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PREFACE

Ionic conductivity is the result of ions migration. It pays a key role in the development of
electrolyte materials for several electrochemical devices like solid oxide fuel cell
(SOFC). Solid electrolytes are the class of materials found to exhibit high ionic
conductivity which depends upon different transport mechanism associated with it. Other
type of conduction e.g. electrons (electronic conductivity) reduces the efficiency of solid
oxide fuel cell due to internal short circuit.

Oxide phases derived from Bi,Os are particularly interesting due to their high
ionic conductivity with respect to other solid electrolytes. High conducting 6-phase of
Bi,03 can be stabilized down to room temperatures by the substitution with V,0s thus
forming BisV,0;; compound. Materials like vyittria stabilized zirconia (YSZ),
La;j9xGesOq5 etc. require high temperatures for their synthesis. Their compatibility and
performance with other components of devices show limited applicability. The cost and
maintenance of a fuel cell stack makes it mandatory to operate it below 800°C, but these
temperatures are at the technical limit that can not be achieved with YSZ as the
electrolyte below 800 °C. Moreover, oxygen ion conduction through the YSZ electrolyte
membrane is a highly activated process, thus resulting in high voltage losses across the
layer at lower temperatures. This fact continues to motivate to search for developing
electrolytes with low resistance at intermediate temperatures.

Currently, considerable attention is paid to search solid oxide electrolyte materials
which exhibit high ionic conductivity at low temperature. Replacement of YSZ with
intermediate temperature oxide ion conductor in solid oxide fuel cell would give a

significant reduction in the material cost and fabrication problems together with an
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improvement in the efficiency and longevity of the cell. Solid solutions based on y-
Bi4V,0; by partial substitution of vanadium with metal cations (Bi4V,.xMeyO1) exhibit
high ionic conductivity and oxygen ion transference numbers close to unity at
temperatures below 600°C. Although, these materials were developed as early as 1986
when Bush and Debreuille-Gresse reported some of the highest oxygen-ion conductivities
to date. Since then a large number of systems were developed and investigated. In order
to demonstrate the superiority of the bismuth vanadate based compounds as compared to
the other commonly used materials, a number of new electrolytes doped on the vanadum
and bismuth sites respectively were prepared: (i) BisVaxMe Oi15 (Me = Cu®", Mn*,
Ti*", AP", Cr’", Ga’" and As™) (ii) BisxV2Me,O11.5 (Me = Pb*", La’>" and Gd*") and their
physical and electrical characterizations were carried out in the present work. In all the
systems, the composition selected is x = 0.1, 0.2, 0.3, 0.4 and microstructural study was
carried out to correlate it with the ionic conductivity. This was undertaken because of fact
that no systematic study up to higher composition range and its correlation with
microstructure is reported in the literature. The entire study is described in the following

six chapters.

Chapter 1

Chapter 1 presents in brief the background of the solid electrolyte. Classification of solid
electrolytes has also been presented. Structural aspects of solid electrolytes have been
incorporated in context to oxide ion conduction. The fundamental characteristics,
principle of defect formation, ions transport mechanism and temperature dependent

conductivity behavior of the solid electrolytes is also explained. The concepts of solid



oxide fuel cell based on solid electrolytes have been summarized. Different fabrication
and processing techniques of solid electrolytes are mentioned for its application in solid

oxide fuel cell. Various applications of solid electrolytes are also given in this chapter.

Chapter 11

Chapter II reviews the literature and research findings reported by various research
groups in the field of solid electrolytes. Zirconia based solid electrolytes and related
systems have been discussed in length for their application in intermediate temperature
range [600-800°C]. Research findings of various other electrolyte materials like
Lag §Sro2Gag s3Mgo.1702.815s (LSGM), GdAIO; etc. are also reported. Emphasis on the
literature survey on BiO; based electrolyte materials viz. BiggErg,0; s,
Bi8sDy0.0sW0.0401.5, Bi2S1;Nb,GaOy; 5, in general, and doped BisV,0y;, in particular, is

discussed.

Chapter 111

Chapter III gives the experimental techniques and procedures in detail for sample
preparation, physical characterization and electrical measurement of the samples. The
samples are prepared by solid-state reaction technique by taking appropriate
stoichiometric amounts of the required materials. As prepared samples are characterized
using X-ray diffraction (XRD), thermal analyses (DSC/DTA) and conductivity
measurement techniques. The XRD technique is used to detect the formation of bismuth
vanadate based compounds of different (o, B and y) phases at room temperature and

lattice parameter determinations whereas DSC/DTA is used to observe the phase
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transitions in the samples. Scanning Electron Microscopy (SEM) analysis of the fractured
surfaces of the samples is also carried out to reveal the microstructural features.

Chapter 1V

Chapter IV deals with experimental results on bismuth vanadate (BisV,0;;) and its
derived compounds. These compounds are prepared by substitution of metallic cations on
vanadium site represented as BisV,MexO 5, where Me = Cu2+, Mn2+, Ti3+, Al3+, Cr3+,
Ga’" and As”; x = 0.1, 0.2, 0.3 and 0.4. The ionic conductivity was measured from 200-
700°C during cooling cycle. The samples were characterized by XRD, DSC/DTA and
SEM to explain the conductivity behaviour of the materials and their correlation with the
microstructure. In addition, high conducting samples of BisV;¢Tip4O;15 and
Bi4V, 3Aly 10,5 were also prepared at different sintering temperatures to understand the

conductivity behaviour and its relation with microstructure.

Chapter V

Chapter V describes preparation of various substitutions, such as Gd>*, La’" and Pb*" for
Bi*" sites in BisV,0y, for the composition x = 0.1, 0.2, 0.3 and 0.4. The detailed study by
XRDs was carried out to find the existing phases and their stability in the sintered
samples.The ionic conductivity was measured in the temperature range of 200-700°C
during cooling cycle. DSC/DTA was done to support the conductivity behaviour and its
correlation with microstructure. The high conducting samples of Bis sPby,V,0,,.5 and
BisgLag 1 V,0;s were prepared and sintered at different temperatures. These samples

were also characterized with XRD, SEM and ionic conductivity measurements. The study
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was carried out to observe the effect of sintering temperature on order-disorder

transitions, ionic conductivity and its microstructural aspects.

Chapter VI

Chapter VI summarizes the results of all the experiments conducted for the doping on
both sites viz. Bi4V,xMexO11.5 and BigxMexV,0;15 (x =0.1, 0.2, 0.3, 0.4) systems. The
overall conclusion shows that conductivity and solid solution range is highest for
Bi4V6Ti940115 and BizsPby,V,0;;scompounds on vanadium and bismuth sites
respectively. The suggestion for future work is also given.

At the end, all the references which have been consulted during the study are given in
increasing order. The list of papers published, presented and communicated is also

appended.
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Chapter 1

INTRODUCTION

Overview

This chapter presents a review of solid electrolytes. Classification of solid
electrolytes and their fundamental characteristics are mentioned. Properties
including ionic conductivity of various ZrO,-, CeO,- and Bi,O; - based
electrolytes which are currently in use are discussed. Structures of the
various oxygen ion conductors which play an important role for conductivity
enhancement have been elaborated in detail. Important parameters and
defect formation that govern the properties of solid electrolyte have been
discussed. The mechanism of ion conductivity which is the key feature of
the solid electrolytes is given. Solid electrolytes for solid oxide fuel cell and
their fabrication techniques are discussed along with other aspects
concerning solid oxide fuel cell. Applications of solid electrolytes in

different areas are also presented.



1.1 Background

The substance in which ionic conduction takes place through movement of ions is called
ionic conductor. Ionic conductivity is observed in those solids in which defects
(vacancies) exist. Ionic conductors have always provided a fascinating interdisciplinary
field of study ever since their discovery by Faraday over 200 years ago. He introduced
the basic terminology of electrochemistry and classification of substances into first and
second type of conductors in 1834 [1]. Solid ion conductors were technically recognized
for the first time with the development of electric lightning devices. In recent years, the
practical importance of solid ionic conductors has increased. Their application in
batteries, fuel cells and other large and small devices has increased many fold. The ionic
conductivity is a critical property of a solid electrolyte which determines the efficiency
and operating temperature of electrochemical cells. In order to obtain a material that is a
pure ion conductor (solid electrolyte), the level of electronic contribution to the total
electrical conductivity (ionic + electronic) must be negligible. Solid electrolyte must have
high ionic conductivity at the operating temperature to allow efficient transfer of ions
from the cathode to anode and also a low electronic conductivity to prevent electron

leakage across the cell.

1.2 Solid Electrolytes: A Classification

Solid compounds that exhibit the high ionic conductivity are termed as solid electrolytes
or superionic conductors or fast ion conductors or hyperionic conductors. Solid
electrolytes or superionic solids paved the way for the development of solid state
electrochemistry or solid state ionics. Solid electrolytes have either mobile anions or

cations, which due to their high degree of disorder are free to move throughout the
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structure. The maximum ionic conductivity of these materials lies between 0.1 and 10
ohm™ cm™. Thus, these materials are intermediate in between normal crystalline solids

and liquid electrolytes. Different solid electrolytes can be broadly categorized as follows:

1.2.1 Crystalline Electrolytes

High ionic conductivity in some of the crystalline solid electrolyte is well recognized
because of fast ionic conduction. A number of solid electrolytes under this class notably,
a-Agl [2], MbAgsls (where M = Rb, K) [3, 4] and Na B-alumina [5, 6] display
anomalously high conductivities. Their cations Ag" and Na" exhibit high conductivity in
one of their ionic sublattices which is called the mobile ion sublattice, a behaviour
observed at temperatures well below melting points. These materials provide an
essentially rigid framework with channels along which one of the ionic species can
migrate. lon transport involves hopping from site to site along these channels. Presently,
cationic and anionic crystalline solid electrolytes are readily available. A large number of
fast ion conducting solids with anions and cations namely H', Li", Na', K, Ag+, Cu', F,
O” are reported. Most of the research is focused on Ag" and Li" under cationic
conduction. Oxygen ion conductor (O”) is well known for its high anionic conductivity
in various types of compounds like YSZ and Bi4V,0;;. The most important application of
these materials are found in solid oxide fuel cells and oxygen gas sensors.

Ionic conductivity in some of the materials is influenced by allotropic transitions
that take place with variation in temperature. For instance, pure Bi,Os is stable at 730 °C
in a face centered cubic form (fcc) known as 6 - Bi,O3 and shows an oxygen conductivity
in excess of 1 S/cm. Below 730°C, however it reverts to monoclinic a-Bi,Oz, which is a

p-type electronic conductor. & - Bi;Os3 is a very disordered structure and sometimes



referred as a semi liquid. Other crystalline solid electrolytes may show a gradual increase
in defect concentration with increasing temperature. These defect structure solids may
acquire sufficient defect concentration at higher temperature and start behaving like fast

ion conductor.

1.2.2 Glass Electrolytes

Apart from crystalline materials, the second class of electrolytes is the family of
amorphous conductors. These conductors are more close to liquid electrolytes than
crystalline ion conductors. Amorphous ion conducting materials have some unique
properties such as isotropic properties, absence of grain boundaries, easy film formation
and so on. Some excellent reviews on development of amorphous electrolytes are given
by various researchers [7-9]. Recently, glass electrolyte based on quaternary system was
synthesized and its impedance study revealed the characteristics similar to that of
superionic solids [10]. Mechanochemically synthesized amorphous and thermally stable
electrolyte xAgl(100—x)[0.5Ag,0+0.5M003] showed high ionic conductivity of the order

of ~102-107 Q' cm ™" at room temperature [11, 12].

1.2.3 Polymer Electrolytes

The class of polymer in which electrical transport occurs mainly due to ion carriers is
called polymer electrolytes. Polymer electrolytes are the newest area of solid state ionics
which has applications in electrochemical devices such as batteries and electrochromic
windows. Various types of new conducting polymers have been discovered and
characterized. Ion transport in polymers relies on dynamics of the polymer chains in

contrast to hopping in a solid electrolyte. Binod Kumar et al. [13] synthesized polymer



electrolyte LiN(SO,CF,CF3), by energy milling process and obtained conductivity value

of 1.5x 10" * S cm™ ' at ambient temperature.

1.3 Characteristics of Solid Electrolyte

In the early stages, systematic study on ionic conductivity in solids was not done as the
basic mechanism of ionic conductivity was not established because of fact that the crystal
structures of the materials were not known at that time. Good electrolyte is supposed to
have crystal structures with open channels, layers so as to provide pathways for easy
ionic transport via hopping mechanism. High conducting electrolytes are required to
fulfill the following conditions:

a) Availability of large number of free ions

b) Large number of vacancies for hopping

c) Same energies of the occupied and vacant sites

d) Three dimensional networking through open channels for the migration of ions

e) High polarizability of the anion framework

The performance of electrolytes depends upon the number of above mentioned

parameters.

1.4 Properties of Various Electrolytes

Much of the research is focused for optimization of the structure to achieve high ionic
conductivity of the solid electrolyte. Some materials exhibit higher ionic conductivity but
they are very expensive, for example Yb,Os. These materials find limited applications
due to cost factor. Doped ZrO,, CeO, and Bi,O3 are considered as ideal electrolyte

materials for ceramic oxygen generators and solid oxide fuel cell (SOFC) [14-17].
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Among these, the electrolyte materials derived from bismuth oxide (Bi,O3) compositions
show the highest conductivity as compared to others, particularly below 600°C [18, 19].
Various electrolyte materials which are currently in use as a solid electrolyte in different

devices are discussed below:

1.4.1 Zirconia-based Oxide Ion Conductors

In pure ZrO,, ionic conductivity is very low because of presence of low concentration of
the oxide ion vacancies and interstitial oxide ions. However, when yttria is added, the
conductivity increases significantly. Yashima et al. [20] surveyed the phase diagrams of
doped zirconia systems, including ZrO,-Y,0; [21] and ZrO,-Sc,0Os [22]. Various
attempts [23, 24, 25] to explain the conductivity behaviour on the basis of clusters in the
first and second coordination shells and variation in their structure have been made. It
was observed that the amount of dopant decreases with increasing radius of dopant ion to
achieve higher conductivity. The dopant S¢®* (0.81 A), which has the closest ion radius to
the host ion, Zr*" (0.80 A), shows the highest conductivity and higher doping level as
compared to yttrium doping.

For electrolytes, high electrolyte strength and toughness are also desirable in
addition to high ionic conductivity especially for its applications in solid oxide fuel cell.
The bending strengths of zirconia-based electrolytes along with their thermal expansion
coefficients are also shown in Table 1.1. ZrO, doped with 11 mol% Sc,0; and 1 wt%
Al,O3 appears as one of the best candidates because of its high oxide ion conductivity,

phase stability and excellent mechanical properties in real SOFC conditions.



Table 1.1 Electrical conductivity, bending strength, and thermal expansion coefficient of
zirconia-based electrolytes

Electrolyte Conductivity at 1000°C (S/cm) Bending strength Thermal expan.
(MPa) coeff. (1/K x 10°)
As sintered After annealing
Z1r0,-3 mol%Y,0; 0.059 0.050 1200 10.8
Z10,-3 mol%Yb,0; 0.063 0.09
Z1r0,-2.9 mo1%Sc,04 0.090 0.063
Zr0,-8 mol%Y,05 0.13 0.09 230 10.5
Z1r0,-9 mol% Y,0; 0.13 0.12
Zr0,-8 mol%Yb,0; 0.20 0.15
Zr0,-10 mol%Yb,0; 0.15 0.15
Z1r0,-8 mol%Sc,0; 0.30 0.12 270 10.7
Zr0;-11 mo1%Sc,0; 0.30 0.30 255 10.0

Zr0O,-11 mol%

Sc,05-1 wt% Al1,0; 0.26 0.26 250

1.4.2 Ceria-Based Oxide Ion Conductors

CeO; doped with CaO, Y,03, Smy0;, Gd,O3 and a number of other rare earth
oxides have high oxygen ion conductivity. However, the ionic conductivity regime is
rather narrow. Ceria-based oxide ion conductors are reported to have purely ionic
conductivity at high oxygen partial pressures. However, in reducing environments, ceria

based systems lose oxygen and develop electronic conductivity behavior at 800°C [26].



The conductivity of doped ceria systems depends on the kind of dopant and its
concentration. Mobile oxygen vacancies are introduced by substituting Ce*" with
trivalent rare earth ions. In ceria based systems, the maximum conductivity is observed at
10 mol% Sm,0Os. The conductivity of CeO,-Ln,Os (Ln = Gd, La etc.) system depends on
the dopant (Ln) ionic radius. The binding energy calculated by Butler et al. [27] shows a
close relationship to the conductivity. The dopant with low binding energy exhibits

higher conductivity as indicated in table 1.2.

Table 1.2 Electrical conductivity data for CeO,-Ln,O3

Electrolyte Conductivity at 1000°C Activation energy References
(S/em) (kJ/mol)
500°C 700°C
CeO, -10 mol%Sm,0; | 5.0x10° 4.0 x1072 75 28
CeO, -10 mol%Gd,0; | 3.8x 107 3.6x107 70 29
CeO, -10 mol%Y,0; 0.21x107° 1.0 x 1072 95 28
Ce0, -10 mol%CaO 15x107 2.0x1072 80 29

Ce0,-Gd,0; and CeO,-Sm,03 show an ionic conductivity as high as 5 X 102
S/cm at 500 °C corresponding to 0.2 Q cm” ohmic loss for an electrolyte of 10 pm

thickness.

1.4.3 Bi,03-Based Oxide Ion Conductors

1.4.3.1 Electrical Properties of Bi,Os:

Electrolyte material such as doped bismuth oxide exhibit superior ionic conductivity over
YSZ and CeO; based electrolytes at lower temperature [30]. Structurally, higher disorder
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state is responsible for high ionic conductivity in BiOs; systems. BiO; exhibits four
polymorphs viz. a, B, y and 6. The phase transition from low conducting monoclinic a-
phase to high conducting 8-phase has been observed at 730 °C [31]. The conductivity of
various phases [32] is given in table 1.3. Takahashi ef al. [33] reported enhancement of
ionic conductivity over a factor of 3 due to the oxygen ion movement during transition of

low temperature a to high temperature 6-phase.

Table 1.3 Conductivity of the various phases of Bi,O3

Phase Conductivity at 650°C
(Sem™)

0-Bi; 03 3x10™

B-Bi,03 2x107

v-Bi,0; 5x107

§-Bi,0; 1

Mairesse et al. [34] have given some factors which are responsible for the high oxygen

ion conductivity in 8- phase of Bi,Os. These factors are as follows:

o Availibilty of oxygen vacancies in the fluorite related structures.

. Presence of 6s” lone pair electrons accounting for high polarizability of the cation
network consequence of oxide ion mobility.

o Capability of the Bi** to accommodate highly disordered surroundings.

1.4.3.2 Coefficient of Thermal Expansion of Bi,O3
The coefficient of thermal expansion is very important factor while fabricating

electrochemical device. This helps to realize the life expectancy as far as other
9



components of the device are concerned. It will make impact on the heating and cooling
characteristics of the device. A very high value of coefficient of thermal expansion (43.6
x 10/ °C) was first reported by Gattow et al. [35] in 1962. Subsequently, half of this
value was measured by another group [38]. Typical values of cefficient of thermal

expansion are given in tablel.4.

Table 1.4 Thermal expansion coefficients of various phases of Bi,O3

Temperature (°C) Expansion coefficients (10°/°C) References
o B Y d

100-200 12.2 - - - 35
200-400 12.4 - - - 35
400-575 14.2 - - - 35
575-675 14.8 - - - 35
675-750 - - - 43.6 35

Room temperature - - - 22.6/22.5 36/37
25-730 11.0 - - - 38
730-825 - 23.0 - - 38
640-25 - - 20.0 - 38
650-500 - - - 24.0 38

1.5 Structural Aspects

A major goal of research in oxygen ion conducting materials is to develop new
compounds having high oxygen ion conductivity at relatively low temperatures (400-800
°C). For synthesizing new conductors, attempts are made to combine the extrinsic
vacancies through doping with the intrinsic vacancies already present in the structure.
The provision of a low activation energy barrier for hopping between adjacent sites by

using structures with a large free volume and highly polarizable ions, is the second

consideration.
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Above required phenomenon needs several consideration to understand it from crystal

structures. These considerations are as follows:

o Crystal must contain unoccupied sites equivalent to those occupied by the lattice
oxygen ions.

J Energy involved in the process of migration from one site to the unoccupied
equivalent site must be low (less than 1eV)

The small barrier to migrate would be difficult to attain due to larger size of the oxygen

ion with an ionic radius of 1.4 A as compared to smaller metal ion. However, in certain

very special and open crystal structures, migration of oxygen ions is easy in the electric

field. It is thus clear from these initial observations that materials displaying oxygen ion

conductivity must have highly disordered open crystal structures. These materials can be

divided into various structural types as categorized below.

1.5.1 Fluorites Structure

Study of fluorite-structured oxides as electrolytes begins with the early investigations by
Walther Nernst in 1900. The general formula of a fluorite oxide is AO,. This structure is
a face centered cubic arrangements of cations with anions occupying all the tetrahedral
sites as shown in fig.1.1. The fluorite structure has a large number of octahedral
interstitial voids. Oxide ion conduction is provided by oxide ion vacancies and interstitial
oxide ions. Uranium dioxide (UO,), thorium dioxide (ThO;) and ceria (CeO,) are the
materials that readily form the fluorite structure. High temperature zirconia (ZrO,) has
the cubic fluorite structure which can be stabilized to room temperature by substitution of
larger cations of lower valence like Zr; xCaxO,« and Zr;xY«O2.05x (YSZ). YSZ has good

high temperature mechanical properties which have been extensively covered in the
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literature [39]. High temperature 6-Bi,O; phase exhibits fluorite structure where three

quarters of the tetrahedral interstices are randomly occupied by oxide ion.

Fig.1.1 The fluorite (AO,) structure

(small spheres represent the A cation sites and the large one are oxygen sites)

1.5.2 Pyrochlores Structure

Pyrochlore structure (fig.1.2) of the formula A;B,07 is derived from an oxygen deficient
fluorite structure by an ordering of both cations and oxygen vacancies [40-44]. Moon and
Tuller [45, 46] have reported such a transition in Gd,(Ti;4xZrx)O7 with a primarily oxide
ion conductivity for x > 0.4 but the conductivity ¢ = 10? S/cm at 1000°C is not
competitive with other oxide ion electrolytes. Lattice structure compounds A;B,07 has
shown significant promise as ideal candidates for various applications such as electronic
materials, solid electrolytes and heating elements. This versatility depends upon the fact
that pyrochlore crystal structure allows a wide variety of ionic substitutions on both A, B

sites. B element can be a transition metal with variable oxidation state. An element can be
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a rare earth or an element, with inert lone pair. At the same time they satisfy other
requirements such as physical stability, chemical or thermal compatibility with other

materials involved in the design.

Fig. 1.2 Schematic pyrochlore arrangement, Ref. [47]

(small spheres represent the A cation sites and the large one are oxygen sites)

1.5.3 Pervoskites Structure

The crystal structure with ABO; stoichiometry is called the perovskite structure. Most
striking feature of this structure is to contain large concentration of oxide ion vacancies.
A typical crystal structure of perovskite based compounds is shown in fig. 1.3. A number
of perovskite structures are purely oxide ion conductors, which have been used as
electrolytes in the intermediate temperature range (650°C - 800°C). Structurally,

perovskite type oxides (ABO;) score over fluorite based oxide systems (AO;) because
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these materials offer two sites (A and B) for aliovalent doping and thus creating
vacancies in the oxygen sublattice, which help the migration of oxygen ions through the
lattice. In comparison to perovskite structure, doping in fluorite type oxides is limited to
A site [48]. Lanthanum gallate (LaGaO3) is the only material found suitable for ionic
applications. Doped La;.,Sr,Ga;.,Mg,O3 (LSGM) were studied independently by Feng
et al., Huang et al. [49, 50] and Ishihara et al. [51-53]. Interestingly, LSGM exhibited
higher ionic conductivity in intermediate temperature range. However, the long-term
stability of the electrolyte has yet to be demonstrated and there are some concerns

regarding the high creep rate of this material as compared to YSZ [54].

Fig. 1.3 The perovskite ABOj structure where large spheres represent A-cation and small

are oxygen ions
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1.5.5 Brownmillerite Structure

A perovskite oxide with disordered oxygen vacancy may transform to the brownmillerite
structure (A;B,0s) with an increased number of oxygen sites being vacant and in the
ordered state [55]. The Brownmillerite structure is shown in figure 1.4. Such
transformation has been reported in several perovskite-type oxides of LaSrCoFeO series
with lower Fe content [56-58].

The Brownmillerites may be intergrown with perovskites to produce hybrid oxygen ion
conducting materials [59, 60]. This structure is formed where the B cations are stable in
both octahedral and tetrahedral symmetry. In this structure, oxide ion vacancies are
introduced without aliovalent substitution. BayIn,Os, with large cation size, was

investigated under this class for easy oxygen diffusion.
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Fig 1.4 Brownmillerite structure
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1.5.6 Aurivillius Structure

Fig.1.5 Aurivillius structure of BisV,01;

Aurivillius structure was first reported by Aurivillius in 1949 [61-63]. However, oxide
ion conductivity was first reported in 1970s by Takahashi [64, 65] and Yanovski [66].
For instance, (BizA,.1M,O3443) showed the Aurivillius phases [61] in which perovskite
{An-1M1O3n41 }2' regions are sandwitched between sheets of {BizOz}2+ which contain from
n =1 to 5 octahedral layers (fig.1.5). Oxygen vacancies in the perovskite region lead to
the high conductivity reported for Bi,WOg and Bi,VOs s (n=1) [67, 68]. These materials
consist of an intergrowth between puckered bismuth oxide layers (Bi,0,)*" and

perovskite blocks (An_anO3n+1)2'. The (BizOz)2+ sheets have basal edge shared BiO4
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groups with the bismuth occupying the apex of a square pyramid and the oxygen forming
the basal plane. The A and B sites can have a variety of cations (A = Na, K, Ca, Sr, Ba,
Bi etc.; B = Fe, Cr, Ti, Ga, Nb, V, Mo, W etc.) [69] with the restriction that the
perovskite layer and bismuth oxide layer must match to each other structurally [70].
Among the Aurivillius oxides [61-63], the family (Bi,0,)*" (VOss)* is of
particular interest, owing to its high ionic conductivity [71]. Abraham et al. [67] observed
that Bi4V,0; exhibits three (a, B, y) phases whereas room temperature o -phase has low
ionic conductivity which transforms to B and y phase at 450 and 570 °C respectively. The
high oxygen ion conductivity of y phase at elevated temperature is due to the disordering
of the oxygen vacancies in the vanadate (VO35)* layers. The fascinating conducting
behaviour of y-Bi4V,0,; [67] has led to several attempts to stabilize such materials at
room temperature by means of doping on vanadium site using different metallic ions.
Such substitutions give rise to the so called BIMEVOX family of materials [72]. In order
to increase the number of vacancies present in the vanadate layer substitution on
vanadium site was adopted. However, High resolution transmission electron microscopy
(HRTEM) study by Zhou et al. [73] has proposed the structure of Bi4V,0;; to be made
up of continuous and orderly but distorted pattern of Bi,O, layers, suggesting the

presence of oxygen vacancies in the Bi,O, layers rather than the VOs 5 layers.

1.6 Principle of Defect Formation

Solid state electrochemical systems are increasingly being considered in the areas of
sensing and combustion control, energy conversion and storage and chemical processing.
Example includes zirconia based auto exhaust sensors and solid oxide fuel cell, mixed

ionic electronic conducting (MIEC) oxides as oxygen separation membranes and Li" ion

17



battery electrodes. In all these applications, the key element electrolyte satisfies (i) level
of ionic conductivity (ii) phase, morphological and dimensional stability and (iii) thermal,
mechanical and chemical compatibility. Out of these, the defects and their transport
properties influence substantially .The defects can mainly be divided into two types (i)
Extended defects (ii) Point defects.

Extended defects may be viewed in terms of dislocation and grain boundary. The
point defects include interstitial and vacancies as shown in figure 1.6. Such defects are
essential for hopping process for ions under the applied electric field. A point defect can
be developed by intrinsic and / or extrinsic mechanism. Intrinsic defect is accompanied
by thermal disorder in a stoichiometric compound by the generation of pairs of species to
maintain stoichiometry. This may be achieved in a binary compound by a formation of
(1) Schottky disorder: cation anion vacancy pairs (fig. 1.7(a) (2) Frenkel disorder:
cationic or anionic interstitial vacancy pairs (fig. 1.7(b), whereas, the extrinsic defect is
the result of addition of aliovalent impurity. Addition of yttria to zirconia introduces
oxygen vacancies due to charge compensation effects. For every two Y° ions taking the
place of Zr*" ions, one oxygen vacancy is created to maintain overall charge neutrality.
Substitution of Zr*" with Y** causes the negative net charge in the lattice. The charge
neutrality condition is maintained by forming oxygen vacancy written as follows
according to Kroger — Vink notation.

V4{0)
Y03 — 2Y', +30%+V,

Where Y’ means Y in the Zr site with the apparent negative charge (denoted by the

symbol’) and V, " is the vacancy in the oxygen site with double positive charge (). O,

means the lattice oxygen i.e. oxygen in the oxygen site with net charge of zero (%).
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Vacancy Interstitial

Fig. 1.6 Hopping mechanism for ionic conductivity

(2) (b)

Fig. 1.7 (a) Schottky defect and (b) Frenkel defect

Expression for defect concentration can be derived from thermodynamics by considering
the free energy A G of an elemental defective crystal.
G=G 1+G2 (1 . 1)

Where G; = ng is the work done in creating n defects and G, = -TS, is the

onfig

configurational entropy. At equilibrium,
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In which N is the total number of lattice sites of a given type. Applying the Sterling’s
Approximation and solving for n results in

n/N=exp(-g / kT)
This treatment can be readily extended to a compound by defining g; = work to form a

defect pair and noting that

79 o gr
on N N'

(1.4)

where N and N’ are the number of lattice sites on the two respective lattice and n the
number of defect pairs. For schottky disorder, N and N ' correspond to the cation and
anion lattices while in Frenkel disorder they refer to say the cation sublattice and the
cation interstitial site lattice, respectively. Again solving the appropriate form of
equation 1.2 for n, one obtains

n n
= —exp(-g/kT 1.5
B p(—g/kT) (1.5)

n=(NN")"?exp(~g,/2kT) (1.6)

It can be inferred from above equation (1.6) that (i) at any temperature above absolute

zero, disorder is thermodynamically stable due to a lowering of the free energy by the
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entropy term, (ii) the higher the temperature, the higher the equilibrium defect density;

defect disorder increases exponentially with temperature.

1.7 Ion Transport Mechanism

Ion transport occurs by means of activated hopping through defects (vacancy, interstitial).
Figure 1.8 shows the schematic representation of variation of energy £ with minima and
maxima at A and B respectively.

All the ions in a solid vibrate with frequency v, due to their thermal energy. At a
temperature 7, the probability P (per unit time) that a given ion has vibrational energy
greater than £ for hopping can be expressed as

P a v, exp (-E/KT) (1.7)

where & 1s Boltzmann’s constant

—» a
Fig. 1.8 Schematic of the energy variation with position of an ion
Ions hopping can also occur randomly in the absence of electric field amounting to no net
current flow.
On the application of an electric field V, the work done in and against the electric field is
equal to Vea in moving an ion of charge e through a distance a and corresponding net

probability of migration in the two opposite direction is given as;
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—(E—;Vea) —(E+;Vea)
Pa veexp | ———=—|— v, exp| ————=— 1.8
p T p T (1.8)

By assuming eVa « kT, the above equation reduces to
Pa v, Vea exp (ij (1.9)
kT
The mean velocity of the ions u is given by
-F
u=Pa=v, Ved® exp (k_Tj (2.0)
The mobility p, of the ion is given by

_E
=uw/V=v,ea* exp| — 2.1
- o

and, the conductivity o, is given by

o= Ne u, N is the number of mobile ions. (2.2)

Substituting equation for x (2.1) in to equation of ¢ (2.2), one can get,

2 2 _
o=V, Nea exp(A—Sj exp(—Ej (2.3)
gkT k kT

where exp(TSj is a proportionality constant, AS is the entropy of activation and g is a

geometrical factor giving the possibility of several jump directions for a given ion.

The term of proportionality constant 1/g exp(%) is negligibly small as compared to the

number of mobile ions for solid electrolyte.
So above equation can be generalized to following Arrhenius type equation for the solid

electrolyte.
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o=0,exp(—AE,/kT) (2.4)

Ne*a®

where o, is the pre exponential factor (= v, ), and E, is the activation energy.

1.8 Applications of Solid Electrolyte

The oil crisis of the early 1970s focused attention on the development of batteries and
fuel cells for electric traction which is most relied on the use of solid electrolytes. In
recent years, solid electrolytes have been used in various other devices based on large and
small power sources [38, 74, 75]. The development of compact low power batteries for
portable electronic equipment including mobile telephones, laptop computers etc. and
electrochromic devices such as smart windows, which are electrochemical cells that can
change their opacity by the passage of small amount of charge, are the newest area where
solid electrolytes find its importance. The various applications of solid electrolytes are

discussed below.

1.8.1 Solid Electrolyte Batteries

Conventional batteries with liquid electrolytes have limited life period because of the
corrosion reactions between the liquid electrolyte and electrodes. Another shortcoming is
the leakage of aqueous electrolyte. Moreover, their operational temperature range varies
from room temperature to boiling point of liquid electrolyte. The requirement of
miniaturized power source for mounting the energy source on the electronic circuit board
could not be met by these aqueous electrolyte batteries. Thus the concept of solid state
battery in which the electrolyte is also in a solid state besided the two electrodes attracted
renewed interest. All solid state cells have many advantages such as miniaturization, long

storage life, operation over wide temperature range, rugged structure, no volatilisation
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and no leakage because all the cell components are solids. A solid sulphur type battery is
attractive for power source in electric vehicles and electric energy storage as a part of
load leveling systems.

Other types of cells which are in applications are miniature primary cells which
operate at room temperature and have long life rather than a high power output. They are

used in electronic watches, heart pacemakers and in military applications.

1.8.2 Solid Eelectrolyte Thermometer

Solid electrolytes are used as high temperature electrochemical thermometer. This has the

advantage of working at high temperatures greater than 1000 °C due to ceramic material

used for its construction. However, gas thermometry is limited to a maximum of 1000 °C

due to lack of suitable material. The cell geometry of a solid electrolyte thermometer is
Pt/ O, (P;) / Solid electrolyte / O, (P,) / Pt

The temperature can be calculated from the oxygen pressure levels P; and P;.

1.8.3 Oxygen Sensors

To maximize energy output for efficient combustion process, on line monitoring of the
oxygen content with minimizing partial combustion pollutants such as CO, and NOy, is
required. This can be made with the help of oxygen sensors. The currently used YSZ
based sensors operates at high temperature over 800°C while desirable operating
temperature range (200°C-400°C) is lower for the sensors. Thus new materials are being

developed [76] for its efficient working at lower temperature range.
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1.8.4 Air Separators

The process of air separation is the reverse of oxygen sensors. Solid electrolytes have
selectivity to only one type of charge carrier for its use in air separator. A device based
upon this is used to separate oxygen from air particularly from gases, for example,

oxygen free nitrogen or argon [77].

1.9 Solid Electrolytes and Solid Oxide Fuel Cells

In 1905, Haber filed the first patent on fuel cells with solid electrolyte [78]. In the last
decades, solid oxide fuel cells (SOFC) have been of great interest for the next generation
energy efficiency with pollution free environmental [79]. As the requirements for cheap
clean electrical energy source increasing, fuel cells are becoming a viable source of power
for many applications. SOFC can be categorized due to its high operational temperature
(~1000 °C). Such a high operating temperature produced many unfavourable influences on
the fuel cell/stack performance due to the degradation of its constitutent components and
undesirable interfacial reaction among the components. Thus, reducing the operating
temperature of SOFCs has been one of the key issues for the longevity of the constituent
components and the SOFC system itself.

There have been two trends in research to develop intermediate or low temperature
SOFCs. The first approach is to reduce the ohmic resistance of solid electrolytes by simply
reducing the thickness of solid electrolytes. But this approach has some limitations because,
once the thickness goes below 10 um, an additional reduction in thickness does not
contribute further to reduce the ohmic resistance. Moreover, excessively thin electrolytes

drastically decrease the mechanical strength of the electrolyte.
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Another approach is to develop new solid electrolyte materials, which have higher
ionic conductivity being more profitable for lower temperature application. There has been
lot of research to develop the suitable solid electrolyte for the application of intermediate or
low temperature SOFCs [80-83].

Fuel cell efficiency depends on the properties of materials from which the cell is
fabricated. One of the most critical components in the fuel cell is the solid electrolyte. The
electrolyte for solid oxide fuel cell must be stable in both reducing and oxidizing
environments and must have sufficiently high ionic with low electronic conductivity at cell
operating temperature. In addition to this, material must be able to be formed into a thin
strong film with no gas leaks. The required properties for these materials, fixed by both
electrochemical constraints and high operating temperature, are the following:
> High ionic conductivity (>0.1Scm™ at 900°C).

Low electronic transference number (<107 at 900°C).
Phase stability in wide range of temperature (RT - 900°C).

Thermal expansion characteristics compatible with other cell components.

YV V VYV V¥V

Chemical compatibility with electrodes, sealants and interconnect materials in oxidizing

and reducing atmosphere.

A\

Gas tightness.
» Fracture toughness (>400 MPa at room temperature).
» Moderate cost of materials and easy fabrication.
SOFC consists of solid electrolyte such as yttria-stabilized zirconia (YSZ) which
acts as a oxide ions conductor from 600°C to 1000°C. YSZ ceramic reduces oxygen atom

by the electron on porous cathode surface to oxide ion which is then transported to fuel
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rich porous anode where oxide ion combines with hydrogen giving up electron in the

outer circuit producing electric current as shown in fig.1.9.
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Fig.1.9 Working of solid oxide fuel cell

Solid oxide fuel cells are the most efficient devices yet invented for conversion of
chemical fuels directly into electrical power. Considerable advances in theory and
experiments are still being made over after 100 years of invention of its basic idea and
materials by Nernst and his colleagues. On the molecular scale, collisions between
hydrogen and oxygen molecules result in a reaction producing water and releasing heat
whereas the bond energy of the produced water is lower than the bonding configuration
of the initial hydrogen and oxygen gases. This energy difference is released as heat for
combustion engines which occurs by reconfiguration of electrons in picoseconds at an
intimate, subatomic scale. To produce electricity, this heat energy must be converted into
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mechanical energy and then the mechanical energy must be converted into electrical

energy which is potentially complex and inefficient.

1.9.1 Classification of Fuel Cells

There are five primary classes of fuel cells, identified by their electrolytes which have

emerged as viable systems [84]. Each fuel cell differs in materials of construction,

fabrication techniques and the system requirements, in addition to classification, by the

type of electrolyte used. At present, several types of fuel cells are available in the

consumer market and following five types of fuel cells are commonly employed.

(1)
(i1)
(iif)
(iv)
v)

Polymer Electrolyte membrane fuel cell (PEMFC)
Alkanine fuel cell (AFC)

Phosphoric Acid fuel cell (PAFC)

Molten carbonate fuel cell (MCFC)

Solid oxide Fuel cell (SOFC)

The summary of the all the types of fuel cell has been given in table 1.5.
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Table 1.5 Comparison of fuel cell technologies

Fuel Cell Common Operating System Efficiency Applications Advantages Disadvantages
Type Electrolyte | Temperature | Output
Polymer Solid * Back-up * Solid electrolyte | * Requires
Electrolyte organic power reduces expensive
Membrane polymer 50 - 100°C <1kW — 50-60% * Portable corrosion & catalysts
(PEM)* poly- 250kW electric power electrolyte * High
perfluorosul * Small management sensitivity to
fo-nic acid distributed problems fuel impurities
generation * Low * Low
*Transportati temperature temperature
on * Quick start-up waste heat
Alkaline Aqueous * Cathode * Expensive
(AFC) solution of reaction faster in | removal of
potassium 90 - 100°C 10kW — 60-70% * Military alkaline CO, from fuel
hydrox@e 100kW electric * Space el’ectrolyte ) and air
soaked in a high streams
matrix performance required
Liquid 80 to 85% * High efficiency | * Requires
Phosphoric phosphoric 50kW — | overall with *Increased platinum
Acid acid soaked 150 - 200°C IMW combined heat | *Distributed tolerance to catalysts
(PAFC) in a matrix (250kW | and generation impurities in * Low current
module | power(CHP hydrogen and
typical) | (36-42% * Suitable for power
electric) CHP * Large
size/weight
Molten Liquid * High
Carbonate solution of * High efficiency temperature
(MCFC) lithium, <1kW — 85% overall | e Electric * Fuel flexibility speeds
sodium, IMW with CHP utility * Canuse a corrosion and
and/or 600 - 700°C (250kW | (60% electric) | « Large variety of breakdown of
potassium module distributed catalysts cell
carbonates, typical) generation * Suitable for components
soaked in a CHP » Complex
matrix electrolyte
management
* Slow start-up
Solid * Auxiliary * High efficiency
Solid Oxide | zirconium power * Fuel flexibility
(SOFC) oxide to * Electric *Canuse a * High
which a SkW — 85% overall utility variety of temperature
small 650 - 1000°C 3IMW with CHP * Large catalysts enhances
amount of (60% electric) distributed * Solid electrolyte | corrosion and
yttira is generation reduces breakdown of
added electrolyte cell
management components
problems * Slow start-up
* Suitable for
CHP
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1.9.2 Electrolyte Fabrication Process for SOFC

The development of SOFCs has suffered because of the lack of good electrolyte material.
The electrolyte has to meet certain requirement for its success like dense and leak tight
electrolyte, correct composition of the dopant(s) into base material of electrolyte to
provide enhanced ionic conductivity, sufficiently thin to reduce the ionic resistance,
extended area to maximize the current density, resistance to thermal shock. Moreover it
should be easily processable so as to reduce the cost.

Industrial ceramic processing has traditionally focused on the pressing of dry
powders in metal dies or in rubber moulds. A stacked tubular design made by powder
pressing had been demonstrated but this proved to be expensive because of diamond
grinding and of high resistance due to the 500 um thick electrolyte [85]. It was far better
to move towards the advanced ceramic processes such as electrochemical vapour
deposition (EVD), tape casting and extrusion (fig. 1.10) to make the required thin films
of electrolyte.

EVD technique was used to make tubular substrate (~15-20 mm) for tubular cells
from calcia stabilized zirconia by placing in a low pressure furnace followed by passing
of zirconia chloride and ytrrium chloride along the outside of the tube, while water vapor
passed down inside. This deposited a layer of yttria-doped zirconia that grows to 40 pm
in thickness to form the electrolyte layer [86].

Tape casting was originally used as to make thin tape materials for Electronic
applications [87] using organic solvents. A slurry of the YSZ powder with solvent and
dispersing agent, for example methyl ethyl ketone mixture was ball milled for 24 hours to
finely grind the particles and remove agglomerates [88]. Then a polymer and plasticizer

mixture was prepared by milling polyethylene oxide and dibutylphthalate with the
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solvent, mixed with the particle dispersion and followed by further ball milling. After
filtering and vacuum deairing, the slurry was tape cast on a polymer film and dried for 3
hours before firing at 1300°C.

Small diameter tubes have been produced by extrusion [89] to prevent the thermal
shock problem. Again, these compositions were prepared by mixing zirconia powder
with water and polymer like polyvinyl alcohol. Extrusion through a die gave tubes which
could be as little as 2 mm in diameter and 100-200 mm in diameter and 100-200 pm in

wall thickness sinterable at 1450°C.
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Fig. 1.10 Schematic diagram of three electrolyte fabrication processes:

(a) electrochemical vapour deposition (b) tape casting and (c) extrusion, Ref. [90]
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Chapter I1

LITERATURE REVIEW

Overview

In this chapter, the present status of research in the field of solid electrolytes especially
bismuth vanadate based compounds is reviewed in context with other reported
electrolytes. Bismuth based electrolytes are of considerable interest for several
investigators because of high ionic conductivity at lower temperatures (<700°C) than
other electrolytes, for instance YSZ. The purpose of this chapter is to review some of the

key developments in the field of oxide anionic conductors.
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Solid electrolytes are materials which find their application in several devices like
electrochemical cells, sensors etc. The basic property which is responsible for the
development of such technology is the ionic conductivity of the material. In order to
improve the ionic conductivity to have a technical product of better performance,
researchers are trying hard to synthesize new compounds exhibiting higher ionic
conductivity. The requirement of new product where oxide ion conductivity plays
dominant role such as SOFC is increasing to save the fuel, a conventional source of
energy [91]. Many researchers [92, 93] have synthesized various solid electrolytes and
monitored their suitability and applicability in SOFC. In the following section, sequential
development of solid electrolytes for its application in electrochemical devices have been
reviewed.

Yttria stabilized zirconia (YSZ) is the most common material which have been
used as a solid electrolyte in SOFC. YSZ exhibits adequate ionic conductivity in reducing
and oxidizing atmosphere. The ionic conductivity of stabilized zirconia is independent of
oxygen partial pressure over several orders of magnitude in a wide range of temperature
[92-94]. The most commonly used stabilizing oxides or dopants are CaO, MgO, Y,0;,
Scy03 and certain rare-earth oxides. The conductivity increases as the radius of the
dopant cations approach to that of zirconium. Thus, scandia-doped zirconia shows the
highest conductivity (rs;3+ = 0.81 A and 1" = 0.8 A). YSZ is the most suitable solid
electrolyte in all respect at higher temperature (1000°C). However, higher operating
temperature (~1000°C) causes degradation due to the aging effects in YSZ electrolyte.

Another oxide family involving zirconium oxide has been examined as a possible

alternative to YSZ as electrolytes for SOFCs. Their general formula is M,Zr,07, where M
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is a rare earth metal [49, 50]. Zirconium can be substituted by a transition metal such as
titanium etc.

Recently, Mogensen et al. [94] have given a general rule to enhance the ionic
conductivity which is achieved for a given oxide vacancy concentration in doped fluorite
and perovskite structures. According to this rule, cubic lattice should be strains and
distortion free to achieve higher ionic conductivity.

In an attempt to improve the YSZ properties, Liu ef al. [95] recently, added ZnO
as a sintering aid to promote densification of the YSZ ceramics. The densification
increased the total conductivity by 120% of YSZ at 800 °C. Binod Kumar et al. [96]
synthesized 20 wt. % nanosize Al,O3 doped YSZ composite membrane by tape casting
process. The high conductivity of this system was attributed to space charge effect. Luo
et al. [97] showed that as gadolinia doped ceria is added to YSZ, a gradual decrease in
ionic conductivity has been noticed whereas conductivity of gadolinia doped ceria is
higher than that of YSZ. Above observations clearly indicate that undoped YSZ and
doped YSZ exhibit good ionic conductivity at 1000 °C. However, to reduce the working
temperature of SOFCs (say 700 °C), the conductivity of YSZ related systems are not
suitable due to sudden drop in conductivity because of structural change.

Doped ceria has been proposed as another potential candidate for SOFC
electrolyte [98]. Ceria (CeO;) doped with CaO, Y,O; is an excellent oxygen ion
conductor [99]. It shows a higher conductivity and lower conduction activation energy as
compared to stabilized zirconia. Tuller et al. [98] and Adham ef al. [100] excluded the
use of CeO; based electrolytes in SOFC due to reduction of cerium cations during long

operation.
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Ceres power Ltd, (Crawley, UK) is developing a novel fuel cell based on doped
cerium oxide to produce a robust intermediate temperature SOFC capable of operating in
the temperature range of 500-600°C. Electrolyte used by Ceres power Ltd. is ceria
gadolinia oxide (CGO) that attains the conductivity of 10 S cm™ above 500°C, whilst
the YSZ electrolyte has this value above 700°C [101].

Lee et al. [102] also investigated co-doped ZrO; with Sc,03 and CeO, electrolyte
for better application in intermediate temperature range. This material showed much
higher electrical conductivity than YSZ in the temperature range of 300-1100 °C and

better long term stability than any other Sc-ZrO,-based electrolyte.

CaTi;xAlO55, CaTi;xMgyOs35 and La; CayAlO;_s fall under the second family
of oxide conductors with a perovskite structure. Takahashi [103] found CaTi;.xAlkOs.s,
with x = 0.3 as one of the suitable electrolyte material for SOFC.

Steele et al. [104] and Vanbaelinghen et al. [105] have reported the third category
of oxide conductors. These are CaO or SrO doped Y,0;, La,O3, Sc,03 etc. The ionic
conductivity of above mentioned systems are lower than YSZ at 900°C except
(La203)0.945(SrO)g 055 system. It has slightly higher conductivity than YSZ with relatively
low activation energy (E, = 0.55eV). Unfortunately, this material can not be used as
electrolyte in SOFC since it decomposes in the presence of water vapour or carbon
dioxide.

Lay §Sto2Gag g3Mgo.1702.815 (LSGM) doped with Ni or Co in place of the Mg have
been identified as a electrolyte by K. Huang er al. [106] which indicated that below
700°C, LSGM could be good electrolyte material.

Recently, Amit Sinha et al. [107] prepared undoped and Ca-doped GdAIO;

systems. These systems exhibited good sinteribility and achieved high experimental
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density. Undoped GdA1O; exhibited a total conductivity of 1.3x10° S cm™ and it can be
increased up to 15% with calcium doping. The conductivity versus 1/T plots for some

electrolyte materials are given in figure 2.1.

In recent years, much consideration is being given to search electrolyte materials
for solid oxide fuel cell, which exhibits high ionic conductivity at intermediate
temperature (700°C). Above described electrolytes, in general showed low ionic

conductivity below 800°C.

Hu et al. [108] investigated Bi,0O; based compositions for the intermediate
temperature range. Various authors reported four polymorphs of Bi,0; viz: a, 3, y and 6
in the literature [7, 34]. Bi,O; based systems have higher conductivity than YSZ at the
same temperature [109]. In these systems, the high conductivity 6 (FCC) phase can be
stabilized by using various dopants such that aliovalent. Doped Bi,O; has highest
conductivity as compared to any other known solid electrolyte system.

However, Helfen et al. [110] have stabilized the electrodeposited thin film (1-2
um) of 6-Bi,O3 at room temperature. The long term stability of the film was also
checked by XRD of aged sample (aging time 1-year).

The stabilization of 6 — Bi,O3; phase can be achieved at lower temperatures than its
transition temperature o— & (705°C — 840°C) by the substitution of bismuth with rare
earth dopants such as Y, Dy or Er and their combinations with higher valency cations,
such as W or Nb [112-117]. The maximum conductivity in the binary systems is
observed for Er- and Y-containing phases, namely Bi; 4EryO; 5 (x = 0.20) and Bi; YO 5
(x = 0.23-0.25). However, both binary and ternary solid solutions with the disordered
fluorite structure are metastable at temperatures below 500-600°C. Moreover, these

compounds undergo a slow phase transformation with time [113, 118-121]. The aging
36



effects on these systems also reduce the conductivity. Although such degradation can be
suppressed partly by the incorporation of higher valence dopants such as Zr'", Ce*", Nb**
or W for Bi,O; [119, 120, 122, 123]. However, in these systems, it is not possible to

avoid phase transformation completely.

900 800 700 600 500 400
T

log (oS am)

1000K /T

Fig. 2.1 Temperature dependence of electrical conductivity for oxide ion conductors

Ref. [111]

Jiang et al. [117] have developed Dy,Os and WO; doped Bi,Os electrolyte that
exhibits higher conductivity than 20 mol% ebria stabilized bismuth oxide (20ESB). The
conductivity behaviour of these systems is given in figure 2.2. Apart from this,
conductivity behaviour of several Bi,Os-based systems [112, 117, 124, 125] is also given
in figure 2.2. The dopants were selected on the basis of their polarizability and its effect

on structural stability and conductivity.
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Praseodimia (Pr) and Zirconia (ZrO;) doped Bi,O3 were synthesized and studied
by Naumovich et al. [126]. However, it has been demonstrated that solid electrolytes of
the system Bi,03-ZrO,-Y,03 have important advantages over other systems due to higher

conductivity and lower polarizability.
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Figure 2.2 Conductivity of several Bi,O3-based systems Ref. [112, 117, 124, 125]
Takahashi et al. [127] examined the electrical conductivity, ionic transference
number and phase equilibrium of Bi,03-M,0s5 (M =V, Nb and Ta).
The initial work of Debreuille-Gresse [128] for the phase equilibrium of Bi,Os-
V,0s5 showed a BiVO, phase. Perovskite systems also exhibit a high ionic conductivity
when cations are used to form a solid solution that shows a high ionic conductivity. Lu
and Steele [129] investigated ionic conductivity behaviour of BiVOy systems. Doped

BiVO, systems showed good ionic conductivity at lower temperatures. The work on
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BiVO, and Bi4V,0; systems has been investigated extensively by many researchers due
to its attracting transport properties. This system exhibit very complicated structure.
Abraham et al. [67] is the first who investigated the structure of BisV,0;;. According to
them, Bi4V,0,;, consists of Bi,Os layers interleaved with the pervoskite like sheets of
V,0s with the perovskite slab containing oxygen vacancies V," responsible for the high
oxide ion conductivity [67, 72]. The vanadium is in a highly distorted octahedral site. It is
assumed that the numerous oxygen vacancies in the perovskite-like sheets, and shifts of
the cations from their ideal positions are responsible for the high oxide ion mobility and
the low activation energy in this phase. The schematic view of BisV,0; crystal structure
is shown in figure 1.5. Bi4V,0;; compound exhibits three structural phases (o, 3 and ).
The phase transition temperatures of above mentioned compound (Bi4V,0;;) are as
follows:

1. o to B at 447°C

2. Btoy at567°C

[98)

ytoy” at 877°C
4, liquid above 887°C.

a - BisV,0y; is indexed as face centered orthorhombic cell, with cell parameters
a=5533 A b=5611A and ¢ = 15.28 A. B-BisV,0y; is tetragonal cell with lattice
parameters @ = b = 11.285 A and ¢ = 15.42 A at 502°C. y - BisV,0y; is found to be
tetragonal with a = b =3.98 A and ¢ = 15.42 A with space group 14/mmm [72].

Below, 567°C temperature, o and B phases in Bi;V,0; systems are more ordered
and has larger unit cell with the unit cell with markedly lower conductivity [72]. On the
other hand, y- phase is disordered and exhibit higher ionic conductivity than o and 3

phases. However, disordered y- phase could be stabilized at room temperature by partial
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substitution of various metallic ions for vanadium. These doped BisV,0;; compounds
have been collectively termed BIMEVOX and characterized by the formula
Bi,VxMe, O, where Me is the substituting metal cation and x is the molar substitution
of the metal cation for vanadium. A wide range of ions have been tried to stabilize high

temperature y-phase, as shown in table 2.1 with the references.

Table 2.1 Substitution of various cation for vanadium in bismuth vanadate

Cation substitute Ref. Cation Ref.
substitute

Nb** 130 La’" 133
Ta’" 130 Y** 133
Ge** 131 Co** 134,135
Sn** 132 Cu? 130,131,136-143
Ti** 130-132 Mg* 130
7t 130, 132 Ni%" 130,137,138
AP 130,131,133 Pb* 132
B 133 Zn*" 131, 136
In*" 133 Lit 131

In the sequence of doping to stabilize high conducting y - BisV,0;; phase, single
valent cations were also used [131, 144, 145]. However, monovalent substitution for
vanadium site could not provide the desired conductivity. Therefore, monovalent doped
Bi4V,0, could not be used as an electrolyte in SOFCs.

The dopants in the family of Me®" has been the most widely investigated. Copper
doped Bi4V,0y; is the most attractive and first member of BIMEVOX family because of
its very high conductivity (107 S cm™ at 350°C) [146].

Abraham et al. [72] studied the Bi,VxCuxOs 5352 series from x = 0 - 0.12. From
x =0 < x <0.07, the sample was found to be orthorhombic and isotype with the a -

Bi4V,0,,. However, from x = 0.07 to 0.12, the compound was observed to be highly
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conducting vy - Bi4V,0;; phase at room temperature. The conductivity of Bi,V9Cug 105 35

was found to be 3x10° S cm™ at 237°C.

Dygas et al. [140] studied the impedance of a polycrystalline sample of
Bi,V(9Cuy,10s 35, sintered from crushed single crystals. A time dependence of conductivity
was found in a limited temperature range similar to the earlier observations for single
crystals. Prolonged annealing at about 425°C decreased the ionic conductivity, however, the

high conductivity state was recovered when same system was heated at 550°C.

According to Simner et al. [147] copper-substituted bismuth vanadate
(Bi2V.9Cuy.10s35), known as BICUVOX, possesses high oxygen ion conductivity at 300°C.
The ionic conductivity of this compound at 300°C (~1x107S/cm) is 50 to 100 times greater

than any other solid electrolyte.

In the literature, some ambiguity was reported on the dopant concentration which
is necessary to stabilize the tetragonal y - phase. According to Pernot et al. [138],
tetragonal phase can be stabilized at 7% of Cu doping whereas Goodenough et al. [130]
and Lee et al. [148] reported a higher value (15%) of the dopant to stabilize the same

phase.

Doping on the desired sites in Bi4V,0,; system [148, 149] is very important. In
most of the cases, it is assumed that vanadium is replaced without disturbing the bismuth
oxide layer. Based on Bi,03-V,05-MeO (Me = Co, Cu, Zn, Ca, Sr) phase diagrams, Lee
et al. [145, 148] examined the probability of dopant occupancy in Bi4V,0,; system, they
concluded that the Bi<»V and Me«—Bi may also take place in addition to Me—V

substitution depending upon the substituting cation.
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The similar conclusion was also drawn by Lazure et al [135] for
Biy(VixyCoxBi1y0,). According to them, maximum cobalt doping (x = 0.25) was
associated with a slight bismuth excess (y = 0.04) in this system. The bismuth is believed
to replace the vanadium in the perovskite region and there is no indication of bismuth
insertion into an interstitial site.

Reseilhuber ef al. [142] observed the effect of grain size and processing condition
on the ionic properties of BICUVOX and reported the difference in the conductivity
between the large grains and small grains in the fired ceramic material.

Anne et al. [137] and Pernot et al. [138] also studied the structure and
conductivity of Bi4V,0,; with Cu and Ni dopants and reported that high temperature y-
phase with highest conductivity could be stabilized at room temperature. These systems
showed the hystersis behaviour on the conductivity during heating and cooling. The ionic
conductivity does not change very much on heating, but it observed the increasement in
conductivity during cooling by more than one order of magnitude for a-phase.

The effect on conductivity of Zn and Ni substitution in Bi4V,0,; was studied by
P Kurek et al. [150]. The conductivity values have been reported to be 1.28 x 10*S em™,
1.19x 10 S cm™ for Zn and 3.05 x 10*S em™, 2.78 x 10*S em™ for Ni at 227°C during
heating and cooling cycles respectively. Decreasing trend in conductivity with time was
also observed for BIZNVOX during heating and cooling in certain temperature ranges.
They explained on the basis of possible loss of vanadium during the preparation
procedures which may be due to the shifting of lower V/Me ratio than actual of the
formula Bi;Mey 1 V.90Os 35,

The conductivity reported for La and Al-substituted Bi4V,0;;s on vanadium site

is 1.4x10™ S cm™ at 300°C and 1.1x10™" S cm™ at 600°C respectively [151]. The doping
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of Cr’" for V>' in Bi4V,0;; compound could not stabilize the y-phase at room
temperature. When the substitution of x in BisV,4CrO;;5 is >0.05, B-phase was
suppressed and o <> y phase transition occurred [152]. Moreover, the conductivity also
decreases drastically for this particular dopant. Substitution for V>* with Fe’* leads to o, p
and y- phase stabilization [152]. The stabilization of B and y-phases depend on the
amount of iron. The best value of ionic conductivity of the order of 10* S cm™ at 300°C
was observed in the composition range of 0.1<x<0.5 [152].

Lazure et al. [135] reported direct oo — 7 transition in heating cycle, whereas two
successive Y — B and B — a transitions occur on cooling in Bi;V(95C0¢0501;15. This
result underlines the high sensitivity of these phases with respect to thermal condition.

In addition to Ge'", which has been mainly investigated for its ferroelectric
characteristics [131], Ti*" has been the most widely studied dopant in BIMEVOX.
Goodenough et al. [130, 153] observed that BisV;goTip200;; is most promising
composition for high conductivity. Yan et al. [132] has reported that the ionic
conductivity increases with increasing Ti concentration up to x = 0.30 in Bi4V,0;. It has
the higher ionic conductivity (¢ = 4x10™* Sem™ at 225°C) than other substitution in BisVa.
M0 (M**= Zr, Sn, Pb, Ti). The ionic conductivity of x = 0.20 composition at 225°C
varies in the order of o(ti) > G(sn™> G(z™> O(pp) In agreement with the trend of decreasing
activation energy. The ionic conductivity of y -Bi4 V| 30Ti920011 and v -BisV.80Cu020011-5
measured by Yan ef al. [132] are comparable to those reported by Gopal Krishanan et al.
[131] on the same composition of BIMEVOX. However, the conductivities of y-
Bi4V7Tip3001085 are about one order of magnitude higher than that of y-

B14V30Cu020011-s.
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They pointed out the importance of the defect pair formation on conductivities.
These defect pairs are formed due to interaction between oxide ions vacancies [154].

v - phase can also be stabilized with MnO; in bismuth vanadate when doping
occurs on the vanadium site [155, 156]. The transference number varies from 0.67 to 0.82
when the temperature increases from 550°C to 850°C for BigVigoMng0011.5. The
conductivity data show little dependence on x and the measured values are comparable to
those reported for the y-phase [169].

Goodenough et al. [130] and Joubert et al. [157] made isovalent M
substitution such as Sb, Nb and Ta leading to the bigger domain of solid solution. This
result is likely due to the equality of charge between the dopant cation and substituted
(V") cation. Antimony exhibits higher value of the ionic conductivity i.e. 10? Scm™ at
320°C than niobium. The ionic conductivity values are comparable to those obtained with
the best BIMEVOX (ME = Cu or Ti).

Uranium is the first substituent (V> —U®") that allows the stabilization of y-type
compounds. Substitution of U®" for V>* involves a decrease of oxide ion vacancies, but as
demonstrated by Lazure et al. [135], the BIMEVOX properties are more sensitive to the
dopant ability to affect the long range ordering of the parent compound Bi,VOs 5 than to
radius and valency state of the dopant. Thery et al. [158] have reported solid solution
formation in Bi,V | UOss:05¢y In the compositional range of 0<x<0.06. Ionic
conductivity was measured for Bi,V.xUOs 5:+05xy With x = 0.1 which are comparable
with BICUVOX.10 [83] and Bi,UQOg [159]. For y- BIUVOX, best properties are observed
for x = 0.10. This confirms the general trend pointed out by Lazure et al. [160] for
BIMEVOX that the maximum & values are obtained with x values of the ME dopant

content close to the lower limit of the solid solution with y-type structure.
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Goodenough et al. [153] tried to substitute higher valent Mo®" and W®" for
vanadium site but could not succeed. However, Vannier et al. [161] showed that y - phase
could be formed up to substitution of 0.225 with high ion conductivity in the BisVo.
xMo0x0; 5. They obtained solid solution of a-phase for x < 0.05 while B-phase in the
range of 0.05 < x < 0.225. Since the V'/Mo"" substitution implies to decrease the oxygen
vacancies. Interestingly, conductivity remains the same throughout the composition
range. Therefore, it was concluded that the predominant parameter for determining the
conductivity is the structural arrangement. The number of atoms/number of vacancies
ratio appears only as a second order parameter. Identical observations have frequently
been reported in super ionic conductor [162]. Similar study was also carried out on an
quenched sample of W-substituted bismuth vanadate by the same author [163]. This
study indicates the stabilization of high conducting y-phase.

Attempts have also been made to increase the ionic conductivity by double
substitution. Vannier et al. [164] have attempted the double substitution either on Bi site
or on the V site using a variety of dopants. Vannier et al. [149] introduced two kinds of
atoms in vanadium site (Cu-Ni, Cu-Zn, Ni-Zn, Cu-Mo) and also performed simultaneous
substitution for bismuth and vanadium sites (Bi-Pb and V-Cu, Bi-Pb and V-Mo). There
was no improvement in the ionic conductivity as compared to single cation doped
BICUVOX system. However, it was emphasized that such an approach could be useful to
optimize other parameters such as mechanical properties or thermodynamic activity
which can be determental for practical applications.

Vannier et al. [164] analyzed thoroughly the lead substitution on both sites of

bismuth and vanadium as well as alternatively Bi and V sites with different variation of x
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and y in BiV4PbO(11.3x2) and Bir.yPbyVOy(i1.y)» respectively. These systems showed
the similarity with BisV §Cug 0.5 system,

Goodenough et al. [153] also observed the comparable conductivity of
Bi4V1sMep,0115 (Me = Ti, Nb). The substitution of Pb, Nb for Bi and V sites in
Bi; sPbg,V1sNby,0;15 compound. The conductivity of Pb and Nb doped systems is
comparable to that of BisV; 3Cu 201 1s.

Various researchers have studied the role of dopants and its effect on the
conductivities using various techniques. Basically, most of the researchers emphasized
that the perovskite layers in BisV,0;; compound are responsible for high ionic
conductivity due to oxygen vacancies. This hypothesis is confirmed by Aboukais et al.
[165] using EPR and UV-visible spectroscopy to characterize the copper and vanadium
environment in BICUVOX. The data were consistent with distorted oxygen octahedra
around the copper with a compression of the apical oxygen. In addition, they reported
that the vanadium was present predominately as V°" rather than V** which is in contrast
with the results reported by Delmaire ef al. [166] about the reduction of Bi4sV,0,; under a
hydrogen flow. The reduction of V>.V*" leads to the formation of Bi4V>010 66.

The nature and reversibility of the modifications that may affect Bi4V,0,; [167]
and BIMEVOX [168, 169] system under reducing conditions, have also been investigated
by Huve ef al. [167]. Using high temperature TEM, with high resolution and in situ XRD,
a - BisV,0y; converts into a y - type structure at 330°C under hydrogen atmosphere. The
reduction of V>* to V*" lead to form of a new insulator phase i.e. Biz(V5 +1_XV4+X)05_5_X/2
with x = 0.33. From the structural point of view [170], this phase is different than y-

phase.
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E. Capoen et al. [171] performed and confirmed an in-situ neutron diffraction on
BIMEVOX (BisV;0;; and BiyV(9C0010s535) membranes for the electrochemical
reduction of these electrolytes. Under these conditions, the structure of the BIMEVOX
compound was retained. However, a slight change in the unit cell parameters due to slight

variation in oxygen stoichiometry was observed.

Abraham et al. [172] studied the conduction mechanism and solid solution
formation in terms of the defect structure of the BIMEVOXes. Based upon two
theoretical models, they proposed a general defect equation to form the solid solution.
Basically, these models consist Equatorial Vacancy (EV) model and Apical Vaccancy
(AV) model in which vacancies are assumed to be located exclusively in the bridging
sites and non-bridging apical sites in the vanadate layer respectively. The solid solution
limits are found to vary not only with charge of the dopant ion, but also with the
coordination number of the metal dopant. In most cases it is found that the EV model

yields theoretical solid solution limits close to experimental values.

Abrahams et al. [173] also proposed the conduction mechanism in divalent
substituted BIMEVOXes system. The main theme of this model is polarizability and
arrangement of the Bi 6s” lone pairs, variable coordination of V in oxide systems and the
large vacancy concentration in the vanadate layer. This unique combination in the
BIMEVOXes enables high ionic conductivity at lower temperature than other
electrolytes. This involves positional exchange of oxygen ions with vacancies in the

equatorial plane of the vanadate layer.

Zhou et al. [73] investigated location of oxygen vacancies in the Bi,O, layers by

structural analysis of BisV,0;;. These results are contrary to above results which

47



assumed the presence of vacancies in the vanadate layer. This necessitates to reconsider
commonly applied mechanism of oxide ion conductivity based on oxygen vacancies in
the vanadate layer.

In addition to the well known yttria stabilized zirconia based electrolytes, that has
good stability with higher ionic conductivity, there is a need to develop an electrolyte
which shows higher ionic conductivity at lower temperature with less aging effect so that
it can be used for longer periods. A replacement of YSZ, which has good ionic
conductivity at lower temperature than YSZ would be immensely helpful to reduce
material and fabrication problems with improved cell reliability during prolonged
operation. Recent evidences indicate that fast oxide ion conductors seem the most
promising materials for low temperature (T < 600°C). New field of applications have
emerged because of the significant reduction of operating temperatures with better
properties. Doped CeO, undergoes large departures from stoichiometry at elevated
temperatures in reducing atmospheres with parasitic electronic conductivity. The
application of the Bi,03 electrolytes has been seen as an alternative for solid oxide fuel
cell. From this point of view, doped-Bi,03 is a very interesting material and forms a vast
array of solid solutions having high oxygen ion conductivity. The ionic conductivity and
phase stabilization depends on the dopants and its chemical nature. A number of different
dopants were examined and studied. Based on these studies, family of the BIMEVOX
systems presently exhibit the most attractive properties to use an electrolyte for SOFC
which can work at lower temperature. In addition to this, the transport properties of
BIMEVOX exhibit other interesting features such as including anisotropic conductivity
and order disorder transitions. However, even after extensive research on Bi,Os-based

solid electrolytes, a systematic study does not exist. Moreover, a correlation among
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various parameters is still required to check their suitability and applicability as an
electrolyte for SOFC. The microstructural effects on the conductivity, variation in
processing condition are also important aspects to use these materials as electrolyte for

SOFC’s applications.

In order to solve these problems, an attempt is made to achieve higher ionic
conductivity by doping at V and Bi site both in BIMEVOX system. A systematic study over
a wider range of composition has led to draw certain conclusion on the basis of

microstructural, crystal structure and processing conditions.
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Chapter 111

Experimental Procedures

Overview

In this chapter, the procedure adopted to prepare samples from raw materials is described.
The heat treatment cycle(s) required for synthesis of compounds is described. Finally, the
procedure to prepare pellets from these synthesized compounds is also described. Various
techniques which are used to characterize the samples are given. As prepared samples
after sintering were characterized by X-ray diffraction (XRD), differential scanning
calorimetry (DSC) / differential thermal analysis (DTA) and scanning electron

microscopy (SEM). The gold sputtered pellets were used to measure a.c. conductivity.
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3.1 Raw Materials

In the present study, raw materials used for preparing the samples were Bi,O3; (99%,
Loba chemie), V,0s5 (99%, CDH), CuO (99.99%, CDH), Ti,03 (99.9%, Sigma Aldrich),
AlLO; (99.9%, CDH), Cr,03 (99.9%, Sigma Aldrich), MnO (99%, Sigma Aldrich),
Ga,03 (99.995, Sigma Aldrich), As;Os (99.99%, Sigma Aldrich), PbO (99%, CDH),
La;03 (99.9%, CDH) and Gd,03 (99.9%, CDH). All these materials were used without

any further purification.

3.2 Sample Preparation

For sample preparation, the following procedure was adopted:

3.2.1 Powder Preparation
Powders of following eleven different systems were prepared:
Parent System

(1) BisV,01,

Substitution on vanadium site

(i)  BigV2xCuyOyy
(i)  BigVo4TiOyy
(iv)  BisV,xAlLLOy,
(v) Bi4V,CrOyy
(vi)  BigVoxMnyOy;
(vil))  BisV,xGayOy;

(Vlll) Bi4V2_XASx01 1
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Substitution on bismuth site

(IX) Bi4-XP bXV2011
(X) Bi4_XLaXV201 1

(Xl) Bi4_XGdXV201 1

The powders of each system were prepared by solid-state reaction technique by taking
stoichiometric amounts of constituent oxides for the mentioned systems. For all the above
mentioned systems, composition x = 0.1, 0.2, 0.3 and 0.4 was selected. For each system,
required amount of raw materials as per the stoichiometric ratio were taken. These
powders were first mixed in wet medium (acetone) using mortar pestle for an hour to
break any large agglomerates. The hand ground powders are further ball milled for two
hours to reduce the particle size. The ball milling was done using porcelain balls in
porcelain jar (Retsch, Germany, Model S 1000). The mass to ball ratio for each system
was 1:2 which was kept constant for each milling. The resulting mixture was dried in air,
ground thoroughly to homogenize it and then calcined at 700 °C in silica crucibles for 12
h. in air. The calcination process was carried out in a resistance heating furnace
((Nutronics, India). Before calcination, the furnace was calibrated by chromel alumel
thermocouple and calcination was done in hot zone where fluctuation in temperature was
+ 2 °C. The obtained agglomerated mass was ground and mixed in acetone media for half

an hour. The dried powders were recalcined at 800 °C for 12 h.
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Bi,O; + V.05 + MeO

Ball milling for 2 hours after hand
mixing in mortar pestle for 1 hour

Calcination at 700 °C for 12
hours and refiring at 800°C
for 12 hours

‘L Pelletization

Sintering at 800°C for 10 hours

(750, 775 & 825°C for selected compositions)

!

Characterization

!
Voo

XRD SEM DTA/DSC Conductivity

Fig. 3.1 Flow chart of the experimental procedure
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3.2.2 Pellets Preparation

The calcined powders were crushed again and mixed with 10 mole percent polyvinyl
alcohol (PVA). Known weight of dried powders was transferred in a die which
manufactured from hardened die steel by Central Institute of Hand Tools, Jalandhar,
Punjab (India). The die alongwith punch was kept below hydraulic press (Polyhedron,
India; Model 5010) and a compaction pressure of 124 kg/cm2 was applied slowly. After
waiting for 1 minute, the pressure was released. Afterward the compacted mass was

ejected out.

3.2.3 Sintering

The pellets obtained after compaction were sintered at 800 °C for 10 hours in air in a
calibrated resistance heating furnace. Some selected samples were also sintered at
different sintering temperature (750-825 °C) to optimize the processing condition for
achieving better properties. The flow sheet of the experimental procedure adopted is

given in figure 3.1.

3.3 Characterization of Materials

Characterization is an integral part of the study of any particular solid electrolyte. These
include the understanding of polymorphism, structure determination, conductivity
measurement and structure-conductivity relationship. For the analysis of above
parameters, the sintered samples were characterized using X-ray diffraction (XRD),
differential scanning calorimetry (DSC) / differential thermal analysis (DTA), scanning
electron microscopy (SEM) and conductivity was measured by AC - impedance

spectroscopy technique. The details of these techniques are given below:
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3.3.1 X-Ray Diffraction

X-ray diffraction is one of the powerful techniques to obtain crystallographic information
about a sample. X-ray diffraction technique was used to identify various phases and their
volume fraction in the samples. X-ray powder diffractrogram was recorded at room
temperature by Rigaku X-ray diffractrogram (Model Geiger flex D max Illc) using
monochromatic CuK,, radiation (A = 1.5418 A) at a scan speed of 5°/minutes. Lattice
parameters were calculated with the help of the diffractogram obtained for each sample

using Bragg’s law as describe below:

2dsin@=ni 3.1
where d = interplanar spacing; A = wavelength of incident x-ray,
0 = diffraction angle, n = integer

The lattice parameters (a, b, c¢) was calculated with interplanar spacing d as follows:

1 n ok .
FEiaiee + e + = (orthorhombic) (3.2)

— = +— (tetragonal), (3.3)

where 4, k and [ are miller indices

The diffraction data of the samples was indexed using standard powder diffraction files
provided by International Centre for Diffraction Data -ICDD (formerly known as

JCPDS).
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3.3.2 Differential Thermal Analysis (DTA) / Differential Scanning Calorimetry

(DSC)

Differential thermal analysis (DTA) and differential scanning calorimetery (DSC) are two
closely related methods to monitor the behaviour of sample with variation in temperature.
DSC is different from DTA on the basis of output obtained from it. The term
“differential” indicates the difference between the material under study and an inert
reference material. The temperature of the sample and reference is same until some
thermal event occurs in the sample. In this manner, the temperature can be found at
which any event either absorb or release heat. The sample temperature either leads (if the
change is exothermic) or lags behind (if the change is endothermic). These changes are

attributed to phase transition, order-disorder transitions and chemical reactions.

The present samples were analyzed by both DSC and DTA techniques. The DSC
analyses were carried out at a heating rate of 20°C/min. in nitrogen atmosphere using
DSC analyzers of Perkin Elmer (Model: Pyris Diamond) from 50 °C to 900 °C and Water
(Model: SDTQ600) from room temperature to 700 °C in oxygen atmosphere. Single
sample of undoped BisV,0,; was analyzed by Mettler Toledo (Model: Star SW 9.00) at
the heating rate of 10°C/min. in air. The DTA measurement was done on titanium doped
sample using Perkin Elmer (Model: Pyris Diamond). The sample was examined at a
heating rate of 20° C/min. in the temperature range of 50 °C to 800 °C in nitrogen
atmosphere. Analysis of all the samples was performed by taking alumina as reference

sample.
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3.3.3 Scanning Electron Microscopy (SEM)

Scanning electron microscope (SEM) is an important tool for microstructural analysis.
The microstructural characteristic of the sample correlate the effect of different
processing condition with properties and behaviour of materials that involves their
microstructural changes. The SEM provides information relating to topographical
features, morphology, phase distribution, compositional differences, crystal orientation
and presence of defects and their location. The strength of SEM lies in its inherent
versatility due to the multiple signals generated, simple image formation process, wide
magnification range and excellent depth of field. The SEM micrographs could be taken in
two modes i.e. secondary emission and back scattered. In the present investigation

secondary emission mode was used.

In the present study, scanning electron micrographs of the fractured surfaces of the
samples were taken by SEM (Jeol, 840A and JSM, 6100) in order to understand the
morphology of phases. Structural analyses were carried out to see the morphological
features of grain formation. Grain sizes were also measured directly from the

micrographs of the samples as grain size influences the ionic conductivity substantially.

3.4 Conductivity Measurement

Electrical conductivity of a material can be measured directly by imposing a dc current
[174] in which voltage drop is measured across the material according to ohm’s law. In
case of ionic conductors, it is not so straight forward as dc voltage will cause the flow of
current due to both ions and electrons. The material will become polarized as electrodes
blocks the ion movement and voltage drops to zero. Four probe method [175] is

employed to overcome this effect. But this method is suitable when the internal resistance
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of the voltmeter is higher than the resistance between voltage probes. Further,
conductivity values are measured without any additional information about grain and
grain boundary contribution.

Another commonly used alternative is to impose an alternating current signal at a
range of different frequencies on sample and measure the impedance. Detailed
investigations of the polarization of the solid electrolyte cells by determining the complex
admittance were first conducted by Bauerle in 1969 [176]. Impedance spectroscopy is
essentially a non-destructive technique which can provide information that can not be
obtained by other means. Impedance spectroscopy is a powerful ac measurement
technique [177, 178] which has been applied quite successfully to determine a number of
important characteristics such as bulk resistivity in case of single crystals and
contribution of grain and grain boundary resistance in poly crystalline solid electrolytes.
SOFC electrolytes are oxygen ion conductors and can therefore be studied using this
technique.

For impedance measurements, a Wheatstone bridge type of apparatus is used,
where the resistive and capacitative circuit elements are in series [179, 180] as shown in
figure 3.2 (a) and (b) respectively. Interface between the electrode and sample electrolyte
therefore adds a double-layer capacitance in series with the simple bulk resistance and
with the resistance due to grain boundary effects.

Ohm’s law can also be written in terms of impedance, Z, as

Z=Vu/) (3.4)

where V(t) =V, sin o t, and

1) =Iysin(wt+g),
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Since the total voltage drop across a circuit containing resistive and capacitive
elements is a simple sum of the voltage drops across each element, V = Vi + V; the total
impedance for such a circuit is given by Equation (3.5):

_ZII
R C

— M !

Z!
(a) (b)

Fig. 3.2 (a) Series combination of R and C, (b) Impedance plot for the equivalent circuit

The impedance of the circuit (fig. 3.2) is given by

Z=R+——=R- (3.5)

This can be separated into real and imaginary parts as:

Z=R 7'=-L
oC

When imaginary part is plotted against the real part, the above combination gives a
vertical spike in the complex Z plane as shown in fig 3.2 because Z of fixed value R and
Z" decreases with increasing o.

In the case of parallel combination of R and C, as shown in fig 3.3 (a),

-1
R iwRC
Z= | —+ioC = -R 3.6
(R lw} 1+(wRCY  1+(wRCY G0
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The data when plotted lies in a semicircle in the complex Z  plane, as shown in

fig. 3.3 (b).

R 72.’-’

7
(a) (b)
Fig. 3.3 (a) Parallel combination of R and C, (b) Impedance plot

A simple equivalent circuit model that could be used to represent electrode-electrolyte
system consists of three parallel RC circuits representing grain, grain boundaries and
electrodes, connected in series. The values of the components are obtained from the
intercepts of respective arcs on the Z' axis and the frequencies at which the arcs show a
maximum height. Thus the values of resistivities can be obtained from ac measurements.

In the present study, ionic conductivity was measured by an ac impedance
analyzer with multi frequency Hewlett-Packard LCR meter (Model 4274A) in the
frequency range of 100 — 100 kHz. The gold sputtered (Ion sputter-JFC, model 1100)
pellets were used to carry out a.c. conductivity measurement in the temperature range of

200 to 700°C during cooling cycle.
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3.5 Spectrophotometry

Ultraviolet visible Spectrophotometry (UV/VIS) technique was used to confirm the

valence state of element.

In this technique, spectrophotometer measures the intensity of light passing

through a sample (/), and compares it to the intensity of light before it passes through the

Y A .
sample (/,). The ratio A is called the transmittance (T), and is usually expressed as a

o

percentage (%7). The absorbance, 4, is based on the transmittance and can be calculated

by using the following equation:
A=—1log(%T) (3.7)

An ultraviolet-visible spectrum is essentially a graph of light absorbance versus
wavelength in a range of ultraviolet or visible regions.

The samples for the spectrophotometry characterization were dissolved in 70%
hydrochloric acid. Absorption spectra of the samples in the ultraviolet visible region in
the wavelength range from 190 nm to 600 nm at the scanning rate of 100 nm / minute
were taken by spectrophotometer (Hitachi, model U-2800) to confirm the valance state of

titanium in the desired pellet.
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Chapter IV

Structural, Thermal and Ionic Conductivity of
BisV,.«Me, 01125

Overview

In order to decrease the operating temperature of SOFC, the Bi,03; — V,0;5
system has attracted much attention due to its better ionic conductivity in
intermediate temperature range (500-700°C). In this chapter, the results of
Bi1,V,0;, (pure) and various doped Bi,V,0,; samples are given. These
results are obtained from X-ray diffraction (XRD) studies, ionic conductivity
measurements, differential scanning calorimetery / differential thermal
analysis (DSC/DTA) and scanning electron microscopy (SEM). The results
obtained are discussed in the light of phase stabilization, vacancies

formation, disordering, grain growth and order-disorder transformation.
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4.1 Results and Discussion

In binary Bi,03-V,0s system, Bi;V,0;; is the end member of a small solid
solution domain which occurs in the range of 66.6 - 68.5 mol% Bi,O; at 400 °C. It can be
extended up to 70% of Bi,O; at 860 °C [68]. Various other phases have also been
reported in this binary system such as BiVOy [181, 182], Bi3sV;,0s2s5 [183], BisV,0y;
[69], Bi3V,0445 [184] and BigV,0;7 [185]. Among these, the Bi4V,0;; compound is
considered as the best ionic conductor. The high ionic conductivity of this compound is
ascribed due to the large number of oxygen vacancies and anion mobility. BisV,0y; is the
first member of the Aurivillius family of structures with the ideal composition

BiA;.1BiOsnis (n = 1) [67, 68]. The structure is composed of [Bi,0,],"™*" sheets

interleaved with the perovskite layers of [VO3,5IZ|0,5]nn2' (where O represents an oxygen

ion vacancy). The oxygen vacancies located in the perovskite layer undergo ordering
with decreasing temperature leading to form structurally distinct polymorphs, a, B and y
of Bi4V,0,; systems [67]. The y-phase has a simple tetragonal structure with the ideal
symmetry of n = 1 Aurivillius structure (/4/mmm). The unit cells of the a- and B-phases
can be indexed with orthorhombic structure. Their lattice constants can be correlated to y-
phase 6a\/2; a\/2; c and 2a; \/2a; \2¢ respectively, where a and c are the lattice constants
of the tetragonal y-phase. It is worthwhile to mention that there is some ambiguity in
crystal structure of the three phases owing to twinning [67], occurrence of
incommensurate supercell, disordering of oxygens and cations, [72]. It is particularly
difficult to describe precisely the position of O ion with respect to vanadium atoms in

perovskite layer.
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Intensity (arb. units)

4.1.1 Bi4V2_XMeX011_5 (X = 0)
4.1.1.1 X-ray Diffraction

The X-ray diffraction pattern of prepared sintered sample from stoichiometric amounts of

Bi,03 and V,0s5 was obtained as shown in fig. 4.1.
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Fig.4.1 XRD pattern of BisV,0,;; (¥) superlattice reflection

The compound obtained is bismuth vanadate and denoted as Bi;V,0;;. Analysis of XRD
pattern indicated the formation of a single phase compound. The XRD pattern of undoped
Bi; V>0, shows the doublets at 20 = 31°, 39°, 48°, 54° and a very weak reflection at 20 =
24.2°. This weak reflection indicates the superstructure of o - phase of bismuth vanadate
(Bi4V2011) [72, 186]. All other reflections could be indexed with orthorhombic -
Bi4V,0;; (ICDD card no. 42-0135) except this superlattice reflection [187]. The different
structures of a -BisV,0;; such as orthorhombic [76] and monoclinic [188] have been
reported. The striking feature of the monoclinic pattern is the presence of a characteristic
doublet at 260 = 45.5° and 46.5° which is a singlet in the orthorhombic pattern [167, 188].

As shown in figure 4.1, there is singlet at 20 = 45.5° and 46.5° which confirms that phase
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is orthorhombic. It was observed that the structure of Bi4V,0y; is highly sensitive to the
purity of the initial ingredients [167].

The lattice parameters of the undoped Bi,V,0,; sample show the close resemblance with
reported values. The values of lattice parameters are as follows:

a=552A; b=560A; c=1524A

Phase diagram studies [133, 148, 189] of Bi,Os; - V,0s system indicated that large
numbers of aliovalent cations can be doped into Bi4V,0;; owing to its versatile host
structure. Generally, doping process to stabilize the y-phase leads to lower contents of

oxygen in BigV,0;; [190].

4.1.1.2 Thermal analysis
Thermal analysis of BisV,\MexO11.5 (x = 0) sample was carried out by differential

scanning calorimetery (DSC) and representative plot is shown in figure 4.2.

———— e i
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100 200 300 400 500 600 700

Temperature (°C)

Fig. 4.2 DSC plot of Bi4V,01;
The DSC plot clearly indicates two endothermic peaks at 453 and 520 °C. However,

second peak is broader than first peak which means the second transition is very sluggish.
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These transitions are due to @ — B and B — y phase change. Similar transitions were

observed by other researcher also [124].

4.1.1.3 Electrical Conductivity

The typical impedance plots obtained by plotting imaginary part Z' against the real part
Z' at different frequencies is shown in figure 4.3.

For temperatures below 400°C, the impedance spectra consisted of one semicircle as
represented in figure 4.3 (a). At this temperature, contribution from the bulk and grain
boundaries could not be distinguished. At the higher temperatures, an additional spike
inclined at 60° to the horizontal is observed at very low frequencies as shown in figure 4.3
(b) . This phenomenon is associated with the polarization of the electrode [139] and
suggests that present compound is primarily an ionic conductor [189]. The total sample
resistance at each temperature was determined from the intersection point of the spectrum

with the real axis and converted into conductivity using the following relation:

6= 4.1)

Az
RA

where / is the pellet thickness and 4 is the pellet cross sectional area.
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Arrhenius plot of conductivity for undoped BisV,0,; (fig. 4.4) clearly shows three
transition regions which can be ascribed to the three principal polymorphs of BisV,0y;.
The transitions are observed at 320 °C and 450°C with different values of the activation
energies. The large difference in the transition temperatures measured by two different
techniques (DSC and conductivity) is attributed to the different measuring mode for DSC
(heating) and conductivity measurement (cooling). The BisV,0;; system showed the
hystersis behavior during heating and cooling cycle [155]. The conductivity of

Bi4V,xMe 015 (x = 0) sample is 1.12x10° S/cm at 300 °C.

4.1.2 Divalent Substitution

In this section, the results and discussion of partially substituted V" with Cu®*" and Mn*"

in B14V;,0;; compound are presented.

4.1.2.1 BiyV,,Me,O11.5; (Me = Cu™)

4.1.2.1.1 X-ray Diffraction

X-ray diffraction analyses of the powders of the prepared samples were conducted. The
XRD patterns for composition x (mol %) = 0.1, 0.2, 0.3, 0.4 are depicted in fig 4.5.

As described in section 4.1.1, superlattice reflection is also observed at 20 = 24.2°
with doublet peaks at 20 = 31, 39, 48 and 54° for x = 0.1 sample. These features
characterize the orthorhombic a-polymorph of Bi4V,Cuy,O;; 5 for this sample [72].
However, broadening of peak at ~ 32° as compared to undoped sample (fig.4.1) suggests

the small contribution of orthorhombic B-phase in x = 0.1 sample.
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Fig. 4.5 X-ray diffraction pattern of Bi4V,.xCusO1,.5; (*) superlattice reflection



Comparison of XRD patterns of samples of x = 0 and x = 0.1 do not show any significant
change in their d- values except some peak broadening. This may be attributed to
disorder enhancement with Cu-doping in x = 0.1 sample as compared to x = 0 sample.

On the other hand, no such type of behaviour of a-phase is observed for 0.2 < x <
0.4 samples. XRD patterns of these samples are indexed with tetragonal y-phase [138].

The peaks of y-phase of all the systems have been indexed with ICDD card no. -
44-0358. However, peak of (004) at 20 ~ 23° has been indexed on matching with the
substituted y- Bi4V,0;; (ICDD card no. 47-0481, 48-0273 and 48-0279). The shifting of
peaks at lower diffraction angle (20) for x = 0.2 may further be manifestation of y-phase
stabilization at room temperature.

Apart from y-phase, these samples (0.2 < x < 0.4) also exhibit the unreacted
Bi,03. The peaks of Bi,O; are indexed with (ICDD card no. 78-1793). The volume
fraction of Bi,O3 phase increases with increasing dopant contents. Lattice parameters of
the samples have been determined from XRDs. The lattice parameters for the
compositions 0.1 < x < 0.4 are given in table 4.1. The change in c-direction lattice
parameter from x = 0 to x = 0.1 is owing to size difference between Cu*" and V°*(0.72 A,
and 0.59 A respectively [191]) and V> may occupy the site along c-direction. For the
samples of compositions (x = 0.2, 0.3 and 0.4) in the y-phase region, the cell parameters
did not show any trend. However, the significant increase in volume for x = 0.4 sample
suggests the presence of relatively large amount of Bi,0O3; as shown by extra peaks in

XRD (fig. 4.5).
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Table 4.1 Lattice parameters of BisV,,CuxO1;.5

Composition a (A) b (A) c(A) Volume (A%)
x=0.1 5.51 5.60 15.28 471.48
x=0.2 3.94 3.94 15.51 240.77
x=0.3 3.77 3.77 15.52 220.58
x=04 3.93 3.93 15.38 237.54

4.1.2.1.2 Thermal Analysis

Differential scanning calorimetry measurement (fig. 4.6) was performed on
Bi4V,.4Cu,O; ;.5 which indicated the transitions at 479 °C, 483 °C, 520 °C and 531 °C for

x=0.1,0.2, 0.3 and 0.4 samples respectively.

Figure 4.6 shows that phase transition temperature goes on increasing with dopant
concentration. A very small exothermic peak at the temperature of ~725 °C for x = 0.1,
0.2, 0.3 and 0.4 samples was observed which may be assigned to unreacted Bi,O;
transforming to fcc 3-Bi,O; as also confirmed by XRD. One additional peak at 764.06 °C
and 777.85 °C in DSC measurement for x = 0.3 and 0.4 might be attributed to melting of
Bi,0;. In addition to above peaks, sample x = 0.4 also exhibit one extra peak at 871 °C

which may be assigned to melting of Bi4V,0;;. It is imperative to mention here that o.-

Bi,03 at room temperature exhibit monoclinic structure and transform to 5-FCC structure

at 727°C as has been reported [192].
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4.1.2.1.3 Electrical Conductivity

Electrical conductivity was measured from the complex impedance spectra of the BigV,.
xCuxO115 (x = 0.1 to 0.4) samples. These impedance spectra were obtained by plotting
imaginary part Z" against the real part Z' at room temperature measured at different
frequencies as shown by representative graphs in figure 4.7 at 200°C. Ionic polarization

phenomenon observed is shown in figure 4.8.
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Fig. 4.7 Impedance spectra of BisV,,Cu,O;5at 200 °C
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The temperature dependence of the conductivity was studied up to 700 °C. The
results of ionic conductivity measurement for o and y-phase compositions are shown in
the form of Arrhenius plots (fig. 4.9). In earlier reported work [72], y' polymorph
associated with partial melting of BiyV,0;; is mentioned in addition to a, B and Y.
However, another low temperature y’ phase is also reported afterward [135, 138, 151].

Arrhenius plot reveals direct transition y — v’ for the compositions of x = 0.1, 0.2,
0.3 and 0.4 at 460 °C, 500 °C, 520 °C and 540 °C respectively with the suppressed p —
phase for all the copper doped samples. However, the sample of x = 0.1 shows the y to a
transition at the temperature of 480 °C. This fact is supported by the slight change in
slopes occurring for x = 0.1, 0.2, 0.3 and 0.4 at 400-600 °C [68]. The change in activation
energy is attributed to a phase transition in which partially ordered oxygen vacancies
become disordered. The phase transition was also confirmed by XRD studies of single
crystal BICUVOX with the disappearance of incommensurate superlattice reflections

corresponding approximately to 3ax3bxc unit cell at 510 °C [138].
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Other advantage of stabilizing the y-polymorph that hystersis observed during the heating

and cooling cycle disappears and conductivity data is more nearly reversible [151].

Table 4.2 Conductivity and activation energy of BigV,CuxO15

Composition | o300°c (S/cm)  Ea(eV) E.(eV)
< 440°C >540°C
x=0.1 8.67x107° 0.27 0.19
x=0.2 1.42x107 0.26 0.15
x=0.3 1.41x107 0.29 0.19
x=0.4 6.73x10°° 0.30 0.22

For the linear region below 440°C and above 540°C, the values of activation energy (E,)
along with ionic conductivities at 300°C for (0 < x < 0.4) samples are summarized in
table 4.2. It can be seen that the conductivity for x = 0.1 rises to about 6.5 times the value
of x = 0 sample when measured at 300 °C. The highest conductivity is observed for x =
0.2 copper substitution in the y-phase. The conductivity value at this composition (x =
0.2) has been estimated to be 1.42x10™ S/cm at 300 °C which is about an order of
magnitude more than that of the value of the base compound (BisV,01;) at 300 °C.
However, at higher temperatures greater than 500 °C, the sharp increase in conductivity
takes place for x = 0.1 as compared to all other samples as shown in figure 4.10. This
may be attributed to presence of impurity phase for all other compositions and becomes
dominant at higher temperature. This might have inhibited the movement of oxygen

vacancies and hindering the hopping mechanism. However, the lower conductivity for
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x = 0 can be attributed to the greater covalency in the interlayer contacts between

[Bi,0,],"*" and [VOs 5], of the 0-BisV,0y;.
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Fig.4.10 Conductivity isotherm as a function of composition (x) in BisV,4CuyOy s,

(0<x<0.4)

The decrease in overall conductivity for x = 0.4 may also be interpreted as segregation of

greater amount of impurity phase of unreacted Bi,0; at grain boundaries.

4.1.2.1.4 Microstructural Analysis

The microstructural study was carried out on fractured surfaces of all the samples and the
micrographs are presented in figure 4.11. The SEM (scanning electron microscopy) of
fractured surface of x = 0 and x = 0.1 do not show any significant change except larger
grain size in case of x = 0.1 sample. On careful examination of micrographs for both the
samples of compositions x = 0 and x = 0.1, one can see the interwoven wavy network
(marked as arrow in the figure 4.11a, b) type of structure existing throughout the sample.
Though the volume fraction of this network structure of lamellar type is more for sample

x = 0 as compared to x = 0.1 but in both cases it is uniformly distributed throughout the
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sample. This type of structure in ceramic compounds has been reported for piezoelectric
materials [193, 194]. During sintering, the substance crystallizes above curie temperature
in the cubic perovskite structure and transform into lower symmetry structure during
cooling. The phase transformation leads to lattice distortion. Due to lattice distortion,
thermal stresses are generated which are further reduced by the formation of domains.
The domain configuration consists of 90° and 180° domains. Based on the different
possibilities of their orientation and with variation in crystal structure, these orientations
may also change. Since we are analyzing the fractured surface so instead of parallel
straight lines, we are observing a parallel wavy pattern. But it is certain that the structure
comprises of these parallel domains which form because of thermal lattice strain during
cooling after sintering.

In contrast to these, the 0.2 < x < 0.4 samples show totally different
microstructures than x = 0 and x = 0.1 samples which is due to y-phase stabilization. It
can be seen that copper concentration x > 0.2 has greatly affected the sintering behaviour.
The SEM observation of the fractured surface shows that the addition of CuO for x = 0.2
substitution has a strong effect on the microstructure and grain growth of BisV,0;;. The
non uniform grain pattern with small grain size for x < 0.1 changed to relatively more
uniform grain structure along with grain refinement. In the microstructures of samples of
composition x = 0.3 and 0.4, the grains are very large and their size increases with doping
concentration. The higher ionic conductivity for x = 0.2 in Bi4V,4CuxOy 5 is supported
by the relatively more uniformity in grains pattern and size with lesser porosity as

compared to x = 0.3 and 0.4 samples. The grain size for all the compositions is mentioned

in table 4.3.
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It is important to notice here that for samples containing concentration x > 10%,

79

there is no wavy pattern observed which might be attributed to phase transformation from

otoy.



Fig. 4.11 SEM micrographs of Bi4V,xCuO;;15, () x =0, (b) x=0.1, (c) x =0.2, (d) x =
0.3,(e)x=04
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Table 4.3 Average grain size of BigV,4CusO15 (0 <x<0.4)

Composition Grains size range (Lm)
x=0 2-6
x=0.1 4-8
x=0.2 10-15
x=0.3 25-30
x=04 > 30

Higher resistivity of the larger grain size may be attributed to the ordering of oxygen
vacancies in these phases, which leads to a modification of the bulk response. The cracks

observed in some of the micrographs may be attributed to abnormal grain growth.

4.1.2.2 BisV,,Me, 015, (Me = Mn®")

4.1.2.2.1 X-ray Diffraction

The XRD analyses of the samples prepared from different stoichiometric amounts of
Bi,03, V,05 and MnO (BisV,xMexO1;5) for the compositions of x = 0.1, 0.2, 0.3 and 0.4

were carried out. The patterns are presented in figure 4.12.
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The XRD pattern for composition x = 0.1 corresponds to mixed o and  -phase with weak
splitting of the peak at ~ 32° whereas other compositions x = 0.2, 0.3 and 0.4 are indexed
with y-phase of BiyV, Mn,O,,5. The solid solution range is found to be up to x = 0.2,
which is higher than copper doped system. On the other hand, the increasing
concentration of dopant leads to unreacted Bi,O3 as shown in figure 4.12. The lattice
parameters of stabilized y- phase (table 4.4) are found to possess the trend according to
dopant concentration. No significant change is observed in basal a-b lattice parameter.
However, axial parameter ¢ shows the increasing trend. It may be attributed due to size

difference between dopant Mn?"and V°* (0.80 A and 0.59 A respectively [191]).

Table 4.4 The unit cell parameters of y- BisV,xMn,O1 5

Composition a (A) c(A) Volume (A%)
x=0.2 3.91 15.37 235.38
x=03 3.92 15.75 242.10
x=0.4 3.91 15.86 243.73

4.1.2.2.2 Electrical Conductivity

The ionic conductivities, which were derived from the complex impedance plots at
different temperatures, are plotted in figure 4.13 as a function of temperature in the form
of log ¢ vs. 1/T. The conductivity behavior of the BisV,, Mn,O;;5 (0.2 < x < 0.4)
compositions show two linear regions with different activation energies in their Arrhenius

plots (cooling cycle). These regions belong to y — ¥’ phase transitions. In addition to this,

x = 0.1 sample exhibit y — o transition.
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The transition temperature could not show any trend as shown in figure 4.13 The
anomalies in phase transition temperature can be explained on the basis of solid solution
and unreacted BiO; contents especially in x = 0.3 and 0.4 samples. The highest
conductivity was observed for x = 0.2 composition followed by x = 0.3 and 0.4 samples
respectively. The decreasing value of the conductivity beyond x = 0.2 sample can be
explained on the basis of the solid solution formation range of the compound up to
x = 0.2. This fact is supported by the increase in volume beyond x = 0.2.

Activation energy (E,) below 400 °C and above 500 °C are calculated from
Arrhenius plots of x = 0.2, 0.3 and 0.4 samples. The values of activation energy along

with ionic conductivities measured at 300 °C are summarized in Table 4.5.
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Fig. 4.13 Arrhenius plot of BisV,,Mn,O15

The observed conductivity measurements with composition are in good agreement with

the trend observed for activation energy. It is also observed from table 4.5 that

conductivity value for manganese composition of x = 0.2 in the high conducting y-phase

is about 7.48 times higher than that of the base compound at 300 °C (section 4.1.1.3).
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Table 4.5 Conductivity and activation energy of BisV,Mn4O ;s (y-phase)

Composition | 300 °c (S/cm) E.(eV) E.(eV)
<400 °C >500°C
x=0.2 5.22x10°° 0.32 0.25
x=0.3 3.68x10° 0.34 0.29
x=0.4 1.70x107® 0.36 0.26

In the study of divalent system, y-phase stabilization occurs at same
composition of x = 0.2 with mixed a and B-phase for x = 0.1 in both of copper and
manganese substitution. However, range of solid solution is higher for manganese
doping. An increase of conductivity (1.69 times) is observed for copper as compared to

manganese for the composition of x = 0.2 at 300 °C.

4.1.3 Trivalent Substitution

The effects of trivalent cations substitution for V> in bismuth vanadate is given in the

proceeding sections.

4.1.3.1 BisV,.Me, Oy (Me = Ti'")

In earlier studies, most of the research work has been carried out with titanium (IV)
substitution [161-163] on V°" sites. But in the present study, Ti’" was used to study the
effect on phase stabilization and conductivity measurement. However, it might be
possible that Ti’" gets converted into Ti'" (most stable state) during processing of the
sample under experimental conditions. Therefore, ultraviolet spectroscopy study was

undertaken to confirm the valence state of the titanium dopant.
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4.1.3.1.1 Ultra-violet Spectroscopy
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Fig. 4.14 Absorption spectra of TiO,, Ti,03 and BisV 6Ti940115

The ultra-violet (uv) visible spectra of Ti,03, TiO; and Bi4V ¢Tip40;1.5 was obtained in
the wavelength range from 190 nm to 600 nm and are shown in figure 4.14. The spectra
of pure Ti,03 indicate the absorption peak at 329 nm whereas for TiO; it is at 256 nm. In
titanium doped bismuth vanadate, the absorption peaks exist at 329 nm and 223 nm
which do not correspond to TiO; absorption peak rather falls exactly at peak position of

Ti,Os. This clearly indicate that titanium remains in Ti’" state in the doped bismuth
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vanadate sample and is not oxidized further under high temperature oxidizing atmosphere

during experimentation.

4.1.3.1.2 X-ray Diffraction

The XRD patterns of BiyV,.xMeyO115 (Me = Ti*") samples are given in figure 4.15 which
was indexed with representative peaks of a, B and y-phases. The x = 0.1 sample exhibit
very small reflection at 26 = 24.2° diffraction angles which is attributed to superstructure
of a-form. On the other hand, Bi4V,4TixO115 (x = 0.3, 0.4) samples have been indexed
which shows the presence of tetragonal (y) phase whereas mixed phase ( and y) was
observed for x = 0.2 sample. A very weak splitting for x = 0.2 at ~ 32.9° which
corresponds to B-phase with the absence of superstructure peak at ~ 24.2° was observed
in this particular sample. From this study, one can say that mixed  and y phase coexist

for x = 0.2 sample.
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Lattice parameters of all the compositions are derived from these XRD patterns
and are given in table 4.6. XRD patterns from a (x = 0.1) to tetragonal y-phase (0.2 < x <
0.4) is usually characterized by an increase in ¢ parameter of the cell [158] whereas, the
basal a —b lattice parameter and volume of the unit cell continue to decrease with
increasing doping concentration of Ti’" to V" over the studied composition range.
However, the size of Ti*" is larger than V.

Basically, doping in these systems exhibit two fold effect due to quite disorderly
behaviour between metal atom and oxygen positions in the perovskite layer of the
substituted phases of y- Bi4V,TixO;;51.e. increasing the oxygen vacancy contents in a-b
basal plane, lattice parameter ¢ increases due to ionic radius size difference between V>
and Ti*" (0.59 A and 0.77 A respectively [191]). On the other hand, oxygen vacancies are
dominant as compared to size difference of the dopant and parent cations due to which,
the unit cell volume decreases with increasing oxygen vacancies on higher dopant

concentration as an increase in oxygen vacancies with x decreases the unit cell volume.

Table 4.6 Composition and lattice parameters of Bi4V,4Tix011.5 (0.1 £x<0.4)

Composition a(A) b(A) c(A) Volume (A3)
x=0.1 5.50 5.56 15.25 466.35
x=0.2 3.93 3.93 15.27 235.84
x=0.3 3.89 3.89 15.35 232.28
x=0.4 3.86 3.86 15.57 231.98
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4.1.3.1.3 Electrical Conductivity

The conductivities (o) of the titanium doped BisV,0;; (BisV,24TixOj15, 0.1 < x < 0.4)
samples were determined from complex impedance data plots as shown in representative
plot for the composition x = 0.1 in figure 4.16 at 200 °C.

The temperature dependence of the conductivity was performed for all the compositions

of x =0.1, 0.2, 0.3 and 0.4 from 200-700 °C during cooling cycle. The results are plotted

in log 6 vs. 1/T as shown in fig. 4.17.
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Fig. 4.16 Impedance spectrum of BisV,4TixO1.5 (x = 0.1) at 200°C
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In case of x = 0.2, 0.3 and 0.4 samples, the A.C. conductivity behavior is almost same
except x = 0.2 sample in which higher activation energy (E,) is observed below 300 °C as
compared to x = 0.3 and x = 0.4 samples. This might be because of presence of both 3
and y-phases. For the linear regions below 400 °C and above 500 °C, E, values with

conductivities at 300 °C are summarized in table 4.7.

Table 4.7 The ionic conductivity and activation energies of BigV,4TixO115 (0.1<x<0.4)

Composition G300°c (S/cm) E, (eV) E.(eV)
<400°C > 500°C

x=0.1 9.59x10°° 0.33 0.20
x=0.2 1.62x107 0.31 0.14
x=0.3 1.72x107 0.25 0.36
x = 0.4 2.66x107 0.24 0.32

For x = 0.1 (a-phase), Arrhenius plot (fig. 4.17) shows the transitions at 520 °C and
400 °C corresponding to to y — B and B — o transition. For the composition range (0.2 <
x £ 0.4) corresponding to v - phase indicates the phase transitions (y — y’) at 420 °C, 460
°C and 500 °C for x = 0.2, 0.3 and 0.4 respectively. The phase transition was also
confirmed by DTA plot of BigVi ¢Tig4011.5 (fig. 4.18) which occurs at about 490 °C and
is in good agreement with the transition in Arrhenius plot. In the Arrhenius plot, no
discontinuity for x = 0.3 and 0.4 was observed, where as slight discontinuity exist for x =
0.2 which may be due to mixed phase ( and y phase) in this sample. Generally, the

discontinuity refers to f — y phase transition in other reported BIMEVOXs [157]. This is

93



again a manifestation that x = 0.2 sample exhibit two phases, B and y as observed in XRD
pattern (fig.4.15). The hump observed in the ionic conductivity for x = 0.2 doping in the
graph indicate that the transformation is a continuous process. Electrical measurement
with the lowest and highest value of the ionic conductivity obtained for x = 0.2 and x =
0.4 respectively in the low temperature range is shown in Table 4.9. Highest ionic
conductivity of BisV;Tip401;s may be attributed to increase in oxygen vacancy
concentration. This observation may be confirmed by the smallest volume of the

composition x = 0.4 (table 4.8).
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Fig. 4.18 Typlcal DTA plOt of Bi4V1.6Ti0.4011_5

It can be seen that conductivity becomes maximum at 300 °C (about 24 times that of the
base compound Bi;V,0;;), for x = 0.4 (BisVi6Tip4011.5). The conductivity of
Bi4V,6Ti9 40115 1s even 1.87 times higher than the copper (divalent) substituted bismuth

vanadate of highly conducting composition of x = 0.2 at 300 °C as given in table 4.2.
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The conductivity at higher temperature is shown in figure 4.19. This represents the

similar trend of conductivity at lower temperature.

—e—500°C

(S/cm)

ConductivityJ]x10
O =~ N W d O O N 00 ©

0 0.1 0.2 0.3 0.4 0.5

Composition x (mol%)

Fig. 4.19 Isothermal plot of conductivity of Bi4V,4TixO11-5

The explanation for this conductivity behavior may also be accounted for the formation
of defect pairs by the incorporation of guest ions of different size into the host lattice

which causes a strain whose magnitude depends on a factor f= 113, / Iy where 1y, and 1,

are the ionic radii of the host and guest ions, respectively. The net result of this strain is
apparently lattice loosening which decreases the enthalpy of formation of defects. This
consequently leads to generation of more number of defects contributing to conductivity
enhancement. In the present system, the lattice distortion is appreciable (f = 0.23) causing

the conductivity enhancement.

4.1.3.1.4 Microstructural Analysis
In order to get more insight about the conductivity phenomenon, we have done structural
analysis of lowest and highest conducting samples of compositions x = 0.2 and 0.4. The

SEM micrographs are given in figure 4.20 (a) and (b) respectively.
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Doping of Ti,0j3 leads to variation in structure. Since the typical domain structure
(fig. 4.11; a, b) gets diminished in doped samples so it can be said that other phases,

instead of a-phase, are being stabilized at room temperature.

Fig. 4.20 SEM photograph of fractured surface of Bi4V,4TixO;1.5 (2) x =0.2 (b ) x = 0.4 sintered
at 800 °C

Doping slowly leads to stabilization of high temperature y-phase even at room
temperature. The continuous variation in observed structure is an evidence to change in

ionic conductivity of the doped samples as compared to undoped sample. In case of
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doped sample of composition x = 0.2, the existing domain structure is not clear in the
micrograph. However, the structure looks to be a composite type where these domain
structures appear to be in transition phase (broadening in structure with little wavy
pattern). This indicates that the transformation of a to y-phase is not complete but
metastable B-phase is also occuring. The X-ray analysis also confirms this phenomenon.
Here in this sample of x = 0.2, parallel pattern is not completely diminished which is
observed for a-phase.

In samples, where ionic conductivity is observed to be high (x = 0.4), the micrograph
gives different look. Smaller grains (table 4.8) of cellular type have formed. Here no
domain structure is observed as was observed for a-BisV,CuyOy ;5 (fig. 4.11; a,b). The
structure seems to be single y-phase which was confirmed by our X-ray analysis also.

In the high ionic conducting sample of x = 0.4, the structure (Fig.4.20; b) exhibits lesser
amount of intergranular porosity and the pattern is relatively uniform throughout the
sample as compared to x = 0.2 sample of low conductivity (Fig.4.20; a), where cluster

type non-uniform pattern is observed with poor refined grains.

Table 4.8 Average grain size of BisV,4TixO1;5 sintered at 800 °C

Composition Grain size (um)
x=0.2 4-10
x=0.4 6-10
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4.1.3.2 Sintering at different temperatures of BisV1,6Tip4011-5

Processing conditions play an important role in the formation of any compound/phase
and its properties. The solid solution range [68] and phase stabilization in Bi4V,01; (o,
and y) at room temperature be affected by the sintering temperature of samples [133]. So
the sample of highest conducting composition x = 0.4 was sintered at different
temperatures of 750, 775 and 825 °C in addition to sintering at 800 °C. A detailed
analysis of x = 0.4 sample was carried out to understand its behaviour with variation in

sintering temperature.

4.1.3.2.1 X-ray Diffraction
X-ray diffraction of the composition x = 0.4 sintered at 750, 775 and 825 °C was taken
under similar experimental conditions. The XRD patterns of these samples are shown in
figure 4.21.

On analysizing the XRD patterns of BisV1¢Tio4011.5 sintered at 750 °C, 775 °C,
800 °C and 825 °C (fig. 4.21; a, b, ¢, d), it was observed that XRDs of samples sintered at
750, 775 °C and 825 °C indexed to y-phase. Apart from this, XRDs of the samples
sintered at 750 and 775 °C exhibit extra peaks. These peaks are due to unreacted BiyOs
and it is more prominent in case of samples sintered at 750 °C. Moreover, the XRD peaks
are shifted at lower diffraction angle with higher peak width in these samples. Peak
broadening and shifting at lower diffraction angles are clearly manifestation of more
disordering in these samples as compared to 800 °C heat treated sample. This is
supported by the large volume of the unit cell (table 4.9) for the samples sintered at 750

and 775 °C.
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Table 4.9 Composition and lattice parameters of BisV,4TixO115 (0.1 £x<0.4)

Sintering temp. a(A) b(A)
750 °C 3.97 3.97
775 °C 3.97 3.97

800°C 3.86 3.86
825°C 3.92 3.92

4.1.3.2.2 Electrical Conductivity

The conductivity curves of different heat treated samples are plotted in the form of
Arrhenius plot as shown in figure 4.22. The data do not show simple Arrhenius-type
behavior with single activation energy. The curves consist of two linear segments with
different activation energies (E,), one at temperature greater than 500 °C and the other
below 400 °C. In the intermediate temperature regions, a pronounced curvature is also
present in the data plots at (440 °C), (460 °C) and 480 °C of the pellets sintered at 750,

775 and 825 °C respectively. For the linear regions below 400 °C and above 500 °C, E,

c(A)
15.54
15.52
15.57

15.47

Volume (A?)

244.92

244.61

231.98

237.72

values along with conductivities measured at 300 °C are summarized in Table 4.10.
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Fig. 4.22 Arrhenius plot of BisVTi94015; (x = 0.4) at different sintering temperatures
(a) 750°C (b) 775 °C (c) 825 °C.

Increase of oxygen vacancies/formation of solid solution for the sample sintered at 800
and 825 °C provides higher conductivity of these samples than for the samples sintered at
750 and 775 °C.

About four times higher ionic conductivity was obtained in sample sintered at
800 °C as compared to sample sintered at 825 °C. The higher value might be attributed

due to optimized size of grains and less porosity for sample sintered at 800 °C.
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Interestingly, the volume of this particular sample is less than any other heat treated

sample at various temperatures (table 4.9).

Table 4.10 Conductivity and activation energy at different sintering temperature of

Bi4V2_XTiX01 1-8 (X = 04)

Sintering G300°c  (S/cm) E.(eV) E.(eV)
Temperature <400 °C > 500 °C
750 °C 5.99x10°° 0.28 0.26
775 °C 6.82x10° 0.27 0.24
800 °C 2.66x107 0.24 0.32
825 °C 8.42x10° 0.26 0.22
R
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Fig. 4.23 Isothermal conductivity plot at 300 °C of BisV ¢Tio4O11-s at different sintering

temperatures
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The conductivity trend in this system is in accordance with the creation of oxygen ion
vacancies in the basal a-b plane. However, excess of impurity phase in case of samples
sintered at 750 and 775 °C may cause the lowering of conductivity (fig. 4.23). The study
of these samples clearly point out the importance of the processing condition on the

properties.

4.1.3.2.3 Microstructural Analysis

Microstructural analyses on fractured surface of the samples sintered at 750, 775 and
825 °C were carried out under SEM. The micrographs are shown in figures 4.24. The
SEM of the sample sintered at 750 °C has quite irregular patterns of grains with large
variation in size (table 4.11). However, pattern of the samples sintered at 775 and 825 °C
is giving similar look except the larger grain size observed for sample sintered at 825 °C.
On comparing the microstructures of all the samples, it can be said that for higher ionic
conductivity, stabilization of higher temperature y-phase at room temperature is not the
only criteria but a proper grain size along with low porosity is also an important factor to

enhance the conductivity.
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Fig. 4.24 SEM photographs of BisV| ¢Tig4011.5 sintered at (a) 750 °C (b) 775 °C and

(c) 825°C
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Table 4.11 Average grain size of BisV¢Ti9 40,5 at different sintering temperatures

Sintering Grain size (um)

temperature (°C)

750 4-10
775 8-12
800 6-10
825 15-20

4.1.3.3 BisV,..Me 0115, (Me = AI')
4.1.3.3.1 X-ray Diffraction
The structure of Al-doped BisV,.<MexO11.5 compounds for the composition x = 0.1, 0.2,
0.3, 0.4 were analyzed by X-ray diffraction study. The XRD patterns observed for BisV,.
xAlkOq1 (0.1 £x <0.4) are shown in fig.4.25. XRD pattern of samples of x = 0.1 of BigV,.
xAlxO115 characterized with the a-orthorhombic and presence of some -phase while the
room temperature unit cell is tetragonal of y-type BisV,0,; for x =0.2, 0.3 and 0.4.

X-ray Powder Diffraction data confirmed that samples of BisV,,AlkO;15 of
x = 0.1 and 0.2 are single phase whereas samples of compositions x = 0.3 and 0.4 show
the presence of additional small intensity peaks at 20 = 25.7 and 28° that may be
attributed to unreacted Bi,Os. This result is quite in disagreement with the solid solution

range up to x = 0.5 by Lee et al. [133].
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No significant changes were observed in XRD diffraction pattern of samples of
composition x = 0.2, 0.3 and 0.4. XRD patterns of 0.2<x<0.4 are indexed to the y- phase

whereas other authors [131, 133] reported a-phase for value of x = 0.2.

4.1.3.3.2 Electrical Conductivity

The Arrhenius plots of BisV,4AliO;15 for the composition x = 0.1 and 0.2, 0.3, 0.4
corresponding to a and y- phases respectively are shown in fig.4.26. This indicates small
or sharp discontinuity owing to phase transitions at 440°C, 450°C, 490°C and 460°C for x
=0.1, 0.2, 0.3 and 0.4 respectively.

The highest and lowest values of the ionic conductivity obtained with x = 0.2 and x = 0.4
respectively along with activation energy in the low temperature region are shown in

Table 4.12.
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The decrease of ionic conductivity from x = 0.2 to x = 0.4 (table 4.12) can be attributed to
the formation of defect pairs. The effect of higher concentrations of vacancies is offset by
the locally ordered states [195] due to presence of the impurity of Bi,O; in the samples of
compositions x = 0.3 and 0.4. For the x = 0.2 phase, both the vacancy concentration and

the pathways for O* motion are optimized.

Table 4.12 Ionic conductivity at 300°C and activation energies of Bi;V,xAlO115

composition c300°c (S/cm) E. (eV)
<400°C
x=0.1 1.74x10° 0.24
x=0.2 8.38x10° 0.22
x=0.3 4.20x10° 0.23
x =0.4 3.02x10° 0.24

-3
Conductivityx10  (S/cm)

0 T T T T
0 0.1 0.2 0.3 0.4 0.5

Compostion x (mol%)

Fig. 4.27 Isothermal plot of composition dependant conductivity at different temperatures

of Bi4V2_XA1X01 1-8
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The conductivities at higher temperatures are given in figure 4.27, which shows the

higher conductivity for x = 0.2 as found at 300 °C.

4.1.3.3.3 Microstructural Analysis

Fig.4.28. SEM photograph of fractured surface of Bi4V,xAlO;15 () x=0.2 (b) x =0.4
sintered at 800 °C

Scanning electron micrographs of the fractured surface of aluminium substituted

Bi4V,0; of the compositions of x = 0.2 and x = 0.4 with highest and lowest value of
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conductivity, respectively are shown in fig. 4.28 (a) and (b). The grains (8-12 um) are
observed to be relatively uniform for x = 0.2 when compared to sample of x = 0.4 where
non-uniform pattern is observed with size 4-8 pm. Big hole existing on the right side of
the micrograph is because of material removal when the pellet for SEM study was
fractured (fig.4.28a). The material is detached from this area and the pattern is uniformly
distributed throughout the structure.

Another important aspect can be generated about the smaller grain size of the
sample of composition x = 0.4 which is accustomed to decrease the electrical
conductivity by increasing low conductive grain boundary area and consequently has
higher activation energy for the conduction as well. This supports the well known fact
that the transport properties of solid electrolytes at intermediate temperature are

controlled mainly by the grain boundaries.

4.1.3.4 Sintering at different temperatures of BisV13Alp2011-5

Sintering at different temperatures for aluminium based bismuth vanadate for the high
conducting composition x = 0.2 was also done to see its effect on phase formation
/stabilization viz. a, B and y and electrical conductivity. This study is also important to
correlate the effect of sintering temperature with the type of dopant / substitutent cation.
For this study, final sintering / reaction temperature was kept at 750 °C, 775 °C and 825

°C in addition to 800 °C which was studied above.

4.1.3.4.1 X-ray Diffraction
The XRD patterns of the samples sintered at 750, 775, 800 and 825 °C (fig. 4.29) has

shown the contribution of B-phase at lower sintering temperatures of 750 and 775 °C
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which is observed due to weak splitting of tetragonal (1 1 0) peak at ~ 32°. Whereas other
two samples sintered at 800 and 825 °C show the complete y-phase. It can be concluded
from above analysis that phase stabilization of a, B and y at room temperature is also
dependant on sintering temperature in similar with the composition variation. The
minima at 775 °C in c-parameter (table 4.13) also suggest the boundary between phase
transition from f to y. This result supports the work by Lee et al. [133]. Furthermore,
samples sintered at 750 °C, shows the presence of additional phase of Bi,O; whereas
sintering temperature 800 °C is the optimum to obtain phase pure compound. However,

little amount of impure phase is also noticed in the samples sintered at 775 °C.

Table 4.13 Lattice parameters of BigV| gAly,0;, sintered at 750 °C, 775 °C, 800 °C and 825 °C

Sintering temp. a(A) c(A) Volume (A%)
750 °C 3.96 15.35 244 .92
775 °C 3.96 15.31 244 .61
800°C 3.96 15.36 231.98
825°C 3.98 15.35 237.72
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4.1.3.4.2 Electrical Conductivity
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The electrical conductivity measurement data at sintering temperatures of 750, 775 and
825 °C are presented in the form of Arrhenius plots (fig.4.30). The curves do not follow
the linear behaviour. The curves consist of two linear regions. In the intermediate
temperature regions, a pronounced curvature is also present in the Arrhenius plot
(fig.4.30) at 430 °C, 420 °C and 440 °C of the pellets sintered at 750 °C, 775 °C and 825

°C respectively. The conductivity measured at 300 °C is summarized in table.4.14.

The highest conductivity is obtained for sample x = 0.2 sintered at 800 °C as
compared to all other selected temperatures followed by 775°C in the following sequence
of conductivity measured at 300 °C: 635<6750<06775<Ggo0. This trend is in complete
agreement with the x-ray diffraction study of these samples which shows the single phase

y for sintering temperature of 800 °C.

Table 4.14 Conductivity and activation energy at different sintering temperature of

Bi,V,3Alp,0,15

Sintering G300°C E.(eV)
Temperature (S/cm) <400 °C
750 °C 4.83x10°° 0.32
775 °C 6.09x10° 0.29
800 °C 8.38x10° 0.22
825 °C 3.63x10° 0.29
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The conductivity obtained for the sample of composition x = 0.2 at sintering temperature
of 800 °C (fig. 4.31) is greater by 1.37 and 2.30 times of the sample sintered at 775 and
825°C respectively whereas it is 2.77 times high by lowest conducting composition of x =
0.4. This suggests that conductivity is more composition dependent than sintering

temperature.

However, it is low by 3.17 times as compared to titanium based compound for x = 0.4 for
the sintering temperature 800 °C which supports the stacking claim of superiority of each

dopant over the other.
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Fig. 4.31 Conductivity versus sintering temperature at 300°C

4.1.3.4.3 Microstructural Analysis
Scanning electron microscopy of the fractured surfaces of the samples sintered at 750,
775 and 825 °C was carried out to correlate the variation in sintering temperature with

microstructure and electrical conductivity.
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Fig. 4.32 SEM photographs of Bi,V, sAl;,0,,.5 sintered at (a) 750 °C (b) 775 °C and

°C

(c) 825
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The above results of variation in conductivity are further supported by fractured
surface SEM photographs of the samples at the studied temperature range as shown in
figure 4.32 (a, b, ¢). A closer look at the micrographs clearly shows uniform distribution
of grains (10-15 um) for the samples sintered at 775 °C. The other two samples, one
sintered at 750 °C shows non uniform pattern and no evidence of textured microstructure.
Partial melting to the left of lower side is observed for the sample sintered at 825 °C
which may be accounted for these samples exhibiting low conductivity owing to smaller

conducting path.

4.1.3.5 BisV1.,Me,O115, (Me = Cr’")

4.1.3.5.1 X-ray Diffraction

The X-ray diffraction analyses of the powders of the sintered pellets prepared from
stoichiometric amounts of Bi,0s3, V,05 and Cr,03 (BisV,4CrO115) for the compositions
of x=0.1, 0.2, 0.3 and 0.4 were conducted.

In the present system, the patterns corresponding to composition x = 0.1, 0.2, 0.3
and 0.4 are shown in figure 4.33. The pattern for x = 0.1 were analyzed and one can see
very weak reflection at 20 = 24.2° and splitting at 26 = 31, 39, 48 and 54° which is
attributed to the superstructure of a-form. The superstructure reflection is formed due to
vacancy ordering in this composition [196]. However, in samples of x = 0.2, 0.3 and 0.4,
peak at 32.9° has broadened suggesting the small contributon of B-phase. Formation of a-
phase and solid solution has been reported for composition up to 0.5 by various authors
[133, 152]. Moreover, XRD of above samples are showing very anomalous results which
shows the presence of impurity of BiVO,4 (ICDD card no. 83-1698) with a very strong

peak at ~ 28.5° and another small peak at ~ 27.9° in close neighbourhood of BiVO,.
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This is due to Bi,0; for x = 0.2 and almost same trend was observed for other two
samples of x = 0.3 and 0.4 but of varying peak intensities. The formation of BiVO4 may
be attributed to some stoichiometrical changes in the bismuth and vanadium composition

during synthesis [167].
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The variation in lattice parameter could not show any trend (fig. 4.34). However,
sample x = 0.1 exhibits overall shrinkage in the unit cell. It may be attributed to the
increase in oxygen vacancies and formation of solid solution, which leads to the decrease

in unit cell, as indicated in figure 4.34.

4.1.3.5.2 Electrical Conductivity

The conductivity behaviour of all the Cr-doped compositions shows two linear regions
with different activation energies in their Arrhenius plot - a low temperature region and a
high temperature region as shown in figure 4.35. The link between these two linear
regions is either in the form of a simple but distinct change in the slope at about
450-500 °C or a discontinuity around this temperature range.

The Arrhenius plots for the composition range in the BICRVOX family
(0.1=x<0.4) are shown in figure 4.35. A direct y — a transition is observed with
suppressed B-phase for (0.1<x<0.4). The phase transitions occur at 440 °C for x = 0.1, 0.4
and at 460 °C for x = 0.2, 0.3 during cooling. These transitions occur at lower
temperatures than that reported by Joubart et al. [152], i.e. at around 600 °C. The
discrepancy occurs possibly due to the change in processing conditions. It leads to more
distortion in orthorhombic unit cell after doping bismuth vanadate with Cr*".

The values of conductivity obtained from impedance spectroscopy are in the
range of those values which correspond to a-phase for all the compositions studied.
Generally, ordering of the mobile sublattices results in an increase in activation energy

for conduction due to ion trapping effects.
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High conductivity of the sample of composition x = 0.1 (table 4.15) is owing to
large increase in oxygen vacancies which leads to smaller unit cell volume (fig.4.34) as
compared to all other compositions. Conductivity of all the doped samples comes out to
be smaller than that for the undoped a-BisV,0,;. It might be attributed to the fact that
V*" occupies the tetrahedral site with increasing amount of Cr’" substitution.

As the percentage of doping increases, the ionic conductivity decrease. In Cr’'-
doped samples, the tendency for Cr’" to adopt a full regular octahedral coordination and
form clusters seems to be associated with the rise in the number of tetrahedrally
coordinated V>" in the lattice [152]. This clustering, as well as the increase in the number
of unfavorable tetrahedral V' sites, may cause the poor oxide ion conductivity of Cr’'-

doped samples.
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Table 4.15 Conductivity for different compositions of BiyV,. Cr,O1 ;5

Composition G300°C E.(eV) E. (eV)
(S/cm) <400°C >500°C
x=0.1 1.08x107 0.38 0.27
x=0.2 6.52x107 0.40 0.35
x=0.3 4.83x10® 0.31 0.35
x =0.4 3.67x107 0.33 0.48

The decreasing order of conductivity with doping rate may also support the views of
Sharma et al. [131] who reported that the anion vacancies alone can not determine the
ionic conductivity of the material, but ionic potential may also be responsible for this

phenomenon.

4.1.3.6 BisV,.,Me,O115 (Me = Ga’")

4.1.3.6.1 X-ray Diffraction

The X-ray diffraction of powders of sintered pellets prepared by taking appropriate
amounts of Bi,03;, V,0s and Ga,0; were conducted. The patterns corresponding to
compositions x = 0.1, 0.2, 0.3 and 0.4 of the BisV,1Gay0;;.5 compound are shown in
figure 4.36. It has been observed that the gallium composition of x = 0.1 exhibits a-phase
of bismuth vanadate. On the other hand, orthorhombic B-phase of Bi4V,0,; is present in
the range of 0.2<x<0.4. X-ray diffraction patterns of these samples have been indexed
with the (/4 k /) values from reference [161]. Structurally, these B and y-phases are more
or less same except the splitting of tetragonal (110) peak which is at 32° along with the
presence of weak superstructure peak at ~ 24.2°.
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Additional peaks of impurity phase appear when dopant percentage increased which

correspond to BiVOy. The splitted small peak of BiVO, in the neighborhood of highest

intensity peak for x = 0.2 might be merging with highest intensity peak in sample of

composition x = 0.3 and again appearing for x = 0.4.

4.1.3.6.2 Electrical Conductivity

The conductivity measurement was performed for BisV,,Ga,O5 for the Ga®

concentration of 5, 10, 15 and 20%. The conductivities were plotted as log ¢ vs. 1/T as

shown in figure 4.37. Arrhenius plot shows two transitions for x = 0.1 (a-compound)

from y — B and p — a at 500 and 460 °C respectively. For higher concentration, gallium

has only single transition from y to . These transitions are observed at 400, 420 and

440 °C for x = 0.2, 0.3 and 0.4 (B compound), respectively.
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Highest and lowest values of ionic conductivity was calculated at 300 °C for x = 0.2
(3.40x10® S/cm) and 0.4 (1.44x10°S/cm) respectively. Conductivity decreases beyond x
= (.2 sample due to limit of solid solution formation. The smaller values of conductivity
of BIGAVOX as compared to other dopant such as Cu®", Ti’" etc. could be explained on
the basis of phase stabilization. In the present case, the B-phase is stabilized instead of y-
phase at room temperature.

In trivalent system, titanium substitution is done (BisV,4TixO115). It was
observed that pure compound (y-phase) up to entire range of composition x = 0.4 has
formed. At the same time, aluminium, chromium and gallium substitution is found to
exhibit solid solution up to x = 0.1 except for x = 0.2 in case of aluminium. However, y-
phase is not stabilized for chromium (Bi4V,4CryO;15) and gallium (Bi4V,.xGaxO11.5)
based substitutions. Conductivity obtained is also highest for titanium for composition x
= 0.4. SEM study revealed this fact too. Lower conductivity of chromium and gallium is

characteristic of a-phase.

4.1.4 Pentavalent Substitution

The study on arsenic (As’") as pentavalent substitution on vanadium site was carried out

in bismuth vanadate (Bi4V,0;;) under this section.

4.1.4.1 BisV,..Me,O11.5 (Me = As )

4.1.4.1.1 X-ray Diffraction

Arsenic (Ass+) doped Bi14V,0; for the compositions x = 0.1, 0.2, 0.3 were synthesized
and examined by X-ray diffraction. The patterns are presented in figure 4.38. The XRDs

of all the compositions were characterized to orthorhombic a- phase of bismuth vanadate.
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Sample of all the compositions exhibit the unreacted Bi,O; impurity phase. The volume
of unreacted phase increases with increasing concentration of dopant. This is because of
the fact that there is variation in ionic radii between dopant and host cation (0.47 A, 0.59
A) respectively [191] which leads to disordering and interaction among the foreign and

host atoms.

4.1.4.1.2 Electrical Conductivity
Arrhenius plots (fig. 4.39) show two transition regions in all the compositions x = 0.1,
0.2, 0.3 and 0.4 of a-Bi4V,.4xAsxO;15 compound that correspond to y — B and B — «a

regions. The transition temperatures for all the compositions are shown in table 4.16.

Table 4.16 Transition temperatures of Bi4V,.xAsxO11.5

Composition = Transition temp. (y — P) Transition temp. (f — a)
0.1 420 280
0.2 540 380
0.3 560 360
0.4 460 380

The lowest and highest values of conductivity occurs for x = 0.4 and x = 0.2 that
corresponds to 1.54x10° S/cm and 5.21x10° S/cm measured at 300 °C respectively. The
higher value of conductivity for x = 0.2 may be attributed to higher disordering for this
composition as compared to x = 0.4. Moreover, presence of unreacted separate phase of

Bi,03 can also decrease of conductivity for x = 0.4.
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It is to be noted that higher conductivity of 10% arsenic doped a-phase is
observed as compared to another two dopants (chromium and gallium) for V> in
Bi4V;,0;; compound. It is due to 3d"% electronic configuration of As™ by which there may
be possibility to occupy a regular octahedral sites by oxygen atom to make the diffusion
process easy and consequently improve in the conductivity values [157].

The curve corresponding to BisV|9As)Oj5 is similar to those of undoped

Bi4V,0,; which is in good agreement with the a-type structure of BisV,0;.
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Arsenic is the single pentavalent substitution (Bi4V,.4xAsO;;.5) carried out in the present
study. Arsenic substitution could not stabilize the y-phase. This is the only cation which
retained the a-phase in the category of isovalent substitution up to longer range of

composition. Other isovalents like Sb, Nb and Ta have stabilized the y-phase [143].
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Chapter V

Structural, Thermal and Ionic Conductivity of
BisxMe, V0115

Overview

In the BigxMe,V,0,5 system, substitution on V as well as Bi site is possible. The work
on V site substitution has been described in previous chapter. The present chapter deals
with substitution on Bi site in Bi4V,0;; compound. Since it is presumed that the oxygen
vacancies are present in pervoskite vanadium layers so such substitution on bismuth sites
is assumed to have very less effect on the ionic conductivity. These vacancies can be
increased after doping of aliovalent cations. However, little work is reported on bismuth
site substitution. So it is worth to study the effect of substitution on bismuth site. This
chapter deals with the doping on bismuth site with three kinds of substitutents Pb**, La*"
and Gd®" for the composition x = 0.1, 0.2, 0.3 and 0.4. This chapter further elaborates the
sintering effect on selected samples and their correlation with conductivity and

microstructure.
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5.1 Results and Discussion

5.1.1 Divalent Substitution
Substitution of divalent lead (Pb2+) on bismuth site in BisV,0;; is undertaken in the

present section.

5.1.1.1 BisxMe, V0115 (Me=Pb>")

5.1.1.1.1 X-ray Diffraction

Stoichiometric amounts corresponding to BisMexV,0;15 (Me = Pb*") for the
compositions x = 0.1, 0.2, 0.3 and 0.4 were taken to prepare the sintered samples. These
samples are examined by X-ray diffraction to identify the phases. The patterns for all the
compositions are shown in figure 5.1. The patterns confirm the presence of superstructure
peak at 20 = 24.2° and characteristic doublets at 20 = 31°, 39°, 48°, 54° which are
manifestation of a-phase for 0.1 < x < 0.4. This confirms that y-phase is not stabilized for
the lead substitution for the studied range of compositions. However, some traces of
unreacted Bi,Os3 phase appear for higher doping beyond x = 0.2. A significant increase in
lattice parameter c also supports the observed analysis (table 5.1). Solid solution range in

the present study is slightly higher than reported (x ~ 1.7) by Vannier et al. [164].
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Table 5.1 Composition and lattice parameters of BiyxPbyV,0,15 (0 <x<0.4)

Composition a(A) b(A) c(A) Volume ( A%)
x=0 5.52 5.60 15.24 471.10
x=0.1 5.53 5.60 15.27 471.18
x=02 5.52 5.60 : 15.29 472.64
x=0.3 5.56 5.64 : 15.49 485.74
x=04 5.61 5.67 15.62 496.85

5.1.1.1.2 Electrical Conductivity

Conductivity was calculated by complex impedance data at different temperatures with
respect to frequency. A typical plot is shown in figure 5.2. Conductivity increases with
rise in temperature as expected and shown in Arrhenius plot (fig. 5.3). However, the
conductivity does not follow the linear behavior. The discontinuity refers to

transformations as reported in all other BIMEVOX compounds.

O T T T T T T
0 100 200 300 400 500 600 700

Z' (kQ)

Fig.5.2 Typical impedance spectrum at 200 °C of Bis<PbyV,015 (x = 0.4)
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Transition temperatures from y — § and f — o are observed for all the compositions of x
= 0.1, 0.2, 0.3 and 0.4 which are presented in table 5.2. The transition y — [ and
B — a (fig. 5.3) for composition x = 0.1 are in agreement with two transition temperature
range observed in the DSC measurement during cooling as reported by Vannier et al.
[164] for the same composition and substitution.

Table 5.2 Transition temperatures of BisxPb,V,0;

Composition Transition temp. (°C) Transition temp. (°C)
(vy—P) B—w
0.1 420 340
0.2 360 320
0.3 380 300
0.4 460 300
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Table 5.3 Conductivity and activation energy of BisxPbxV,0115, (0.1 <x <0.4) at

sintering temperature of 800 °C

Composition | 6,00°c (S/cm) Ea.(eV) E.(eV)
<300 °C >500°C
x=0.1 4.55x1077 0.27 0.18
x=0.2 4.72x107 0.21 0.18
x=03 2.37x107 0.32 0.18
x=04 1.40%x107 0.41 0.12

For the linear region below 300 °C and above 500 °C, the values of activation
energy (E,) along with ionic conductivities measured at 200 °C for x = 0.1, 0.2, 0.3 and
0.4 samples are summarized in table 5.2. The conductivity values at different
temperatures are shown in figure 5.4. Conductivity at 200 °C is taken as reference
because temperature at 300 °C is near or at the transition zone which could not give
proper results for comparison.

The variation in ionic conductivity is in accordance with the activation energy
calculated for all the compositions in the low temperature range. Moreover, the
conductivity values also confirm the solid solution range for x < 0.2 as observed in XRD
patterns (fig. 5.1) which shows highest conductivity in the solid solution range for
x=0.2.

The substitution of Pb>" on bismuth site may likely to compensate the charge in the Bi,O,
layers leading to additional oxide vacancies for x < 0.2. The smaller conductivity values
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of the sample of composition x = 0.3 and 0.4 may be ascribed to segregation of unreacted

Bi,0s5 at the grain boundary.
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Fig. 5.4 Conductivity isotherm of BisxPb,V,01,5, (0.1 <x<0.4)

5.1.1.1.3 Microstructural Analysis

The scanning electron microscopy (SEM) of the fractured surface has been carried out for
the high and low conducting samples of compositions x = 0.2 and x = 0.4 (fig. 5.5). This
was done to visualize the microstructural effects on the conductivity and solid solution
formation. The features show the uniform grains varying in size as given in table 5.3 for
x = 0.2 sample along with some porosity. SEM of x = 0.4 shows the evidence of partial
melting owing to distorted and non-uniform grain pattern as compared to x = 0.2 sample.
Partial melting of the sample of x = 0.4 may be attributed to presence of Bi,O; in large

amount as shown in x-ray pattern (fig. 5.1; x = 0.4).
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Fig. 5.5 Fractured surface SEM of Biy.PbsV,0, s sintered at 800°C (a) x = 0.2 (b) x =0.4

The interwoven wavy network for x=0.4 is observed throughout the sample
(marked as arrow). This type of structure is a typical characteristic of lattice straining.
The material possesses cubic pervoskite structure of higher symmetry at the sintering
temperature which transform to lower symmetry structure during cooling. This type of
phase transformation leads to lattice distortion. Due to this, thermal stresses are generated
which causes the formation of domains. These domains are oriented at different angles

between 90 to180° which depends upon the phase which nucleates and transforms on
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cooling. These types of structures lead to either ordering or disordering of oxygen

vacancies which depends upon the orientation of the domain [193, 194].

Table 5.4 Average grain size of Biy,Pb,V,0,.s sintered at 800 °C for x = 0.2 and 0.4

Composition Grain size (um)
x=0.2 25-30

x=0.4 15-25

5.1.1.2 Sintering at different temperatures of Bi; sPb,V,011-5

The study on lead (Pb2+) substitution on bismuth site of Bi4V,0; was further carried out
for the sample of high conducting composition x = 0.2 to see the effect of sintering
temperature on the conductivity and microstructural aspects related with the conductivity.
In the present study, samples were prepared under the same experimental conditions but
at different sintering temperatures of 750, 775 and 825 °C in addition to 800 °C studied

above.

5.1.1.2.1 X-ray diffraction

The X-ray diffraction analyses of the Bi; sPby,V,0,,.5 samples sintered at 750, 775 and
825 °C also confirm the presence of a-phase of orthorhombic unit cell alongwith the
characteristic superstructure peak of the above samples (fig. 5.6). XRDs of these samples
sintered at 750, 775 and 825 °C have higher interplanar spacing ‘d’ values than the
sample sintered at 800 °C. This can be inferred from the lattice parameter determination

as mentioned in table 5.5.
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The ordering of these samples are more as compared to sample sintered at 800 °C as can
be interpreted from the larger unit cell volume for the samples sintered at 750 and 775 °C.

The pure single phase compound was obtained in the samples sintered at 775 and
825 °C and no additional phase was observed for these samples (fig. 5.6 b,c). However,
sample sintered at 750 °C gives the evidence of unreacted Bi,Os peak (fig 5.6a). This

indicates that reaction is incomplete at temperature of 750 °C.

Table 5.5 Lattice parameters of Bis gPby,V,01,.5 sintered at 750, 775, 800 and 825 °C

Sintering a (A) b (A) ¢ (A) Volume (A?)
temperature
(°C)
750 5.55 5.61 15.39 479.17
775 5.59 5.65 15.47 488.60
800 5.52 5.60 15.29 472.64
825 5.54 5.60 15.38 477.15

5.1.1.2.2 Electrical Conductivity
The experimental data of conductivity measurement are presented in the form of
Arrhenius plots in figure 5.7. Data do not show simple Arrhenius type behavior with

small curvature in between temperature range of 300 °C to 500 °C.
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The transitions corresponding to y — B and B — o for the samples sintered at 750, 775
and 825 °C was observed at different temperatures which are shown in figure 5.7. The
conductivity values measured at 200°C are almost similar for the sample sintered at 750
and 775°C and about 3.6 times higher as compared to sample sintered at 825 °C. This
result may be supported by the lattice parameters and volume (tables 5.4) in the same
range for both of these samples. As shown in figure 5.8, the sintered sample at 800 °C
exhibits higher conductivity than any other heat treated temperature. This sample showed
the decrement in the volume due to oxygen vacancies formation and appropriate growth

of the grains with small porosity.

5.1.1.2.3 Microstructural Analysis
SEM study was carried out to correlate the variation in conductivity of x = 0.2 sample
sintered at 750, 775 and 825 °C temperature. The microstructure of x = 0.2 sample

sintered at 750, 775 and 825 °C are given in figure 5.9.
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Fig. 5.9 SEM of Bis<Pb,V,0115 (x = 0.2) at different sintering temperature (a) 750 °C

(b)775 °C and (¢ ) 825 °C.
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Grains are observed to be uniformly distributed for the sample sintered at 775 °C with
average grain size of 15-20 pum (table 5.6) than the sample sintered at 750 °C. However,
no uniformity is observed in grain distribution of the sample sintered at 825 °C. Partial
melting of the phase is visible in micrograph of the sample sintered at 825 °C (fig.5.9¢)
which lowers the symmetry of a-BisV,0;; phase in this particular sample. Due to partial
melting, lower value of the conductivity is obtained as compared to the other sintered
samples.

Optimum sintering temperature of 800 °C for x = 0.2 was observed to exhibit
ionic conductivity measured at 200 °C which is nearly 2 times more than samples sintered
at 750 and 775 °C (fig. 5.8). This value is six times higher for sample sintered at 825 °C.

A careful examination of all the micrographs of x = 0.2 samples sintered at
different temperatures indicate that there is some similarities in samples sintered at
750 ° C and 775 ° C. The existence of aligned domain structure can be seen in all these
samples though in varying amount which is not in those samples sintered at 800 ° and
825 °C. This variation in structure is basic cause for variation in conductivity with
variation in sintering temperature. The high conductivity observed for samples sintered at
800 ° C shows uniform grain which is also there in low conductivity sample (825 °C) but
amount of bubbles (island) / pores are more for 825 °C as compared to samples sintered at

800 °C which is basic cause for decrease in conductivity.
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Table 5.6 Average grain size of BiyxPbyV,0,_5 at different sintering temperatures

Sintering Grain size (um)

temperature (°C)

750 10-15
775 15-20
800 25-30
825 5-15

These samples are following the trend of conductivity as 69 4< 6y 3< G¢.1< Gp, in terms of
composition and Ggs< G750< 0775< Ogoo In terms of sintering temperature for high
conducting composition x = 0.2. Microstructural features also confirm this trend where

the variation in structure is observed.

5.1.2 Trivalent Substitution
The study on the effects of trivalent substituents (La’>" and Gd*") was carried out in the

following sections.

5.1.2.1 BigMe,V;,011.5 (Me=La’")

5.1.2.1.1 XRD analyses

The X-ray diffraction analysis was carried out for the sintered samples of compositions x
= 0.1, 0.2, 0.3 and 0.4. XRD patterns of BisxLayV,0;;5 (x = 0.1, 0.2, 0.3 and 0.4) are
shown in figure 5.9. In first three compositions, superstructure peaks at ~ 24.2° with

doublets at 20 =~ 31°, 39°, 48° and 54° corresponding to o phase was observed.
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Sample of composition x = 0.3 exhibits small contribution of B-phase due to weak
splitting of peak at ~ 32°. However, the sample of composition x = 0.4 shows f-
orthorhombic phase. Some extra peaks were also observed for compositions beyond x =
0.1. The extra peaks are for unreacted Bi,Os. In addition to this, additional phase LaVO,
(ICDD card no. 70-0216) is also present for x = 0.3 and 0.4 (fig. 5.10). Formation of this
phase is also reported for the compound BiyLaVyoCupOss5 [197]. Another high
intensity peak at close neighbourhood has been assigned to Bi,O3 and not to BiVO,.
Because Bi,0; is likely to be present due to doping on bismuth site.

Reported work on lanthanum substituted BisV,0;; [151, 198] indicated that La
substitutes bismuth site. This also seems to be more convincing due to closer ionic radii
of {La3+ (1.06 A) and Bi** (0.96 A) [191]} as compared to very small ionic radius of V>*

(0.59 A).

5.1.2.1.2 Electrical Conductivity

The conductivity measured at 200 °C is given in table 5.7 for La - doped systems.
Arrhenius plots for the samples x = 0.1 to 0.4 are given in figure 5.11. The lower
conductivity at higher composition may be the result of segregation of insulating phase of
Bi,03; and LaVO4. However, some contribution of electronic conductivity is also
suggested in the (La, Cu) doped Bi;VOss [197]. Oxygen ion transfer number
determination [199] also suggested the decrease in oxygen ion conductivity and increase
in electronic conductivity with increasing lanthanum concentration. The phase transitions
for all the compositions from conductivity measurements are mentioned in table 5.8. The
single transition for x = 0.4 is indicative of presence of B-phase. The transition is also

confirmed by typical DSC profile (fig. 5.12) of x = 0.3 with transition at 414 and 585 °C.
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The difference in transition temperature measured by the two techniques may be
attributed to variation in the thermal cycle mode measurements of DSC (taken in heating

mode) and conductivity (taken in cooling mode).
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Figure 5.11 Arrhenius plot of the conductivities of the BisxLay,V,0;;.5(0.1<x<0.4)

Table 5.7 Conductivity and activation energy of Bis4L.axV,015, (0.1 <x <0.4) samples
sintered at 800 °C

Composition

620()0(; (S/cm)

3.10x107
1.47x107
5.40x10°%

2.97x107’
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E. (eV)
<300 °C

0.27

0.33

0.38

0.28

E.(eV)
>500°C

0.18
0.23
0.28

0.24
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Fig. 5.12 DSC thermogram of BiyxLa,V,0,;5 (x =0.3)

Table 5.8 Phase transition temperatures of Bis4La,V,0;,5(0.1<x<0.4) during

conductivity measurement

Composition | Transition temp. (y — ) Transition temp. (f — o)

0.1 500 280
0.2 520 320
0.3 500 300
04 340
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Fig. 5.13 Isothermal conductivity plot with respect to composition of BisxLaxV,011.5

The conductivity at higher temperatures in the system BisxLa,V,0;;.51s shown in figure

5.13.

5.1.2.1.3 Microstructural Analysis

The micrographs of fractured surface of Bisx LayV,0;;5 (x = 0.1) and (x = 0.3) samples
corresponding to high and low conductivity are shown in figure 5.14. There is clear
variation in microstructural features which reflects the variation in conductivity between
low and high conducting compositions. This may be attributed to clear grain formation of
size (5-8 pum) for high conducting composition x = 0.1 as compared to sample of low
conducting (x = 0.3) with grain size of 2-4 um. The grains of smaller size (table 5.9) are
associated with increasing the low conducting grain boundary area where segregation of

low conducting phase occurs which is responsible for low conductivity.
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Fig. 5.14 Scanning electron micrographs of fractured surface of high (x=0.1) and low

conducting (x=0.3) of Bisx La,V,0,.s sintered at 800 °C

One typical feature observed in the micrograph here is the formation of interwoven
wavy network structure of low conducting phase. The uniform appearance of this network
which has not been reported in any literature is the key feature to distinguish low and high
conducting samples. Depending on the occupancy of doping element, the nature of this

varies. The structure forms because of lattice straining and shows the tendency for phase
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separation. The strained lattice can not remain in strain condition and releases its energy by

formation of domain structure as has been explained earlier also.

Table 5.9 Average grain size of Bisx LayV,0;;5 (x = 0.1 and 0.3) at sintering temperature of

800 °C
Composition Grains size (um)
x=0.1 5-8
x=0.73 2-4

5.1.2.2 Sintering at different temperatures of Biz o Lay V20115

In order to see the behaviour of high conducting phase, the sample which exhibit higher
conductivity (x = 0.1) has been sintered at different temperatures to optimize the sintering

conditions. The analysis is presented below.

XRD patterns of the samples sintered at 750, 775 and 825 °C of BijgLag V.05 are
presented in figure 5.15. All the samples exhibit similar characteristics (a-phase) as observed
for the sample sintered at 800 °C. Negligible peak shift was observed for the samples sintered
at 750 and 775 °C which may be attributed to additional impurity phase of Bi,Os present in

these samples, whereas sample sintered at 825 °C is single phase compound.

Lattice parameters have been determined from XRDs of the La-doped samples which
are shown in table 5.10. The lower values of lattice parameters for the samples sintered at

800 and 825 °C indicate the formation of single phase compound at these temperatures.
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5.1.2.2.1 X-ray Diffraction
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Table 5.10 Lattice parameters of BigLag V0,5 at different sintering temperature

Sintering temp.(°C) a(A) b(A) c(A) Volume (A%)
750 5.56 5.63 15.37 481.12
775 5.54 5.61 15.33 476.45
800 5.52 5.60 15.26 471.17
825 5.52 5.63 15.39 478.28

5.1.2.2.2 Electical Conductivity

The conductivity measured for samples sintered at different temperatures in addition
to 800 °C for high conducting composition is presented in figure 5.16 in the form of
Arrhenius plots. The transition from p — a for samples sintered at 750 °C, 775 °C and 825 °C
was observed to be at 340 °C, 320 °C and 320 °C respectively. Other slope changes for these
samples were also observed which corresponds to y — B at 500 °C, 560 °C and 560 °C for all

the samples.

The conductivity measured at 200 °C for sample x = 0.1 sintered at 800 °C provides
higher value of conductivity (table 5.11) which is 45.85 times as compared to the sample

sintered at 825 °C; the lowest conducting sample.

This fact clearly indicates that conductivity is more sensitive to the sintering

temperatures than composition.
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Table 5.11 Conductivity and activation energy of BisxLa,V,0,15, (x = 0.1) at different

sintering temperatures

Sintering G200°c (S/em)  E,(eV) E.(eV)
Temperature (°C) <300 °C >500°C
750 6.35x10® 0.36 0.15
775 1.76x10° 0.61 0.17
800 3.10x107 0.27 0.18
825 6.76x10” 0.43 0.17

5.1.2.2.3 Microstructural Analysis

In order to assess the conductivity behaviour, microstructural study was carried out
for the highest conducting sample (x = 0.1) sintered at 750, 775 and 825 °C. The SEMs of

these samples are presented in figure 5.17.

The average grain size of samples sintered at 750, 775 and 825 °C is given in table
5.12. The lowest grain size of the sample sintered at 825 °C is ascribed to low conductivity
which may provide higher contribution of grain boundary resistance. This fact is in
agreement with the general behaviour of solid electrolyte at intermediate temperature where

conductivity is governed mainly by the grain boundary.

The sintering feature for sample sintered at 800 (x = 0.3) and 825 °C (x = 0.1) gives
similar morphological features. However, the interwoven network structure is more fine for
sample sintered at 800 °C as compared to 825 °C. This transition has already been discussed

for other compositions.
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Fig. 5.17 SEM of fractured surfaces of Bis ¢LagV,01,.5 sintered at (a) 750 °C, (b) 775 °C
(c) 825°C
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Table 5.12 Average grain size of BizgLaj V.0, at different sintering temperatures

Sintering Grain size (um)

temperature (°C)

750 6-10
775 4-8
800 5-8
825 2-5

5.1.2.3 Biy,Me,V,0115 (Me=Gd™>)

5.1.2.3.1 X-ray Diffraction

X-ray diffraction patterns were obtained for the powders of the sintered pellets
prepared from stoichiometric amounts of Bi,O3;, V,0s and Gd,Os corresponding to Bis.
xGdx V101 1.5. The XRD patterns for the composition 0.1<x<0.4 in the step of 0.1 are shown in
figure 5.18. Patterns corresponding to first three composition x = 0.1 to 0.3 observed to be
orthorhombic a-phase with doublets at 20 ~ 31°, 39° 48° 54° along with a very weak
reflection at 20 = 24.2°. The sample of x = 0.3 is at the phase domain of a and B. On the other

hand, x = 0.4 sample exhibits only B-orthorhombic phase.
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Fig. 5.18 X-ray diffraction pattern of BisxGdx V0,5 for x =0.1, 0.2, 0.3 and 0.4;
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The solid solution was not obtained in the entire studied composition range (but
possibly may occur for x < 0.1, though the lower range is not studied) with presence of some
impurity peaks which are indexed as Gd,O; (ICDD card no. 76-0155) for all the
compositions but some additional peaks of Bi,O; are also observed only for the composition

of x = 0.4. The unreacted Gd,O3 impurity contents are increasing with doping rate.

Chadwick et al. [200] demonstrated that Gd* in Bi,V.90Gdo.1005 5.5 predominantly

occupy bismuth sites due to comparable ionic radii of Gd** (0.94 A) and Bi*"(0.96 A).
5.1.2.3.2 Electrical Conductivity

The conductivities of the samples of compositions x = 0.1, 0.2, 0.3 and 0.4 have been
measured and shown in figure 5.19. Double transitions from y — 3 and B — o are shown in
the Arrhenius plots of each composition (fig. 5.19). The single transition corresponding to

v — o was observed to be at 420 °C for x = 0.4.
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Figure 5.19 Arrhenius plot of the conductivities of BisxGdxV,015(0.1, 0.2, 0.3 and 0.4)
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The highest and lowest values of conductivity is observed for x = 0.2 (2.21 x 107 S/cm) and

0.4 (1.69x 10”7 S/cm) respectively at 200 °C.

The decrease in conductivity may be caused by the segregation of insulating
phase Gd,0; along grain boundaries which blocks the ions movement. The decrease in
conductivity may be correlated to decrease in coefficient of thermal expansion at higher
Gd’" contents on the basis of ionic transport theory [201]. According to this theory,
mobility of point defects causes the relationship between the two.

Bismuth site substitution in BisV,0;,5 by divalent cations showed the better
performance with lead Pb>" as compared to La®" and Gd*" (trivalent) substitution. Lead
substitution shows higher solid solution range as compared to lanthanum (La’") and
gadolinium (Gd*") systems. Surprisingly, y-phase could not be stabilized in all the three
substitutions. However, La’~ and Gd’" both exhibit B-phase at room temperature for
higher composition of x = 0.4 alongwith impurity phases (Gd»O3, Bi,0O3). Conductivity is
also higher for Bi; sPby,V,0;,.5 compound in the solid solution range. SEM study clearly
indicates that the optimum size of grains is very crucial to achieve higher electrical

conductivity in these samples.
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Chapter VI

Conclusions and scope of the future work

6.1 Conclusions

The study of bismuth based electrolyte, in the present thesis, was undertaken to establish its
potential applications in solid oxide fuel cell. The performance of solid oxide fuel cell
depends primarily on ionic conductivity of electrolyte so there has been a continuous upsurge
to develop electrolytes with higher ionic conductivity at lower temperature. Though yttria
stabilized zirconia has been used as a base electrolyte in solid oxide fuel cell. However below
1000 °C, its ionic conductivity decreases drastically. Therefore, new electrolytes which have
good ionic conductivity in the temperature range of (500-800 °C) are required to make cost
effective SOFC. Based on this, the dissertation work was carried out on doped and undoped
bismuth vanadate based electrolytes for different compositions. The possibility to enhance
the ionic conductivity was explored. In order to address the above issue, the selected
electrolytes for study were divided into two categories. In the first one, the dopants were
substituted for vanadium site and the second category deals with the bismuth site substitution
in bismuth vanadate. The extensive studies have been carried out on these systems by the
various researchers. However, the effects of processing conditions on the microstructure and
its correlation with ionic conductivity are less emphasized in the literature. The fact that
oxide ion vacancies increase with concentration of lower valence dopants on vanadium and
bismuth sites was exploited for the selection of large composition range in the present study.

However, presence of additional phase(s) played a significant role on the conductivity values.
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The systems of BisV,xCuxO;; (fig. 4.5), BigV,xMn, Oy 5 (fig. 4.12), BiaV4TixO1 15
(fig.4.15) and BisV,4AlO;;5 (fig. 4.25) were stabilized with y — phase for x > 0.2. Other
systems in the class of vanadium site substitution of BisV,CriO;5 (fig. 4.33) BisVs.
xGa501 15 (fig. 4.36) and BisV,xAsxO115 (fig. 4.38) could not show the y-phase stabilization
at room temperature. In case of titanium doping the formation of solution was extended up to
x = 0.4 whereas in other samples it is x=0.2. The common unreacted impurity phase of Bi,O3
was observed when dopant concentration exceeds the solid solution range. BiVO,4 phase
other than Bi,O3 phase was also present, particularly in Bi4V,4CryO;;5 (fig. 4.33) and Bi4V>.
xGax0115 (fig. 4.36) systems. This is attributed to change in the stoichiometrical ratio of
Bi : V from two to less than two. Based on the present study, some samples, which showed
good ionic conductivity, were selected to investigate the effect of different sintering

temperature. In all the cases, either they exhibit the beta phase or unreacted Bi,Os.

The compounds of BisPbyV,0;15 (fig. 5.1), BisxLayV,0;; (fig. 5.10) and
Biy.xGd V20 (fig. 5.18) could not show y — phase stabilization at room temperature for all
the compositions studied for these systems. Lead (Pb*") doping on bismuth site in
BisxMesV,0,1.5 shows the a-phase formation for all the composition up to x = 0.4 as
observed from figure 5.1. In contrast, trivalent lanthanum and gadolinium substitution show
the similar structural variations up to x=0.3. However, for x = 0.4 sample with lanthanum and

gadolinium showed the 3 phase stabilization. (fig. 5.10 and 5.18)

The conductivity of pure BisV,0;; was observed to be 1.12x10® at 300 °C (section
4.1.1.3). The highest conductivity was observed in titanium doped BisV,4TixO;. 5 for x =
0.4. In this system the value of conductivity observed is 24 times more than undoped sample

at 300 °C as shown in table 4.7. This situation demonstrates that BisV,4TixO1;. s system has

169



superior effect over other doped systems. Microstructural features also support the highest
conductivity of the titanium doped BisV,0;; due to the optimum grain size (6-10 um) which
might be responsible for higher conductivity in this system (fig. 4.20). The lowest
conductivity was obtained in trivalent chromium doped BisV,. xCryO1,.s system. The samples
of Bi4V16Ti1040115 and BisV3Alp20;15 were further investigated to study the effect of
sintering temperature. These samples were sintered at 750, 775 and 825 °C. The conductivity
of BigV,4TixO11.5 and BigV,,Al 0115 systems sintered at 800 °C was higher than all other
sintering temperatures. The highest conducting BisV,4TixO11.5 system follows the
conductivity order as o4 > Gg3 > Go2 > ¢ in terms of composition and cggo’c > Gg25°c >

6775 c > 6750 c in terms of sintering temperature.

On the other hand, the doping for Bi sites in bismuth vanadate exhibited the highest
conductivity value = 4.7x107 S/cm at 200 °C in BisxPbyV,0;5. The conductivity measured
at 300 °C of BisxPbsV,0;15 for x = 0.2 is higher by a factor 6.38 than the undoped
Bi;V,01;.5 compound. However, the ionic conductivity values measured at 300 °C of Pb*
doped system are 4 times lower than titanium doped sample on vanadium site. The highest
ionic conductivity for Bis4xPbsV,0,1.5 compound among all other substitutents on bismuth

site owes to the presence of 6s” lone pair and chemical nature similar to bismuth.

The lead and lanthanum doped systems were further heat treated at different
temperature to see the effect of sintering temperature. The systems exhibited the following
trend in conductivity as 6ggp’c > 6775°c > 6750°c > Og25 c. The lowest ionic conductivity was
observed when sample sintered at 825 °C. The micrographs of this particular system
indicated the partial melting at 825 °C. Partial melting might be responsible to decrease the
ionic conductivity.
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Analyses based on the X-ray diffraction and ionic conductivity measurements, a

correlation among ionic conductivity, metal ion substitution and sintering temperature may

be established and categorized as follows:

(@)

(i)

Partial substitution of various dopants where solid solution are formed up to x = 0.4,
the ionic conductivity follows the sequence with respect to sintering temperature as

G300~ 0825~ G775 > G750.

On the other hand, if the metal ion substitution are forming the solid solution up to
composition x = 0.2, the conductivity varies in the following order 6ggp > 0775 > G750 >

0825

However, the conductivity maxima in both cases exist at sintering temperature of 800 °C.

Lowest conductivity in case (ii) for the sample sintered at 825 °C may be ascribed due to

reduction in melting point in presence of additional Bi,Os phase.

(iii)

The sample sintered at 800 °C of BisV;Tig401,5 is found to consist of cellular type
uniform and well developed grains (fig. 4.20) of size 6-10 pm (table 4.8) whose shape
and size changes with sintering temperatures and composition (fig. 4.24). These
microstructural aspects support the highest conductivity observed in the
Bi4V,. (TixOj1.5. The weaker refined grains are observed in the aluminium based
compound BisV,4AlO;15 (fig. 4.28) for the high conducting composition x = 0.2
sintered at 800 °C as compared to well refined grains of BisV ¢Tig 401125 (fig. 4.20).
These morphological differences of the microstructure and size of the grains supports
the higher conductivity of the system BisV,4TixO;15 (x = 0.4) as compared to

Bi4V2_XA1XO1 1-8 (X = 02)
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(iv)

v)

The uniform and well refined grain formation of size 25-30 um for lead substitution
on bismuth site in BiszxMe,V,0,,5 for composition x = 0.2 enhanced the ionic
conductivity as compared to the poor resolved grains in x = 0.4 sample of the same
system. The smaller grains observed for sintering temperatures at 750, 775 and 825 °C
(table 5.6) further establish the fact that grain size plays an important role to
contribute in ionic conductivity. The lower limit of grain size (2-4 um) was found in
Bis;Lap3V,01,5 sample. This sample showed the lowest conductivity (fig. 5.14 and

5.17) among all other systems sintered at different temperature.

The unexpected reduction in conductivity of order of 2 of the bismuth vanadate based
electrolytes in the present study as compared to reported one (1x10~ S/cm) at 300 °C
may be attributed to the two possible causes; the first could be the relatively high
porosity in the present samples secondly, the formation of a narrow range of the solid

solution.

6.2 Scope of the future work

After analyzing the data presented in the thesis, the following suggestions are recommended

for further investigation:

(@)

(i)

The sample preparation plays an important role to improve the ionic conductivity.

Therefore preparative conditions are required to be controlled.

X-ray mapping of the systems under study can further provide the details of

additional phase(s) present for the complete information.
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(iii)

(iv)

(vi)

(vii)

(viii)

(ix)

(x)

(xi)

High temperature X-ray diffraction analyses along with high resolution transmission
microscopy (HRTEM) studies are required to establish the layer responsible for
higher conductivity in these systems (V,0s) or (Bi,03). Also, this study is necessary

to provide the clear insight of a, B and y-phases ranges.

Determination of carrier mobility and carrier concentration both at room temperature
and as a function of temperature by some suitable method should be devised for
enhancement of ionic conductivity by doping and/or formation of new compound

based on bismuth vanadate.

The performance of the developed electrolytes should be tested in actual

configuration for solid oxide fuel cell.

Defect chemistry pertaining to determine quantitatively the oxygen vacancies can
provide the direct theoretical mechanism for the increase in conductivity with

particular dopant.

Fitting of the impedance data to calculate the contribution from bulk and grain

boundary could be well correlated with SEM study.

The effect of particle size on ionic conductivity determination can play an important

role on conductivity enhancement.

Structural analysis of the BisxMexV,0,,.5 may provide detailed analysis of bismuth

site substitution.

Higher doping in BisxMe,V,0;;s needs to be investigated for y-phase stabilization.

In present study, we observed that above the solid solution range, in both sides

substitution irrespective to dopant size, Bi,O; was found as an unreacted phase
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besides BisV,0;15 phase. The reason for this can be studied to establish the fact that
whether pervoskite layer is responsible or bismuth layer for high ionic conductivity

in these systems.
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