying from ceramics to
glass and polymers have been discovered or redisedyvdetected and analysed with fast
ionic conduction. In spite of the intensive resbasa the theory of ionic transport and its
significance for solid state reactions, materiakstst were mainly focussed on the
potential technological importance of these maleiradiverse areas including fuel cells,
batteries, gas pumps, sensors, ion exchange meeshralectrolysis, solid electrodes,
electrochromics and displays, capacitors, opticatemmals, timers, environmental
protection etc. A lot of scientific and technolagjichallenges have been raised related to
the transport of ions in solids upon the developnwémractical devices which in turn
formed a ground for solid state ionics to emerga amjor scientific are®®

Even though, with the exhaustive research for figdiew ionic conductors, there is
a lack of hike in this field. This is mainly owirtg the deficiency of knowledge on the
relationship among the crystal structure, chememahposition and the ionic transport

property in different kind of compounds. The subj@atter of this thesis is to establish a
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CHAPTER 1

structure-property correlation between the crystalicture, chemical composition and

ionic conduction in some rare earth based zircpe-tyixed metal vanadates.

1.2. Background

There exist a small group of solids, which adm# thacroscopic movement of
ions, either cations or anions but not usually ptitrough their structure, leading to high
values of ionic conductivity (> 10S/cm) and negligible electronic conductivity. Tées
kind of materials is generally termed asiperionic conductor’ (SIC) or ‘fast ion
conductor’ (FIC) or solid electrolyté$. In general, ionic conduction occurs at elevated
temperatures and is distinguished by the fast siiffu of a considerable amount of one of
the constituent species within a substantiallydriffiemework constituted by the other
species. Examination of the last three to four desaliteratures for solid electrolytes
signifies that these materials are not merely $diencuriosities, but have various
technological applications ranging from miniatulightweight lithium-ion batteries to
high-capacity energy storage deviéddiscovery of SICs opened a vast area of research
in the field of non-stoichiometry, disorder, ionitffusion etc. with a broad range of
experimental and theoretical techniques and heeep the research on these materials as
a vigorous and active field in materials science.

Michael Faraday was the first to discover the motad mobile ions in solid
electrolytes with his continuing investigations ion conducting materials like PhBnd
Ag:S in a few years from 1831-18341! Faraday introduced the fundamental
terminology of electrochemistry, and in 1834, witle support of many results regarding
the concept ‘electrolyte’, he classified materialt® first and second types of conductors,
metallic and electrolytic and the former is nowagweised as electronic and the latter as
ionic conductor$.He thus not only established the basics of elebtmistry but also of

solid state ionics. At that time it was found diffit to interpret why the ionic
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CHAPTER 1

conductivity in AgS show large enhancement with increasing temperatsirit was in
strong conflict to the behaviour of metallic phades1851, Hittorf reached a conclusion
after the investigations on the conductivity of 8gand CuS that an electrolytic
conduction mechanism has existed in these matatiaisig the current flo#!? This
marked the opening of the era of solid state ionaterials. At the end of nineteenth
century Walther Nernst provide fundamental contidns to science and technology in
terms of explaining the ionic transport in solidsdaderived the well known Nernst
Equation. He also discovered that the ionic corndnah heterovalently doped zirconia at
elevated temperature occurs due to the transpartidé ions. The so- callddernst mass
with specifically favourable composition 85% zir@nand 15% yttria was thus
discovered which he used in INernst lampand the material is still remained as a ‘high-
tech’ oxygen ion conductdr®!12ater in 1914, Tubandt and Lorenz investigated the
temperature variation of conductivity of Agl andetged remarkably high values of ionic
conductivity when heated beyond 147°C. At this terapure Agl undergoes a structural
change from a low conducting hexagonal phase tb bopducting cubico) phase. The
superionic conductivity ofi-Agl is due to the Agions and its ionic conductivity is
higher than that of the molten materddf*'*1 This experimental study has been
considered as the first methodological investigatio the exploration for high ionic
conduction in solid systems. In subsequent yeafferent kinds of solids exhibiting
remarkably high ion conductivity at their operatitgmperature were identified. Indeed
the existence of the field of solid state ionicenean to picture in the year 1967 after the
discovery of two groups of solids having fascingtoonductivity (~0.1 S/cm) : Agion
conducting MAgIs (where M= Rb, K, NH) and N4 ion conducting Ng-alumina?11.14
Bradely et al. discovered the silver ion conductsngids like AgSI and AgMIs (M =

Rb, K, NH).1*% Later on the discovery of these conducting soliiskahashi and
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CHAPTER 1

Yamamotd®, and Chandra et &l. established the use of &) and AgKls in
electrochemical cells. The discovery of Agl ledhe innovation of a wide variety of new
superionic conductors by the substitution of anye @f the ionic species of Agl.
Investigation on the substitution of Ag ions byalant cations like P, Cd*, Zr#* and
Hg?* were carried out by Brightwell et #2! They reported the materials Rk,
Ag>Cdls, Ag2Znls and AgHgla, which were of high ionic conductivity and areldéaat
temperatures lower than that ofAgl. Similar to this development in Ag ionic
conductors, Takahashi and his co-workers reporteevaclass of materials in which the
conducting species are oxide ions. In 1970s thpgrted the oxide ion conductivity of
Bi»0s and mixed bismuth oxid&sand in 1971 that of perovskite materi&sAnother
milestone in this field was the discovery of siggaht oxide ion conductivity in a
brownmillerite structure of B#n,Os by Goodenough! After an order-disorder transition
in the oxygen vacancy network, the conductivitytiidse materials reached to1%/cm
from 103 S/cm at 800°C. From then variety of solid elegtied having cationic (H Li*,
Ag*, Nd', Cu" etc.), protonic and anionic (FO?) conductivity have been reported. An
attractive description of the development and & disionic conducting materials are
available in the text books by Khartémnd Laskar and Chandiz.
For all-solid-state electrochemical device appia#, the solid electrolytes should

exhibit the following common features

@ lonic conductivity should be high (~1aL.0* S/cm)

@ Electronic conductivity should be negligibly sm@tl 108 S/cm)

@ Principal charge carriers should be ions

@ lonic transference number should be close to unity

@ Activation energy for ion migration should be low1 eV)

@ They should preferably be a single ion conductinigis®>2
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CHAPTER 1

In general, solid electrolytes exhibit conductivitglues in between that of metals and

insulators with same order of magnitude as those lighid electrolytes and

semiconductors. Fig. 1.1 illustrates the schenwdttbe electrical conductivities of typical

solid electrolytes with metals, semiconductors andulators compared at room

temperaturé!:28

Insulators
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Sio,
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e YSZ

. Cug
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eqion o,
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R
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Figure 1.1: Comparison of electrical conductivity ®some solid electrolytes with metals and
insulators at room temperature

Some of the well-known ionic conductors proposedliffgrent research groups are

listed in Table 1.1.

Table 1.1: Examples of some ionic conducting matetlis and their conductivity values

Conducting Conductivity ~ Temperature

o Compound (Sicm) (°C) Ref.
a-Agl 2.6x10 147 [29]

AgsSI 1.0x1¢ 25 "

Agsl sWOq4 4.7x10° 25 "

Silver (Agd) Agal,WO4 4.8x10° 27 "

RbA:ls 2.7x10 24 "

KAQg4l.CN 1.4x10 25 "

RbAgI4CN 1.8x10 25 "

Silver$- alumina 6.4x10 25 "
RsCuClio 3.32x1 25 [30]

RbCuCl4 2.25x10 25 "
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CHAPTER 1

Copper (CU) KCuls 6.0x10 270
B-CwS 2.0x1¢ 400 [31]
a-Cu.Se 4.0x10 750 "
Rb4CU15|7C|3 3.4x10" 25 [32]
CuTeBr 1.0x10 25 "
LIAICI 4 1.4x10° 140 [33]
LICdCla 3.2x10 400 "
LiMgCl4 1.4x10" 400
LiMnCl4 1.4x10" 400
Lithium (Li*) LiFeCL 6.3x10? 400
Li1aZnGeOss 1.3x10" 300 [34]
Li7La32r2012 7.1x10° 75 "
Li oAl Tio-(PQu)s
(x=0.3) 1.1x10? 100
LisN (H-doped) 6.0x19 25 [32]
Li3,6GQ),6Vo,404 4.0x10° 18 "
Nay+xZr2SikP3-xO12
(0<x<3) 1.0x10* 25 [35]
N&sz.1Zr1.98M1go.0sSi2POr2 1.0x10° 25
Nég.1Zr1.555i2.3P0. 7011 3.0x10° 25
Sodium (Na+) NzNi2TeOs 10.1-10.8 300 [36]
NaZn TeGs 5.1-7.0 300 "
Na- B-Alumina 1.4x16 25 [32]
NASICON 1.0x1¢ 300 "
Potassium (K) K- B-Alumina 6.5x16 25 [32]
K-0-Ga0s 1.0x10° 300 [37]
Lead (PB") Pb-p”-Alumina 4.6x10° 40 [32]
Proton (H) SrCe.05Ybo.05035Hx 8.0x1C° 900 [32]
H3PW:2040.29H0 1.7x10¢ 25 "
(Bi1.67Y0.3903 1.0x10? 550 [32]
Oxide (C) Ce.sGth.O1.9 5.0x1¢ 727 "
Zr0O,-Ca0-MgO 7.4x18 1000 [38]
Zr0Oz-Y 203 1.2x10" 1000 [38][39]
[40]
a'-PbSnk 1.0x10-3 25 [41]
B-Pbk ~10° 20 [42]
B-PbSnk 8.0x1¢? 150 "
Fluoride (P KBiF4 1.0x10* 20
Cak ~101 150
LaRs ~102 200
PbR 1.0x10 460 [32]
NHsSneFs 1.0x10" 80 "
Chloride (Ci) SrChb 1.0x10? 642 [43]
RbPbC4 1.0x10° 310 "
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1.3. Mechanism of ionic conduction

Essential condition for ionic conductivity to occis the presence of defects.
Besides to this other conditions, like continuoathp of ions to ease vacancy movement
or continuous paths of vacant interstitial siteggsist interstitial migration, also needs to
satisfy?* lonic conductivity occurs by the hopping of iomerfi one site to other through
the crystal structure, so it is essential to haardigd occupancy of energetically equivalent
or near-equivalent sites. The conduction mechamiambe broadly classified in two (a)
vacancy migration and (b) interstitial migratiom the case of vacancy migration, a
number of sites that would be occupied in the defeze structure are indeed, empty may
be due to either a creat8dhottky defect formation or the presence of chdirggurities.
So it is possible for an ion adjacent to the vagasite can able to hop to this site leaving
its own site vacant. Even though, hopping is o@try the ions not by the vacancies,
this process is known as vacancy migratibon.the case of interstitial migration, ions
displaced from their lattice site and occur inititerstitial site Erenkel defectormation).
Once this happened there is a chance of ions inirttezstitial sites to hop into
neighbouring interstitial sites. Both of these mrgration mechanisms in the ion lattice
are also known as hopping modét*“® Fig. 1.2 explains the migration mechanisms
schematically. In the case of solid electrolytemnstimes cooperative ion migration
mechanism also operates. This is known as int@tstitor knock-on mechanism. In this
case an interstitial ion displaces an ion fromeigiilibrium lattice site. Afterwards the
displaced ion can move to another interstitial. ditethis way this mechanism is different
from the direct interstitial mechanisth®® The process of ionic conduction is thus takes
place by a series of definite hops between neighibgsites in the conduction pathways.
The mobile ions are majorly located in a specifte,svhere they can undergo thermal

vibrations. Rarely do they escape from their sitd dop rapidly into an adjacent site
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where they can reside for a considerable time bafawving or hop back to their original
site. This concept of occasional ion hop forms lthsis of random walk theory and is

commonly used to describe ionic conductivity seraitfitatively>?

Vacancy migration Interstitial migration

Figure 1.2: Schematic representation of the ion migtion mechanisms

For a material to become an ideal solid electroliftshould act as an electronic
insulator and a good conductor of a particulardaspecies. Transport number is one of
the figures of merit of this materi&f.

t; = "; <1 1.1
whereg; = conductivity of the desired ionic species

o = total conductivity Vizocelectronict © ionic

Generally, for a material to become a promisingidsalectrolyte its ionic
conductivity ©) and ionic transport number)(heeds to have properly high numerical
values over a wide range of temperatures and partigen pressures. The commonly
used mechanism to explain oxygen ionic migratioroxide ion conductor materials is
vacancy hopping mechanisfh.lonic conductivity can be expressed in terms & th
product of concentration;joof the mobile species (interstitial ions or vaciar) and their

mobility (ui) and charge (q) as shown in equation 1.1.
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o; = CiqHy 1.2

It is obvious that in order to increase the ioroaductivity the two parameters i.e.,
either mobility and/or concentration of the mohdes can be modifie®f The value of ¢
can be improved by a number of ways: (a) by dofimdpy deviation fronstoichiometry.
Doping involves the addition of aliovalent (or hetealent) impuritie€. This includes the
partial replacement of one kind of ions by ions different formal charge. For
maintaining the charge balance, either interstitiak or vacancies must be created at the
same time. If any of the vacancies or interstitais able to migrate, exciting increase in
conductivity can result. For obtaining charge beé&nthere are four fundamental
mechanisms are present for aliovalent doping dboatas explained in fig. 133.The
stoichiometry deviation involves the reaction wighs phase results in the reduction or
oxidation of the compound and creation of excessrstitials or vacancies. But at the
same time this process produce electronic spedms #ereby leading to mixed

conductior?

Charge compensation mechanisms

Doping
with cations

Higher
valent

Anion
interstitials

Lower
valent

Cation
interstitials

Anion
vacancies

Cation
vacancies

Figure 1.3: Solid solution formation by creation ofvacancies/interstitials
on aliovalent cation doping

Concerning the ionic conductivity in solids, sombservations are made to
understand its origin. The first scrutiny is thhe tcrystal must have unoccupied sites
which has to be equivalent to those occupies by ldltiece oxygen ions. The next
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observation is regarding the activation energy Wiscthe minimum energy required for
the ions to overcome the free energy barrier feuecessful jump among the site. The
activation energy involved in the process of migratof ions from one site to the
unoccupied equivalent site should definitely belsmia. less than about 1 e¥/.

The ionic conductivity is strongly temperature degent, so an ionic conductor
with negligible electronic contribution the elecai conductivity follows Arrhenius type

temperature dependence as expressed in equation 1.3
_ % _Ea
o= exp( kT) 1.3

WhereEa = Activation energy for conduction

T = Temperature

oo = pre exponential factor

k = Boltzmann constant

The pre exponential factor depends on many terclading the number of mobile

ions, defect concentration, ion jump distance aretjuiency, structural geometry of
conduction path ways etc. This is the basic eqnatibich can be useful for studying the
ionic conductivity data for oxide ion conductdfs.
1.4. Classification of SICs

Depending on the type of mobile charge carrieng tonic conductors are

classified generally in to three categories (i)arat (i) anionic (iii) protonic.

1.4.1. Cationic conductors

In the case of cationic conductors the electricalductivity is due to the presence
of positively charged ions which acts as the mobiarge carriers. Cationic conductors
are further divided depending upon the kind of nemns. Some of the major cationic

conductors include lithium ion, silver ion, sodiuion, copper ion conductors etc.
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Examples of a few cationic conductors, their moldns and conductivity values are
listed in Table 1.1.
1.4.2. Proton conductors
A proton conductor is a crystalline or amorphouatenal,which permits the
passage of electric current through the materigiquéarly by the movement of protons,
H*.“8 Because of the small radius of the proton, isol&i&édon will not exist in solids
under equilibrium conditions. In the case of salidterials H does not move itself rather
it would bind to a molecular unit in a crystal asdift from one site to another by
molecular rotatio? H* is having strong polarizing power, so it can baogalently to
one or two electronegative ions or atoms in theosunding system. In general, there are
three different bonding mechanism for proton aesent
(a) The acceptor site for the*Hnay be an ion of the immobile lattice like the
formation of a hydroxo group.
(b) H" may be attached to a mobile iesformation of a hydroxyl ion, OH
(c) H* may be attached to a mobile molecuiormation of HO*, NH4* 5°
Therefore, the present day literatures included sb&d materials in which
conductivity is by means of migration of polyatonpimtonic species like #*, OH or
NH4" also under protonic conductors. The first investtans on the protonic conductivity
of trivalent cation doped (Y, Yb, Gd and Eu) SrGedd BaCe®is reported by Iwahara
and collaborators! Proton conductors find many technological applaraiin the field of
fuel cells, sensors, membranes, electrochromiacde\etc?
1.4.3. Anionic conductors
lonic conductivity in these kind of materials ocglny the movement of negatively
charged ions which acts as the mobile charge carfi@vo major classification of anionic

conductors are
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(i) Oxide ion (&) conductors

(i) Halide ion conductors (FCI etc.)
1.4.3.1. Fluoride ion conductors

Among the various halide ion conducting systemsoi-conducting system is well

studied. Because of its small size, and singlegghdituoride ion conducting materials
exhibits high anionic conductivty even at low temgtere with negligible electronic
conductivity®®®* Thus F ion conductors can find applications in many sddicte
electrochemical devices like fuel cells, solid stdtatteries, electrochromic displays,
sensors etc. Temperature dependent conductivitysmhe representative ™ Hon

conducting materials in various forms are depidatefiy. 1.4>*
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Figure 1.4: Temperature dependent conductivity plad for some representative fluoride ion
conducting materials in the form of glasses, polyitc conductivity crystalline, nano-
crystalline and thin films5*

1.4.3.2. Oxide ion conductors
Oxide ion conductors are an exciting class of nigtem which migration of oxide
ions in an oxide lattice occurred by means of oxittevacancies and the electrical charge

carried exclusively by oxide ior?8.0Oxide ion conduction is a peculiar property of some
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solid materials andhe first report on the oxide ion conductivity whg Nernst in
stabilized zirconia designated as YSZ (Znath 15 wt. % Y;O3) systemin the turn of
19" century?¢-57

In the case of solid state oxide ion conductors, tlansport of mobile ions is
carried out by vacancy hopping mechanism. Accoiginghajority of the materials
studied contain oxygen vacancféonsidering the recognized demand for the presence
of oxygen vacancies for obtaining significant oxygen conductivity, researchers have
introduced anion vacancies into a non-oxygen-daficstructure. One approach to create
anion vacancies is by doping with aliovalent caihiThis in turn forms extrinsic anion
vacancies, as opposed to the inherent intrinsianes in the structuré.

For a long period after the discovery of oxide smnductivity in solid materials,
their applications were restrained to peculiar dosdhat do not demand high current
densities such as oxygen sensors due to the latkgbfperformance materiai®.The
ground for this restriction is that, being a doubharged ion with a big radius (r) of 1.40
A, oxide ion, strongly interacts with the cation netivaDue to this, high mobility can
only be accomplished by specific classes of masewith relevant structural feature&s®°
Many research efforts have been executed in oaleeduce the operating temperature
and/or to permit high current densities by impragvithe known materials especially
zirconia based electrolytes and to come across mé@th phases or families of materials
which can assure the increasing variety of needsmRhe historical point of view,
fluorite-type oxide materials consisting of quadtent cations (such as ZrOCeQ,
ThO;, etc.) has been most widely investigated, primaokcause of the considerable
research works performed on stabilized zirconiaajoplication in solid oxide fuel cells

(SOFCs)®
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Oxide ion conductors such as Fluorite type, Pem@dikpe, Rhombohedral type,
Pyrochlore type, Aurivillius type, Roddlesden-Poppge and BiOs based oxides etc.
find important applications in solid-state electremical devices, including sensors, solid
oxide fuel cells, high temperature electrolyzensgd @xygen separation membranes. A
large number of literature reviews are available tbe discussion of conductivity
properties and the application of these systérris>®61-63

So far, high mobility has been observed in onlynzalé number of structural
families, such as fluorite, perovskites, pyrochéorBbOs based oxides etc. Some of the

important classes of oxide ion conductors are shioviig. 1.5.

Oxide ion conductors

Perovskite based Other novel structural oxides Fluorite based
* YSZ
0 LaGaO, W Ruddlesden-Popper-Type ® Rhombohedral type % Ce0,
0 LSGM @ Brownmillerite ® Pyrochlores * ThO,
W Aurivillius type ® Zircon type * U0,
@ K,NiF, ® Scheelite-type * HfO,

F LAMOX  mApatite ¢BIMEVOX @ Bi,O;based vAnti-a-AglOxide 1« Melilite

Figure 1.5: Classification of different types of oide ion conductors
1.5. Brief introduction to Zircon structure
Zirconium silicate (zircon, ZrSig), a common accessory mineral in nature, is
considered as the prototype of zircon structurg. [BAe crystal structure of Zircon was
concluded independently by Vegard (1926), Binks2@)9 Hassel (1926), and Wyckoff
and Hendricks (1927). Later in 1958 Krstariovias refined the structure of this

material®® Zircon-type compounds [Space group (S®)i/amd Z=4] with chemical
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composition ABQ have been extensively studied because of theinntdagically
important physical properties such as magnetic @piical properties as well as the
mineralogical significance in understanding theiystal chemistry*%® lonic radii and
charge combination of the A and B cations are thesial factors in determining the
diversity of crystal chemistry of ABzompounds. Depending on these two parameters,
these types of compounds can crystallize in sdiee¢hG:141/a), monazite (SGP21/n),
zircon (SG:l41/amd, wolframite (SG:P2/¢), barite (SGPbnn), anhydrite (SGAmMmM3,
MnSQy (SG: Cmcn) and CrPQ(SG: Imma-type structure§®® Among various ABQ@
oxides, most of the silicates, vanadates, arsenat@®mates and phosphates are
isostructural with zircon; some of the phosphates @arsenates appear as polymorphs of
guartz; a few of them such as germinates, molylsdategstates etc. prefer to crystallize
in the scheelite structure whereas a number of Indaltes, tungstates and tantalates
choose the wolframite structure to crystalf2eAmong the various AB@oxides with
trivalent A (A%*) and pentavalent B f8) cation combinations, structures associated to
scheelite, monazite, zircon, CrP@d MnSQ are recognised either at ambient or non-
ambient temperature pressure conditions. Thoughtrivalent cation A" belongs to any
one of the rare earth ions i. e. La-Lu, Y and Sonazite and zircon type structures are
the only crystal structures recognized for vanaglatel phosphates. However, most of the
heavier lanthanide vanadates and phosphates tizesialtetragonal zircon structuf@.

The tetragonal zircon type structure consists @hiedBO, tetrahedra. The A atom
is coordinated by eight O atom that delineateangular dodecahedron (bisdisphenaids)
The ACs dodecahedron in zircon can be defined as twopatestratingAOs tetrahedra:
one elongated along [001] and the other one is cesspd? The principal structural unit
in zircon can be described in terms of chains térahtingBOs and AGs polyhedra

extending parallel to the c-axis. The chains araep laterally by edge-sharingOs
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dodecahedra. Four edges of each dodecahedronweitiar@djacent dodecahedra and two
edges with neighbouring tetrahedfaFig. 1.6 shows a representation of zircon structure
of ABO4 type compound. Zircon is having a relatively omdructure with small voids
between theBO; tetrahedra anédOs dodecahedra and open channels parallel to [001].
These kinds of voids can be possible interstitis¢ svhich can have the ability to
incorporate impurities. These sites can hold ititeak ions without much structural

strain/®

Figure 1.6: Zircon structure of ABO, compounds

Materials from the family of lanthanide orthovanteda(LnVQ), mineral name
wakefeldite, have recently been appeared as prmognigiass of materials due to their
unique physiochemical and optical properties. Owmghese properties, these materials
find applications in the various fields such as poments of catalysts, lasers,
cathodoluminescent materials, Raman lasers, low-logptical planar waveguide,
thermophosphors, scintillators é#c’? High temperature electrochemical applications of

rare earth orthovanadates due to their sufficieatiisty under operating conditions have

18| Page



CHAPTER 1

been reported by Tsipid.Generally, LnVQ compounds show polymorphism and may
crystallize in two common structural forms; tetragb (t-) zircon (ZrSi@) and
monoclinic (m-) monazite (CeRJY* "8 Both of these structural forms are related in such
ways that lower symmetry monoclinic structure canfbrmed by the introduction of
ninth oxygen into the A-site cation coordinationheme of the zircon structurAt
ambient pressure and temperature larger lanthaiideprefer the crystallization in
monazite-type structure, while smaller lanthanimfesifavor zircon-type structuf@.

In zircon phase of orthovanadates, the V-O distaeoeains constant within the
experimental error and there exists four long and Ehort A-O distances. One set of A-
O contact is of long bond distance which is assediavith the elongatedOs tetrahedra
and the other set of short bond distance relatethéocompressedQ, tetrahedrg?8°
Conceptually, zircon structure can be imaginedhaschains of alternating edge-sharing
AQs bisdisphenoids an¥Os tetrahedra as isolated chains of edge-shavi@g and
elongatedAQ; tetrahedra, both being tetragonal disphenoidsneitig parallel to ¢98!
The zircon structure can be analysed as a supesteuof rutile (TiQ) because in the
zircon structure each of the cations is surrounoledwo adjacent cations of the other
kind along the c- axis by eight (4+4) cations damer distance thus forming a body
centred tetragonal subshell which is a typicaloratirrangement of rutile structui®.

Detailed crystal structure refinement of most akraarth vanadates with zircon
structure were carried out by Chakoumakos &t @hey reported that depending upon the
size of the Ln atom, viz. as the Ln atom size desee V-O distance showed a systematic
shortening and the average V-O bond length is fdortae around 1.709(2) A for all the
studied orthovanadates. The Ln ion atomic numbsrahstrong influence on the oxygen
positional parameters, the cell dimensions and_th® distance. The O---O edge shared

with the bisdisphenoids are about 8% shorter ti@npolyhedral edges which are not
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shared, results in a slightly elongat@, tetrahedron. The two sets of Ln-O distance of
LnGs bisdisphenoids originating from the four long bertd the edges shared with the
tetrahedral and the four short bonds to the edbased with other bisdisphenoids. In
LnVO4 system the lanthanide metal atom and vanadium satme placed at 4a and 4b
positions respectively and oxygen is at 16h pasitiith (0, y, z) coordinate¥.
1.5.1. Literature survey of zircon type ionic condators

In the last ten years, Ln\VOmnaterials have emerged as prospective materials fo
electrochemical applications such as Li ion batf* and SOFC8>°! One notable
benefit for LnVQ-derived components of SOFC anodes is their gosidtearce to carbon
deposition and sulphur-containing impuritfé$1-°3 Scrutiny of available literature data
on electrical characterization shows that the rsaslied system among Ln\Qeries is
cerium orthovanadate CeMOMany researchers are already visible in the syrgheasd
exploration of electrical conductivity of CeMMased materialS:88:90.94%9n 1995 Rao
and Palanr reported the electrical and thermal behaviour€@¥Qy for the first time.
According to them, however Ce\fObehaves as an insulator both in pure and
stoichiometric compositions; it exhibits a p-typensconductor behaviour in a
temperature range of 30°C to 800°C due to the tlemidrom cation stoichiometry. An
explanation given to account for the p-type coniductin the lattice was given by the
coexistence of a few numbers of “®Céons among the lattice sites of Teons and
therefore the conduction was occurring via therynalttivated motions of holes on
equivalent C¥ sites. Thus the existence of‘Céns in the place of Césites leads to
the formation of a few vacant cationic sites whigch turn results in a p-type
semiconduction. Watanabe et%alreported a detailed discussion on the electrical
conductivity of CeVQ, CaxMxVOs.0x (M= Ca, Sr and Pb) and €@iyVO4 systems.

Based on the Seebeck effect data, the compound CeM© demonstrated as a p-type
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semiconductor. The electrical conductivity as wasdlthe number of oxygen vacancies
increased with the incorporation of divalent casisuch as Ca, Sr and Pb in to the
Cerium sublattice. The conductivity of Bi doped @&Ms found to be slightly higher
than that of parent Ce\fCor y<0.5, and lower with30.5. Increased conductivity for
CeV(Qy system was reported with A-site substitution yakhe earth ions like Ca and
Sr8890 Oxygen ion conductivity of the substituted CeM®essentially independent of A-
site dopant concentratiocceptor-type substitution is compensated by irgirgp
average oxidation state of cerium ions which inntunduces higher electronic
conductivity. The higher value of conductivity isrtributed by hopping of electron-holes
between CE/Ce* cations. lonic transport was explained in termsntdrstitial oxygen
diffusion mechanism. Contrary to the ionic condoietidivalent cations have influence on
the p-type electronic conductivity and Seebeck fomeht of the vanadates. Later reports
by Petit et al®% on SF* and C&" substituted CeV@also confirmed that the alkaline
earth metal cations increases the electrical cdndiycin CeixAxVO4(A = Ca, Sr)
system within the solid solution formation limite. both cases the conductivity of the
doped CeV@is higher in air but have a lower value in a radg@atmosphere comparing
to the pure CeV® whereas the latter shows an increased conductidityeduced
atmosphere. The improvement in conductivity infairthe doped samples is independent
of dopant level.

According to the available literatures the data ebectrical properties of other
LnVO4orthovanadates and their derivatives are very sGmir and L&P1% studied the
electrical transport data for the Ln¥@Ln = La-Yb) series using pressed pellets for
conductivity measurements. From their results tbeycluded that LnV@systems are
essentially electronic semiconductors. For all shedied compositions, the Arrhenius

plots of conductivity showed unusual behavior hgvéeveral variations of slope and a
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sharp enhancement of conductivity in the tempeeatange between just about 600°C
and 850°C, in vicinity of melting point of vanadiymentoxide, ¥Os (Tmert = 681°C). So
it is possible to imagine that these data therefosy be strongly influenced by the
presence of ¥Os impurity, its melting and evaporation, and acconyiag dimensional
changes of the samples on temperature cycling

Electrical transport properties of Pry®ingle crystals were reported by Yadava et
all% for the first time. They measured the electricahductivity of this material
perpendicular to the crystallograpli@axis in a temperature range of 25°C to 730°C. In
the lower temperature region from 25°-430°C the emat showed an extrinsic
conduction and above 430°C large polarons are ns#iple for electrical conduction.
Huse et al®? reported the electrical properties of undoped &l doped Lav@
Acceptor-type substitution by Ca in a monazite-type;-xCaVOs resulted in
approximately one order of magnitude increase éndlectrical conductivity compared
with the undoped LaVg) but the solid solubility of calcium in La subla# is very
limited i.e., < 5 at. %. LepdLa.01VOs was reported to be a pure ionic conductor in
oxidizing atmosphere and in the measured temperaturge from 300°-1100°C. Proton
conductivity dominating at low temperatures undet wonditions reaching a maximum
conductivity of 5x1® S/cm at ~900°C, and oxide ions act as the dommigatharge
carriers at high temperatures.
1.6. Applications of ionic conductors

Oxide ion conductors are an exciting class of nigtehaving technical importance
in a wide range of application domains. Oxide i@mductors are primarily used as a
potential candidate for fuel cells of the solid aitype (SOFCE&)% oxygen

pumps$°41% oxygen gas sensdrs® ceramic membranes for oxygen separafioh?®
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partial oxidation of light hydrocarbotf§11° and as catalysts etc. A brief description of
some of the important applications is highlightedhe later sections of this chapter.
For commercial applications solid electrolytes rsedd satisfy the following

fundamental requirement&

a. The material offers an impermeable barrier to gasesliquids, but permits the
passage of one or more kinds of ions through iteéawhen a tendency for such
migration exists. The potential gradient createdeziby an applied voltage or by
a chemical potential gradient of the migrating i@nk induce this tendency.

b. The material permits the measurement of the diffe@eof chemical potential of
the migrating species on either side of it in tewh®. m. f. in an appropriately
constituted cell.

c. The materials should be stable and resistant to tieigyperature corrosion.

1.6.1. Oxygen sensors
An oxygen sensor or oxygen probe or oxygen metaniglectrochemical device
which is used to determine the proportions of oxy¢®)) in gas mixtures or liquid
metals and alloys being analysdtl consists of a solid oxide electrolyte, a refeen
electrode (a gas mixture or two-phase solid mixhaeing a known chemical potential of
oxygen) and an unknown electrod@
Oxygen sensor is an oxygen concentration cell®faebHowing type

reference gas, Pk solid oxide eIectronFe Pample gas

p(02)°, poze (oh) p(02), po2
A simple schematic representation of the samevisngin fig. 1.7.

The chemical potential of the unknown electroglecan be determined directly from the
measured electromotive force (e.m.f) of the celhgshe following well known equation

by Nernst*?
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(ko,~10,)  RT Jnpo
E=-—"—=—(—>") 1.4
Do,

F — Faraday constant

u — chemical potential

p — partial pressure

R — Universal gas constant

T — absolute temperature

Superscript ° refers to the reference gas.

By determining F, the unknown pressyxe may be calculated if the partial pressure of
oxygen in the reference gas pfOis known. Concentration of oxygen in moles peit u

volume can be calculated from the equadtién
p=(2)RT 1.5
n — no. moles of oxygen

v — total volume of the gas

Capillary
Barrier

Counter electrode

Working electrode

w
(=]
o
E
g
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ELECTROLYTE

Figure 1.7: Simplified schematic representation odn oxygen sensor

Depending upon on two principles different kindssehsors have been developed based
on solid electrolytes. These are
(a) Potentiometric sensors based on the chemical paltelifference across the solid
electrolyte

(b) Amperometric sensors based on the charge passedjththe electrolyte.

24 |Page



CHAPTER 1

1.6.1.1. Potentiometric sensors

Exhaust Gas

Poz (sensing)’{

YSz
electrolyte

Porous
Pt electrodes

TR

Figure 1.8: Schematic diagram of potentiometric oxgen sensor

In a potentiometric gas sensor, determination @& toncentration or partial
pressure of oxygen is carried out by the equiliripotential measurement on solid
electrolyte —electrode cells using Nernst equatidh.Even for low levels (ppm) of
oxygen also these kinds of sensors offer accustéble and reproducible measurements
In general these high temperature solid state sense oxygen ion conducting materials
as electrolyte$!* Commonly used electrolyte is YSZ due to its highidexion
conductivity and stability even at harsh environteehe most important applications
for the auto exhaust sensor includes the contrdlioto Fuel ratio (A/F) in automobile
exhaust gases and industrial combustfoid?Sensor output arises from the combined
effect of chemical and electrical processes. Winendevice is exposed to the test gas
environment, adsorption of oxygen molecules onegbrous electrodes occur leading to
the formation of atomic oxygen. Which in turn dg&uin to the boundary of the electrode,
electrolyte and the gas called the ‘triple phasendary’ (TPB) where electron transfer

from the electrode takes place leading to the ftionaof oxide ions. For assisting these
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processes the electrodes needs to be a good tdtalysxidation and reduction of
oxygen, required to have a porous microstructureclear sufficient TBPs and the
electrolytes must be good conductor of oxide ionsha operating temperature of the
device®

1.6.1.2. Amperometric sensor

By applying an external potential across the etdytie, electrochemical pumping of
chemical species from one chamber to another isilpes The resulting current flow
through the cell provides the measure of oxygencentmation and is called limiting
current amperometric sensors. These sensors doeqoire reference oxygen column
since the diffusion or interfacial phenomena atetextrode is linearly depend upon the
partial pressure of the gas constituent. Amperamsénsors are mainly used to measure
dissolved oxygen in liquids. They are also findlaggpion in lean burn engines where the
p(0.) does not vary strongly with A/F ratio comparedhe engines operating at or near
the Stoichiometric A/F ratié!'* In such condition the logarithmic dependence @2p(
as in the case of potentiometric sensors not woddga linear dependence of oxygen
concentration as in amperometric sensors provittetesultg:>114

Fig.1. 9 represents an amperometric oxygen sensor
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Figure 1.9: Amperometric oxygen sensor based on YSZ electrolyte
1.6.2. Oxygen Pumps

Oxygen pumps or solid electrolyte oxygen separati§EOS) device is an
electrochemical device which is used to producegeryfrom air without using water. In
an oxygen pump electrical potential is utilizedpttss separation and the device requires
an electrolyte which is oxygen ion conducting onGeramic membranes based on
oxygen pump systems comprised of two main advastameer the conventional
technologies such as

a. An oxygen transport membrane based on oxygen pusmpis the continuous

operation and

b. Air can combine with the pure oxygen streams preduzy the pump and thus it

can form varying levels of oxygen enriched ¢3s.

According to the operating principle of oxygen pymapplication of voltage My
across the electrodes promotes the conduction idedrns from cathode to anode. At
high temperature, £in cathode get reduced to oxide ions by receielegtrons from the
external circuit. The oxide ion conducting elegttel then acts as a medium for the
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transport of & ions from cathode to anode. At anode, by losiegtebns & again form
O2 molecule.
0, + 4e~ — 20?% (Cathode)

20% - 0, + 4e” (Anode)

The applied voltage drives the movement of elestroaetween the electrodes via
external circuit and hence the current can be predluThus the oxygen pumps operating
in such a way, by applying continuous current othcathode/electrolyte/anode system,
movement of oxygen from cathode to anode via ttid stectrolyte occurs!® According
to Faraday’s law this current correspond to an eryfiux of I/4F moles of @s? (where
| is the current density and F is the Faraday’sstamt)transported through the solid
electrolyte!®*115By adjusting the applied voltage or current toghenp, in principle, one
can accurately control the oxygen removal rates tifer a distinct way to attain a high
precise values of oxygen partial pressure in eith@sed or open system. Oxygen pumps
can be useful for removing oxygen from ambient emunents, both liquid and gaseous,
deoxidation of molten metals, and for the removabxygen from a flowing gas stream
or from a closed systef’

1.6.3. Oxygen permeable membranes

Dense ceramic oxygen permeable membranes (OPMs$) miked oxide and
electronic conductivity have become of great irderdor high temperature
electrochemical applications including oxygen pmicn from air or other oxygen
containing atmospheres, separating high-purity erygrom air or other oxygen
containing gas mixtures, partial oxidation of meghand other light hydrocarbons, waste
reduction and recovery, sensors, and as membratrdor the chemical upgrading in
efficient, clean and economical meahs!®®11811Djfference of oxygen partial pressure

on the two sides of the membrane will act as theirdy force for the separation of
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oxygen!?® Use of pure oxide ion conducting membrane instafad mixed conducting
membrane offer better control over the intensitypxygen removed or generated via the
control of the level of current passed. Pure oxme conducting ceramic membrane
technology is useful for the production of oxygegmoval of oxygen in gas streams and
enclosures and for the control of oxygen leveld¢oarate calibration gas&s.

1.6.4. Solid Oxide Fuel Cells (SOFCs)

One of the major challenges for the scientist angireeers is the production of
energy by means of a clean, efficient and envirariailly friendly manner. Solid Oxide
Fuel Cells (SOFCs) are electrochemical devices ¢hat offer considerable advantages
over the conventional power generation technologiasl cells are the devices which can
convert chemical energy of a fuel gas in to eleatrpower without the need of direct
combustion and thus they are efficient and enviremlly clean'?2122SOFCs find high
power applications in various fields such as fakle industrial stations and large-scale
electricity generating stations, motor vehicles. etompared to the other fuel cell
technologies, SOFCs has some differences

1. SOFCs are composed of all-solid state materials
2. SOFCs are capable operating at high temperatut€9(Q=C)
3. Since the components of SOFCs are all-solid statemals, there is no basic
restriction on the cell configuratidi?
The basic unit cell of SOFC consists of four marnamic components
(a) Anode (b) cathode (c) solid electrolyte and (dg¢iobnnect

A schematic of the SOFC and its working is illusgchin fig.1. 10.
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Figure 1.10: Working of an SOFC

Elementary steps involved in the production of gleqower can be explained as
follows: the fuel is fed into the anode of the fgell and the oxidant gas, usually air, is
supplied to the cathode. The solid electrolyte Whgeither an oxide ion conducting or
proton conducting material is sandwiched in betwibentwo electrodes. At the anode the
fuel will undergo oxidation reaction and releasectibons to the external circuit.

Anode reaction: H, + 0 - H,0 + 2e~
At the cathode, the oxidant accepts these elecfronsthe external circuit and gets

reduced to oxide ions.

Cathode reaction:%o2 +2e” - 0%

These oxide ions can diffuse through the solidtedéde to the anode where it will
electrochemically oxidize the fuel. In order tofiiuhis reaction, the cathode must be able
to dissociate oxygen and to be electronically cotide. Presence of electrical
connections between the two electrons permits kb Df electrons from anode to

cathode, where a continuous supply of oxide iomgHe electrolyte is maintained, and
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oxide ions can move from cathode to anode via mte, maintaining the overall

electrical charge balance.

Overall cell reaction: H, + %02 - H,0

Thus, the flow of electrons through the externatwis from anode to cathode
produces electric power and the cycle repeats asetlelectrons enters the cathode
material again. The only by-product obtained by ¢b# reaction is water and heat. As
long as the reactants are available to the eleesratie cell will produce current under the
cell operating condition¥2124

The electrochemical reduction of oxygen occurshat$OFC cathode. In order to
accomplish this, the cathode should possess tlwviag requirements (a) it should have
sufficient porosity to permit the diffusion of oxgy (b) matching thermal expansion
coefficient with the other components under therajeg conditions (c) chemically
compatible with the other contacting componentseurttie operating temperature (d)
high catalytic activity for the reduction reactiqe) high electronic and oxide ion
conductivity (f) chemical and microstructural stapi under oxidizing atmospheres
during the operation and fabrication (g) adhesiorelectrolyte surface. It is usually
considered that the electrochemical reaction ocatithe triple phase boundary (TBP),
i.e., the site where oxide ion conductor, electtaronductor and the gas phase are in
contact (fig 1.11). The cathode polarization lossasnected to the reduction reaction is
generally responsible for the considerable losgottiges in SOFC. Appropriate cathode
material selection is required to minimize thiskgemn. The choice of cathode material is
dependent on the electrolyte material. Commonlydusathode material is Sr doped

LaMnOs (LSM).8:123-125
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TPB

Figure 1.11:. Schematic diagram of triple phase bowdary (TPB)

An electrolyte is one of the major components oFECand is responsible for the
transportation of ions between the electrodestHerseparation of the reacting gaseous
species, for restricting the internal electroninawction, and to compel the electrons to
flow through the external circuifsCurrent researches are mainly focused on SOF®s wit
oxide ion conducting electrolytes instead of pratonducting electrolytes. In the case of
oxide ion conducting electrolytes the conductionurs by means of oxide ions from the
air electrode to the fuel electrode. The transmdrions is a result of the thermally
activated hopping of ®ions from one crystal lattice site to the neightioy site. The
energy required for this ion migration must be $rifal

At present a lot of oxide ion conducting matersateported, only few of them are
suitable for SOFC applications. For satisfactoryfggenance as a solid electrolyte, the
material should meet multifaceted property crit¢hat limit the choice of the material.
This includes

(a) For an optimum cell performance, the electrolytetamal must be free of

porosity so that it will restrict the gases to peate from one side of the
electrolyte to the other side

(b) The material should be thermodynamic stable ovemwide range of

temperature and oxygen partial pressure.
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(c) The material should have high oxide ion condugtiyit 102 S/cm) at the cell
operating conditions

(d) The electronic conductivity of the material shoblel negligibly small under
the cell operating temperature

(e) The material should have good chemical and mecakommpatibility with
the electrodes in order to reduce the interfa@alistances and to avoid the
formation of blocking interface phases.

(H Coefficient of thermal expansion (CTE) between #hectrodes, electrolytes
and interconnects should be compatible in ordexvtmd cracking during cell
operation.

(g9) The material should be stable in both oxidizing egatlicing environments

(h) Low cost of starting material and should be ecomdion fabricatiorf:12°126

Due to these requirements, the choice of eleceslyis limited to zirconia
electrolytes, doped ceria, doped LaG#&@sed perovskites and>Bk. The mostly studied
and developed electrolytes for high temperature G@fe stabilized zirconia especially
yttria stabilized zirconia (YSZ123125

The primary role of an anode material in the SOBQoi act as a site for the
electrochemical oxidation of the fuel and to transfharge to the conducting cont&ct.
125 The general requirements for an anode materialudec (a) high electronic
conductivity under the cell operating conditiong (batching CTE with adjoin cell
components (¢) good chemical and thermal stalilitying fabrication and operation of
the fuel cell (d) chemical compatibility with elealytes and interconnects under reducing
atmosphere and under the operating conditionsdelirable catalytic activity towards
the oxidation of fuels (f) tolerance to coke deposi and sulphur poisoning and

reoxidation (g) sufficient porosity for the fuelpply and removal of reaction product (h)
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adequate mechanical strength and flexibility, ease fabrication into required
microstructures and low cost (i) good ionic andcetaic conductive phases (j) larger
TPBs®12312%|onic conductivity allows the anode to extend \aztieaction sites for fuel
oxidation from a broader region of TPBs to anodéase, and electronic conductivity is
essential to transmit the electrons resulting fritva electrode reaction out into the
external circuif Ni-YSZ cermet is the commonly used anode maténiatonventional
SOFC designs using YSZ as electrolytes andyas or mixture of CO and.Hjas as
fue|.8'123'125

In SOFCs, interconnects are generally used for mgaklectrical contact between
the cells and for the gas separation within the s&lck. Major requirement for this
material includes (a) high thermal and electricahductivity (b) manageable CTE
mismatch with other components of the cell (c) higlkchanical strength and phase
stability under the cell operating conditions (tl)should be impermeable to gas (e)
compatible with the other components of the cetl has to be stable with respect to the
oxidising and reducing gases (f) low cost and eddabrication (g) high electronic and
low ionic conductivities.

For high temperature operations, suitable matenhbich satisfies the above
mentioned criteria is doped rare earth chromiteh s perovskite lanthanum chromite

(LaCrQs) doped with Sr and C&t23
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1.7. Scope of the present work

Mixed metal oxides find applications in several rgiyerelated fields, electrode
materials, electrolytes, superconductors etc. i, ¢bntext rare earth based mixed metal
oxides show superior properties. Therefore the gmtesvork envisages preparation of
novel mixed metal vanadates having tetragonal aistoucture. The preparative methods
adopted for the current study are solid state ggihand combustion synthesis. The
effect of alkaline earth metal such as magnesiudhraonovalent metals like lithium and
silver on the electrical properties of well knowincan-type rare earth orthovanadates is
the main focus of the study. These materials wgnehssized and their structural and
microstructural characterization was done. Infleeioé¢ Mg cations on the conducting
properties of the materials compared with the pamesterials was carried out in detail.

Structure-property correlation of the prepared miatewas studied.
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CHAPTER 2

INFLUENCE OF MAGNESIUM-DOPING ON SOME ZIRCON-TYPE
RARE-EARTH ORTHOVANADATES: STRUCTURAL AND ELECTRICAL

CHARACTERIZATION
¢ ¢

Undoped LnV®@ and Mg-doped LgbsVo.09Mgo.1d04-s (Ln = Pr, Sm, Gd, Dy and Er)
orthovanadates were synthesized by solid stateaudedimnd characterized by XRD,
SEM/EDS, electrical conductivity measurements, datermination of oxygen-ion
transference numbers by modified e.m.f. technigkieD analysis showed the
formation of phase-pure materials. Trace amountsMgfO and Mg-V-O phases
revealed by SEM/EDS suggest that the solid sotylmfi Mg cations in LnV©lattice

is somewhat lower than the nominal doping leveld ahat Mg substitutes
preferentially into V sublattice. Ln\AGind L.9sVo.95Mgo.1d04-s Show semiconducting
behavior under oxidizing conditions at 450-950°Cd aare predominantly oxygen-
ionic conductors, except PrMOwhich is a mixed conductor. In LnYGseries,
electrical conductivity is highest for PrM@nd SmV@(~4x10* S/cm at 800°C) and
decreases with increasing atomic number of rargkeaation for other compositions.
Additions of Mg results in a drop of electrical cluttivity, by 1.5-2 times for most of
compositions. Interstitial oxygen diffusion is dissed as a prevailing mechanism of
ionic transport in undoped Ln\V/Owhilst Mg doping suppresses the formation of
interstitial oxygen ions. Humidified atmosphere mather negligible impact on the
electrical properties of substituted ceramics, gading only minor (if any) protonic

contribution to the total electrical transport dfd studied orthovanadates.

* 4
T. H. Gayathri, A. A. Yaremchenko, J. Macias, P.hidsh, S. Ananthakumar, “Magnesium-doped
zircon-type rare-earth orthovanadates: structundl electrical characterization”, Ceram. Int, 44 18D
96-1083.
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2.1. Introduction

Over the past few decades, significant researdbrtef have spent into the
development of ionically conducting solids, par&ly oxygen ion conductors. The
importance of these materials has generated extenstientific and technological
concern and there have been a continued drivehér application in crucial areas such
as solid electrolytes in solid oxide fuel cells,ygg&n pumps, gas sensors, oxygen
permeable catalysts, batteries, electrochromicsiapdays eté:® The necessity of highly
conducting solid materials for higher temperatyspligations outlines the importance of
alternatives. This challenge can be overcome eitherimproving already existing
materials i.e., by choosing suitable dopants osdnrching for new classes of materfals.
Acceptor-type doping probably leads to a chargeaiarice and is compensated by
introduction of oxygen vacancies. This leads todexion conductivity depending on
vacancy concentration and oxide ion mobififyConventional categories of solid oxide
ionic conductors include fluorite type or perovekitype oxides as the superior
candidates, with yttria stabilized zirconia (YSZ3 the widely used electrolyte for
practical applications.

Recently, there has been a huge attraction fac iconductivity in oxides of other
structural type$® REXQy (where RE is the rare-earth elements includinghkmoids
from La to Lu as well as Y and Sc, and X is a pealtent cation) compounds are
considered as potential candidates for a numbexisting and emerging technologies.
Rare-earth orthovanadates (REY@nd particularly lanthanide orthovanadates (LayO
belong to the large family of REX®Mave attracted significant research interest indake
two decades due to their versatile physical progeeduch as luminescence, Jahn-Teller
phase transitions, magnetic and electronic progssricatalytic activity eté® These

materials show diverse application in various Betdich as host materials for phosphors
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and high power laserssounter electrodes in electrochromic devices, gassa@s,
components of oxide fuel cell anodes, oxidative ydebgenation of light alkanes
thermophosphors for remote temperature measuremeane$ringent materials, optical
polarizers, X-ray and-ray scintillators for medical imaging applicationshemically
durable materials for waste disposal ®tt. Under ambient pressure, LnYO
orthovanadates crystallize in two polymorphs, eittegragonal zircon-type (ZrSKp or
monoclinic monazite-type (CeRPDstructure with space groupgli/amd and P2i/n,
respectively. Larger La cation favors stabilizatioh monazite-type structu¥® while
orthovanadates based on other rare-earth catiotengodo zircon-type structural
family®121319-2Tetragonal zircon-type structure is composed of foumula units per
unit cell and can be viewed as a network of alteémgaedge-sharing Lngdodecahedra
and VG tetrahedra forming chains parallel to the c-awhjle for monazite structure
LnOg polyhedra are edge-shared with M@trahedra along the c-axist®??

In the last ten years mixed metal vanadates h#vaceed huge attention as a
prospective material for electrochemical appligagisuch as Li ion batterfé€*and solid
oxide fuel cells (SOFCS$:2>*°0One important advantage of LnW-@erived components
of SOFC anodes is their good resistance to carleposition and sulphur-poisonfig®
32which is critical for hydrocarbon-fueled SOFCs.dastion of available literature shows
that the most studied system among LnV@eries is cerium orthovanadate,
Cevo4_16,19,20,29,33—35

So far the impact of alkaline earth ion such as dfgthe electrical properties of
zircon-type LnVQ has not been explored in detail. Mg is known teehanoderately
good stability and is considered to be an apprtgandidate which will not reduce the
substituent ion and thus admits for the studyséftect on the electrical properties of the

material?®-36
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Assuming common oxygen vacancy diffusion mechansimionic transport,
acceptor-type substitution, e.g. by magnesium, iihee sublattice of LhV® may be
expected to increase the concentration of oxygean@es in zircon-type structure, thus
improving ionic conduction. Aliovalent doping by greesium is frequently used to
enhance oxygen-ionic conductivity in variety oxideramics materials such as LSGM
solid electrolytes, perovskite-type titanates awoflte-type ceria-based solid solutions.
The ionic radius of Mg cations is intermediate between that of octacoatéd L5 and
tetracoordinated ¥ implying that theoretically magnesium cations nsapstitute in
each of sublattices. Many reports are availabletlen studies of acceptor-type Mg
substitution on different cationic sites of ceramigdes aiming to improve the transport
properties of the materidt*’#2Li et al3*reported an increase of ionic conductivity on
Mg doping in the Ti site of ferroelectric perovekiNa sBiosTiO3. In addition to the
enhancement of ionic conductivity of the system, Bigping reduced the sintering
temperature and improved the electrolyte stabitityeducing atmosphere. Enhancement
of total oxide ion conductivity of well known oxiden conductor LaxSkGa-yMgyOs-s
(LSGM) on excess doping of Mg on Ga site was regablty Zhao et & Higher ionic
conductivity was due to the higher concentratioomabile ions generated by the excess
Mg. Improvement of conductivity of Mg-excess samplas explained on the basis of
dopant-vacancy association formation mechanism aisd the formation of more
conductive grain-boundary phase composition atdrigsdmperature by the re-dissolution
of Mg rich phase along the grain boundaries. Kiitasét al*® studied the effect of Mg
substitution on the oxide ion conductivity of apatiype lanthanum silicate
(Lag.33Sis0O26). The partial replacement of La by Mg decreasedcibnductivity, whereas
substitution for Si increased the conductivity witte amount of Mg and dual doping

resulted in slight improvement of conductivity. this background we have chosen
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tetragonal zircon-type LnVO(Ln = Pr, Sm, Gd, Dy and Er) as our host latticel a
investigated the effect of substitution of a thegdtion such as Mg on the structural,
microstructural and electrical properties of thetegn (present study).

2.2. Influence of Magnesium-substitution on some Hon-type rare-earth

orthovanadates: Structural and electrical characteization

The present work is focused on the impact of accdype doping by magnesium
on the electrical properties of zircon-type Ln¥@.n = Pr, Sm, Gd, Dy, Er)
orthovanadates. The nominal cation compositionopied orthovanadates was formulated
as Ln.osVo.99Mgo.104s (=(LNo.9sVIgo.05)(V0.99MQ0.05)O3.09 in order to elucidate the
mechanism of substitution.

2.2.1. Experimental
2.2.1.1. Solid state reaction route for ceramics mthesis

A conventional solid state reaction technique \adspted for the synthesis of
LnVOg4 (Ln = Pr, Sm, Gd, Dy, Er) and b8sV0.99Mgo.1d045 samples in the present work.

Solid state ceramic route is one of the most widekepted and easiest approaches
for the preparation of polycrystalline ceramic miails. Direct reaction of the starting
materials in solid state is occurring in this meth&enerally the solids do not react
together at room temperature over normal time sc#&ler the reaction to takes place at a
considerable rate, it is necessary to heat thermastdo high temperature. The steps

involved in the preparation process of ceramic nedteare represented in fig. 2.1.
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Figure 2.1: Flowchart showing the steps involved isolid state reaction method

High purity ceramic oxides/carbonates are taketh@saw materials. In the present
work Mgs(CQOz)a(OH)2*5H20 (99.0%, Sigma-Aldrich), B®11, Sm0Os, GbOs, Dy-0s,
Er03 (99.0%, IRE, India), ¥Os, (99.6+%, Sigma-Aldrich) were used as the starting
materials. In order to obtain maximum homogeneity, dried powsdef the starting
reagents were weighed stoichiometrically, mixedrdhghly in appropriate proportions
and ball-milled for 24 hours in ethanol medium gsyttria stabilized zirconia ballS he
slurry was then kept in hot air oven for dryipge-calcined at 650°C and 750°C for 6
hours in air at each temperature with intermedjgitedings, and then calcined at 1000°C
for 30 hours with several re-grindingSalcined powders were then ground well in to fine
powders and mixed with the binder, 4 wt. % polyvialgohol, PVA (average molecular
weight 72,000, BDH Lab suppliers, Poole, U.K.),edriand ground well agailhese

powders were pressed uniaxially at 100 MPa int&-disaped compacts and sintered in
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air for 6 hours at 1300°C for Ln\/and 1250°C for Mg-doped materials air with an
intermediate soaking at 600°C to expel the bin@ering sintering, the pellets were
properly covered by the powders of the same catmmposition to minimize possible
high-temperature losses. Optimization of sinterwogditions was considered to reduce
porosity. The density of sintered samples was calculated fileenmass and geometric

dimensions.

X-ray diffraction (XRD) patterns of the preparedamic materials were recorded
using PANalytical X'pert Pro diffractometer (Ni#ilred Cu-K: radiation). Refinement of
the XRD data was conducted using X'pert Highscdues Boftware in order to elucidate
the lattice parameters and calculate theoreticabide Microstructural analysis of the
sintered, polished and thermally etched sampletedoaith palladium—gold mixture was
performed with the aid of a scanning electron nscape (SEM, JEOL JSM-5600 LV).
Determination of possible minor phase impuritiessvperformed using SEM (Hitachi
SU-70 microscope) coupled with energy dispersivecspscopy (EDS, Bruker Quantax
400 detector).

For electrical measurements, porous Pt electroées painted onto flat surfaces of
polished ceramic samples and sintered at 950°Gdomin. The electrical conductivity
(o) was studied in controlled atmospheres using irapeé spectroscopy (Agilent 4284A
precision LCR meter, frequency range 20 Hz-1 MHIhe measurements were
performed in temperature range 400-900°C in coaleggme with equilibration at each
temperature step. In the course of electrical sgjdbxygen partial pressure and relative
humidity in the gas flow were continuously monitrey the yttria-stabilized zirconia
solid-electrolyte sensor and by Jumo humidity tdaleer, respectively. The relative
humidity in air (supplied by air compressor wittyidig unit) corresponded te 10% (at

room temperature). The term “wet” air refers toas dpumidified by bubbling through

52|Page



CHAPTER 2

distilled water at room temperature. The averaggen-ion transference numbers, §
for selected materials were determined by the nemtlielectromotive force (e.m.f.)
technique employing air,Pt | oxide | Pt@Xxygen concentration cells and taking electrode

polarization into accourté:**

2.2.2. Characterization Techniques
2.2.2.1. Structural and Microstructural characterization

2.2.2.1.1. Powder X-ray Diffraction

X-ray powder diffraction (XRD) is an instrumenta&chnique primarily used for
revealing the crystal structure. It is more useful qualitative analysis rather than
guantitative analysis. Monochromatic X-ray beam alhincident on the crystalline
sample will either be transmitted or scatteredheydlectrons of the atoms in the material.
Generally, the scattered waves will interfere degively with each other. Though, in
special orientations the waves interfere constvabtiwhere Bragg's Law (nh= 2dsirb)
is satisfied. The direction and intensity of théfrdcted beam depends on the crystal
orientation with respect to the incident beam. €hestal lattice consists of parallel rows
of atoms which are separated by a particular distdmown as inter planar spacing or
simply d-spacing (d), which are able to diffrace tK-rays. The wavelengtii) of the
characteristic spectrum of X-rays can be compar@btespacing. Intense reflected beam
will be produced when the path difference betwédenreflections from these successive
planes is equal to the whole number multiple of wWeerelength and the sharp intense
maxima observed at a specific direction in therddfion spectrum is the direct proof for
the crystallinity of the material. The powdered pdas provides random orientation of
particles in all possible directions so that thenptete idea about the crystal structure can

be available by the precise analysis of the diffoacpatterrf
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Figure 2.2: XRD patterns of as-prepared (A) LnVQ and (C) Lno.gsV0.99Mgo.10045 CErAMIcs.
Insets show expanded view of (200&flection for (B) LnVO 4 and (D) Lho.9sV0.99MJ0.1004-5.

Fig. 2.2 (A and C) demonstrates the XRD patterna®ofprepared LnVOand
Lno.9s8V0.99Mgo.10045 samples. XRD analysis indicates that the entiteepas are highly
crystalline in nature. All the reflections can bedexed in space groupt/amd
characteristic for tetragonal zircon-type structumeagreement with the reference data for
undoped orthovanadates [ICDD PDF #01-082-1970 (®1}074-8274 (Sm), 01-086-
0996 (Gd), 01-074-8276 (Dy), 01-078-5264 (Er)]. Mwurity peaks were observed in
XRD patterns of Mg-doped samples (fig. 2.2.C) paowards a complete solid solution
formation of the samples upon Mg addition. An exgethview of XRD patterns in the
range P = 22.5-26.5° can be seen from the insets in fig. B and D). The intense 200
reflection shifts to a higher angle with increasiapmic number of Ln cation, in
correlation with the decrease of its ionic radithis observation is common for both
LnVO4 and L9V 0.905Mgo.1004-5 Series.
2.2.2.1.2. Rietveld refinement

Structural refinement using Rietveld analysis ig ofhthe best technique that have
been developed for extracting structural detadsnfipowder diffraction data. The method
make use of a trial structure for starting thennefnent process and then calculate its

powder diffraction profile and finally compare iittvthe measured profile. Modification
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of the trial structure can be done by varying teBneable parameters such as lattice
parameters, site occupancies, atomic positionsk gbape parameters etc. until the
measured pattern will form a best-fit match witk thal structure. The consistency of the
outcome of the refinement result not only depend¢he starting model to be refined but
also on the data quality, on the integrity of tlesatiption of the observed profile by the
analytical function and on the refinement approathe entire diffraction profile is
calculated (model) and is then compared with theepled step profile and finally the
adjustment of the parameters of the model is dgriedst square method. The process of
refinement will continue until we get a best fitad progress of refinement is monitored
by several criteria of fit, among them the quabtyfitting between the observed and
calculated profile is evaluated by various residpatameters or R values like profile
factor (R), weighted profile factor () and expected weight profile factoref and

Goodness of Fit (GOR?).474°

R — 100ZL|yiyeil 2.1
p Z?:lyi .

wherey;, y.; and n indicates the experimental, calculated and totahimer of points

respectively.

S wilyived Yz
Ry = 100 |2=20lizYeil 2.2

n 2
i=1 @iV

Herew; is the reciprocal of the variance of observatipn

1
Rexp = 100 [%]2 2.3

i=1 @iYi

Here (h — p) represents the number of degrees of freedans (the total number of

experimental points amglis the number of refined parameters

Xt = [Rﬂr 2.4

Rexp
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Detailed analysis on the obtained XRD data in theent work was performed by
Rietveld simulation and refinement using X'Pert kBgore Plus software so as to
elucidate the structural modification resulted frdg substitution.The standard ICDD
pattern similar to the observed peak profile anel stoichiometry anticipated for the
preparation of the system were considered to miktrgy models for the simulation. In
this way, the reference data for tetragonal ziryge LnVQ; with space groupds/amd
(no. 141) and respective rare-earth cations (exgthin section 2.2.2.1.1.) were used as
starting model for Rietveld refinement. In zircoqpe¢ structure, rare-earth cations,
vanadium cations and oxygen ions occupy 4a(0,3%,4b(0,1/4,3/8) and 16h(x,y,z)
sites, respectively. Magnesium cations may be d@gpeo be distributed equally between
4a and 4b positions, or to substitute preferenti@to one of the sublattices. The latter
must be accompanied either by the formation oboatiacancies in second sublattice or
segregation of secondary phase(s) in order to miaitie lattice conservation condition.
The refinements based on all three possibilitiabgstution in Ln sublattice, V sublattice,
or equally in both sublattices) were carried owgelrio-Voigt peak shape function was
used for profile fitting. Even though all these retsdproduced satisfactory results, the
model based on magnesium cations distribution th Ba and 4b sites yielded a better fit.
Structural refinement results for the olgdVo.99Mgo.1d0s5 Samples are summarized in

Table 2.1. Corresponding data for Lny€kries are given in Table 2.2.
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Table 2.1: Rietveld refinement parameters for Li.9sV0.95Mgo.1d04-5

CHAPTER 2

Ln Pr Sm Gd Dy Er
Structure Zircon Zircon Zircon Zircon Zircon
Unit cell Tetragonal  Tetragonal Tetragonal Tetragjon Tetragonal
Space group 14,/amd 14,/amd 14,/amd 144/amd 14,/amd
Lattice constant, A

a 7.3629(4) 7.2646(2) 7.2099(3) 7.1438(4) 7.0974(2)
c 6.4655(4) 6.3869(2) 6.3496(3) 6.3108(4) 6.2742(4)
Rexp 15.32 12.19 9.43 8.98 8.73
Ro 15.16 12.95 7.99 8.28 9.32
Ruwp 18.69 16.37 10.07 11.20 11.37
GOF 1.49 1.80 1.14 1.55 1.82
Table 2.2: Rietveld refinement parameters for LnVQ
Ln Pr Sm Gd Dy Er
Structure Zircon Zircon Zircon Zircon Zircon
Unit cell Tetragonal Tetragonal Tetragonal Tetramjon Tetragonal
Space group 144/amd 144/amd [4:/amd [4:/amd 144/amd
Lattice constant, (A)
a
c 7.3622(3) 7.2696(1) 7.2127(1) 7.1477(2) 7.0977(2)
6.4644(3) 6.3912(2) 6.3485(1) 6.3096(2) 6.2753(2)
Rexp 10.36 12.65 9.49 8.33 8.61
Ro 10.53 11.89 7.47 7.30 8.44
Rwp 13.79 15.10 9.54 9.24 10.68
GOF 1.77 1.43 1.01 1.23 1.54

In both cases, the lattice parameters show a liva@ation with the ionic radius of

rare-earth cations, as shown in fig. 2.3; both g @fattice constants reasonably decrease
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with decreasing ionic radius of £ Doping with magnesium has rather negligible effec

of the lattice parameters.
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Figure 2.3: Dependence of lattice parameters of (A)nVO 4 and (B) Lno.gsV0.95Mgo.10045 ON
ionic radius of Ln3* cation. lonic radii are taken from Ref. [46]

The quality of the fit between the observed andtudated XRD pattern can be
examined on the basis of different R-factors swlprafile factor (), expected weight
profile factor (Rxp), weighted profile factor () and goodness of fit (GOF) vald&sin
the present study, all the samples show GOF vaf2esndicating a good agreement
between the calculated and observed profile withelimits of experimental error. Fig.
2.4, fig. 2.5, fig. 2.6 shows the representativectia of Rietveld refinement of XRD
patterns of GdV@ Gab.95V0.99M0o0.1004s5 and Eg.95V0.99MJo.10045 Samples respectively

showing experimental, calculated and the differgprodiles.
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Figure 2.4: Rietveld refinement spectrum for the saple GdVO.
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Figure 2.5: Rietveld refinement spectrum for the saple Gdo.95V0.99Mgo.1004-5
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Figure 2.6: Rietveld refinementspectrum for the sampleEr .95V o.99Mgo.1004-s.
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2.2.2.1.3. Scanning Electron Microscopy (SEM)

Scanning electron microscope is a type of elecinicroscope in which images
are produced by electron mapping of the specimehisurcapable of producing high
resolution images of a sample surface. SEM usedretes rather than visible light to
form high resolution (1 nm to 20 nm) images. In SEMelectron beam is focused on to a
small area on the specimen and is then scannedsathe surface to create a two
dimensional image. One of the major advantages BM Sover other traditional
microscope is that it has large depth of field whaffers more of a specimen to be in
focus at one tim&? SEM is mainly used for the study of surface motphyp of the
specimens. The interaction of primary electron i specimen will generate secondary
electrons, characteristic X-rays and backscattetedtrons. The primary use mode in
SEM is secondary electron imaging (SEI), which piaes the surface morphology of the
sample. In the present investigation, sintered rograsamples prepared by proper

polishing and thermal etching were used for SEMyama
2.2.2.1.4. Energy Dispersive X-ray (EDX) Spectrospy

Energy dispersive x-ray analysis is an analytieehhique used in combination
with SEM or transmission electron microscope (TEM)marily for the elemental
analysis or micro chemical characterisation of m@a. The elemental analysis can be
done by analysing the developed X-rays during titeraction of the specimen with the
primary electron. When a primary beam of electr@roh the specimen it will results in
the ejection of inner shell electrons from the si@mpn outer shell electron will take its
place releasing X-ray signal whose energy can lageckits nuclear mass and the energy
difference between the two electron orbits involvédese X-rays are characteristics of
the material and can be detected and analysed byetiergy dispersive X-ray

spectrometer. The constituent elements of the saanpan thus be determined by
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analysing these characteristic X-rays. The charnatte X-ray signal is detected using
detector and is converted in to electrical signéle energy of the detected X-ray is then
compared with the energy of the known samplesansiistem and creates characteristics
peaks at different energy levels correspondindp¢oeiements present. The area under the
peak corresponds to the amount of each elemengmirasthe sample. EDS is useful for
detecting impurities in the sample and also foedeining the chemical composition of
the material.

In the present case, as magnesium doping levelhisashd XRD is not sensitive to
small amounts of phase impurities, ceramic samplese further inspected by SEM
coupled with EDS to identify possible minor secaiydphases. Microscopic analysis
detected inclusions of periclase MgO phase andhangthase belonging to Mg-V-O
system. Representative examples of SEM/EDS reatdtshown in fig. 2.7. These results
suggest two conclusions. First, solid solubilitynognesium in zircon lattice is below the
nominal doping level. Limited solubility is causedobably by mismatch between the
ionic radius of Mg* and both A-site {#"(Sn?*) = 1.079 A, Y"(Er¥*) = 1.004 A and
rV''(Mg?*) = 0.89 Af® and B-site cations'fi(V°>*) = 0.355 A and'¥(Mg?*) = 0.57 A) in
host lattices. Secondly, magnesium prefers to gutesinto vanadium sublattice, and this

is compensated by segregation of Mg-V-O phase iataia the A:B = 1:1 cation ratio.
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Figure 2.7: SEM micrograph of fractured Lno.osVo.e9Mgo.1d04+5 ceramics with overlaid EDS
elemental maps showing the inclusions of Mg-V-O pis& (left column) and periclase MgO
phase (right column).

Experimental and relative densities of sintereciicec samples are given in Table
2.3. PrvQ and SmVQ ceramics were comparatively porous, whereas cth@ples had
relative density around 90% or higher. Doping witlagnesium apparently improves
sinterability. This can be attributed to the preseof traces of Mg-V-O phase with low
melting temperature (melting temperatures of2Wig; and Mg(VOa)2 correspond to

~1135 and ~1212°C, respectivéhp?.
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Table 2.3: Density and relative density of sinterederamics

LnVO 4 LNo.95V0.09MJo.1d04-5
e Density, Relative density, e Density, Relative density,
glem? % glem? %
Pr 4.03 83 Pr 4.21 90
Sm 421 81 Sm 4.64 92
Gd 4.93 90 Gd 4.88 92
Dy 4.94 87 Dy 5.17 94
Er 5.34 90 Er 5.22 91

Note: theoretical density of Mg-doped ceramics wasstimated assuming
(LNo.98Mgo.05)(V0.98Mdo.05) Os.0 cOmposition of the zircon phase and neglectingeliapurities.

Representative SEM images of Ln¥@nd Ln.o5Vo.909Mgo.10045 polycrystalline
ceramic samples are given in fig. 2.8. The graze siaries in the range from 1 to 25-35
um. Magnesium doping seems to promote the grain tipgwvobably due to the presence

of trace amount of low-melting phase impurities.

Figure 2.8. SEM micrographs: fractured (a) PrvQs and (b) Pro.gsVo.98VIgo.10045 CEramics;
polished and thermally etched surface of (¢) GdvV®and (d) Gdy.95V0.99Mgo.104-5 CEFrAMICS.

2.2.2.2. Electrical properties
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2.2.2.2.1. Impedance analysis

One of the most important studies that are useth&vacterize the bulk resistance
of a crystalline solid material is A. C. conductyvimeasurements. Different techniques
are employed for the measurement of A. C. condigtiihe most commonly used
technique is the electrochemical impedance spaxtpys(EIS). EIS is a widely accepted
tool to study the electrical properties of soli@attolytes and is used for understanding
the grain, grain boundary and electrode contrilputeothe overall ionic conductivity with
electronically conducting electrodes. This studspalive information about the dynamics
of mobile or bound charge carriers in the bulkrmteifacial regions of any type of solid or
liquid material such as ionic, semiconducting, rdixeectronic-ionic and even insulators
(dielectrics). EIS is a useful technique to invgaste any intrinsic property that influences
the conductivity of an electrode—materials systeman external stimuluS.In EIS, the
a.c. conductivity measurement is based on the edutiade on the measurement of cell
impedance over a range of temperatures and fregpgeand analysing them in complex
impedance plane (Cole-Cole plot or Nyquist pt8tEIS is also a useful method for the
study of batteries, fuel cells, corrosion etc.

In general, the electric response of polycrystallogramic materials arises due to
intra-grain, inter-grain and electrode effects. Timevement of charges could be occurred
by charge displacement, dipole reorientation, sgd@gge formation, hoping and other
mechanisms. For proper understanding of electpogberties of the given materials, the
ceramic grain, the grain boundary and the electomagributions must be separated. The
inter-grain boundaries present in ceramic mateaa¢s defective regions as well as the
place of segregated impurities or dopants. Hemoe) the electrical point of view, it can
be supposed that the grain bulk and the grain eyn@gions have different dielectric as

well as conductive properties. Apart from this, ttexramic region in contact with the
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electrodes has to be “modified” with respect toitiveer part of the bulk region: different

Fermi levels of the two materials in contact witrih Schottky barriers, imperfect

conductivity of the electrodes creates a screereggn varying the potential distribution

in their neighbourhood and the metallic ions midiffuse in to the ceramic material

creating a doped interface region. In any of themses, the dielectric and conductive
properties at the contact electrode-ceramics nbghdifferent with respect to the rest of
the material. The complex impedance analysis meltfagdconfirmed as an effective tool
for separating these contributiois.

In order to execute the electrical measurementassess the electrochemical
behaviour of electrode and/or electrolyte materils typically prepared with cells
having two identical electrodes applied to the $agka samples in the form of a circular
cylinder or rectangular parallelepiped. The commuethod is to apply a known voltage
or current to the electrodes and observe the regpofhe most common and standard
approach of EIS is to measure impedance by applgirgingle-frequency voltage or
current to the interface and measuring the phasi¢ ahd amplitude, or real and
imaginary parts, of the resulting current at th@&gbéiency by means of either analog
circuit or fast Fourier transform (FFT) analysistbé response. Commercial instruments
are accessible which measure the impedance ascaofuf frequency automatically in
the frequency ranges of about 1 mHz to 1 MHz amdsanply connected to laboratory
microcomputers. In general, the parameters thatbeaderived from impedance spectra
can be come in two categories: (a) those relevaiyt @ the material itself, such as
conductivity, dielectric constant, mobilities ofarlges, equilibrium concentrations of the
charged species, and bulk generation—recombinatitas; and (b) those relevant to an
electrode—material interface, such as adsorpti@cticn rate constants, capacitance of

the interface region, and diffusion coefficientngutral species in the electrode itSélf.
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Impedance spectroscopy is mainly characterizechbynteasurement and analysis
of some or all of the four impedance-related fumtdi Impedance (Z), Admittance (Y),
Modulus function (M), and Dielectric permittivitg) and the plotting of these functions
in the complex plane. Impedance measurements ystratites numerical results, as real

Z' and imaginary Z impedances or modulus |Z| and phase afigés a function of

frequency’>.

Re(Z)=27Z"= |Z|cos® 2.5
and

Im(Z) =Z" = |Z|sin6 2.6
With the phase angle

0 = tan~1(Z"/Z") 2.7

and the modulus

1] = [(2)? + (2")7z 28

EIS data for the electrochemical cells such asdalté are commonly represented
in terms of Nyquist plots. Nyquist plot depicts tineaginary impedance (¥, which is
indicative of the capacitive and inductive charactiethe cell, versus the real impedance
(Z") of the cell. This type of graphical representati® also known as Cole-Cole plot or a
complex impedance plane plot. Cole-Cole plots h#we advantage that activation
controlled processes with distinct time-constapisear as unique impedance arcs and the
shape of the curve contributes insight into possilthechanism or governing
phenomen&® Conventional EIS measures the Z as a function of ® over a wide
frequency range. Hence, from the resulting plotZgb) vs o response that one can
determines information about the electrical prdpsrtof the full electrode—material
system. Equivalent circuit modelling of the EIS alas used to extract physically

reasonable properties of the electrochemical systgmodelling the impedance data in
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terms of an electrical circuit composed of compasesuch as ideal resistors (R),
capacitors (C) and inductors (L). Even though, satems do not essentially behave
ideally with processes occur distributed in timel aace, specialized circuit elements
can be used for equivalent circuit modellg.

A typical Cole-Cole plot for the polycrystalline mple consists of three
semicircular arcs. In ideal cases, the frequenspaese of electrical conductivity of the
polycrystalline ceramics can be modelled by singadeallel RC circuit, with the resistor
(R) corresponding to conduction and the capaci@y ¢orresponding to the charge
accumulation effects. But in some cases insteachpécitor, a constant phase element
(CPE) is used to model the experimental dat&Since the capacitance values are related
to the charge accumulation, by calculating the cigace value associated with a
particular arc will give an idea about where it paps, i.e., whether it is within the bulk
of grains, in the grain boundaries or in the sanggetrode surface. For grain conduction
the capacitance values are in picofarads (pF) ordeereas for grain boundary
conduction the capacitance values falls in the faaads (nF). In latter case there are
bigger chances of charge polarization and therdfeerelaxation associated with grain
boundaries falls in lower frequency region wheréas grains relaxation happens in
higher frequencie® With respect to the range of measurement frequeary the
difference in relaxation frequencies between gemd grain boundary phenomena, the
semicircle may appear as merged or incomplete. ifbercept of an impedance
semicircle with the real axis would yield the ohmésistances such as grain resistance
(Rg) and grain boundary resistancegdjRoffered by the material against the conduction
process associated with it. Total resistance (Rn be calculated from the sum of grain
and grain boundary resistances.

Ry =Ry + Ry 2.9
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The total conductivity can be calculated from theple thickness (l) and the electroding

area (A) using the equation
o= — 2.10

As the grain and grain boundary semicircles wereahways well-resolved, only
their total resistance was considered for calaudatthe conductivity at different
temperatures. The temperature dependence of cavithucan be described generally by
the Arrhenius equation (Eq. (1.3) Chapter 1).

Electrical conductivity in air

Fig. 2.9 demonstrates typical examples of impedaspectra of LnV@-based
ceramics in air. For all compositions, impedancescija comprised two major
contributions. High-frequency semicircle was assayto the bulk resistance, while low-
frequency contribution with estimated capacitanicerder ofuF/cm was attributed to the
electrode process. The presence of electrode gehaiamplies an ionic contribution to

the electrical transport in these orthovanadates.
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Figure 2.9: Impedance spectra of ErVQ and Ero.gsV0.98Mgo.10045 collected in air at 750°C.
Temperature dependence of electrical conductivitghe prepared samples was
studied and is shown in fig. 2.10. All studied mniaile exhibit semiconducting behaviour
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in air (fig. 2.10); the values of activation energfyelectrical conductivity are listed in
Table 2.4. Activation energies for the samples waleulated using Arrhenius equation.
PrvOs and SmVQ ceramics show the highest conductivity in the istdidemperature
range. Also, the conductivity of praseodymium ovinoadate ceramics measured in this

work is ~2 orders of magnitude higher comparechtovalues reported for Prv@ingle

crystals®®
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Figure 2.10. Temperature dependence of electricabnductivity of (A) LnVO 4 and
(B) Lno.9sVo.99Mgo.1d4-5 CErAamics in air.

The conductivity decreases with increasing atonmimiper of rare-earth cation in

the series Gd — Dy — Er. Doping with magnesium Itesin a drop of electrical
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conductivity, by 1.5-2 times in most cases. Notdhgrfor both series of compositions,
the activation energy tends to increase with detnga values (Table 2.4).

Table 2.4: Activation energy of electrical conductiity of LnVO s-based ceramics in air

LnVO, LNo.95V 0.9V go.1004-5
Ln T,°C Ea, kxmof! Ln T, °C Ea, kxmof!
Pr 450-900 55.1+£05 Pr 520-850 53.1£05
Sm 440-900 57.7x0.4 Sm - -
Gd 445-900 75.8+0.3 Gd 500-900 89.0+£0.9
Dy 440-900 74.9+£0.3 Dy 440-900 83.3+0.5
Er 440-900 81.8+0.8 Er 440-900 82.0+£0.5

Note: Activation energy was calculated using Aribermodeb = %exp[—%j ; given errors are
standard errors.

2.2.2.2.2. Modified e.m.f. technique for the measament of oxygen ion transference

number
The classical e.m.f. technique is based on the wneaent of the open-circuit

voltage of a cell having a membrane with two reNsdeselectrodes and placed under a
chemical potential gradient. For an oxygen coneiatn cell with negligible polarization
resistance of electrodes, the average oxygen iamsference numbert{ ) can be

calculated from the ratio of the measured e.m.txBo0 theoretical Nernst voltage

(Eth)-60'6l
o= 22 2.11
th
Where
_ RT, D2
Ey = o lnp1 2.12

p; andp, are the values of oxygen partial pressp(®:), at the electrodes aritj, was
determined using YSZ oxygen sensor. The electrotkripation can cause experimental

errors in the determination of the ion transferenaenbers by the e.m.f. methdd®!
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Most of the errors can be avoided by a proper seleof experimental set-up and

working conditions, non-negligible polarization istance of the electrodes signifies a
more serious problem, particularly at reduced teatpees, in cases of reaction between
electrode and electrolyte materials, and at lowtigdapressures of electrochemically

active component®.

In order to prevent an effect of the electrode poddion resistance on measured
transference numbers, Gorelov’'s modification ofétra.f. method was employed, which
refers to studying e.m.f. of the concentration &k a function of resistance of the
external load closing the circdit®? Gorelov® proved that the electrode polarization
resistance affects the measured e.m.f. of eleatractal cells with mixed ionic-electronic
conductors, as illustrated by fig. 2.11 (A). Theadtic current (1) flowing through such a
cell can be expressed by the formula:

Eth— E,
[= T = ‘e 2.13
Ro+ Re Re

wheren is the sum of the electrode overpotenti&|sandR, are the partial oxygen ionic

and electronic resistances of the mixed conductespectively.
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Figure 2.11: Equivalent circuit of (A) a mixed condictor placed under oxygen chemical

potential gradient, and (B).the cell for the transérence number measurements

At lower overpotentials, when the overpotentialirent dependence is linear
n=1IR, 2.14

whereR, is the total polarization resistance.
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Oxygen transference number can be expressed igrguantitiek, andR, as

_ _%% _ _Re 2.15

to = -
op+0e Ro+R,

whereog,, and o, are the partial oxygen ionic and electronic conidiies respectively.

By substituting equations 2.15 and 2.14 into 2ti8found that

— R 1-1
Eexp = to " Eup [1 + RO;'RE] 2.16

So the determination of oxygen transference nundfemixed ionic-electronic
conductors as a ratio of measured and theoretigalf.evalues may result in the
underestimated ion transference number values duthe presence of the electrode
polarization resistance. GorefSyproposed to connect a variable resistor to thetrelges
as illustrated in fig. 2.11 (Band to study the e.m.f. as a function of its rasis¢ (R1). In

this approach

1

Eth — .
= 1= (Ro +Ry) o+ 2.17
Thus, the value of &an be calculated from a linear dependence fit.
=g =4- (=) + B 2.18
Eexp Rym
Where A and B are the regression parameters,
p="0"t_ A 2.20
Re Re
One should notice that
R, =2 2.21
B
Therefore, the oxygen ion transference number waliilated as
Q — 1 _ te — 1 _ Rtotal 2.22

Re
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wheret,is the electron transference number, &pg,; is the overall resistance of the
sample measured independently by impedance speajrg°0-62

In the present case, for determining the naturelexdtrical transport in the studied
orthovanadates, oxygen-ion transference numbesgletted compositions were studied
by the modified e.m.f. technique. The results (€aRI5) indicate that both undoped
LnVOs and magnesium-doped orthovanadates are predoiyinamtygen-ionic
conductors under oxidizing conditions. Note thatdstd LnVQ are expected to be
oxygen stoichiometric (except probably PryOwith all regular oxygen sites in zircon

structure occupied.

Table 2.5: Average oxygen-ion transference numbedetermined by the modified e.m.f.
technique, (p(&) gradient: 1.00 atm/0.21 atm).

Composition T, °C to
PrvVOy 900 0.67
800 0.72
P10.95V0.98Mg0.10045 900 0.985
800 0.978
SMVQy 900 0.982
800 0.981

Li et al. studied related zircon-type Euy@nd assumed that oxygen ions may
diffuse through interstitial sites along c axisvbe¢n the chains formed by alternating
edge-sharing Eudodecahedra and \{Qetrahedr&® Interstitial mechanism for the
oxygen diffusion in the structural prototype, zincorSiQs, is supported by the theoretical
calculation®* Oxygen transport via interstitial diffusion mecksan was also suggested
for zircon-type CeV@;s and CexAxVOass (A = Ca, Sr) orthovanadaté$®® Cerium
orthovanadate-based phases are believed howevee toxygen overstoichiometric;

oxygen excess is formed to compensate the affofigerium cations to*4oxidation state
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under oxidizing conditions and is accommodatecha form of interstitial oxygen ions.
Similar situation can be expected for Prv@thovanadate as praseodymium has mixed
3+/4+ oxidation state in the binary oxides in diteanperatures below 1200°C ([66] and
references therein). This would explain also reédyi high electronic contribution (Table
2.5) to the total conductivity of this material assng that electronic transport occurs via
electron-hole hopping between®*Pand Pt cations. In the case of other Lny¥Q.n =
Sm, Gd, Dy and Er) orthovanadates, the formatiomntdrstitial oxygen ions may be
expected to occur via intrinsic Frenkel disordesirfg Kroger-Vink notation):

0 ¥ - v5+07 2.23
where Kr is the temperature-dependent equilibrium const@n. the other hand,
substitution by magnesium in either sublattice $thdne compensated by formation of

oxygen vacancies:

Mg, 1=[Vd 2.24
Mgy ] =3Vl 2.25

thus shifting the equilibrium in Eq.(2.23) to theftland suppressing the formation of
mobile interstitial oxygen ions. This can reasogabtplain the drop of conductivity in
magnesium-doped ceramics assuming that mobilitgxyfyen vacancies in zircon-type
structure of LnVQ s lower compared to that of interstitial oxygen.
Effect of oxygen partial pressure on electrical transport

Fig. 2.12 shows total conductivity of selected LnMiased ceramics measured in
atmospheres with different oxygen partial presslireirns out that the studied materials
may exhibit different dependence of electrical amivity on p(Q) determined by the
concentration of dominant point defects in the airdattice. The behavior of Prv O

ceramics seems to support the hypothesis that trerage oxidation state of
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praseodymium cations in this material is highemtBBa and that this orthovanadate is
slightly oxygen overstoichiometric. Reducing p@esults in a decrease of total electrical
conductivity (fig. 2.12A) caused, most likely bydrection of Pr cations and oxygen

release from the lattice:
2[Pr, 1+[0!] ~ 2[Pr; ]+ 0.50, 2.26
(where Pr,, = PF** and Pg;, = PP ) leading to a decrease of concentrations of both

electronic and ionic charge carriers. On the copntraoxygen release from the
Pro.9sV0.99Mgo.1004+ lattice is expected to increase the concentratbioxygen vacancies

andn-type electronic charge carriers:
05 - Vg5 +0.50,+ 2¢ 2.27

and results in a minor increase of total electricahductivity when oxygen partial
pressure is reduced. Note that the results on oxiagetransference numbers and (O
dependencies of electrical conductivity seems tdicate that, contrary to Pr\iD
praseodymium cations in Mg-dopedo B 0.98VIgo.10045 remains in 3+ oxidation state;
available data are however insufficient to exptais difference.

Contrary to Prv@, total electrical conductivity of SmVOremains essentially
independent of oxygen partial pressure in the stu@d(Q) range (fig. 2.12C). On the one
hand, Sm cations has stable oxidation state 3+yandtions of oxygen partial pressure
may have comparatively minor effect of the concardn of defects in this compound in
the studied range of conditions. On the other handninor increase of electronic
conductivity on reducing p# (Eq.(2.27)) may be compensated by a simultaneoner
decrease of ionic conductivity due to the shifeqtilibrium of reaction Eq.(2.23) to the
left. Whatever the mechanism, total electrical aontidity of SmVQy remains

unchanged, within the limits of experimental unaierty.
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Figure 2.12: Temperature dependence of electricabaductivity of (A) PrvO 4, (B)
Pro.gsVo.99Mgo.1d04s and (C) SmVQ, ceramics in controlled atmospheres with different
oxygen partial pressure.

Assessment of possible protonic contribution

As mentioned in introduction chapter (section 1).4.lacceptor-doped
Lao.odCa.01VO45 orthovanadate with monazite-type structure was rtefdoto be a pure
ionic conductor under oxidizing conditions, withofwnic conductivity dominating in the

low-temperature range under wet conditiéhs.
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Figure 2.13. Electrical conductivity of PrVOs (A), Pro.gsVo.0sMgo.1d045 (A) and SmVOs
(B) ceramics measured in dry and wet air. p(20) in dry and wet atmospheres was 3x10°
and ~2.8x1( atm, respectively.

Therefore, in the present study, electrical condiigtof selected orthovanadates
was studied comparatively under dry and wet aiorider to identify possible protonic
contribution to the total electrical transport ese ceramic materials. It was found that,
contrary to LaodfCa.01VOass, humidity has rather negligible effect of the spart
properties of the studied Ln\iased zircons (fig. 2.13). Electrical conductiviay
PrvOs remained essentially unchanged in both dry andawett 450-900°C (fig. 2.13A).
Minor increase, ~10%, of electrical conductivity svabserved in the case of

Pro.95V0.95Mgo.1d04 (fig. 2.13A) and SmV®(fig. 2.13B) at temperatures < 800°C.

77| Page



CHAPTER 2

4_
: o
x —
S 2r
N1
0_
| 1 | 1 | 1 | :
6 8 10 12 14
6
| B o : Pro.95V0.9sMJ0.1004.5
S 4r ° o 580°C
S | ° o
o o)
j“ 2r e ¢ dryair
Yoo b L
' wet air
0_
I 1 | 1 | 1 | 1 | N | "

Z', kQxcm
Figure 2.14. Comparison of impedance spectra of (A8mVO.and (B) Pro.9sVo.9MJo0.1004-5
ceramics collected in dry and wet air.

Fig. 2.14 illustrates examples of impedance spectitected in dry and wet
atmospheres. The impedance spectra for the sa@pi®€; and Pg.95V0.05Mgo.1004-5 are
shown. Thus, protonic transport has rather nedégdontribution to the total electrical

conductivity of the studied orthovanadates undetiag conditions.
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2.2.3. Conclusions

-

Undoped LnVQ and Mg-doped L#wesVo.09Mgo.1dO45 (LN = Pr, Sm, Gd, Dy, Er)
orthovanadates were prepared by solid state reacteihod.

XRD analysis showed the formation of single-phassenmals with tetragonal
zircon-type structure.

SEM/EDS studies of doped ceramics revealed theepoesof inclusions of MgO
and Mg-V-O phases indicating that solid solubildf magnesium cations in
LnVOyq lattice is below the doping level and that magm@sications prefer to
substitute into vanadium sublattice.

All orthovanadates show semiconducting behaviot=it-900°C under oxidizing
conditions.

The results of transference numbers measuremedisaia that the studied
materials are predominantly oxygen-ion conductesssept PrvVQ@ which is a
mixed ionic-electronic conductor.

In LnVOs4 series, electrical conductivity is highest for Biwvand SmVQ and
decreases with increasing atomic number of rardreaation for other
compositions.

Additions of magnesium results in a drop of eleatriconductivity, by 1.5-2 times
for most of compositions.

Interstitial oxygen diffusion is suggested as availeng mechanism of ionic
transport in undoped LnVQOwhilst acceptor-type magnesium doping suppresses
the formation of interstitial oxygen ions.

Humidified atmosphere has rather negligible immacthe electrical properties of
substituted ceramics, indicating only minor (if aupyotonic contribution to the

total electrical transport of the studied orthodatas.
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CHAPTER 3

IMPACT OF MAGNESIUM SUBSTITUTION ON ELECTRICAL

TRANSPORT PROPERTIES OF ZIRCON-TYPE EuVOas
* 4

Magnesium-substituted europium vanadate ceramicgEMW/ Qw5 (X = 0-0.5), were
prepared by solid state method and characterizedXBY, SEM/EDS, dilatometry,

UV-visible spectroscopy, impedance spectroscopgl, maasurements of oxygen-ion
transference numberst{). Magnesium was found to substitute preferentiaily

vanadium sublattice of zircon-type EuvWith limited solubility of 5 at.%. Additions
of magnesium increase slightly coefficients of rirdrexpansion (3.2-6.0 ppm/K at

150-400°C) and have a negligible effect on theaapgproperties. Undoped EuM@s
predominantly an oxygen-ionic conductor with= 0.96-0.99 at 700-900°C under

oxidizing conditions. Acceptor-type substitutiorpmesses total conductivity and
oxygen-ionic transport. The variations of electtit@nsport properties are discussed
in terms of interstitial oxygen diffusion in pardfVQ and oxygen vacancy diffusion
in Mg-substituted vanadate. Humidified atmosphess A negligible impact on the
electrical properties of substituted ceramics bu@sults in increased electrical
conductivity of EuV® indicating a protonic contribution to the total eelrical

transport.

¢
T. H. Gayathri, A. A. Yaremchenko, K. ZakharchukAbhilash, S. Ananthakumar “Impact of acceptor-
type substitution on electrical transport propertié zircon-type EuV@, J. Eur. Ceram. Soc. 38 (2018)
145-151.




CHAPTER 3

3.1. Introduction:

Rare-earth orthovanadates, generally representd¥@s (A is usually a trivalent
metal ion) comprise an important class of multitimeal materials which are extensively
studied for a variety of applications: phosphorsnihescent materials, scintillators,
catalysts, counterelectrodes for electrochromiciadsvetct” Usually, these materials
show polymorphism and may crystallize in two forsaeh as monoclinic (m-) monazite
(CePQ) type and tetragonal (t-) zircon (ZrSiQype3##°Commonly, larger lanthanide
ion favors the crystallization in monazite-typeusture, while smaller lanthanide ions
prefer zircon-type structure at ambient presstrg addition to their vast potential
applications in renewable energy and alternatieegitechnology, currently, zircon type
orthovanadate nanoparticles pay attention towdreliomedical applications also due to
their luminescent properties, chemical stabilityd amon toxicity®> Recently, LnVQ
orthovanadates attracted attention as prospectivagerials for electrochemical
applications such as Li-ion battefi€&and solid oxide fuel celf$"’ Despite intensive
investigations, until now, the information on hitgmperature electrical properties of
LnVO4compounds remains comparatively limited.

Even though, the properties of LnyY@ave been explored in various fields, only a
few of them are well studied in terms of electricahductivity. In this concern, from the
available literature data on electrical charactrm, a well established system is
CeVQu. Watanabe et &P reported the electrical conductivity of Ce¥@nd CexMxVOa-
0s5x(M= Ca, Sr and Pb) and €@i,VO4 systems. The incorporation of divalent cations
not only induces the electrical conductivity of C&\Vbut also increases the number of
oxygen vacancies. They concluded the compound GeA8Oa p-type semiconductor
based on Seebeck coefficient data. The effectkafliak earth metals such as Ca and Sr

on CeVQ have been studied with different dopant conceptrat According to this
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report, oxygen ionic conductivity is essentiallydeapendent of A-site dopant
concentration. lonic transport was discussed imgenf interstitial oxygen diffusion
mechanism. Contrary to the ionic conductivity, peyelectronic transport was found to
be dependent on divalent cation concentrattdhPetit et af® studied St substitution
in CeV(Qy systems and disclosed the increased conductialyeg both in air and in
reduced atmospheres. They confirmed that substituly Sf* increases electrical
conductivity in CexSVO4 series within the solid solution formation limitBhe higher
conductivity of doped samples is attributed to #®realler lattice parameters which
enabled the easy jumping of charge carriers.

As an important member of Ln\\Cfamily, europium vanadate EuM@as been
extensively studied in a large variety of fieldst Zmbient temperature and pressure,
EuVOsis known to crystallize in tetragonal zircon-tygeusture (space grouigh/amd).

A reversible structural transformation from thecaim-type structure into a denser
tetragonal scheelite-type (space grougs/a) phase occurs at high pressure near 8
GPa>1%?0 To date, many research efforts have been dedictitethvestigate the
luminescent and the structural properties of Eu\& well as the Eu-doped systems.
Recently, Kim et af! reported the synthesis of red emitting EuM@hosphor by the
solution combustion method and studied the effdctarmnealing temperature on its
emission properties. Several groups have also teghtie biological importance of these
materials. By virtue of its binding and fluoresceraroperties, EuvV®can be used as a
biomonitor to track biological system%. Mesoporous silica-coated luminescent
europium-doped gadolinium vanadate (GAMEDP*@mSiQ) nanoparticles may serve
not only as an imaging nanoprobe for fluorescemsaging and magnetic resonance
imaging (MRI), but also as an anti-cancer drugweii vehicle?® YVO4:El?* and EuvVQ

nanoparticles have been reported to act as a gawsbis materials for #D, detectior?®
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The literature data on electrical properties of B4\are scarce and contradictory, as
discussed below.

3.2. Impact of magnesium substitution on electricalransport properties of zircon-
type EuVOas

The present work focussed to study the effect béstution by a third cation such
as divalent Mg ion on the properties of the hotttda of tetragonal zircon type EuMO
with the emphasis on electrical transport. Synthesithe materials was carried out by
adopting conventional solid state route. Solidestaute is chosen because, compared to
the other ceramic oxide preparation methods likengbal synthesis, the former needs
only less amount of solvents, simple operation, st and predominantly give high
yields of the required productdThe nominal composition of the prepared matesiads
formulated as MgeuVQOsss (X = 0.0, 0.1, 0.2, 0.3 and 0.5) in order to elate the
mechanism of substitution. In addition to electricaneasurements, structural,
microstructural, dilatometric and optical propested the materials were also studied.
3.2.1. Experimental

MgxEuVQuss (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) ceramic powdene synthesized
using solid state reaction method starting froms(@@s)s(OH)>*5H-0 (99.0%, Sigma-
Aldrich), Ew03(99.0%, IRE, India) and 30s, (99.6+%, Sigma-Aldrich). Stoichiometric
amount of the starting materials were weighed pedgias per the formula, mixed in
appropriate proportions anidall-milled for 24 hour in ethanol mediunihe milled
precursors were then pre-reacted in air at 650°@ @bB0°C for six hours with
intermediate grindings. The resultant mixtures wiemher calcined at 1000°C for 20
hours with several re-grindings. Calcined powdeesenmixed with 4 wt.% of polyvinyl
alcohol (PVA, average molecular weight 72,000, BD&b suppliers, Poole, U.K.) as a

binder and compacted uniaxially at 100 MPa intanclyical disks. The compacts were
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sintered in air for 6 hours at 1300°C and 1200°CEHoVOs and MgEUVOuss (X = 0.1-
0.5), respectively, with an intermediate soakimgetiof 600°C to expel the binder. In the
course of sintering, the pellets were covered by flowders of the same cation
composition in order to minimize possible high-targiure losses. Optimization of
sintering conditions was considered to decreasespygr Shrinkage characteristics of
compacts (green pellets with @ ~ 8 mm and thickre$® mm) were measured using a
horizontal dilatometer (Netzsch DIL 402 PC) fronomo temperature to 1200°C with a
heating rate of 10°C/min. The density of sinterggecsmens was determined by
Archimedes method using deionized water as immensiedium.

X-ray diffraction (XRD) patterns were collected byeans of PANalytical X'pert
Pro and Rigaku D/Max-B diffractometers (Cy-Kadiation). The calculations of lattice
constants and semi-quantification of phase frastiovere conducted using X'pert
Highscore Plus software. Microstructural charagtgion (SEM) coupled with energy
dispersive spectroscopy (EDS) for elemental mappiag performed by Hitachi SU-70
microscope with Bruker Quantax 400 detector. Pluotahescence (PL) measurements of
the samples were performed on a Shimadzu UV-240UY&risible spectrophotometer
using BaSQ@ as a reference for the wavelengths within the eanf 200-800 nm.
Thermomechanical analyzer (TMA/SS7300, SlI Nanohhetogy Inc.) was used to
determine the coefficients of thermal expansion ELCDf ceramics materials in air
between room temperature and 400°C.

Electrical conductivity ¢) was determined employing impedance spectroscopy
(Agilent 4284A precision LCR meter, frequency rar@@ Hz - 1 MHz) using two-
electrode arrangement and disk-shaped sinteredlssufipickness ~ 2 mn@ ~ 10 mm)
with porous Pt electrodes painted onto flat sudaemd sintered at 950°C. The

measurements were performed as function of temperat controlled atmospheres. The
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the modified electromotive force (e.m.f.) techniqia&ing electrode polarization into
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account’?8In the course of measurements, oxygen partiabpresand relative humidity

in the gas flow was monitored by yttria-stabilizactonia solid electrolyte sensor and by
Jumo humidity transducer, respectively. Unlessaaidid otherwise, the relative humidity
in air (supplied by air compressor) corresponded10% (at room temperature). The

terms of “dry” and “wet” air refer to a gas additadly passed through silica-gel dryer or

humidified by a bubbling through distilled waterrabm temperature respectively.

3.2.2. Results and Discussion

3.2.2.1. Phase relationships and crystal structure
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Figure 3.1: XRD patterns of as-prepared MgeuVO.x; ceramics. Reflections are indexed in
the I 44/amd space group. Triangles and diamonds mark the pealsf Mgs(VO.). (ICDD PDF
#01-73-0207) and MgO (ICDD PDF #01-89-4248) secomg@hases, respectively.
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Powder X-ray diffraction was the prime tool to imgeet the crystal structure and to
understand the maximum feasibility of solid solatiformation of the synthesized
materials. The crystalline nature of the samplasiccde clearly figured out from the
sharp reflections recorded in the diffraction paitd-ig. 3.1 shows XRD patterns of as-
prepared MgeuVQOuss ceramic materials. In all cases, the patterns lm@nndexed in
space groupdi/amd characteristic for tetragonal zircon-type struefun agreement with
ICDD PDF #01-086-0995.

While parent EuV® ceramics was phase-pure, XRD spectra of other ositigns
demonstrated the presence of minor impurity peakshe background level. For better
illustration, fig. 3.2 shows a magnified sectionXd®®D pattern of ceramics witk = 0.1.
The impurity peaks were assigned to magnesium watiedate Mg\VVO4)> and periclase

MgO secondary phases.

Intensity, a.u.

v v
v .'\v.
llllTI]llIlll]lllIllll

26 30 34 38 42 46
20, °

Figure 3.2: Magnified section of XRD pattern of MgGEUVOuss (X = 0.1) ceramics. Triangles
and diamond mark the reflections of Mg(VO4). (ICDD PDF #01-73-0207) and MgO (ICDD
PDF #01-89-4248), respectively.

Roughly estimated weight fractions of impurity pbsi@re listed in Table 3.1. The
fraction of Mg(VOa)2 remains approximately constant for all preparetenls, whereas

amount of MgO impurity increases with doping.
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Table 3.1: Lattice parameters and phase compositioof MgxEuVO 45 ceramics

Lattice parameters, A (x 0.001) Phase impuritigsyon
X
a c Mgsz(VOa)2 MgO
0.0 7.235 6.367 - -
0.1 7.234 6.366 3.0 0.1
0.2 7.235 6.364 4.2 2.1
0.3 7.235 6.366 3.2 3.3
0.4 7.235 6.365 3.9 6.4
0.5 7.234 6.365 3.0 6.7

* Semi-quantification in the course of XRD data refirent assuming EuV/OMgs(VO4)2 and
MgO phases (ICDD PDF#01-086-0995, 01-73-0207 an@94248, respectively).

Inspection of sintered ceramics by SEM coupled &S analysis confirmed these
observations. The periclase phase was found tegatr in the form of small grains at
the grain boundaries or inside larger grains ofrttaen zircon-type EuV®@based phase.
Inclusions of MgO are rare = 0.1 ceramics, but its amount clearly increasés xfor
other doped materials. Secondary orthovanadate(\\3). phase, which has melting
temperature close to the sintering conditions (12202°C¥%*° agglomerates between
the grains of the main zircon-type phase. As amgie, fig. 3.3 shows a cross-section of

x = 0.2 ceramics with corresponding EDS elementadpimay.
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Figure 3.3: (A) SEM micrograph of fractured MgxEuVOas; (X = 0.2) ceramics; (B-C)
corresponding EDS elemental maps; (D) SEM micrograpwith overlaid EDS elemental
maps
Formula unit MGEUVOs:5 implies that the substitution by magnesium (if amay
occur either equally in both sublattices or prdigran one of sublattices. In the latter
case, the substitution should be accompanied lBgeegation of Eu- or V-based phases
to maintain the mass balance. Taking into accobat degregation of approximately

similar amounts of MgVOa). for all doped compositions and monotonically irasiag

fraction of MgO for compositions withx>0.1, one may conclude that solubility of
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magnesia in EuV@is very limited and occurs preferably into vanawlisites. The overall
reaction can be written therefore as:

XMgO + EuVQi - (EuM@)A(V16M»a+b)8O-s5)1+4a) + 0.5Mgz(VO4)2 +cMgO  (3.1)
wherex = 2a + 2.5 + ¢, and A and B indicate europium and vanadium stibée,
respectively. The estimations based on approximatendary phase fractions suggested
that, in fact, a~ 0 andb should be close to 0.04-0.06. In other words, tuitisn by
magnesium occurs preferentially into vanadium dtibaand is limited to ~ 5% of B
sites. This explains nearly constant fraction of:(Ma.). phase, segregated to maintain
overall mass balance of europium and vanadiummstio all doped ceramics.

Thus, it turns out that it is easier for zircongygtructure to tolerate the substitution
of B-site cations by larger magnesium ior$(¢°*) = 0.355 A and'¥(Mg?*) = 0.57 &Y
than the substitution of A-site cations by smallég®* ("'(Eu*) = 1.066 A and
rV"'(Mg?*) = 0.89 A) ions. At the same time, it is knownttaicon-type structures tend
to be adopted by ABOcompounds with B-site cations smaller than “GeY = 0.39
A).?2 The effective radius of Mg in 4-fold coordination significantly exceeds this
threshold and is also 60% larger compared t& Vhis results in a very limited solid
solubility of magnesium in vanadium sublattice otM®4. The calculated lattice
parameters of zircon-type phase (Table 3.1) aregand agreement with previous
reports3334 As one may expect, minor substitution by magnedias a negligible effect
on the lattice constants; both parameters remaistaat within the limits of experimental
error.
3.2.2.2. Sintering and microstructure

The sintering process is one of the crucial stapseramic processing and powder
metallurgy. Sintering is associated with changes #nise in materials during the course

of firing, together with variation of grain size caishape and also the changes in pore
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morphology and size. All these processes are acaoieg by volume changes, i.e.
shrinkage. Sintering in dilatometers has the adgmto enable continuous monitoring of
specimen shrinkage, by following the change of fleng a particular direction as a
function of temperature without any stress impasin@r than the sample’s mass. So this
method is frequently used in ceramic technologydétermine sintering behaviour of
powder compacts. For a shrinkage curve, at a lowpéeature only thermal dilatation of
the green body is recorded. When a particular teatpe is reached the sintering process
begins and the material starts to shrink. As longha temperature increases the thermal
dilatation also continues. During the dwell timetla sintering temperature the thermal

dilatation is stopped, but shrinkage originatedh®ysintering process still continu®s.
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Figure 3.4: Shrinkage curves for MgEUVO 4+ compacts on heating.

Fig. 3.4 illustrates the shrinkage characteristiE$1gxEuVOuss (x = 0.1, 0.3 and
0.5) green compacts on heating in air. It is evideam this plot that for all the
compositions the onset of shrinkage is found talb@ve 600°C. So, all the samples were
kept at 600°C for 30 minutes during the sinterimgcpss in order to remove the binder
prior to densification. The onset of shrinkage esponds to ~ 900-1000°C, and sintering

of Mg-doped compositions is likely to be assisteyl the presence of M@VOa)>

9% |Page



CHAPTER 3

secondary phase with comparatively low melting terafure (as mentioned above). As a
result, MgEuVOuss ceramics sintered at 1200°C had much lower porasitypared to
undoped EuV®@sintered at 1300°C (Table 3.2).

Table 3.2:Density and coefficients of thermal expansion of MguVOass ceramics

Average CTE,
X Density, g/cr Relative density, % ppm/K
(150-400°C)
0.0 4.52 85.0 3.2
0.1 4.97 95.8 3.6
0.2 491 96.1 4.5
0.3 4.89 95.8 4.7
0.4 4.84 96.5 5.1
0.5 4.78 95.0 6.0

* Note: theoretical density of Mg-doped ceramicsswestimated assuming EsddVigo.os0s.025
composition of the zircon phase and using fractioinsnpurity phases given in Table 3.1. The
densities of Mg(VO4), and MgO phases were taken from ICDD PDF# 01-73¢02td 01- 89-
4248, respectively.

Figure 3.5: SEM micrographs of fractured Mg(EuVOa+5 Ceramics:
(A) x=0.0,and (B)x =0.1.

Two representative SEM images illustrating the ostiucture of sintered
MgxEuVOuss ceramics are shown in fig. 3.5. Additions of magjaeand the presence of

low-melting impurity phase significantly promotduketgrain growth. While the grain size
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of undoped EuV@varied in the range 3-1fom, the ceramics witlk = 0.1 consisted of
grains in the range of 5-0n.
3.2.2.3. Thermal expansion

The coefficient of linear thermal expansion (CTExpis a material property which
indicates the extent up to which a material expamm heating. CTE can be defined as
the measure of change in length or volume of a mater a unit change in temperature.
The CTE data is calculated by taking the ratio ltdrgye in length to the quantity of the
length at room temperature multiplied by the chamigiemperature and can be expressed

by the formula

Al
a=— 3.1
1oAT

WhereAl is the change in sample length on heating thrabghemperature (T) range of
AT andl, is the initial sample length. Materials expand e as the temperature
increases the thermal vibration of atoms in theems also increases which in turn
results in the increase of average separationmntistdetween adjacent atoms. In the
present study a Thermomechanical Analyzer (TMA)Ssd for the CTE measurement.
TMA consists of a specimen holder and a probe tila@ismits changes in length to the
transducer that translates the movements of tHeegroto electrical signdP.

Fig. 3.6 demonstrates the dilatometric curves ofkBMyOs:5 ceramics recorded
from room temperature to 400°C. The average vabfiesefficient of thermal expansion
(CTE) are listed in Table 3.2. The calculated CTRimdoped EuV® 3.2 ppm/K, is in
good agreement with the previous literature repaits other zircon-type AB®O
vanadate$>1"3® Thermal expansion of MBuUVOsss ceramics tends to increase with
magnesium content from 3.6 ppm/K for x = 0.1 to p@n/K for x = 0.5 in the same
temperature range. This can be attributed to tfeetedf partial substitution of vanadium

by larger magnesium cations, in agreement withgereral trends characteristic for the
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oxides with zircon-type structutecombined with increasing fraction of MgO secondary

phase which has CTE = 11-13 ppm/K at 30-60¢°C.
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Figure 3.6: Dilatometric curves MgEuUVO4:5 ceramics.

3.2.2.4. Optical Properties

Fig. 3.7 shows the PL emission spectra ofyBAg/Os+ ceramics heat-treated at
1000°C for 20 hours. Emission characteristics bthe@ samples showed almost similar
behavior; no noticeable changes are observed eoepiariation in emission intensities.
Each emission spectrum comprises four groups ofsam lines in 575-725 nm range
which can be attributed to the characteristic mission due to the transitions from the
excited °Do-F; (J = 1, 2, 3 and 4) levels of Elions. The emission intensities of all these
transitions generally depend on the local symmefrthe crystal field of Eu ions. The
emission spectrum is dominated by the ?Bg-'F, transition centered at 619 nm and

caused by the forced electric dipole transitiothef Eif* ions?122

9 |Page



CHAPTER 3

450 - — 00
x=0.1
x=0.2
x=0.3
x=0.4

x=0.5

375

5.7
Dg- F,

Intensity (a.u.)

-+
[
l\I
o
a
v
1

T - T 1 17 1
578 600 625 650 675 700 725

Wavelength (nm)

Figure 3.7: PL emission spectra of MgeuVOuss ceramics calcined at 1000°C for 20h
(Aex=360 nm)

3.2.2.5. Electrical conductivity and ionic transpot
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Figure 3.8: Impedance spectra of MgeuVOuss ceramics collected in air at 750°C.
Solid lines correspond to the fitting results. Calalated capacitance values:
Cur = (4-32)x102 F/cm and Gr = (4-27)x10¢ F/cm.
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Analysis of impedance spectroscopy data showed graih boundaries have a
negligible contribution to the total resistivity Mg«EuVOs+s ceramics at temperatures
600°C. Typical examples of impedance spectra avengin fig. 3.8. Each spectrum
comprises two semicircles and was fitted using mpl (Rie//CPEir)+(RLr//CPEE)
model. High-frequency (HF) contribution was atttéx to the bulk resistance and low-
frequency (LF) semicircle was assigned to the sdéet process.

Undoped EuV@exhibits semiconducting behavior in air (fig. 3With activation
energy of 63-84 kJ/mol in the studied temperatarege (Table 3.3). Note that earlier
reports on the electrical conductivity of zircompé&yEuVQ provide contradictory results.
Gaur and LdP*!reported electrical conductivity data for the Lni@n = Ce-Yb) series,
including europium orthovanadate, measured usiegsad pellets. For all compositions,
Arrhenius plots of conductivity showed unusual betwawith multiple changes of slope
and a sharp increase of conductivity in the tentpezaange between approximately 600
and 850°C, in vicinity of melting point of 205 (Tmet = 681°C). One may suspect
therefore that these data may be strongly affeloyetthe presence of unreacted vanadium
pentoxide, its melting/evaporation and accompanyidignensional changes on
temperature cycling. Prasad et*alteported electrical conductivity of EuMGsingle
crystals measured perpendicular to theaxis. The conductivity was ~ 1 order of
magnitude lower compared to the results obtainethim work and exhibited higher
activation energy (92 kJ/mol at 430-730°C). Finally et al!® studied low-temperature
electrical conductivity of zircon-type EuMiGamples obtained by thermal treatment of
scheelite-type EuV®Iin air at 600°C. However, the values of condutfidiscussed in
the text and given in a plot (Fig. 5 [19]))ffer by 4 orders of magnitude, and it is not

possible to figure out which values are correct.
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Figure 3.9: Total electrical conductivity of MgEuVOa.5 ceramics

Table 3.3: Activation energy of total electrical caductivity in air

X T, °C Ea, kJxmot?

0.0 650-900 63
400-650 84

0.1 550-900 157

0.2 450-880 80

0.3 450-880 86

0.4 450-880 92

0.5 450-860 76

. : A E
Note: Activation energy was calculated using Aribemodelo = —Oexp(—R—’_*I_j .

In order to confirm the nature of electrical tramdpin the studied materials,

oxygen-ion transference numbers (Table 3.4) wereasomed by modified e.m.f.
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technique. Note that, values determined by this technique are higherpeoed to the

simple EbdEtheor ratios, thus suggesting significant effect of &leae polarization on the

observed e.m.f. values under open-circuit conditfén

Table 3.4: Average transference numberg determined by modified e.m.f. technique

X p(Oz) gradient T, °C Bod Etheor E
1.00 atm/0.21
0.0 900 0.67 0.952
atm
800 0.78 0.977
700 0.75 0.990
1.00 atm/0.21
0.1 900 0.06 0.417
atm
800 0.04 0.448
0.21 atm / 1Gatm 900 0.04 0.424

The results (Table 3.4) indicate that undoped EuM@redominantly oxygen-ionic
conductor under oxidizing conditions; the contribntof electronic transport to the total
conductivity corresponds to 1-5% at 700-900°C. Nibtgt EuVQ is expected to be
oxygen-stoichiometric, with all regular oxygen sita zircon-type lattice completely
filled. Li et al*®assumed that oxygen ions may move through intiaistites along ¢ axis
between the chains formed by alternating edgetshakOs tetrahedra and EuO
dodecahedra. Interstitial oxygen diffusion mechangas suggested for related CeNO
and CexAxVOass (A = Ca, Sr)t>1Interstitial mechanism for the diffusion of oxygena
structural analog, zircon ZrSiQis also supported by the theoretical calculatidns
Contrary to CeV@ss, which is believe to be slightly oxygen overstaochetric due to

tendency of cerium cation to higher oxidation si{@€) under oxidizing conditiod%¢,
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formation of interstitial oxygen in oxygen-stoichmetric EuVQ may be expected to
occur via Frenkel disorder:

05 ¥~ Vg +0! 3.2
whereKFr is the temperature-dependent equilibrium constant.

Acceptor-type substitution by magnesium resulta idrop of total conductivity of
MgxEuVOsss (X = 0.1) ceramics (fig. 3.9) and an increase of atitim energy (Table
3.3). Further additions of magnesia lead to a dsa®f k. As a result, conductivity of
MgxEuVOsss (X = 0.2-0.5) in a low-temperature range is higher pared to the
composition withx = 0.1, but tends to similar values when tempeeatincreases
Furthermore, electrical conductivity and activatienergy values show comparatively
minor changes with composition for ceramics with 0.2.

These observations imply that acceptor-type suwibsiit suppresses the
concentration of charge carriers and/or their niybil'he results of transference numbers

measurements indicate that substitution by magmesieteriorates, in particularly,
oxygen-ionic transportt, values under oxidizing conditions drop to ~0.4 H€a3.4).

Such behavior seems to be reasonable if the mpbilit interstitial oxygen ions
substantially exceeds the mobility of oxygen vagesadn zircon-type EuVO lattice.
Partial substitution of ¥ by M¢?* is compensated by formation of oxygen vacancies to

maintain the electroneutrality:

IMgy] =2Vl 3.3
and should shift the equilibrium of reaction (31) the left, thus suppressing the
formation of interstitial oxygen ions. This reduct#® ionic conductivity which is
expected to occur preferentially via oxygen vacathtiysion mechanism in MGuVQOaxs
(x = 0.1) ceramics. Further additions of MgO resultairmoderate initial increase of
oxygen deficiency and, therefore, ionic transpatiluihe solubility limits of magnesium
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cations in EuVQ@ is reached. The variations of electrical conduistiof ceramics withx

> 0.2 are caused mainly by fractions and distributbsecondary phases.
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Figure 3.10: Total electrical conductivity of MgGEUVOus (X = 0.0 and 0.1) ceramics in
different atmospheres (oxygen, air and argon). Indeshows electrical conductivity at 800°C
plotted vs oxygen partial pressure.

Fig. 3.10 shows the total conductivity of undopatvbs and MgEUVOs:s5 (X =
0.1) ceramics measured in atmospheres with diftgr@®). Electrical transport in parent
europium vanadate tends to decrease with reducipgen partial pressure. In contrast,
electrical conductivity of MguVOuss (x = 0.1) demonstrate an opposite tendency and
increases when p@pis reduced. For better illustration, these treads emphasized in
inset in fig.3.10. Different behavior further camfis different prevailing mechanisms of
ionic transport in undoped and acceptor-doped ELWOfirst case, oxygen release from

the lattice on reduction decreases the concentrafionobile interstitial oxygen ions

O » 0.50,+ 2¢& 3.4
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and, consequently, ionic conductivity. In the ca$eVig-substituted vanadate, oxygen

losses from the lattice on reducing pY@crease the concentration of oxygen vacancies:

and, therefore, oxygen-ionic transport. In bothesaghis should be accompanied by
increasing n-type electronic contribution. The datis in agreement with a rather
negligible variation of oxygen transference numbéix = 0.1 ceramics on reduction
(Table 3.4).

It was reported recently that acceptor-doped.ob@a01VOss with related
monazite-type structure is a pure ionic conductadem oxidizing conditions with
protonic conductivity dominating in the low-tempiena range under wet conditioffs.
Therefore, electrical conductivity of EuM@nd MgEuVOsss (x = 0.1) was measured
under dry and humidified air in order to identifypgsible protonic transport in this
materials under wet conditions. The results arevshim fig. 3.11. It was found that,
contrary to LaedCa.01VOa4s, humidity has rather negligible effect of trandpanoperties
of acceptor-substituted EuMOAIthough the bulk resistance tends to decreaghtsi
under wet air, as demonstrated by impedance sp@icir&.11C), electrical conductivity
remains nearly unchanged in the studied temperaamge (fig. 3.11A). At the same
time, undoped EuV@ceramics demonstrates 1.5 times lower resistivitger wet air in
the entire studied temperature range (fig.3.11A @&)d This suggests a protonic
contribution to the total electrical conductivity BuVO, in humidified atmosphere, and
that the protonic transport in this material isoadssociated with the interstitial diffusion

mechanism.
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Figure 3.11: (A) Total electrical conductivity of MgkEuVOas; (X = 0.0 and 0.1) ceramics in
dry and wet air; examples of corresponding impedane spectra: (B)x = 0.0, 500°C and
(C) x =0.1, 650°C. p(HO) in dry and wet atmospheres was < 2x10and ~2.5x1Fatm,

respectively.
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3.2.3. Conclusions

v

Magnesium-substituted MBuVOss (X = 0 - 0.5) ceramics were prepared by
solid state synthesis method.

XRD analysis in combination with SEM/EDS indicatbat magnesium
substitutes preferentially into vanadium sublatdoe has a low solid solubility
limit close to ~5% in B sublattice.

The substitution is compensated by segregation gf(WDa4). phase and is
accompanied by increasing fraction of MgO impufdyx > 0.2.

Magnesium additions increase slightly coefficievftthermal expansion, which
vary in the range 3.2-6.0 ppm/K at 150-400°C,

Magnesium additions have a rather negligible efbacthe optical properties.
Undoped EuVQ@ is predominantly oxygen-ionic conductor with oxgge
transference numbers in the range 0.96-0.99 at9000C under oxidizing
conditions.

Acceptor-type substitution by magnesium suppresdetl electrical
conductivity and, in particular, oxygen-ionic traiost.

The variations of electrical transport propertiaggest a change of prevailing
mechanism of ionic transport from interstitial oeyg diffusion in parent
EuVO;s to oxygen vacancy diffusion in Mg-substituted vaauz.

Humidified atmosphere has negligible impact on éhectrical properties of
substituted ceramics.

Under wet conditions, electrical conductivity ofdaped europium vanadate
increased by 1.5 times indicating a protonic cowniion to the total electrical

transport in this material.
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CHAPTER 4

EFFECT OF MAGNESIUM SUBSTITUTION ON THE STRUCTURAL,
MICROSTRUCTURAL AND ELECTRICAL

CHARACTERIZATIONS OF YVOa4
¢ ¢

Magnesium-substituted yttrium vanadate ceramics, Y1-v2MgxVi-x20a.5 (x=0.0-0.5),

were prepared by solid state reaction technique and by nitrate-citrate combustion
route, and were studied by XRD, SEM/EDS, TEM, EPR, dilatometry and electrical
conductivity measurements. Employment of the combustion method was found to
result in a significant decrease of zircon phase formation temperature, but also in a
smaller grain size and somewhat lower densification on sintering. Overall solubility
of Mg cations in zrcon-type lattice of YVOs is however very limited and,
independently of synthesis route, corresponds to x < 0.1. Acceptor-type substitution
by magnesium is compensated by the formation of oxygen vacancies and resultsin a
moderate increase of oxygen-ionic conductivity with respect to the parent yttrium
vanadate. Combustion-synthesized ceramics showed higher conductivity compared

to the samples prepared by conventional solid state reaction method.

L, ¢
T. H. Gayathri, A. A. Yaremchenko, K. Zakharchuldalose James, “Effect of magnesium addition
on the structural, microstructural and electricqalpgerties of YVQ”, J. Alloys and Compd. 672 (2016)
549-557




CHAPTER 4

4.1. Introduction

Anionic conductors and more specifically oxide iaonductors receiving
widespread interest and have been increasinglyestddr many years because of their
application in various devices with high economigtdéntion such as solid electrolytes in
solid oxide fuel cells (SOFCs), oxygen pumps, oxygsensors, batteries,
electrochromics, dense ceramic membrane for oxggearation, membrane reactors for
oxidative catalysis ett® Oxygen sensors are crucial for combustion contivdreas fuel
cell is emerging as an efficient, clean and envirentally friendly electric power source.
Apart from this, oxygen separation membranes gppased to be potable oxygen source
for medicine and catalytic oxidative procéssThe scientific and technological
significance of oxide ion conducting materials hawreased appreciably and
consequently, there have been a major thrust ttbooonand develop new materials that
exhibit high ionic conductivity at lower temperatar For attaining high ionic
conductivity at lower temperature, it is neededeiimer improve the properties of the
known compounds through suitable choice of effectilopants or by designing and
developing new class of materidléfter the discovery of fast oxide conduction in X,S
there has been a huge attraction towards the igaéish of metal substitution with lower
valent cations in order to create or increase @&amnpensating oxygen vacancies which
is considered as one the most acceptable approacherihancing oxygen ion
conductivity® Because of the size and interaction of oxygen inith the cationic
network, high mobility can only be accomplished hwitlasses of materials with
appropriate structural features. The well knowrdexion conductors generally belong to
fluorite, perovskite, pyrochlore, brownmilleritechaurivillius type structure$®

Recently, there has been a huge attraction focioonductivity in oxides of other

structural types®!! Significant research efforts have been carried iouthe field of
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zircon structured orthovanadates (AMQA= trivalent metal ion) due to their large
number of application’ These materials show diverse application in varields such
as host materials for phosphors and high powerrdaseounter electrodes in
electrochromic devices, gas sensors, componentxide fuel cell anodes, oxidative
dehydrogenation of light alkanes étc> As for the host lattice, yttrium orthovanadate
(YVO4) has been considered to be an attractive candfdatmcorporation of several
metal ionst® YVO4EW* is known to be a typical commercial red emittingogphor
which can be used in several places such as indattay tubes, fluorescent lamps, X-ray
detectors et¢’!® The conductivity of zircon- type Ce\Vi®ystems are well studied with
different dopants$>!® Oxygen ion conductivity of zircon type CéxVOus+s (A= Ca, Sr;
x=0-0.2) was discussed by Tsipis etalThey showed that the unusual behavior of
conductivity is due to the presence of oxygen defiicCeQ separation while increasing
the temperature to 1100°C and also reported thatgesx ionic conductivity is
independent of A-site dopant content.

To date, the ionic conductivity of YV Gtill has not been studied and reported. In
this context, we have chosen YY¥@s our parent material and explored the effect of
substitution by alkaline earth ion such as magmesin the structural, microstructural
and electrical properties. The relatively good #itgtoof Mg?* allows for a study of its
effects on the electrical and dielectric propertigthout the reduction of the substituent
ion2% Many reports are available on the studies of d@ocdgpe Mg substitution on
different cationic sites aiming to improve the spart propertie$!>

4.2. Effect of Mg substitution on the structural am electrical characterizations of
YVO4

The present work was aimed to study the effechefaddition of magnesium as a
third cation into the host lattice of a tetragomeiton type yttrium orthovanadate. The

work was focused on the preparation of a new misg@mic oxide, viz; magnesium
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yttrium vanadate (¥x2MgxV1x2045, X = 0-0.5), via two synthetic procedures and a
comparative study of their structural, microstruat@and electrical properties
4.2.1. Experimental

Yttrium Vanadium oxide compounds (YD with different quantities of
magnesium were prepared using solid state syntlagilscombustion synthesis. The
synthesized compositions are designated as YV apdf'¥] where YV stands for YV@
and MgYV for Y i1x2MgxV1x20s5, and the numeral following Mg represents the
particular amount of magnesium (X) in the¥MgxV1x2045 (Xx=0-0.5) formula. The
synthesis method adopted is abbreviated as SSofw state synthesis and CS for
combustion synthesis.
4.2.1.1. Solid State Synthesis (SS)

The MgYV (x=0.0-0.5) samples were prepared through coneeal solid state
reaction method using high-purity magnesium cartonaydroxide hydrate
(Mgs(COg)a(OH).. 5H0, 99.0%, Sigma-Aldrich, St. Louis, MO, USA), yttmh oxide
(Y203, 99.0%, IRE, India) and vanadium pentoxide@¥, 99.6+%, Sigma-Aldrich) as
the starting materials. Stoichiometric amount o #tarting materials were weighed
accurately, and mixed manually in acetone mediumguagate mortar and pestle. The
resultant mixture was then first calcined at 656t CIbllowed by calcinations at different
temperatures (750-1000°C/6h) with intermediate ding. These powders were then
ground well and mixed with 4 wt% poly vinyl alcoh®VA (molecular weight 72,000,
BDH Lab suppliers, Poole, U.K), dried and groundIw@ylindrical disks of ~11 mm
diameter and ~2-3 mm thickness were prepared blyiagpa pressure of 100 MPa by a
uniaxial press. These cylindrical compacts weren temtered at 1250°C/6h with an

intermediate soaking time of 600°C to expel thalbmPVA.
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4.2.2.2.Combustion Synthesis (CS)

The most adopted and traditionally accepted methad ceramic material
preparation is solid state synthesis. But, it rezpiilonger reaction time and high
temperature firing to get complete diffusion, leadito larger average particle size and
sometimes incomplete reaction. This may furthed keaintroduction of impurities or loss
of some starting materials, during the repeateddgrg and annealing, and finally to a
compositional variation, affecting the propertie$ the material$€*?® Alternative
synthetic routes to the traditional high tempemtmixed metal oxide reaction route, such
as wet chemical synthesis might be able to impriwe physical properties of these
materials. The citrate method (Pechini processhnis of the simple, low temperature
synthetic methods that can efficiently produce mawayerials with very fine particles.

Oxides of metals
& NH,VO;

HNO,

CA+EG

b

Precursor Solution
‘ Heating
Viscous Gel
l (300-400°C)
Auto Ignition

l >550°C

Crystalline
oxides

Figure 4.1: Flow chart showing the steps involvecdiCS method

This route involves the formation of a polymerid¢, géhich provide uniform mixing

of metal ions at the molecular level and enable pineparation of homogeneous
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multicomponent metal oxides in a nanometric scdleis method makes use of a
hydroxycarboxylic acid, citric acid (CA), as the etdting agent, and a
polyhydroxylalcohol, ethylene glycol (EG) for esteation. CA chelates with various
cations and form a metal CA complex and its reactith EG results in the formation of
polymeric precursor resin, having the same metatisiometry as of the desired product.
Further heating of this precursor will result ire ttormation of final product®:?® Steps
involved in the preparation of ceramic materialSd$y method are shown in fig. 4.1.

In the present case, a wet chemical synthetic rowte Pechini process was
adopted for the preparation of W) (x=0-0.5). Samples were synthesized using
magnesium nitrate hexahydrate (Mg(j£ 6H0, 98.0%from Alfa Aesar, UK), citric
acid anhydrous (§HsO7, 99.5%, Merck specialities private limited, Indigdtrium oxide
(Y203, 99.0%, IRE, India), ammonium metavanadate {XBk, 99.0%, Sigma-Aldrich,
USA), and ethylene glycol ¢ElsO2, >99.0%, Merck, India) as the starting materials.
Y203 was dissolved in nitric acid, and aqueous solgtiah Mg(NGs).. 6HO and
NHsVOswere added to it. Citric acid was added to thelteguaqueous solution. The
solution was then heated to about 100°C under anhshagnetic stirring, and ethylene
glycol was added to this for esterification. Duriting synthesis, the solution underwent
distinctive color change at different stages whighs attributed to the change in
oxidation states of vanadium ions. Finally, a ligetiow color occurred® The solution
was further heated to about 300°C. During this ihgathe solvent evaporated and a
polymeric resin containing the metal ions was falim8ubsequently this polymerized
complex underwent auto ignition leading to the fation of voluminous fluffy powder
with a dark color. This powder was then ground wald was calcined at various
temperatures in the range 550°C-1100°C in air ftwo6rs. The calcined powders were

then ground well, mixed with PVA solution, drieddanniaxially pressed into cylindrical
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discs of about 11 mm diameter and around ~2-3 mickritss and sintered at 1200°C/6h
in air.

The formation of required phase in the as obtaicattined and sintered samples
was studied at room temperature using X-ray powdié@ractometer (X'pert PRO,
PANalytical, Netherlands), using Ni filtered Cuw. Kadiation. The coefficient of thermal
expansion (CTE) was measured using thermomechaaralyzer (TMA/SS7300, Sli
Nano Technology Inc.). The microstructures of tbbghed and thermal etched compacts
coated with palladium-gold mixture were studiedngsa scanning electron microscope
(SEM) (JEOL-JSM, 5600 LV, Tokyo, Japan). Microstwral characterization along with
elemental mapping of MgYV was performed by scanning electron microscopiyachi
SU-70) coupled with energy dispersive spectroscq@pDS) (Bruker, Quantax
400detector). Particle shape and size of the sangpépared by CS method were studied
using high resolution transmission electron micopgc (HRTEM) (Tecnai G2, FEI,
Netherlands). Powder samples calcined at 550°C Wweety ground and dispersed in
acetone by ultrasonication. A drop of this was «agb carbon-coated copper grids for
the TEM analysis. The densities of the sinteredpasmwere obtained by Archimedes
method using deionized water as the immersing nmediine oxidation state of vanadium
was determined using electron paramagnetic resen&iR). The spectra of the samples
were recorded using EPR spectrometer (Bruker EM)$ BHIPR spectrometer, Germany)
operating at room temperature and at 9.87 GHz WitD.0 kHz field modulation. The
electrical conductivity ¢) was determined by impedance spectroscopy (Agd@84A
precision LCR meter, frequency range 20 Hz — 1 MMHg)ng disk-shaped sintered

samples (thickness ~ 2 mm|, ~ 10 mm) with porous Pt electrodes applied ondb fl

surfaces. The measurements were performed asdonatitemperature at 500-90D in

air.
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4.2.2. Results and Discussion

4.2.2.1. Phase analysis and densification

X-ray diffraction study was primarily used to anadythe phase purity and crystal
structure of the samples. The XRD pattern fonMQ/ (SS) and Mg.1YV (CS) powder
prepared by the two synthetic methods at diffetentperatures is given in fig. 4.2 (a)

and (b) respectively.
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Figure 4.2: Powder X-ray pattern for Mgo.1YV synthesized by (a) SS (b) CS method

Fig. 4.2(a) represents the XRD pattern for SS MY samples heat-treated at a
temperature range of 800°C-1200°C/6h. Complete goli@asmation is clearly visible
starting from 1000°C. All the peaks can be indexsithg tetragondki/amd space group
characteristic for zircon-type YVO(ICDD PDF #82-1968). X-ray pattern of CS
Mgo.1YV (Fig. 4.2(b)) consisted of amorphous like phaaedower temperatures. The
XRD pattern obtained after calcination at 550°C vetb the presence of zircon
structured compound and no other crystalline phesesisted, indicating the formation
of a single phase material. Improved crystallinity observed after calcinations at
temperatures over 650°C. In this method metal s uniformly distributed in the
polymeric resin and gives molecular level mixing tbie elements, leading to the

formation of the desired phase at lower temperatcompared to solid state rodte.
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Figure 4.3: Variation of density as a function of émperature for Mgo1YV synthesized by
SS and CS method

Fig. 4.3 shows the density variation for MYV heated at different temperatures
between 800°C/6h to 1250°C/6h and 800°C/6h to 12@)f for SS and CS samples
respectively. For SS, the maximum density was abthifor the samples sintered at
1250°C/6h whereas for combustion synthesized it ¥280°C/6h. In both the cases, the
materials showed similar trend with increasing temafure. Hence, temperature - time
condition for optimum sintering was taken as 125@{@ 6 hour duration for SS and
1200°C and 6 hour for CS samples. Maximum relatigasity obtained for SS and CS
samples were 96.9% and 93.7% respectively. Thatktigpwer values of density for the
CS samples compared to the SS may be due to thenme of porosity arising because of
the agglomerate formation by the smaller partidbsined in the former case. It is
confirmed by the TEM as well as the SEM analysmashin fig. 4.4, fig. 4.8 and fig. 4.9.
4.2.2.2. TEM analysis

Transmission electron microscope (TEM) is an aiaitinstrument that uses
transmitted electrons instead of light to inspda bbject at very fine resolutions (in

nanometer range) and allowing magnifications oftayd00,000X. In TEM, a beam of
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electrons is transmitted through an ultra-thin gpea, interacting with the specimen as it
passes through. An image is formed from theseaot®n of the electrons transmitted
through the specimen .This image is then magndied focused onto an imaging device,
such as a fluorescent screen, or can be detectadCi@D camerdt

Fig. 4.4 shows the TEM micrographs of powder saspleMgYV (CS) calcined
at 550°C/6h. The images showed grains of sphenwatphology, with an average
particle size below 50 nm. The powder samples i@rad to be agglomerated together

even during the combustion reactidfs.

()

A

100 nm
—

Figure 4.4: TEM images MgYV (CS) samples heated at 550°C/6h
(a) x=0.0,(b) x=0.3 and (c) x=0.5

4.2.2.3.Structural studies

Fig. 4.5 demonstrates the XRD patterns ofx¥A§ prepared by both synthetic
methods. As can be seen, no evident differencetised in the spectra of the samples
prepared by the two different approach&le patterns for the samples prepared by SS

and CS methods show single-phase compositions wxQ@d, and can be completely
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indexed with ICDD PDF #82-1968. However, as thealug increased from 0.2 to 0.5 a
minor impurity peak was observed @ ®alue of around 42 This peak in the XRD
patterns was attributed to the presence of MgQdlase) secondary phase, and the peak
intensity increased with increasing X in-2MgxVi1x20ss. No obvious difference is

noticed in the spectra of the samples preparetidywo different approaches.
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Figure 4.5 (a) & (b): Powder X-ray pattern of (a) MgxYV (SS) (x=0-0.5) sintered at 1250°/6h
(b) MgxYV (CS) (x=0-0.5) sintered at 1200°C/6h

4.2.2.4.Structure refinement

Rietveld refinement of the solid state-synthesixédOs and Mg-doped samples
were carried out using X’'pert Highscore Plus sofavd&efinement pattern obtained for
Mgo.1YV-SS sample is shown in fig. 4.6. The reportedaigbdnal zircon structure of
YVO4 with space groupds/amd (141) was used as a starting model for the refergm
Here Y ions are at (4a: 0, %) sites, V ions at (4b: 0, %) sites and O is at (16h: x, vy,
z). Mg ions are assumed to be distributed eithér iomnda or in 4b sites or between both
4a and 4b sites. Refinement of all the 3 possislitvas carried out. All of these gave
results in the acceptable range. The model withidngdistribution in both sites (4a and
4b sites) produced a better fit. During the refieeimprocess, oxygen was always
considered with full occupancies, whereas yttriumagnesium and vanadium

occupancies were varied in accordance with theclstmmetry. Refinement parameters
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obtained for YV and Mg1YV are listed in Table 4.1. The unit cell volumevesll as the
lattice parameters was found to decrease on suistit This can be a consequence of

insertion of Mg ions in to the lattice.
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Figure 4.6: Rietveld refined XRD data for Mg1YV (SS)

Table 4.1: Crystallographic refinement parameters ér Y 1.42MgxV 12045 (x=0.0 and 0.1)

Crystallographic parameters YVOq4 Mgo.1YV
Crystal System Tetragonal Tetragonal
Space group Mamd l4/amd
Formula Sum ¥ 00V 4.00016.00 Y 3.81IMo.38V 3.81016.00
Lattice Parameters

a (A) 7.1196(1) 7.1189(2)

c (A) 6.2903(1) 6.2892(2)
V (A3 318.84 318.73
p (g/cc) 4.25 4.16
Rp % 11.54 12.47
Rwp%0 14.04 15.49
Rexp%0 10.67 11.16
GOF 1.73 1.93

In fact, there is a considerable mismatch of isiies (ionic radii: ¥* (CN8) =
1.019 A; VP*(CN4) = 0.355 A; \V* (CN4) = 0.45 A (extrapolated); Mf(CN4) = 0.57 A:
and Mdg* (CN8) = 0.89 &9, so the solubility limit of Mg cations in eitheublattice is

expected to be limited. As per the XRD analysig.4fi5), the solid solution formation of
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the MgYV samples is found to be<®.1. The possible mechanisms of Mg incorporation

into crystal lattice of YV@may include:

Yvo

1. xMgO — (Y1—05xMGosx ) Vi—o5xMGo52) Os—x
YVO,

2. xMg0 —Y;_ Mg, VO, g5, + 0.5xY,0;

3. xMg0 % YVi_xMg,04_15, + 0.5xV,05
or their combination, or segregation of some oth®urities. As mentioned above, the
results of refinement indicate the preference far first mechanism within the solid
solubility domain.
4.2.2.5. EPR analysis

Electron paramagnetic resonance (EPR) or otherkisevn as Electron Spin
Resonance (ESR) or Electron Magnetic Resonance [E8&branch of spectroscopy in
which radiation of microwave frequency is absorlbgdmolecules possessing electrons
with unpaired electrons. This method is commonlgdu$or analysing the structure of
molecular ions or systems containing unpaired east having spin-degenerate ground
states in the absence of magnetic field. In the casolid state materials, EPR is used for
understanding the symmetry of surroundings of @ramagnetic ion and the nature of its
bonding to the nearest neighbouring ligands.

When a paramagnetic substance is kept in a steadwaetic field (H), the unpaired
electrons in the outer shell have a tendency gmaliith the field. As a result the two fold
spin degeneracy is removed. So the two energyddyeland Ei» are separated bygH,
where g is known as the gyro magnetic ratio whichhe spectroscopic splitting factor
andp is the Bohr magneton. As there is a finite chaflocehe transition between these
two energy levels, a change in the energy canibrilstted by external radio frequency.

When a microwave frequency)(is applied perpendicular to the direction of fledd,
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resonance absorption will arise between these tplt spin levels. The resonance
condition can be expressed as

hv = gfh
whereh is the Planck’s constant.

In order to satisfy the resonance condition, thkuesv and H can be varied.
Though, EPR studies are carried out under a canstquency,v, by varying H. For a
free electron the g value is fixed as 2.0023. Smeadp are constants, one can calculate
the g factor.

If the central metal ion also have a non-zero rarcépin, I, then hyperfine splitting
happens due to the interaction between the nuodegnetic moment and the electronic
magnetic moment. The measurement of g value anerfigp splitting factor gives
information about the electronic states of the ingplaelectrons and also about the nature
of the bonding between the paramagnetic ion ansbitunded ligands. The g value also
has a dependence on the orientation of the molketdeing the unpaired electron with
respect to the applied magnetic fiéfd

Electron paramagnetic resonance (EPR) spectrossapmeful technique for getting
information about the nuclearity, elemental composj and electronic structure of a
paramagnetic centf®.Room temperature EPR spectra of solid state syizég MgYV
consists of 8 lines with g value centered at ~BA8 are due to V (IV) ion. Vanadium
ions can have a wide range of oxidation states am@dng them most commonly
encountered are V (IV) and V (V) states. V (V) mayian outer electronic configuration
3p°3d® which is diamagnetic in nature and EPR inactivegmas the V (IV) has one
unpaired electron in d orbital (%) is paramagnetic and EPR active. The strong
absorption line seen in the spectra originates fitoenV (IV) paramagnetic centre, since

the other ions present in the systems are diamiagnetature and will not contribute to
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the EPR signals. The absorption lines arise dukeanteraction of unpaired 3electron

of V (IV) with the electromagnetic field in the mawave region. V (IV) has an
electronic spin of S=1/2 and magnetic nuclear iRV is 1=7/2, there shall be an
interaction between the corresponding magnetic nmésnéeading to the hyperfine
structure (hfs) in the EPR spectra. V (IV) has 2i8 {alues of nuclear magnetic quantum
numbers, n=-7/2, -5/2,-3/2......+5/2,+7/2, and one can exp@chfs consisting of 8 lines
corresponding to the 8 different values of3tThe existence of even a small number of
paramagnetic centers should have a strong effetfteophysical properties of the system
which is in turn dependent on the high temperattgatment and also on the oxygen
deficiencies. The reduction of V (V) may occur Ine tcourse of heat treatment as a result
of oxygen losses from the lattice. The intensitytltd EPR signal is an indicator of
oxygen loss and has a direct relationship. Theasel®f oxygen or the electron addition is
needed for the reduction of V (V) A typical EPR spectrum obtained for Mgy (x=0.5)

is shown in fig. 4.7. EPR studies have shown thgtidMorporation to YV lead to the

reduction of V (V) to V (IV).
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Figure 4.7: EPR spectrum of MsYV (SS) at room temperature
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4.2.2.6.Surface morphology

In order to understand the microstructure of thm@es, the sintered compacts
were polished well and then thermally etched fdrolir at temperature 50°C below the
sintering temperature. The microstructures of tierhally etched MgV samples are
shown in figs. 4.8 and 4.9. The grain sizes oftlad samples were in the size range
between ~2 um and ~7 pm for CS and ~2 pm to 10qui8$ samples. In both cases, Mg
doping improved the grain growth to some extentemnidentical processing/sintering
conditions. EDS analysis indicates the presenceonfe grains which are Mg enriched
from x>0.2 onwards. This confirms the presence of secgnulzase (periclase) present in

these samples, as indicated by the XRD data pexsénfig. 4.5.

Figure 4.8 SEM images of MgYV (CS) sintered at 1200 °C/6h (a) x = 0.0, (b) x&1, (c) x=
0.4, and (d) x= 0.5.
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Figure 4.9: SEM images of MgYV (SS) sintered at 1250 °C/6h (a) x = 0.0, (b) &1,
(b) x=0.4, and (d) x= 0.5.

The results of SEM/EDS analysis of fractured swfat Mg 1YV (SS and CS)
samples are shown in fig. 4.10. Elemental mappmjcated the presence of some
segregation of MgO and a phase of Mg-V-O systenis Tridicates that even MgYV
samples were not completely single-phase. The atmolumpurity phases is however
below the detection limit of XRD. EPR studies ot tkample shown in fig. 4.7 also

showed the presence of V in +4 oxidation stateeatsdf +5.

Figure 4.10: SEM micrographs with EDS elemental maping of fractured cross sections of
(@) Mgo.1YV (CS) (b) Mgo1YV (SS)
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Based on the XRD, SEM/EDS and EPR observations, roag conclude that
magnesium substitutes preferably into vanadium attibé, and, for x = 0.1, this is
accompanied by a minor segregation of impuritiegcviare not detectable by XRD. The
impurity phases may include MgO and a phase of MQ-%ystem.
4.2.2.7. Density measurements

The collation of density of the sintered My (x=0.0-0.5) samples prepared
through both processes is presented in fig. 4.1&(m) their corresponding relative
density infig. 4.11(b).Density shows a decreasing trend with increaseinevof x due
to the incorporation of magnesium. However, theitesability increases as indicated by
the increase in relative densi{fig. 4.11(b)). Even though there is only a slight
difference in the sintering temperature (1250°Ci&@hSS and 1200°C/6h for CS); the
densities of the samples are almost similar exiweghe parent YVQ@. The combustion-
synthesized YV® sample show somewhat lower density compared to M€pared
by solid state route, and this may be due to thlyhlhiagglomerated nature of the

powders.
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Figure 4.11: (a) Variation of density and (b) relaive density as a function of x for MgYV
(x=0.0-0.5)
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conductivity
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Fig. 4.12 shows typical impedance spectra ofx¥Af ceramics. The spectra

comprised two signals: high-frequency semicircleresponding to the bulk resistance

(contributed by secondary phases) and low-frequearcy assigned to the electrode

process. No grain boundary contribution could bstinguishedin the studied

temperature range.

-7"', kOhmxcm

250

100
80 YV(SS)
- 0®® o,
6071 e D 850°C
1 o %
40 __ | MH:z \
20 - 413Hz
- 10.7kHz
0 ] l ) I ) l ] I )
0 50 100 150 200
16
- o
12 - |MHz © @
. )
4 _- 113Hz
{1 Mg YV(SS)
0 = 13kHz
T T T T T T T T
0 10 20 30 40
6
4 -_ 1MHz O. o
2 - * °© 73Hz
i Mg, YV(CS)
0 = 31kHz
T T T T T T T T
0 4 8 12 16
7', KOhmxcm

Figure 4.12: Examples of the impedance spectra of MYV ceramics collected in air at
85(°C. Estimated capacitance values correspond to (4-8)0*? F/cm for the high-frequency
process and increase with doping from ~3x10to ~10° F/cm for the low-frequency arc.
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Undoped YVQis a semiconductor with comparatively low electricanductivity
in air, ~ 18 S/cm at 90€C (fig.4.13), and activation energy of 129 kJ/mmothe studied
temperature range (Table 4.2). Although the natfirddectrical transport in this material
was never reported, the presence of electrode mespa the impedance spectrum (fig.

4.12) implies an ionic contribution to the totad@kical conductivity.
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Figure 4.13: Total electrical conductivity of LnVOs-based ceramics: YV and Mg.YV in air
(this work), La1.«CaxVO4 in wet O, (p(H20) = 0.025 atm)® and Cea«CaxVO4 in air *.
Literature data on partial oxygen-ionic conductivity (6o0) of CersCan2VO4 in air® are also
shown for comparison.
Minor doping with magnesium results in an increaelectrical conductivity of
Mgo.1YV compared to the parent material, ~one order cdgmitude at 90T,

accompanied with a decrease of activation energy/ @82 kJ/mol at 500-90C.
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Whatever the mechanism of substitution, incorporabf magnesium cations into either
yttrium or vanadium sublattices (or both) shouldcbenpensated by formation of oxygen
vacancies thus promoting oxygen-ionic transpore €ffect of acceptor-type doping on
electrical properties of YVQis therefore similar to that reported to calciunbstituted
LaVO4.%8 In both cases, however, the solubility of accepgpe cations is very limited
leading to only a moderate improvement of ionicdiativity (fig. 4.13).

Table 4.2: Activation energy for the total electrical conductvity of MgxYV ceramics in air

Composition Temperature Range (°C) & (kJmol?)
YV (SS) 580-900 128.9+1.6
Mgo.1YV (SS) 500-900 82.1+0.4
Mgo.3YV (SS) 500-900 86.8+1.1
MgosYV (SS) 500-900 88.1+0.3
Mgo.1YV (CS) 500-900 77.0+£0.1
Mgo.3YV (CS) 500-900 81.8+0.4
Mgo.sYV (CS) 500-900 954+1.1

Note: The activation energy was calculated using Aritremodel
0=(A,/ T)exp(-E, /(RT)}; given errors are standard errors.

Note that related zircon-type compound CeV{ predominantly electronic
conductor showing several orders of magnitude hmigb&l conductivity compared to
YVO4 and LavQ (fig. 4.13). The electronic transport in Ce¥@ believed to be
contributed by electron-hole hopping between ceraations, with C& representing an
electron-hole residing on cerium i6° Contrary to YVQ and LaVvQ, charge
compensation of acceptor-type substitution in.@8&V04 (A = Ca, Sr) occurs via partial
oxidation of Ce cations (Ct-Cée") thus leading to a further increase of p-type
electronic conductivity>1%3%40whereas ionic conductivity was found to be esséti
independent of acceptor concentrattef® Furthermore, the magnitude of oxygen-ionic

conductivity in CexAxVO4®%° is comparable to the total electrical conductivitly
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Mgo.1YV and La.ofCa.01VOs (fig. 4.13), with similar values of activation eggr This
may imply that ionic transport in these vanadatesuss via similar mechanism and is
limited by a low concentration of oxygen vacanci&sill, Mgo.1YV ceramics show
somewhat lower measured ionic conductivity compaoedther acceptor-doped Ln\O
at least partly due to the presence of minor piraperities.

The role of phase impurities is further emphasizgdhe data shown ifig. 4.14.
Mgo.1YV samples synthesized by combustion method werendoto exhibit higher
conductivity compared to their counterparts preppal®yy conventional solid state
synthesis. This can be attributed most likely tétdsehomogeneity and more uniform
distribution of dopant cations in the host struetaf CS samples. Magnesium doping
beyond x = 0.1 resulted in progressive segregadiomsulating impurity (MgO) and

decline of the total electrical conductivity of W ceramics.
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Figure 4.14 Temperature dependence of electrical conductivityfo
MgxYV ceramics in air
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4.2.2.9. Thermal Expansion

Fig. 4.15 demonstrates the variation of coefficieftlinear thermal expansion
(CTE) of Mg.1YV prepared by both synthetic methods from roomperature to 400°C.
The average thermal expansion values are 4.7% @0at 150-400°C for MgrYV (CS)
and 3.8 x 16/°C for Mg.1YV (SS) respectively. These values are in good eagent

with the literature data on YV/&*and other zircon-type vanadatés®
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Figure 4.15: CTE curves for Mg.1YV (SS and CS) samples in air.
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4.2.3. Conclusions

+  Y1x2M0xV1x204s5, (X = 0.0-0.5) samples were prepared by adoptitig state
reaction and combustion methods.

+ Combustion synthesis showed zircon-type phase fiwmat lower temperatures
compared to solid state method.

+  XRD analysis indicated that single phase formatioours up to x=0.1 in both
cases, whereas the results of SEM/EDS analysisestigightly lower solubility
limit of Mg in theYV Q4 lattice.

<+ TEM analysis indicated the smaller grain size of €8nples calcined at
550°C/6h.

+ EPR analysis indicated the presence of paramagoetices and which may be
due to the partial reduction of V(V) ions.

+  Electrical measurements carried out in air dematedr that the ionic
conductivities of all Mg-doped samples are higlhantthat of undoped YVO

¥  Mo1YV-CS sample showed maximum conductivity €1.25x10* S/cm at

900°C) among the prepared compositions due teitebbhomogeneity.
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CHAPTER 5

¢ ¢
ELECTRICAL PROPERTIES OF MONOVALENT (Li*and Ag") METAL

DOPED SmVO4
¢ ¢

Undoped SmVOand monovalent cation doped S9aMo.104+s (M=Li and AgQ)

ceramic samples were prepared by solid state reacttechnique and were
characterized by XRD, SEM and electrical condugtivimeasurements using
impedance spectroscopy. XRD analysis showed theafan of phase-pure materials
with tetragonal zircon-type structure.SEM analysidicated the variation of grain
sizes from 0.5-2m for the doped ceramics and about 2425 for the parent sample.
A.C. impedance spectroscopy reveals that Li- andddging markedly improved the
electrical conductivity of Sm\V{O Among the prepared ceramics, the highest
conductivity is obtained for SradAg.104+s Sample (~ 1.4x18 S/cm at 400°C) with

activation energy of 73 kJ/mol in the studied terapee range of 130-470°C.
. 4
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5.1 Introduction

Oxide ion conductors are important functional mate and are the subject of
significant interest due to their relevant enviremtal friendly electrochemical
applications in vital areas including solid oxideel cells, oxygen sensors, oxygen
pumping devices eté:® Currently, Yttria stabilized zirconia (YSZ) is csidered as the
widely accepted oxide ion conductor, but technalally there is a need for new oxide
ion conductors which can be operative at low terjoee, due to the limited oxide ion
conductivity of YSZ for utilization in electrochenal devices. Therefore, the
development of highly conducting oxides, which ssential for applications occur at
high temperature, can be considered as a highlyadding research subjetctn the past
few decades, research was focussed on improvingdtfermance of the existing oxide
ion conductors and exploring new classes of mdseria

As an important group of inorganic compounds, zirtgpe rare earth
orthovanadates (REVAD has been extensively studied for various apptoat REVQ
are materials of fundamental and technologicaliBg@mce due to their wide variety of
functional properties. Important applications of \REz includes solid electrolytes in
SOFCs, cathodoluminescent materials, lithium iortebi@s, as three way catalysts
(TWCs), thermophosphors, scintillators, high-atyivi catalysts in oxidative
dehydrogenation of propane and butane, laser-hasérials, photocatalysis materials
etc® Generally, REVQ@structures crystallize in two polymorphs: a tetragdt) zircon-
type and monoclinic (m) monazite typ&1* As the larger rare earth elements have
higher coordination number, they prefer to crystalin the monazite type and the other
orthovanadates prefer to crystallize in tetragamiadon-type structure with space group

|4/amd.?>1® Tetragonal zircon structure has four formula upiés unit cell and can be
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described in terms of alternating edge-sharing RBGQecahedra and \ViQetrahedra
forming chains parallel to c-axis.

Similar to the majority of REV@Q samarium orthovanadate (SmyQOalso
crystallize in tetragonal zircon structure. In tisisucture, Sm atom is coordinated by
eight oxygen atoms forming a triangular dodecaheaind V atom is tetrahedrally
coordinated with four oxygen atoriign the last few years Smvi®ased materials have
been extensively studied as a potential candidate td their unique properties and
applications in various fields such as gas sehSogical polarizer$ catalysis® lithium
intercalated electrod&slaser host materigs thin film phosphor& solar cell$® and
unusual magnetic materidtsHowever, the reports on electrical propertiegiafon type
SmVQ; and related materials are very scarce. The efféalivalent cations on the
electrical properties of known oxide conductorsstigdied well but that of monovalent
cations are found to be comparatively rare. Moneviammetals like Ag and Li have larger
size and lower valence than W(Ag*) =1.00 A, tV(Li*) = 0.590 A and'¥(v®*) =0.355
A).?> To date, only a few reports are available on tifisénce of Ag and Li-doping on
the electrical properties of ionic conductors. kiual® reported the enhancement of ionic
conductivity by Ag-addition in the lead-free ferteetric material, BisNaosTiOz (BNT).
They have carried out the conductivity measurerbgnarying the sintering atmospheres
and found that the air sinteredoBNao.sTi0.9G&.103s@ 1Wt%Ag0O (A-BNTG) exhibits a
higher conductivity in nitrogen while dramatic dease in air, indicating an n-type
contribution to the conductivity while the nitrogemtered samples (N-BNTG) showed
grain and grain boundary contribution to the ta@hductivity. The bulk conductivity of
N-BNTG increased by almost 2800 times for A-BNTG582°C. Microwave assisted
synthesis of bismuth vanadates with different catisubstitution (Ag, Mn**, Ga&*, Y3*,

and Cé") was reported by Vaidhyanathan et®Among which higher ionic conductivity
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was obtained for B{Vo0sAgo1)Oss and Bi(VodMno1)Os3s systems. Sharma et ‘al.
discussed the influence of oxide ion conductiviyytbe substitution of Li for V in the
BisV2011 system. Li and Ag —doping on the ionic conducywf Bi-VOs s was reported
by Taninouchi et &’ Temperature dependence of the electrical condtyctialues of
the Bb(Vo.951i0.05)O0s.4 and Bi(Vo.olio.1)Os.3 found to be 2 orders of magnitude higher
than the values obtained by Sharma €t Atcording to their report, Li and Ag-doping
improved the conductivity of BVOs s below 570 °C and also the conductivity values are
found to be higher than the well known oxide iomauactors like YSZ?8SDC*® and
LSGM.

5.2.  Electrical properties of monovalent (LT and Ag') metal doped SmVQ

The objective of the present study is to synthesimmmovalent metals such as Li
and Ag-doped SmVEsystem and to explore its electrical charactesgstith the support
of structural and microstructural analysis.

5.2.1. Experimental

Polycrystalline ceramic samples were synthesizedpting conventional solid
state method. Prepared compositions were abbrdviase SV, SVA and SVL for
samarium vanadate, silver doped (S9pAJ0.104+5) and lithium doped (Smdklio.104xs5)
doped samarium vanadate respectively.

High purity SmOs (99.0%, IRE, India), LICOs; (>99%, Sigma-Aldrich), AgD
(>99%, Sigma-Aldrich) and X0s (99.6+%, Sigma-Aldrich) were used as the starting
reagents. The powders were weighed accurately axebrthoroughly using agate mortar
and pestle using acetone as the mixing medium. fEseltant mixtures for the
compositions SVA and SVL were then precalcinedd®’€ for 4 hours first followed by
calcinations at different temperatures with propetermediate grindingsCalcined

powders of all the samples were then pressed wliat 100 MPa into disk-shaped
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compacts and sintered for 4 hours at 750°C for &#hd10s4 and at 700°C for
SMmVWo.0AQ0.104. Sintered compact of SV was prepared by followthg procedures
explained in section 2.2.1.1.of Chapter 2. Durimg process of sintering, the pellets were
properly covered by the powders of the same cat@mmposition to minimize possible
sample losses. The density of sintered samplesmessured by Archimedes method
using deionized water as immersion medium.

Powder X-ray Diffraction patterns were collectedngsPANalytical X’'pert Pro
diffractometer (Ni-filtered Cu-K radiation). Surface morphology of the sintered,
polished and thermally etched compacts coated \wdhHadium—gold mixture was
performed with the aid of a scanning electron nscope (SEM, JEOL JSM-5600 LV).
Electrical conductivity §) was determined in controlled atmospheres by mezns
impedance spectroscopy (Agilent 4284A precision LG&er, frequency range 20 Hz-1
MHZ) using disc shaped sintered samples (thickr@ssim,[1 ~ 10 mm)with porous Pt
electrodes were painted onto the flat surfaceshefpolished ceramic samples. The

measurements were performed as a function of teahyperat 120-550°C range.

5.2.2. Results and Discussion
5.2.2.1. Phase Analysis

Fig. 5.1(a) and (b) shows the XRD pattern for ¢caddi samples of SV, SVA and
SVL. All peaks in the XRD patterns can be assigied tetragonal symmetry of SmyO
without the indication of any other crystalline pgeducts, displaying the formation of a
single phase of tetragonal zircon-type structuréhvepace groug4i/amd. All the
reflections are in agreement with ICDD PDF #01-@244 of SmVQ. The well resolved

diffraction patterns indicate the high crystallyndf the prepared samples.
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Figure 5.1: XRD pattern for the samples (a) SVA andb) SVL compared with SV
5.2.2.2. Microstructural analysis and densification

Fig. 5.2 (a), (b) and (c) represents the SEM miaplys of polished and thermal

etched surfaces of SVL and SVA respectively. Gsae of the samples varies in the

range 0.5-2um for the doped ceramics and about 2:8bfor the SV sample. Density

obtained for the materials are listed in Table 5.1.

Figure 5.2: Surface morphology of sintered sample&) SVL and (b) SVA and (c) SV
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Relative densities of the sintered ceramics sangrkesummarised in Table 5.1. SV
ceramics was found to be comparatively porous, adewethe doped ceramics had relative

density higher than 90%.

Table 5.1: Relative Densities of the sintered cerans

Composition Relative Density %
SV 81
SVA 95
SVL 91

5.2.2.3. Electrical Conductivity

Fig. 5.3 shows typical impedance spectra of thepgmed ceramics. For all
compositions, the spectra comprised of two majontrdoutions: high-frequency
semicircle was assigned to the bulk resistanceth@edow-frequency contribution was
attributed to the electrode process. No grain baandontribution could be noticed in the

studied temperature range.
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Figure 5.4: Impedance spectra of (A) SVL and (B) SX

Temperature dependence of electrical conductivityhe prepared ceramics was
studied and is shown in fig 5.5. Although the natelectrical transport in these materials
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was never reported, the presence of electrode selait the impedance plot (fig. 5.4)

implies an ionic contribution to the total elecaliconductivity. All the materials exhibit

semiconducting behaviour in air (fig 5.5): the \eduof activation energy of electrical

conductivity are listed in Table 5.2. The tempematependent conduction mechanism in

these materials obeys Arrhenius equation, and dtieation energies are calculated from

the slopes of the fitted straight lines of conduitti—temperature plot.
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Figure 5.5: Temperature dependence of electrical cductivity
of the prepared ceramics

Table 5.2: Activation energy of electrical conductiity of the samples in air

Composition T, °C Ea, kJ/mol
SV 340-520 69.5+0.6
SLV 210-500 78.0x£1.0
SAV 130-470 73.1+x04

Conductivity measurements indicated that there avasgnificant dependence of

electrical conductivity of the prepared ceramicstemperature and composition. The

conductivity of SV without any dopant was very lawd the value was ~5.6 x 4®/cm
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at 400°C. Minor doping with lithium and silver résuin considerable increase of
electrical conductivity of SVL and SVA samples camgd to the parent material SV.
SVL and SVA samples show conductivity higher thadi* 1S/cm and 18 S/cm
respectively at temperature as low as 400°C witlvatton energy of 78 kJ/mol (SVL)
and 73 kJ/mol (SVA) in the studied temperature eanthe most likely reason for the
considerable conductivity enhancement of SVL andASystem may be due to the
increased concentration of interstitial chargeiegsrin the zircon host structure, resulted
upon the doping with monovalent cations. Whateuyss tmechanisms of electrical
transport (by oxygen-ionic, or cationic, or mixemceptor-type doping by Li and Ag
significantly improved the electrical conductivitieof the parent material. The
conductivity of SVA looks to be high is expectedlte purely oxygen-ionic, available

data are however insufficient to explain this.

It is well known that RE-doped ceria formed a famolf solid electrolytes with
outstanding conductivity properties compared wita tommonly used YSZ, where the
ionic conductivity takes place above 1073K, ceriasdd materials shows highest
conductivity in fact at much lower temperatures.eTbonductivity in ceria based
materials occurs via oxygen diffusion through theygen vacancies introduced by
substituting C& with RE**. Among the lanthanides suitable dopants selectéerims of
ionic conductivity of ceria system is Gd (GDC) anh (SDC)° Another well known
oxide ion conductor as per the literatures is pekite type LaGa@doped with Sr and
Mg (LSGM) for the La and Ga sites respectively. Sdenaterials exhibits higher oxide
ion conductivity and can be comparable with the GDé&king this in to account we have
made a comparison of temperature dependent elotenductivities of these materials

with the conductivity of the ceramic oxides prephire this work3!32
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Figure 5.6: Comparison of temperature dependent ettrical conductivity of SV, SVL and
SVA (this work) with YSZ 2 LSGM !, SDC and GDC".

Fig. 5.6 shows comparison of temperature dependeiekectrical conductivity of
the prepared ceramics with the conductivities oheot oxide ion conductors
(ZrO2)0.9AY 203)0.08 (YSZ)8, Cey.s5Gth.1801875 (GDC), Ce.85Smp.1501.875 (SDCY° and
Lao.sSt2GansMgo 203 (LSGM):. The conductivity of SVA at 450°C is ~1 order of
magnitude higher than YSZ which is the most popsitdid electrolyte and is comparable
to SDC and GDC and the well known as the best oxideconductor LSGM. The value

obtained for SVL also can be comparable to YSZ58r¢€.
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5.2.3. Conclusions

® Undoped and monovalent Ag- and Li- doped SpiWxOs+s (M= Ag and Li) ceramics
were prepared by solid state reaction method.

® XRD analysis indicated the formation of single-phasaterials with tetragonal zircon-
type structure

# SEM analysis shows the variation of grain sizes2ufn for the doped ceramics and
about 2-25um for the parent sample.

® Electrical conductivity measurement carried out air demonstrated that the
conductivities of the doped samples are higher thanof undoped SmVO

® SVAsample showed maximum conductivity£ 3.2 x 16 S/cm at 470°C) among the
prepared compositions.

#® The conductivity of the SVA ceramics is higher thémre well known oxide ion

conductors YSZ and can be comparable to SDC, GRIQ.&GM.
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SCOPE FOR FUTURE WORK

This chapter discusses the possible extensions of the work that may be pursued
in future
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CHAPTER 6

Scope for futurework

Reliable, clean and sustainable energy supply isemelevant today than ever
before. Due to the increasing industrialization gagulation, the demand of energy is
growing day by day. The existing energy supply eayst, which are largely based on the
combustion of fossil fuels, grounds for many enwim@ntal problems such as air
pollution, acid gas emissions, and the emissiogreénhouse gases. One of the largest
issues at hand is that it is hard to create thatgyaf energy that fossil fuel generators
produce. Also, many renewable energy sources, asietind and solar, rely on resources
that aren't present forever. Furthermore, thesrgtive energy resources are typically
more expensive when comparing them to fossil fost One of the most vital problems
in the twenty-first century concerns both the lagiase of energy resources and the
decrease of toxic gases emission. This problenbeananslated in terms of reduction of
consumption of energy and increasing the use o&rachkd/efficient energy systems on a
large scale.

Materials research is expected to play a growingipaustainable technologies for
energy conversion, storage and savings. Primagsareresearch interest includes: solar
cells, batteries and supercapacitors, fuel cefisymhoelectrics, superconductors, more
efficient lighting and hydrogen technologies, seéasoatalysts etc. In most of these areas,
incremental advancements of existing technologies reot adequate to address the
important issues of durability, efficiency and sodilew materials research avenues are
therefore essential to design, elaborate and incate materials for energy applications.

Solid state electrochemical cells based on oxygenconducting materials play
crucial role for the generation of oxygen, gas fcation (oxygen removal), generation of
gases with known oxygen concentration and for peecontrol of oxygen levels in gas
streams or enclosures. Wide range of applicatioctudes medical, defence, on-site
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calibration gases for sensors, food packaging (emygmoval), aquaculture and several
others. Worldwide market potential is of the ordeseveral billion dollars.

The present study concentrates mainly on the sitreigroperty correlation between
the crystal structure, chemical composition andtatel properties of zircon-type mixed
metal vanadates. A detailed investigation on therzircon-type materials and the effect
of different dopants may be done to understandetbetrical property variation. Two
synthesis methods are adopted for the present,saumdy it is interesting to study the
various synthesis approaches to obtain betterteegddvelopment of new solid oxide ion
conductor for various technological application liming SOFC, sensor, ceramic
membrane for gas separation, catalysts etc areigoffisant importance. Chemical
stability and compatibility of the electrolyte ispgime requirement for the application
point of view. When such compatibility between #lectrode-electrolyte is achieved an
SOFC unit or sensor unit can be fabricated anitd performance analysis can be done.
There is a continuing requirement for the develommef fast, sensitive, rugged,
consistent, and economic sensors for applicationdarsh industrial environments.
Development of highly sensitive and selective sensdth long-term stability in such
aggressive environments is another interesting timpbe pursued.

In summary, the work presented in this Ph.D. thésithe beginning of a big
research program to develop new class of oxidecanrductors which can be tuned to
useful alternative for the conventional solid elelstes in various energy related

applications.
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