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ABSTRACT

An electrolyte is a majorly ion conducting material. Solid electrolytes can be employed with
reactive electrodes within a wide temperature range with no leakage problems. Due to its
high utility it possesses a lot of applications in the field of batteries and fuel cells particularly
in solid oxide fuel cells (SOFCs). The main limitation of SOFC is their high operating (800-
1000 °C) temperature which reduces the lifetime of these devices. So, to improve the lifetime
of these devices and make them cost effective, the idea is to reduce their operating
temperature. Operating temperature in turn depends upon the type of materials employed in
them mainly, the electrolyte. Presently, yttria stabilized zirconia (YSZ) is being used as
electrolyte in SOFCs but the main limitation of YSZ is sharp decrease in conductivity below
800 °C. So, it is essential to develop a compatible ion conducting material which can give the
better ionic conductivity below 800 °C.

Doped bismuth vanadate (BisV.0;15) ion conductors are known to represent good
conductivity ~ 0.2 Scm™ at 500 °C. Therefore, they can be a promising candidate as
electrolytes for intermediate temperature SOFCs (IT-SOFCs). Bi;V,011-5 based system doped
with alkaline earth metals Mg®*, Ca®*, Sr** and Ba®* has been investigated for structural,
thermal, optical and electrical properties in context of solid electrolyte. The present research

work is divided into five chapters.

Chapter 1 contains the introductory part related to solid electrolytes and its applications in
solid oxide fuel cells. Since, the present work is on electrolytes employed in SOFCs the
advantages and disadvantages of different kinds of electrolytes are explained. The study
reveals that the development of new electrolyte with high conductivity and thermal stability

is required. In the end of chapter, the mechanism of ionic conduction is explained briefly.

xii



Chapter 2 deals with structural correlated properties of BisV,0;;1-5. It explains the detailed
literature review of undoped and doped BisV,011.5. From the literature review, it can be
concluded that high conducting y- phase stabilization at room temperature depends on
processing parameters, chemical nature of the dopant and their concentration. The role of
different dopants, variation in their concentration and effect on conductivity are summarized.
Based on literature of undoped and doped bismuth vanadate, reasons of the selection of
dopants are given.

Chapter 3 describes the source of raw materials and experimental methods employed for
sample preparation. It explains the techniques used for electrical and thermal characterization
of as prepared samples. These techniques comprise X-ray diffraction (XRD) for phase
identification, Fourier transform infra-red spectroscopy (FTIR) for the analysis of structural
variations with dopant, scanning electron microscopy (SEM) for morphological study and
energy dispersive spectroscopy (EDS) for semi-quantitative elemental analysis. The thermal
expansion coefficient (TEC) of samples was measured to study the lattice expansion
behaviour of electrolyte at higher temperatures. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) is used to analyse thermal stability of the synthesized
samples. Two probe impedance spectroscopy (IS) was used to investigate the electrical
conductivity behaviour of the synthesized samples. UV/vis spectroscopy has been used to
estimate the optical band gap of the materials. On some selected quenched samples the
Microwave Plasma Atomic Emission Spectroscopy (MP-AES) analysis has also been done to
ascertain the composition of samples after melt quench.

Chapter 4 describes the results and discussion of the synthesized samples. The chapter is
divided into four sections. In the first section, BisVoxME,O11.5 (0.0 < x < 0.20; ME = Mg*")
is explained. All the quenched samples show y- phase stabilization at room temperature. The

y- phase is stabilized at low dopant concentration (Mg**) than earlier reported concentration
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for the similar system. The conversion of y- phase to ordered B- phase is observed with
sintering for BisV2.xMgxO11-5 (x = 0.05, 0.10 and 0.20). The sintered samples exhibit smaller
grain size with higher number of grain boundaries, as compared to quenched samples. Higher
thermal expansion coefficients (TECs) are observed in sintered than quenched samples. The
highest TEC is observed for x = 0.15 sample, i.e. 9.7 x 10°® /K. Blue shift in FTIR spectra is
also observed in sintered samples. The lowest optical band gap is observed in sintered (x =
0.0) sample, i.e. 2.27 eV. The lowest activation energy; E, is observed for BisV1.85Mg0.15011-5

sample ~ 0.74 eV in the temperature range 570-750 °C.

The results of BisVoxME,O11.5 (0.0 < x < 0.20; ME = Ca?*) samples are discussed in the
second section of this chapter. All the quenched samples show y- phase stabilization
irrespective of dopant concentration. Decrease in grain size is observed with the increase in
amount of Ca** dopant. Thus, it can be suggested that Ca*" is acting as grain growth inhibitor
in BisV,011.5. The maximum value of TEC is observed for x= 0.15 sample. The conversion
of y- phase to ordered - phase in sintered BisV,.xMgxO11.5 (x = 0.05, 0.10 and 0.20) and
BisV,.xCa,O11.5 (x = 0.05 and 0.10) is observed. Ca** doped system, particularly at high

dopant concentration (x = 0.15 and 0.20) did not show y — y’ phase transition.

In the third series Bi;Vo.xME,O11.5 (0.0 < x < 0.20; ME = Sr**) samples were synthesized. X-
ray diffraction patterns of all the samples show y- phase stabilization at room temperature
except x = 0.05 sintered sample. The bands in sintered samples are observed to be sharper
than quenched samples. The grain size of the samples is found to increase with Sr** dopant
concentration. The increase in value of conductivity is observed with the increase in amount
of dopant. The optical band gap of all the samples is observed in semiconducting range. The
lowest and the highest optical band gap is 2.39 eV and 2.57 eV for x = 0.10 sintered and x =

0.20 quenched samples, respectively.
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Fourth series incorporates the results of BisVxMExO11.5 (0.0 < x < 0.20; ME = Ba®"). High
conducting disordered y- phase is stabilized at lower dopant concentration than earlier
reported values. The thermal stability of the samples increases with increase in dopant
concentration. Activation energies are found in the range 0.70- 1.15 eV. The conductivity
increases upto x =0.05 dopant concentration. After that, as dopant concentration increases,
the conductivity decreases. A maximum value of conductivity ~ 4.07 x10° Scm™ at 600 °C is
observed for the x = 0.05 sintered sample. The optical band gap is observed in the range of

1.5t02.0eV.

BisV1g5Bag15011-5 sample shows the highest stability and least activation energy amongst all
the y- phase stabilized samples. So, this particular sample has also been sintered at different
temperatures to investigate the effect of sintering temperature on different properties
particularly conductivity. The conductivity behaviour with respect to different sintering

temperature has been discussed in the light of porosity, disordering and density.

The overall conclusions drawn from the whole study are given in chapter 5. Amongst all the
sintered samples, the highest conductivity and thermal expansion coefficient is observed for
BisV190Mg0.10011-5 and BisV1.95M0o.05011.5 sSamples, respectively. After sintering in some
samples, the disordered y- phase converts to ordered B- phase. This chapter also explains the

future scope of the present work.
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APPENDIX

Symbols used and their abbreviations

Symbol Abbreviation
o Conductivity
TEC Thermal expansion coefficient
SOFC Solid oxide fuel cell
IT-SOFC Intermediate temperature solid oxide fuel cell
XRD X- ray diffraction
SEM Scanning electron microscope
FTIR Fourier transform infra-red spectroscopy
MP-AES Microwave Plasma Atomic Emission
Spectroscopy
TGA Thermogravimetric analysis
DSC Differential scanning calorimetry
k Boltzmann constant
h Planck’s constant
a, b c Unit cell lattice parameters
\ Unit cell volume
F Farad
CPE Constant phase element
R Resistance
(= Activation energy
Eq Optical band gap
AE Urbach energy
Rexp Expected R factor
Rwp Weighted profile R-factor
A Angstrom
1 Chi
S Siemens
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1. Introduction to electrolytes
Total conductivity of a material is estimated from the sum of its electronic and ionic
contribution as given below:

o= 0,+ o+ Oion (D)

where, o, ce, o and oion represents the total, electronic, hole and ionic conductivity of the
system, respectively. Depending on the types of charge carrier in a system, it can be
categorised into either electronically or ionically conducting. However, in some systems both

kinds of conduction exist and such systems are known as mixed ion conductors [1].

Generally, an electrolyte is a kind of material that can be dominated by conduction of ions
instead of electrons. Thus, an electrolyte must possess large values of ionic conduction and
negligible values of electronic conduction [2]. Furthermore, the electrolytes can also be
categorized as liquid electrolytes and solid electrolytes. Anyhow, researchers are focussing

on the solid electrolytes due to their utility in various regimes.

Solid ion conductors came into existence with the development of electric lightning devices.
The biggest advantage of solid electrolytes over liquid electrolytes is absence of leakage
problem. Additionally, they can be employed along with highly reactive electrodes over a
wide range of temperature [3]. Due to their advantages and applications in batteries, fuel cells
and other devices electrolytes have become popular. The ionic conductivity of an electrolyte
determines the operating temperature as well as efficiency for an electrochemical cell. For an
electrochemical cell application electrolytes should be leakage free, efficient with high ionic
and low electronic conductivity.

1.1 Basic requirements for ionic conductors

The following properties are required for ionic conductor to be employed as an electrolyte in

cell application.
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i It should have high ionic conductivity ~ 0.01 Scm * at 700 °C.

ii It must be an insulator electronically.

i It must possess high density to limit the ohmic resistance.

iv It must be stable under oxidizing and reducing atmospheres.

v Itshould be chemically and mechanically compatible with the adjacent components of

a cell [4].

1.2 Types of solid electrolytes
Solid electrolytes are the ionic conductors which support the fast ion conduction. The
application of these electrolytes depends upon the nature of reactants in an electrochemical
cell. Solid electrolytes can be classified based on their structure as follows:
1.2.1 Polymer electrolytes
Polymer electrolytes are solid solutions of alkali metal salts in polymers. In polymer
electrolytes the electrical transport occurs mainly due to ions. These electrolytes represent
applications in rechargeable batteries due to their shape, versatility and ability of
miniaturization [5]. The polymer electrolytes have been developed via three stages namely;
dry solid polymer electrolyte, gel polymer electrolyte and composite polymer electrolyte. The
dry polymer electrolytes have very low ionic conductivity ~ 10° Scm™ at room temperature.
Thus, research is going on to develop the polymer electrolyte with high conductivity values
[6]. Another difficulty with these electrolytes is to maintain their dimensional stability during
electrolyte preparation and cell assembly [7].
1.2.2 Glass ceramics electrolytes
Glass ceramics electrolytes offer high ion conductivity as compared to crystalline materials
due to their open structure. Their structure corresponds to that of melt glass. Thus, they
possess very low activation energies and high conductivities [8]. Usually, the glass ceramics

are obtained by melt quench followed by controlled heat treatment. With the help of
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mechanical milling, a fine powder of glass is obtained which provides a close contact
between electrolyte and electrode [9]. From Li,S based glasses very high ion conducting
superionic phases are obtained by heating these glasses beyond their transition temperature.
The phases thus obtained offer very high conductivity values [10].

1.2.3 Crystalline electrolytes

Crystalline electrolytes represent very high ionic conductivity values. The conduction takes
place in these kinds of electrolytes through defect formation. The defects (particularly
vacancies) are introduced in the crystal lattice via doping of some aliovalent metals. The
oxide ion conduction in these systems is carried out by oxide ion jumps via these vacancy
sites. There exist numerous crystalline solid electrolytes such as yttria stabilized zirconia,
bismuth and ceria based electrolytes etc. [11, 12].

1.3 Applications of solid electrolytes

Due to unique properties, solid electrolytes can be used in various devices particularly
electrochemical devices. The interest in this field is rapidly growing due to their excellent
chemical and physical stability in wide temperature ranges. The various applications of solid
electrolytes are listed below:

1.3.1 Solid electrolyte batteries

Solid electrolyte batteries have long life in comparison to conventional batteries. Solid
electrolyte containing batteries can be easily miniaturized which makes them suitable for
electronic devices [13, 14].

For rechargeable electric power sources, the lithium solid polymer electrolyte battery, due to
its highest predicted energy density has gained a lot of attention. These kinds of batteries
possess least environmental and health hazards. Also, the materials employed in them are
relatively economical. There is also a great freedom in selection of battery configuration. Li-

ion batteries have replaced the conventional batteries like alkaline, Ni-Cd and lead acid
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batteries in a wide range of applications. The basic reason behind the popularity of solid
electrolyte batteries is attributed to their two times higher output voltage (~3.6 V) compared
to aqueous batteries (~1.2-2.0 V). Nowadays, the solid electrolyte batteries are widely used
in rechargeable power generation systems [15].

1.3.2 Oxygen sensors

There is an increasing need for chemical sensors that can work in extreme conditions. In
other words, the materials with high stability at high temperature and/or in corrosive media to
fabricate sensors are required. Oxygen sensors are required for sensor applications to measure
oxygen at high temperatures in internal combustion engines, industrial burners and
metallurgical processes in controlling emissions. Chemical sensors based on solid
electrolytes for detection of pollutant gases have also attracted wide attention of researchers.
Potentiometric sensors based on solid ionic conductors can exhibit sensory advantages for
gases other than oxygen. These sensors can be characterized by the measurement of their
sensitivity, selectivity, and detection range [16, 17]. The main requirements of a solid
electrolyte for application in SO,/SO3; gas sensing is that it should undergo reversible
electrochemical reaction with SO,/SO3 and have minimum electronic conductivity [18].

1.3.3 Air separators

The process of air separation is the reverse of oxygen sensors. For example, oxygen free
nitrogen or argon gases can be generated by the use of air separators. Solid electrolytes
exhibit usually only one type of charge carrier so it can be used for air separators. A device
based upon this is used to separate oxygen from air particularly from gases. The dense
ceramic membranes can also be used for in situ utilization of oxygen for partial oxidation of

light hydrocarbons [19].
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1.3.4 Solid oxide electrolyser
Solid oxide electrolyser (SOE) is a device which converts the electrical energy into chemical
energy. SOE technology can be thought as the reverse of solid oxide fuel cell technology. In
SOE the steam is electrolysed into H, and O, using external electricity. SOEs are expected to
provide the higher efficiency for steam electrolysis [20, 21]. SOEs consist of anode, cathode
and solid electrolyte. Generally, 8 mol% yttria stabilized zirconia is employed as an
electrolyte in them.
1.3.5 Fuel cells
Fuel Cells are the energy conversion devices which can convert the electrochemical energy
directly into electricity. No mechanical work is introduced in their operation therefore their
efficiency is not limited by Carnot cycle. Fuel cells promise high efficiency, reliability,
modularity, fuel adaptability and very low levels of greenhouse gases emission [22]. Based
on the electrolytes, the fuel cells can be categorised in various categories namely:
I.  Phosphoric acid fuel cell (PAFC).

ii.  Alkaline fuel cell (AFC).

iii.  Proton exchange membrane fuel cell (PEMFC).

iv.  Direct methanol fuel cell (DMFC).

v.  Molten carbonate fuel cell (MCFC).

vi.  Solid oxide fuel cell (SOFC).
Out of these fuel cells, solid oxide fuel cell has received wide attention due to its high
efficiency and use of solid electrolyte. Solid oxide fuel cells can be the best possible
candidate to increase the energy supply in an eco-friendly manner. During SOFCs operation
only water and heat is generated as a byproduct along with electricity. The efficiency of
SOFCs can reach upto 70% with regeneration. Therefore, these can be considered as clean

and efficient source of energy. Another advantage of SOFCs is fuel flexibility as any kind of
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hydrocarbon can be used as fuel for SOFC operation. The reformation of hydrocarbons to
hydrogen gas can take place inside the cell. Thus, SOFCs can be cost effective and viable
energy source in near future. However, the main limitation of SOFCs is their high operating
temperature which reduces the lifetime of these devices. So, to improve the lifetime of these
devices the idea is to reduce the operating temperature. Operating temperature in turn mainly
depends on the electrolyte employed in them [23-27].
1.4 Basic characteristics of solid electrolyte for SOFCs
For satisfactory performance, the electrolyte must meet some requirements that limit the
choice of the material. Good electrolyte is supposed to have crystal structure with open
channels, layers so as to provide pathways for easy ionic transport via hopping mechanism.
High conducting electrolytes are required to fulfil the following conditions [28-30]:
I.  Availability of large number of free ions so that oxide-ion conductivity is greater
than 1072 Scm™* at the operating temperature.
ii.  Large number of vacancies for hopping as well as same energies of the occupied
and vacant sites.
iii.  Three dimensional networking through open channels for the migration of ions.
iv.  Thermodynamic stability over a wide range of temperature and oxygen partial
pressure.
v.  Thermal expansion coefficient (TEC) compatible with that of the electrodes and
other cell materials from ambient temperature to cell operating temperature.
vi.  Negligible chemical interaction with electrode materials under operation and
fabrication conditions to avoid formation of blocking interface phases.

vii.  High density to promote gas impermeability.
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1.5 Different electrolytes for SOFCs

From the above discussion it is clear that for good performance, an electrolyte should have
high ionic conductivity and low electronic conductivity. Moreover, it should be stable in both
reducing and oxidizing environments, exhibit good mechanical properties and long term
stability with respect to dopant segregation [31]. There are large numbers of electrolytes
which have been developed. Depending on their structure or kind of raw materials the solid
electrolytes can be grouped into following main categories:

1.5.1 Zirconia based electrolytes

Yttria Stabilised Zirconia (YSZ) has good mechanical and chemical stability over a wide
range of temperature. Therefore, consequent efforts are being made to improve the overall
properties of YSZ at intermediate temperature ranges. 8 mol% yttria stabilised zirconia
(8YSZ) with cubic structure possesses highest ionic conductivity and stability over a wide
range of temperature as well as oxygen partial pressure (Figure 1.1) [32]. The conduction
mechanism for YSZ is represented in Figure 1.2. 3 mol% yttria stabilised zirconia (3YSZ)
has been mixed in different composition with 8YSZ to find whether the conductivity
increases by Ghatee et al. [33]. Anyhow, 3YSZ in 8YSZ acts as grain inhibitor and caused

the reduction in electrical conductivity.

@
© Zr+

oxygen
vacancy

Figure 1.1 Crystal structure of YSZ [43].
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Figure 1.2 Schematic diagram for vacancy transport mechanism in YSZ [43].

On doping ZnO in 8YSZ the sintering temperature can be reduced with better density of the
sample. Liu et al. [34] have reported that 0.5 wt. % ZnO doped sample exhibited higher
conductivity as compared to that of 8YSZ at 800 °C. Shimosono et al. [35] reported the
decrease in conductivity of YSZ upon incorporation of NiO in it. 1 at. % doping of Si
containing 8YSZ and undoped 8YSZ with transitional metal oxides promote the densification
as well as grain growth of both Si containing 8YSZ and undoped 8YSZ.

Chao-feng et al. [36] prepared the composite electrolyte based on YSZ with 15 wt. % of
Lag 33SisO2 (LSO) by modified coprecipitation method. It has been found that increase in
conductivity takes place with such type of composition. At 700 °C the value of conductivity
is reported ~ 0.125 Scm™. The observed value of conductivity is one order higher in
magnitude than YSZ and two orders higher than Lag33SigO2. Scandia stabilized zirconia is
an alternative to YSZ at intermediate temperature range as it possesses higher conductivity
than YSZ [37]. Spirin et al. [38] prepared the composition [xY,03-(10-x) Sc,03]90ZrO, (x =
2, 3, 4, 5 mol %) and 10-11 mol% Sc,03 - ZrO, (ScSz; scandia stabilized zirconia). It has
been found that on decreasing the yttria content the conductivity of the samples decreased.
The highest conductivity and stability is found for 10ScSZ and 11ScSZ samples.

Rahmawati et al. [39] synthesized the composite electrolyte of CaO-Y,03-ZrO, (CYZ) - 8
mol% YSZ via solid state reaction. Doping of Y,03 in ZrO, makes the phase transformation

from tetragonal to cubic with small percentage of monoclinic phase. While doping of CaO-
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Y,03 allows the phase transformation from tetragonal to single cubic phase. This phase
transformation enhances the conductivity of the sample. Hence more efforts should be done
to stabilize the cubic phase of ZrO,. Yittria-stabilized zirconia (YSZ) thin films with thickness
between the range 6 nm to 100 nm were prepared by radio frequency (RF) sputtering on
(0001) Al,O3 substrates. It is observed that with the decrease in film thickness from 100 nm
to 6 nm the activation energy of the films decreased from 0.99 eV to 0.69 eV. The 100 nm
thick film represented similar conductivity values as that of single crystal and behaved like
bulk YSZ [40]. Lee et al. [41] studied the effect of CuO doping in 8YSZ and found that CuO
acts as sintering aid and promotes the densification of YSZ. Also, the slight increase in
conductivity is observed upon addition of CuO. Similarly, the cell performance with CuO
added YSZ electrolyte is 1.5 times higher than the cell based on the pure YSZ electrolyte.
Khare et al. [42] synthesized the 6 mol%, 10 mol% and 16 mol% YSZ nanoparticles of
different average sizes (10-16 nm) via CO, laser based laser vaporization method. The
particles have been generated using two different modes continuous and pulsed laser mode.
The particle size generated via continuous mode is greater than pulse mode. It is observed
that the grain and grain boundary ionic conductivity of samples made from large sized
nanoparticles is two orders of magnitude lower as compared to sample made of smaller
average size nanoparticles. Below 800 °C, the total conductivity drastically decreases which
prevents its application as an electrolyte in IT-SOFCs.

1.5.2 Ceria based electrolytes

Doped ceria can be considered as a promising electrolyte for IT-SOFCs. Ceria (CeO,) has
fluorite structure and number of oxygen vacancies can be increased by substituting Ce** with
trivalent rare earth ions or divalent alkaline earth ions (Figure 1.3). Gd, Y and Sm stabilized

ceria electrolytes are the most interesting candidates for 1T- SOFCs working between the
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temperature ranges 550-650 °C. All of them show good compatibility and high conductivity

when incorporated with high performance electrodes [44].

Figure 1.3 Crystal structure of doped ceria [54].
Arabaci et al. [45] reported that 10 mol% Gadolinium doped Ceria (Gdo.1Ce.901.95, GDC10)
represents the conductivity ~ 3.4 x 10 Sem™ at 500 °C and very high relative density ~ 98%
after sintering at temperature of 1400 °C for 6 hours. The effect of doping of transition metal
oxides Fe;O3 and CoO in GDC10 has been studied by Fu et al. [46]. Co doping decreases the
rate of oxygen ion surface transport while that of Fe increases the oxygen ion surface
transport. Similarly, doping of Pr in GDC leads to the enhancement of conductivity [47]. It
has also been reported that the conductivity, of nano sized SDC (samaria doped ceria) is on
the higher side than bulk SDC [48]. Wang et al. [49] reported that co-doping of Sm*" and
Gd* in CeO, has higher values of conductivity than singly doped CeO,. Though single phase
doped CeO; represents good ionic conductivity but the main limitation of this electrolyte is
that it represents mixed ionic and electronic conductivity, which leads to the degradation of
cell performance and poor mechanical properties. In order to avoid this problem, two-phase
nano-composite ceria-based materials are being investigated extensively. It is expected that
nano- composite ceria- based electrolyte can exhibit improved ionic conductivity as well as
fuel cell performance in comparison to the single-phase doped ceria below 600 °C [50]. The
composite electrolytes in this case are synthesized with alkaline earth carbonate salts. When

these salts melt, ions generated from them move freely from one electrode to another. The
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Li,COs- K,CO3- GDC composite represents the conductivity ~ 10 to 0.2 Scm™ at 400 to 600
°C. It is also expected that the composite electrolytes can represent the conductivity about
two orders magnitude higher than single phase SDC electrolytes [51]. Hao et al. [52]
observed that the composite synthesized through glycine nitrate process CepgsSMmp 15019
(SDC)-Lag.gSro.1Gag.sMgo.20285 (LSGM) exhibits the enhanced conductivity. Y,03- SDC
based nano - composite also displays the higher conductivity values than single phase SDC.
Most of the ceria based nano- composites exhibit superionic phase transition depending on
the composition and operational condition [53]. Though much research has been done on
ceria based electrolytes, still work is required for its densification. In addition to this, in
reducing conditions the Ce** reduces to Ce**, which enhances the electronic conductivity and
degrades the fuel efficiency [31].

1.5.3 Apatites

Rare earth apatite materials with general formula; A10.xMsO26.5, (Where A is generally rare
earth metal and M= Si, Ge)) have been reported as high oxide ion conducting electrolytes at
moderate temperature as well as at low oxygen partial pressures [55, 56]. As the doping of A-
site can be done using various methods, research is going on to develop an electrolyte system
working at intermediate temperatures efficiently [57]. Doping at A- site with different
elements has been reported by various groups. Arikawa et al. [58] reported that the
conductivity of apatites La;oMgO2; (M: Si, Ge) with the doping of Sr at La site despite of lack
of crystals symmetry, increases the conductivity. In the similar composition, the doping of Fe
increases the ionic conductivity as well as the sinterability [59]. The doping of Pr along with
Fe i.e. the composition Laggs-xPr«SissFe15026-5 has also been studied and observed that
incorporation of Pr does not affect the ionic conductivity [60]. On the other hand, the doping
of Mg in LaySisO,; remarkably increases the conductivity and reaches upto 30 x 10 Scm™

for composition LageSis7 Mg 030261 [61]. As reported by Nijori et al. [62] the doping of Ba
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at A site also increases the conductivity. Xiang et al. [63] studied the effect of In doping at Si
site in LajpSigxINxO27-5 (x = 0.1, 0.2, 0.3, 0.4 and 0.5). The maximum conductivity ~ 3.14 x
10 Scm™ for x = 0.2 sample is observed. In another report, the comparative study of the
effect of Al, Fe and Mg dopants at Si- site has been performed. The conductivity
enhancement for all the samples is observed. The maximum conductivity is observed for Mg
doped sample among all the synthesized samples [64]. Co-doping of Sr and Al or Fe at A and
Si- site, respectively not only decreases the grain and grain boundary resistances but also
increases the density and sinterability of the system [65].

Nowadays, in addition to above discussed electrolytes, composite electrolytes also draw a lot
of attention. A composite LSO (La1oSigO,7) - SDC (Smg2Ceps019) has been synthesized via
conventional solid state reaction process. It is found that the conductivity increases in the
concentration range between 10- 40 wt% SDC [66]. It has also been seen that there is a large
difference between conductivity values of similar composition samples prepared by different
synthesis techniques. It has been reported by Jiang et al. [67] that the composition La;oSigO27
prepared by water - gel casting route shows much higher conductivity than prepared by solid
state route. In the case of development of apatite ceramics better synthesis method than
conventional methods are needed to be developed.

1.5.4 La;M0,04 (LAMOX)

La;M0,09 (LAMOX) is an oxygen ion conductor which shows oxygen ion conductivity
greater than that of YSZ [68]. At temperature higher than 580 °C the structural phase
transition in La;Mo0,09 (LAMOX) occurs. With the phase transition the nonconductive
monoclinic phase ‘a’ gets converted to conductive cubic phase ‘B> with conductivity 6 x 107
Sem™ conductivity at 800 °C [69, 70]. A wide range of substitutions for La have been
reported to stabilize the high temperature conductive phase. For Nd substitution, the phase o

is stable at all studied composition range. For Gd and Y substitution the cubic ‘B’ form is
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stable at room temperature. Marozau et al. [71] studied the stability of bismuth and
molybdate doped LAMOX and found that the compositions obtained are stable at room
temperature. Tungsten doping in La;Mo0,09 compositions show sufficiently high ionic
conductivity and stability at 600 °C ensuring its applicability as solid electrolytes [72]. The
application of tungsten doped La,Mo0,O9 materials is limited because of high chemical
reactivity. Moreover, the high thermal expansion coefficient for this electrolyte makes it less
compatible with the electrodes. Therefore, the strong need to develop electrode compatible
La,Mo0,0g9 materials still persists. Subramania et al. [73] have prepared the samples by doping
Pr in LAMOX and reported that a—f transition is suppressed with lowering of sintering
temperature. It is found that the conductivity of the samples increases with the increase in Pr
content.

It has also been reported that by doping Ca®*, Sr**, Ba?* and K* in LAMOX series the
conductivity decreases with the increase in dopant content. Lopez et al. [74] have found that
the conductivity is highest for Sr** doped LAMOX systems. Baijun et al. [75] reported that
Sr doping in LAMOX increases the electrical conductivity with decreasing ionic
conductivity, by keeping the predominant conduction through oxide ions. Even in some Sr
doped systems the ion transport number reach upto 0.99. Single-phase ultrafine
La; 9Bag1Mo;9Mng 109 (LBMMO) nanopowder has been prepared from the sol-gel auto-
combustion method after calcination at 600 °C. The conductivity and activation energy of
LBMMO is found to be 6.7 x 10~ Scm™ and 1.32 eV at 700 °C, respectively [76]. Another
co-doped system namely La, xKxMoWOq_s5 (x=0, 0.01, 0.03, 0.05, 0.07) has been synthesized
via a solid state reaction method. Single B-La;M0,09 phase is obtained after calcination at
950 °C, and the solid solubility limit of K doping is x < 0.07. The sample with x = 0.03

represented the maximum value of conductivity among all the synthesized samples [77].
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1.5.5 Perovskite related systems

Perovskite ABO3 kind of structure forms a major category of electrolyte materials. Perovskite
structures consist of corner sharing metal oxygen octahedral, BOg with a larger cation, A,
occupying interstices between these units (Figure 1.4). The ionic conductivities of large
number of compounds having perovskite structure have been obtained. The oxygen
stoichiometry for these materials is varied by doping either on A site or on B site. Barium
based perovskite materials are being studied extensively to serve the purpose of solid
electrolytes. BaCeOj3 based materials show high conductivity as well as good sinterability, on
the other hand, BaZrO3 based materials are chemically stable but are having low density [78-
82]. Doping of elements R = Sc, Y, Ho, Dy, Gd has also been done in BaCeOj [83]. It is
found that conductivity in air decreases and followed the sequence Y > Ho > Sc > Dy. The
maximum conductivity is found with Y and is equal to 3.6 x 10 Scm™. Sharova et al. [84]
doped Sc, Y, La in BaCeqg5R0.1503.5 and observed that nature of doped elements do not affect
the conductivity of materials. Azad et al. [85] used solid state route to prepare the rare earth
doped compounds with composition Ba(Ce, Zr);4ScxO3.5 where x = 0.1 and 0.2. The
conductivity is found to be higher for x = 0.2. It has been reported by Hung et al. [86] that the
conductivity of BaCeOg increases with the doping of Y at B site whereas the Sr doping at A
site along with Y at B site decreases the conductivity.

BaCe(7Snp1Gdy 2035 (BCSG) and BaCepGdo2035 (BCG) were prepared by solid state
technique [87]. It is observed that the conductivity of both the samples is ~ 0.01 Scm™ at 700
°C in humid H,. The density of BCSG is greater than the density that of BCG. The perovskite
BaCep9-xZrxY0.103.5 where 0.2 < x < 0.8 has been synthesized by Ricote et al. [88] via solid
state route followed by sintering at 1700 °C. It is observed that the conductivity of the sample

prepared decreases with the increase in cerium content.
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Lag gsSro.12Gag.s2Mgo.1802.85 (LSGM) is another kind of perovskite class of electrolytes. Fukui
et al. [80] prepared the thin film of LSGM and measured the value of conductivity equal to
0.113 Scm™ at 800 °C. The single cell performance of the cell gives the power density of 0.4
W cm at 700 °C. The conductivity of LSGM with transport number ~1 is reported to be
stable over extended period.

The system SrZrOs- SrFeO3 system has been synthesized and studied by Unemoto [89]. The
composition SrZrgg9Fe1035 has been fabricated via solid state reaction. The activation
energies of protonic conduction and deuteron ion conduction are 0.64 eV and 0.66 eV
respectively. They reported that protonic conduction in the sample is predominant in the
lower temperature region in humidified oxygen as well as in humidified H,. Transport
number of protons is equal to 0.75 in H,-1.9% H,0 at 900 °C.

The effect of the La:Y ratio on the conductivity of doped LaYOs3, has been studied with
composition 0.995 [(1-x)YOy 5 + xLaO; 5] + 0.005 CaO (x = 0.1-0.6). The transport nhumbers
reach 1.0 for ions and 0.8 for protons. The conductivity increases in the series as
Lap.97Cag03Y O35 < LaY.97Cap03035 < LaggssCaoosYo0.98503.5. The maximum conductivity is
observed for the stoichiometric composition with the ratio 1:1. Any deviations in the
composition lead to a disordering of LaY O3 and decreases conductivity. The conductivity of
the sample also decreases with the decrease in PO,. The ion and proton transport humbers
increase with the air humidity. The composition 0.995 LaYO3; + 0.005 CaO had the highest
part of ionic conduction [91].

It has been reported by Bao et al. [92] that protons are the dominant charge carriers in Al -
doped CaZrOs in both oxygen and hydrogen rich atmospheres ranging from 600 to 1100 °C.
It is found that electrical conductivity of CaZrggesAlpoosOs.s is higher than that of
CaZrggAlp103.5. Zajac et al. [93] carried out the comparative study of Gd-doped BaZrOs,

SrZrOs, SrZrO3z, BaCeO3 and SrCeOs perovskites. They remarked that the grain boundary
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resistance, is the limiting factor of total proton conductivity. The highest proton conductivity
is observed for BaCeO3; sample but with lower stability in reducing atmosphere than BaZrO;

and SrZrOs.

2%

Figure 1.4 ABO3 perovskKite structure [86].

Thus, from the above discussion it can be concluded that many ceramic electrolytes have
been studied by various groups. There are many factors like phase stabilization, density,
chemical stability in both reducing and oxidising atmospheres etc. which should be taken care
while selecting a material to be employed as an electrolyte in SOFCs.

1.5.6 Bismuth based electrolytes

Bi,O3 consists of three different phases with respect to temperature and only one phase called
8-Bi,O3 has the highest conductivity i.e. >1 Scm™ at 800 °C. The 8-Bi,O3 has the fluorite
type structure with random distribution of ions. Takahashi et al. [94, 95] has reported that 5-
Bi,O3 can be stabilised by partial substitution at Bi site. It has also been reported that
electrodes with stabilized bismuth oxide electrolytes exhibit lower interfacial resistance than
zirconia electrolytes. Berezovsky et al. [96] reported that the composite electrolyte with
composition (Bi203)0.75(Y203)0.20(Nb2Os)05 represents higher values of conductivity than

stabilized zirconia electrolytes. Dysprosium tungsten stabilized bismuth oxide (DWSB),
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dysprosium gadolinium stabilized bismuth oxide (DGSB), and dysprosium cerium stabilized
bismuth oxide (DCSB) have been synthesized via solid state and wet chemical method.
DGSB shows the maximum conductivity ~ 0.94 Scm™ at 650 °C [97]. The effect of TiO,
doping on Bi,O3; has also been reported [98]. The samples have been prepared with the
composition (1-x) Bi,O3- x TiO, where x = 0.05, 0.10, 0.15, 0.20. The highest conductivity is
obtained for x = 0.15 i.e. 9 x 107 Scm™. Since, Bi,O3 based compounds are not stable in
reducing conditions, Er stabilized Bi,O3 (ESB) has been combined with Nd doped CeO, and
38 wt% (Li-0.5Na),CO3 by Baek et al. [99]. It is observed that only 2% addition of ESB
increases the conductivity and stability of the system. Another composite, (BizO3)1-x-
y(Tm203)y (where x = 20 and y = 5, 10, 15, 20 mol%) has been reported by Durmus et al.
[100]. The maximum value of conductivity is observed for x = 20 and y = 5 mol% at 1000
°C.

Taninouchi et al. [101] studied the behaviour of bismuth vanadate (BIMEVOX) by doping
different transition metals. The composition Biz(Vo.95TMg05)Oss+5 Where (TM: transition
metal) has been studied. It is found that incorporation of transition metals slightly increase
the conductivity and thermal stability of material.

Bismuth vanadate has also been studied extensively by different researchers. Bis+yVo.xy
MyO11.yx Where M = Nd, Gd, Er and Yb has been prepared [102]. The highest conductivity is
obtained for y = 0.0 and x = 0.2 with conductivity values upto 2 x 10 Scm™ at 300 °C. The
conductivity behavior of BIMEVOX on doping Ti** at V°* has been studied by Kant et al.
[103]. It is observed that the conductivity of the prepared samples increases and the activation
energy decreases with increase in Ti content. The main problem with these kinds of
electrolytes is that they lack of stability under reducing conditions. The use of bilayer

structure with a more stable electrolyte layer on the anode side has been suggested to solve
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the above problem [104]. The conductivity of these compounds depends on the chemical
nature of the dopants, their concentration and processing parameters.

Therefore, from the above discussion, it can be concluded that the substantial research is
required to obtain an electrolyte fulfilling all the requirements for their applicability in
SOFCs.

1.6 lonic conduction mechanism

For ionic conductivity in a solid, transport of one or more types of ions across the lattice takes
place. In an ideal crystal, all the ions are arranged in regular manner or closed packed form.
Thus, they are not free to move within the lattice only a little space for diffusion or vibration
around is available. With the increase in temperature the free energy of the system tends to
minimize through an increase in entropy. The entropy of the system is the measure of degree
of disorderdness in the system. The conductivity of the system increases with the introduction
of two types of defects namely; Schottky and Frenkel. Collectively, these are called point
defects. In Schottky crystal, imperfection arises in a way that a pair of ions, one cation and
anion, disappears leaving their positions vacant. On the other hand, in Frenkel defect a single
ion is missing from its lattice position. Thus, both Frenkel and Schottky defects result into
vacant sites in the crystal. Any ion in the immediate vicinity can jump to one of the vacant
sites. This leaves the previous site of the ion vacant which could now host another ion. This
process can lead to transport of ions across the solid giving rise to conductivity and this
mechanism is termed as vacancy migration. The ion that moves to the interstitial site, gives
rise to the Frenkel defect. In Frenkel defect, an ion can subsequently jump to a neighbouring
interstitial site and so on, resulting in long distance motion of the ion. This kind of migration
of ions is known as interstitial migration. Apart from these two mechanisms, there is another
mechanism called interstitialcy mechanism which refers to the conduction mechanism

through cooperative movement of two or more ions. The disorder in crystalline solids is
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significantly less than that in liquids. The defects in the solids in order to increase the ionic

conductivity can be increased in a number of ways out of which doping of parent system with

different atoms is the most popular one.
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Chapter 2

Present work is focussed on the bismuth vanadate based systems and their structural, thermal
and electrical properties for possible use as an electrolyte in SOFCs. So, in this chapter
literature review regarding bismuth vanadate system has been presented.

2.1 Structural aspects and properties

The parent material BisV2011-5 (BIVOX) is a member of Aurivillus family of compounds, it
consists of alternate layers of (Bi202)?* and oxygen deficient perovskite (VO3mos)> layers as
shown in Figure 2.1. Depending on temperature, BisV.011.5 exhibits three reversible
structural polymorphs i.e. o, f and y. All these polymorphs can be explained on the basis of
mean orthorhombic unit cell of dimensions am= 5.53, bm~ 5.61, cm~ 15.28 A. Superstructure
a (monoclinic) am~ 3 am, bm =~ bm, and ¢m = cm; p (orthorhombic) am= 2 am, bm = bm, and cm=
Cm and v (tetragonal) am =~ am/\2, bm = bm, and ¢m =~ cm [1, 2]. The phase transitions o — B and
B — v take place around 447 and 567 °C, respectively. Out of these phases, the y- phase is
most disordered and hence it represents the highest total conductivity in comparison to the
other two phases. Substitution of vanadium ions by aliovalent cations can lead to the
stabilization of the highly conducting y- phase at room temperature [3]. The X-ray
diffraction pattern of all the three phases is similar except for the split and superlattice
diffraction peaks. The appearance of weak reflection at ~ 24.4° is an indication of the
superstructure of a- phase. Similarly, the absence of splitting in XRD peak at ~ 32° indicates
the stabilization of y- phase. The doped cation modifies the symmetry and connectivity of
polyhedral inside the perovskite layer thus, the ionic conductivity depends strongly on the
nature of doped cation [4, 5]. Various compounds with family named as BIMEVOX have
been developed with the substitution of Bi* and/ or VV°* by divalent, trivalent and pentavalent

cations on both the sites in order to stabilize the y- phase at room temperature.
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Figure 2.1 Unit cell of BisV2011-5 created with the help of cell parameters obtained from
Rietveld refinement of XRD data (Diamond Software).

Kim et al. [6] synthesized the single and polycrystalline BisV2.xCoxO115 (X = 0.0-0.2). It is
observed that high temperature y- phase gets stabilized at room temperature for x = 0.2. It is
also found that there exists large electrical anisotropy between the directions parallel and
perpendicular to (Bi,02)?* layers, the conductivity of the samples in the direction parallel to
(Bi,02)?* layers is three times higher than that of perpendicular direction demonstrating that
the conductivity in BisV2011-5 is two dimensional. Kezionis et al. [7] studied the relaxation
mechanism in Bi2V0.9C00.10s 35 sample and attributed the relaxation mechanism to diffusional
polarization which in turn can be related to the short range jumping of oxygen vacancies in
the crystal lattice. According to other report, small grain size in Bi2V0.9C00.10s 35 stabilizes
the y- phase at room temperature [8]. Similarly, Bi2V1.xNixOs 5.5 system y- phase stabilization
is found to take place above x = 0.10 with no discontinuity between the high and low
temperature regions in the range 0.10 < x < 0.20. The conductivity value at 300 °C for x =
0.12is ~ 1.71 x 10 Scm™ [9]. Krok et al. [10] analysed the - Bi2Vo.9Nio.100s5-s sample, with
the help of X- ray and neutron powder diffraction patterns and observed that oxide ion

vacancies are exclusive to equatorial position around Ni/V atoms. Percentage of V/Ni
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distorted tetrahedra is 68%. The remaining portion is due to distorted octahedra. It has also
been reported that doping of La and Ni in Bi2xLaxV1.y-2CuyNi;Oss5.5 (x=0.10-0.20; y=0.0—
0.10; z=0.0-0.20) reduces the ionic conductivity, which can be related to the decrease in
thermal expansion coefficient with increase in doping. As according to phenomenological
theory of ion transport, the mobility of point defects decreases with decrease in TEC [11].
Another family of compounds BIMEVOF (where ME = ZnF;; BIZNVOF) has been
generated by Jacobsoone et al. [12] with the substitution of oxygen by flourine in order to
obtain a mixed anion phase. This study revealed that doping of fluoride like ZnF, does not
bring too much fluorine in perovskite layers. While, doping of fluorides, with similar valence
like Nb or Sb as that of V brings higher amount of fluorine in perovskite layers. ZnF2 doping
though decreases the number of vacancies in the system but increases the stability. In Bi2V1-
xZNxOs5.x2 (0.05 < x < 0.27), system, the x= 0.10 composition is found to have the highest
low temperature conductivity i.e. ~ 4.09 x 102 Scm ** at 300 °C [13]. Doping of rare earth
elements like Nd, Gd, Er and Yb in BisV20115 gives rise to a new composition Big+yVax-
yMxO11.y.x. It is observed that irrespective of dopant the maximum value of conductivity ~ 2 x
104 Scm 1 at 300 °C is observed for composition with y = 0.0 and x = 0.2 [14]. The
substitution of Ge at V site in Bi2V1xGexOs 5«2 (Where x = 0.2, 0.4 and 0.6) showed the fine
tuning between orthorhombic — tetragonal — orthorhombic phase transitions with the
increase in amount of doping. The y- phase stabilization occurs only at x = 0.4 [15]. BisVa-
xCuxO11x (0.07 < x < 0.20) composition has been synthesized via melting process. High
electrical conductivity is observed in the temperature range 100 — 400 °C. x = 0.15 has been
reported as the optimized composition. Above this value of ‘x’ the interaction between the
defects increases and decreases the conductivity [16]. Paydar et al. [17] synthesized the
composite of Bi2V0.9C0010535 with 3 mol% Y03 stabilized ZrO, (3YSZ). It has been

reported that with the addition of 0.5 to 1 wt. % of 3YSZ, the grain size reduces to lower than
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1 um and increases the microhardness and toughness by more than 15%. However, at low
temperature the total conductivity decreases as 3YSZ content increases. In addition to this,
the decrements at higher temperatures are less significant. The relationship between the
conductivity and structure of CuF; substituted BIMEVOX; Bi2V1xCuxOsssx2F2x
(BICUVOF) (where 0.10 < x < 0.20) has also been developed. It is found that in BICUVOF
samples the conductivity drops and can be related to the fact that fluorine does not enter into
the defect layers as that of BIZNVOF. Also, the mixed anion effect analogous to mixed ion
effect seen in cation conducting system as observed for BICUVOF system [18]. The
comparison study of BisMeo2V18011x (Me = Cu, Co) composition has been carried out by
Guillodo et al. [19]. Total electrical conductivity with respect to temperature, oxygen partial
pressure, thermal history and nature of dopant has been reported. It is observed that Cu doped
sample behaves as a pure oxide ionic conductor whereas Co doped system exhibits p- type
conductivity. Also, the electrical conductivity of Cu doped sample is found to be 2 to 3 times
higher than Co doped sample. Guillodo et al. [20] studied the same composition to determine
their oxygen exchange coefficients and bulk oxygen tracer diffusion coefficients. It has been
found that, though, the conductivity of BisMeo2V18011-x (Me = Cu, Co) system is higher than
conventional electrolytes such as YSZ or GDC, but their oxygen surface exchange
coefficients are low. According to another report, on reducing the partial pressure to 10 k Pa
the n- type electronic conductivity in BisCuo2V18011.x increases and then finally the y- phase
decomposes. On the other hand, annealing at 12 M Pa of oxygen partial pressure neither the
decomposition in y- phase nor the electron — hole conduction is observed. However, further
increase in pressure leads to partial ordering in the oxygen vacancies and thus lowering in the
value of conductivity [21]. In another study, the effect of higher doping of Mg in BioMgxV1-
xOs3x2 (0.05 < x < 0.40) has been studied. The solid solution limit, indicated by the

emergence of secondary phase at x = 0.40. In this system the y- phase stabilization occurs in
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the range 0.13 < x < 0.25. Below and above this range the orthorhombic phase (- phase) is
observed [22]. Dygas et al. [23] reported the impedance analysis of Bi2V1.xMgxOs5.15x-5 (X =
0.13) composition in the frequency range from 10 MHz to 0.01 Hz at temperatures between
20 and 680 °C. The difference between values of activation energy for conductivity of grains
and grain boundaries indicates the grain boundary polarization and the charge carrier
relaxation within the grains. It has also been found that ion transport properties of the
intergranular regions are different than those of grains. Zr doped BIMEVOX system with
composition Bi2ZrkV1xOss.x2 (0.05 < x < 0.50) revealed a- phase formation below x = 0.10.
The stabilization of B- phase is observed in between x = 0.10 and 0.16. On increasing the
amount of Zr upto x = 0.19, y- phase is stabilized whereas for x > 0.22 a secondary phase
BigV2017 appears along with y- phase. The study of Zr doped BIMEVOX system revealed
that solid solution limit depends on the valence of dopants and it prefers coordination number
in oxide environment [24]. The analysis of Zr doped BIMEVOX system with neutron
diffraction method revealed that the increase in Zr content increases the low temperature
stability upto x = 0.10 and completely replace o- phase at room temperature. During this

study, the y- phase is stabilized for x = 0.20 at room temperature [25].

In the case of BisV2.xPxO11 (0.05 < x < 0.50) series, o- phase is stabilized for 0.05 < x < 0.20.
With the increase in value of ‘x’ the secondary phase indexed as BiPOg4 appears along with a-
phase. Thus, the doping of P does not lead to stabilization of y- phase alike other pentavalent
ions. The conductivity values are also found to be less dependent on value of ‘x’ [26]. Paydar
et al. [27] synthesized the Ti and Ti- Cu double substituted BisV2011 compound with
composition Bi2VixTixOu1x2; (BITIVOX) (0.085 < x < 0.15) and Bi2Vo.9Cu(0.1-x) TixOs5.35+;
(BICUTIVOX) (0 <x < 0.1). For the composition BITTVOX y- phase stabilization occurs for
x > 0.125 whereas for BICUTIVOX sample the y- phase is found to get stabilized for all the

samples. In the case of BICUTIVOX series of samples the conductivity values increase and

Literature review Page 30



Chapter 2

activation energy decrease with decreasing the amount of Ti. At low temperature, the highest
conductivity is observed for Bi2Vo.9Cuo.1TixOs.3s. Whereas, maximum value of conductivity
at high temperature is observed for Bi2Vo.9Cuo.0sTi0.050s.4. It is also expected that electronic
contribution to total conductivity at high temperature is higher for Ti-Cu double substituted
compounds. For Nb doping in the composition BisV18Cuo.2xNbxO10.7+3x2 (X = 0.05, 0.1, 0.15)
with the increase in doping the conductivity decreases. The maximum value of conductivity
is observed for x = 0.5 sample. The value of conductivity is supposed to be on higher side
than BisV18Cuo20107. The y- phase is also found to get stabilized for x = 0.05 sample while

the others being B- stabilized [28].

Emel’yanova et al. [29] discussed the synthesis, stable existence regions, structure, and
migration characteristics of the BIMEVOX family experimentally and theoretically both. The
dependence of conductivity on the temperature, composition and oxygen partial pressure has
been reported. Synthesis of the samples with composition BisV2-2xMe2xO11-5 where Me"™ is a
charged cation with n = 2-6 has been done via solid state reaction method. Theoretically, the
interactions in 3 and y- phase of undoped BisV2011 have been identified with the help of
extended Huckel method. The covalent component of chemical bonds are obtained which
shows the strength of bonds increases in way; Bi-V < Bi-O < V-O. The mean V-O bond
population is found to be 1.3 times higher for the B than for y- phase. On the similar grounds
the total energy of B- BisV2011 is —1.822 k eV and decreases to —1.817 k eV for y- phase. The
differential V-O bond overlap theory proved that addition of transition metal cations like Cr,
Mn, Vo, and Ni decreases the stability of y- BisV2011 whereas, the substitution of isovalent
cations like Nb and Ta increases the stabilization of y- BisV2011. Theoretically, it can be
concluded that fourfold and fivefold charged cations can be used as stabilizers of the crystal
structure of y-BisV2011. This conclusion has also been substantiated by experimental data. In

order to obtain high values of conductivity at lower temperature thin film with composition

Literature review Page 31



Chapter 2

Bi2V0.9Cuo.10535 has been deposited by spray pyrolysis technique on glass substrates. The
electrical conductivity of thin film is observed ~ 5.7 x 102 Scm " at 475 °C, which can be the
onset temperature for low temperature SOFC applications [30]. Similarly the thin films of
same composition Bi2VogoCuo.10s35 are deposited on alumina substrates, TGA-DTA studies
confirmed that desired phase formation completes at 650 °C. The analysis of impedance
spectroscopy revealed that most of the contribution to electrical conductivity is of grains.
Also, the temperature dependent conductivity proved that the films synthesized can be used
in low temperature SOFCs [31]. However, on comparing the electrical conductivity of the
film on glass and alumina substrate, it is found that alumina substrate proves to be better
candidate for SOFC application [32]. On increasing the amount of La>Osz in BisV2011 the
melting point of the system as well as conductivity increases. The electrolytes synthesized are
observed to be thermodynamically stable when placed in pure nitrogen and vacuum (0.133
Pa) and in pure reducing atmosphere (propane-butane at 650 °C) for 2 h [33]. Beg et al. [34]
reported the effect of increase in Cd doping in the molecular formula BisV2xCdxO11-5; 0 < x <
0.25. The vy- phase stabilization is occurred for x > 0.175. The maximum value of
conductivity has been reported for x = 0.20 sample ~1.30 x 104 Scm ! at 420 °C. The
conductivity studies of BisV2xAlxO115 (0 < x < 0.4) samples exhibits that x = 0.2
composition shows the highest value of conductivity and further increase in amount of dopant
decreases the value of conductivity. Since, the processing conditions like sintering
temperature and time effects the conductivity so in order to optimize the sintering conditions
x = 0.2 sample has been sintered at 750, 800 and 825 °C. The maximum conductivity is
shown by the sample sintered at 800 °C for 12 h [3]. Another series of samples Bis(V1i-xMex )2
O11y (X = 0-0.3, Me = Zr, Ga, Fe) synthesized via solid state route has also been reported.
With the increase in value of ‘x’ the decrease in value of electrical conductivity is observed.

Malys et al. [36] studied the effect of temperature on heavily doped Bi>Vo.7Mgo30s 3955,
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system. No y- phase transition is observed after the heat treatment. However, it leads to the
phase separation above 650 °C. Bi2V0.7Mgo.30s.395 5 reappears at 840 °C and is preserved on
cooling as well. The lower values of conductivity in Bi2Vo.7Mgo.30s2395-5 System have been
attributed to the oxide ion trapping in V°>* and Mg?* environments. Phase transitions in BisV2-
xCexO11.x2-5 (0.0 < x < 0.30) series of samples have been investigated using XRD and High
temperature XRD by Beg et al. [38]. It has been found that x = 0.15 sample shows a —  and
B — v transitions whereas x = 0.25 presents only y — v’ transition in the temperature range
450 -500 °C. According to another report no difference in crystal symmetry of undoped and
doped system upto x = 0.15 is observed. At low temperatures, the conductivity of the samples
decreases upto x = 0.25. This drop in conductivity reflects a strong anisotropic interaction
between highly charged Ce** ion and oxide ion vacancy. On the other hand, at high
temperature, conductivity decreases with dopant concentration [39]. The effect of doping of
Hf with same valence as that of Ce has also been studied. BisV2xHfxO11.x2-5 (0.0 < x < 0.40)
has been synthesized through solid state route. The drop in value of low temperature
conductivity accompanying the increase in activation energy is observed. At higher amount
of dopant (x = 0.40), the distortion of y- phase along with some B’- phase has been reported.
La and Gd elements have been doped at Bi site for composition Bis-xMxV2011 (0 < x < 0.4).
The samples have been synthesized via solid state reaction method. No y- phase stabilization
occurs for any of the composition synthesized. But, the increase in value of total conductivity
as compared to parent compound suggests the increase in disorder and strain with doping

which lead to increase the conductivity [40].

For Ti®* doped bismuth vanadate samples (BisV2xTixO11-5; 0 < x < 0.4), the conductivity
behavior is observed to follow the order 6o.1 < 602 < 603 < co4. Again the optimization of
sintering temperature in the series proves that BisV16Ti04O11-s compound sintered at 800 °C

for 12h exhibits highest conductivity [41]. Taninouchi et al. [42] studied the behavior of
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Bi>2VOs 5 system with the doping of Li and Ag (monovalent atoms). The y- phase is stabilized
for x = 0.1 sample for both the dopants. From AC impedance spectroscopy the increase in
conductivity of the samples is reported with doping. It has been observed that conductivity of
Li and Ag doped system ~ 500 °C is better than that of Lao.gSro.2Gao.sMgo.115C00.08503 Which
is one of the best known ionic conducting systems. However, the co-doping usually increases

the thermal expansion coefficient.

Transition metal doping (M= Ti, Zr, Hf, Nb, Ta, Cr, Mo, W) doping in Bi,VOss system
effects the phase transitions largely. It has been observed that except for Cr, the f—y
transition temperature decreases as compared to parent compound. Also, with the transition
metal doping, the thermal decomposition of Bi2VOss into BiVO4 and BisV1.20g25 phases is

suppressed in intermediate temperature [43].

BisBaxV2x011—3x2-5; 0.07 < x < 0.30 samples have been synthesized and analyzed by Beg et
al. [44]. It has been observed that y- phase stabilization occurs for 0.17 < x < 0.30. Higher
values of conductivity are obtained for doped samples than undoped BisV2011-5. The highest
value of conductivity ~ 4.45 x 10~ Scm ~* at 300 °C is observed for x = 0.17. Beg et al. [45]
also reported the effect of doping of Na in bismuth vanadate system. Bi2V1.xNaxOss.2x (0 < x
< 0.20) samples have been synthesized via sol- gel citrate route. In this case, the y- phase is
stabilized with x > 0.15 composition. The highest conductivity is observed for x = 0.13
sample. The value of conductivity is ~1.34 x 107> Scm ~* at 300 °C. Bi2V1.xCrxOs 5+x-5 (0.0 <
x < 0.20) series of samples have been prepared via microwave assisted solid state reaction
method. y- phase stabilization is not observed for any present doping. Also, the ac impedance
spectroscopy analysis reveals that the electrical conductivity of microwave prepared samples
is on the lower side. However, from the dielectric permittivity, it has been concluded that the

charge accumulation at grain boundaries is significantly reduced [46]. Doping of Ca in
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BisCaxV2-xO11—3x2-5; 0.07 < x < 0.30 indicated that the stabilization of y- phase at room
temperature for x > 0.17. The conductivity of the samples is found to get increase with
doping due to increase in disordering of the system. However, the maximum value of
conductivity is obtained for x = 0.17 sample [47]. Structural and electrical conductivity
behavior of BisV2x GaxO11-5; 0 < x < 0.4 series as function of Ga®* doping has also been
reported. The conductivity values increase with doping. However, on increasing the doping
above x = 0.2 the lower conductivity is observed due to introduction of impurity phases i.e.
secondary phases [48]. Solid solutions of the general formula BisV2.xMexO11.5,(Me=Fe, Cr,
Nb) have been synthesized by means of hydrochemical, citrate-nitrate, mechanochemical and
pyrolysis of polymeric-salt compositions methods. The stabilization of y- phase is observed
for Fe (x=0.2-0.5) and Nb (x=0.2-0.6) doped systems. From the analysis of impedance
spectroscopy results, it is clear that Fe doped samples represents the maximum values of
conductivity [49]. Solid solutions BisV> xCux2Tix2011x (0.025 < x < 0.5) known as
BICUTIVOX have been synthesized by conventional solid-state synthesis, solid-state
synthesis enhanced by mechanical activation, and through liquid precursors. The samples
synthesized via conventional solid state reaction method exhibits the maximum value of
electrical conductivity 2.5 x 1072 Scm™* at 750 °C [50]. According to Shao et al. [51] the
doping of magnetic ions in Bi2VVOss.5 has a large effect on electronic contribution to the total
conductivity of the system. Both V and Bi site doped compounds with composition Biz(Vi-
xMny)Os 5.5 and (Bi2xMny)VOs 5.5 (x=0.10-0.30) have been prepared via solid-state reaction.
Results show that partial substitution on the V-site stabilizes y- phase for compositions in the
range of 0.10 < x < 0.25. The solid solution limit obtained in this case is in accordance with
equatorial vacancy model. In another study y- phase stabilized, Bi2V1.x MNxOs 5.x2; 0.13 <x <
0.20 samples have been synthesized by an ethylene glycol—citrate sol-gel route. The obtained

xerogels are then calcined by the microwave heating using a modified domestic microwave
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oven operated at 2.45 GHz. It is found that the microwave-assisted calcination route produces
crystalline y-BIMNVOX samples. It is observed that, these samples can be used as solid
electrolyte in oxide-ion based electrochemical applications [52]. The optical, structural, and
mechanical properties of BisV2.xMxO115 (0 <x < 0.4, M = Mn, Ga, As) oxides have also been
investigated. After certain percent of doping, the secondary phase is formed in Mn, Ga and
As doped BisV2xMxO11-5 system. The band gap of the samples studied is found to get
decrease upto the value of x = 0.2, on further increase in amount of doping, the band gap
increases. The lowest band gap is observed for BisV18Mno20115 sample. The fracture
toughness and hardness of the samples increases with doping [53]. BisV2.xCdxO11-3x2-5; 0.0 <
x < 0.25 have been studied to derive a correlation between phase stability and oxide ion
performance. The substitution of V°" by Cd?* represents different phase transitions for
different compositions. It is observed that slow V#*/V°* re- oxidation results in increased
defect trapping effects in the system at higher temperatures [54]. BICUVOX/ GDC
composites have been synthesized with doped nano-ceria particulates (Ceo.9Gdo.1)O2 (GDC).
The BICUVOX powder has been synthesized by a co-precipitation process which resulted in
a homogenous, fine-grained powder with an average particle size of ~0.6 um. It has been
observed that GDC doping in BICUVOX matrix slows down the grain boundary mobility and
hence restricts the grain size. The flexural strength level of the composite is found to be
higher than BICUVOX systems [55]. BisV2xNbxO11 (BINBVOX) samples have been
synthesized via ceramic and co-precipitation methods. The high-temperature y-BisVo-
xNbxO11-5 is formed at 0.3 < x < 0.9 irrespective of the synthesis method. The lowest partial
oxygen pressure value within the stability range of BINBVOX at 750 °C is determined to be
about IgPO, = —12 atm. Further, lowering of the partial oxygen pressure leads to the
decomposition of the solid solutions. Higher values of conductivity are observed for x < 0.3

samples [56]. Similarly, BisV2-xMexO11 (Me = Nb, Zr, Y and Cu and x = 0.0 and 0.02) have
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been synthesized via solid state reaction method. The dielectric study revealed that materials
are highly lossy and behave as ionic conductor [57]. Cu and Ti co- doped bismuth vanadate
solution have been synthesized via hot forging technique. The relative density of hot forged
Bia(Cuo.05Ti0.05V0.90)2011 (BICUTIVOX) is ~ 98- 99%. Total conductivity of the samples is
two orders greater in direction parallel to that of forging axes. Thus, impedance spectroscopy
proves the thermal isotropic nature of the samples synthesized [58]. In another study, films of
the above discussed composition have been prepared via aerosol deposition on alumina
substrate. With the increase in temperature up to 500 °C, the particle size remains nano-scale
while microstrain decreases rapidly resulting into the coarsening and texturing. Impedance
measurements of films deposited on inter-digital electrodes revealed an annealing effect on
the ionic conductivity, approaching that of bulk ceramic [59]. Bi2Vo.9Cuo.10-xMgxOs.35; Mg
and Cu co-doped series of samples has been synthesized via citrate sol- gel method by Beg et
al. [60]. It is observed that double substitution leads to the stabilization of the tetragonal y'-
phase for x=0.06 and x=0.08. It is expected that, like single substitution, double substitution
can also enhance the phase stabilization and oxide—ion conductivity of the BIMEVOX
family. The highest value of conductivity is observed for x=0.06 ~ 1.5 x 10~% Scm ~* at 300
°C. Khaerudini et al. [61] discussed the effect of sintering temperature on the conductivity of
BisMgxV2x0O11-5; 0.2 < x < 0.3. It is found that for the samples sintered at 750 °C the
conductivity behavior followed the trend 0.1 < 602 < 60.3, Whereas for the samples sintered at
810 °C the trend followed is co1 < co3 < co2. Piva et al. [62] reported the synthesis and
properties of composite solid electrolytes by varying the addition of 3 mol% yttria-stabilized
zirconia (3Y-TZP) from 3 to 26 wt. % using a matrix of copper-substituted bismuth vanadate

Bi2V09Cu010535 (BICUVOX.1). It is observed that addition of 3Y-TZP in BICUVOX.1

inhibits the y — ' transition [63]. The conductivity values of different doped bismuth

vanadate systems along with references are given in Table 2.1.
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Table 2.1 Conductivity values of different doped bismuth vanadate system along with

references.

Composition T (°C) (Sc(r;n'l) Remarks Reference
Bi2V1xNixOs 5312 300 171x10° °* 7 phase stabilization is found to [9]
(0.06 <x < 0.25) (x=0.12) ' take place above x = 0.10

e The low temperature conductivity

. increases with x over the whole
'(3‘(;2(\)(51';2)‘”2%5-;';)2 " :3%010) 4.09 x 10° composition, but small drop [13]

A ' between x = 0.07 and 0.13 region

is obtained.
Biss Vo oMLO 300 e The conductivity of the samples is
(M=4+I<I dz'xéy p XErll-\y(-E)) (y=0.0and 2.0x10* found to be independent of kind of [14]
T x=0.2) dopant.

. e Above x = 0.15, the conductivity
3'@;2&?3;& x 3%015) 2.58 x 103 of the samples decreases due to [16]

o= ' interaction between defects.

e The addition of 3Y-TZP (0.50r 1

Composite of 300 wt. %) can improve the

. 0 2 mechanical properties of
BIZVO'QCS?(OSIS s3and (1 V\\;tsz/; of  22x10 BICUVOX.1 ceramic without [17]
degrading its oxide-ionic
conductivity.
¢ Drop in conductivity is observed
. which can be mainly due to the
BIEP)/;BZU;ZS(S]SZXIS;: 2 x 3%010) 1.4 x 103 clustering or uniform distribution [18]
oo ' of F in vanadate layer at oxygen
sites.
300 e The doping of P does not lead to
BisV24PxO11 Almost 10 % 10°% stabilization of y- phase alike other [26]
0.05<x<0.50 independent ' pentavalent ions.
of X
e The obtained conductivity value
Bi>2V0.9CuU0.10s35 475 57 x 1072 suggests that this can be an onset [30]
thin films ' temperature for low temperature
SOFC applications.
o |t is observed that grain boundary
. contribution to the total
B('(‘)‘\iz';(id(;ggl)'a x :20020) 1.3x10™* conductivity of the samples [34]
-t ' decreases with increase in
temperature.
. . ¢ The conductivity behavior is
B(IS\QZ;EX(? j;ﬁ (x 3;08 4) 26x10° observed to follow the order 61 < [41]
- ' 00.2< 00.3< 00.4.
. e Higher values of conductivity are
BE:)VOZ'; anzgl(l)_;();/)” (x 3%017) 4.4x10° obtained for doped samples than [44]
== ' undoped BisV2011.
Bi2V1:xNaxOs 5.2« 300 5 o The y- phase is stabilized with x >
(0<x<0.20) (x=0.13) 1.3x10 0.15 composition. [4°]
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As discussed above many researchers have reported the effect of dopants and their processing
conditions on conductivity and thermal stability of y- BisV2011.5. It has been reported that
number of oxygen vacancies is more in case of quenched samples than in slow cooled
samples [2]. As quenching from high temperature to room temperature prevents the re-
oxidation of vanadium and stabilizes the high temperature disordered y- BisVV2011.5 at room
temperature [22]. In most of the cases, these systems have been synthesized by solid state
reaction method. Few reports have appeared in the literature for synthesis of BisV2011.5 by
melt quench technique followed by the sintering at appropriate temperature. The objective of
the present study is to investigate the effect of melt quench technique followed by sintering
on y- phase stabilization, phase transitions and conductivity with respect to the temperature. It
is expected that the melt quench will not only increase the solid solubility limit of dopant but
also easily stabilize the y- phase at room temperature [16, 64].
Objectives

I.  To synthesize AO-Bi»03-V20s glass ceramics where A = Mg, Ca, Sr, Ba by Splat

Quenching Method.

Il.  Physical parameters of these glass ceramics will be characterized to check their
structural, thermal and topographical properties.
I1l.  Electrical and transport measurement on these materials will be done for fuel cell
applications.
To achieve the above mentioned objectives, the samples in the present study are synthesized
by melt quench technique followed by sintering. These as prepared compounds are
characterized by different techniques. The synthesis conditions and characterization
techniques used in this work are discussed in the chapter 3. Chapter 3 incorporates the details
of the materials used in synthesis of the selected composition. The chapter also explains the

synthesis procedure and the characterization techniques applied to characterize the

Literature review Page 39



Chapter 2

synthesized samples. The results of selected system and discussions related to them are
presented in chapter 4. The results obtained from characterization techniques namely X- ray
diffraction (XRD), Fourier transform infra-red spectroscopy (FTIR), differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), ac impedance spectroscopy,
UV/vis spectroscopy and Microwave Plasma Atomic Emission Spectroscopy (MP-AES) are
discussed in detail. In the end of thesis, the conclusion and future scope of the present studied
systems is given. Rietveld refinement for the quenched and sintered samples has been
performed, in order to confirm the stabilized phase and calculate the unit cell parameters.
FTIR spectroscopy of all the samples has also been carried out to observe the structural
changes with dopant. The thermal stability of the samples has been evaluated with the help of
dilatometry, differential thermal analyser and thermogravimetric analysis. The
microstructural study of the sintered samples has been done to correlate the structure with the
conduction behaviour of the prepared samples. MP-AES analysis of the selected quenched
samples has also been done to confirm to initial and final stoichiometry of the samples
synthesized. The conductivity of the samples is estimated with the help of two probe set up
using impedance analyser. The obtained results are discussed in the light of structural
ordering and disordering with the oxygen vacancy creation as the amount of doping changes.
The substitution of vanadium by various alkaline earth metals has been prescribed. The

sintering temperature effect has investigated on the selected system.
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3.1 Raw materials
The appropriate amount of chemicals Bi,Os;, MgO, CaO, SrO, BaCO; and V,0s (Loba

Chemie) were used for preparing the samples. The purity of all the chemicals was ~ 99.0%,
and these chemicals were used, without further purification.

3.2 Sample preparation

The samples were synthesized via melt quench technique followed by sintering. The powders
were taken according to the stoichiometric ratio BisMELV,xO11-5 (where x = 0.0, 0.05, 0.10,
0.15 and 0.20; ME= Mg**, Ca?*, Sr** and Ba®"). The chemicals were mixed thoroughly in an
agate mortar pestle for 1 hour (h) in acetone media to obtain a homogeneous powder. The
ground powder was allowed to melt at 1250 °C in recrystallized alumina crucible in a high
temperature electric furnace. The furnace was held at intermediate temperatures 300, 600 and
900 °C for 0.5 h at each temperature, in order to increase the inter diffusion of constituents
and avoid the loss of bismuth due to its high vapor pressure. The melt was held at 1250 °C for
0.5 h for homogeneous melting. After that, the melt was quenched in the air using two copper
plates. The quenched sample was ground to form a fine powder. The obtained powder was
pelletized into circular discs of diameter 1.5 cm by applying pressure ~ 10 kN cm™. The
pellets obtained were sintered at 800 °C for 12 h in air ambient pressure followed by furnace
cooling. Selected samples were also sintered at different temperatures 700, 750 and 800 °C to
study the effect of sintering temperature on their conductivity.

3.3 Characterization

Both quenched and sintered samples were characterized to determine the phase stability,
structural morphology, thermal stability and ac conductivity. The synthesized samples were
characterized by X- ray diffraction (XRD), Fourier transform infra-red spectroscopy (FTIR),

differential scanning calorimetry (DSC), scanning electron microscopy (SEM), ac impedance
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spectroscopy, Microwave Plasma Atomic Emission Spectroscopy (MP-AES) and UV/vis
spectroscopy. The details of these techniques are given in the following sections.

3.3.1 Density measurements

Density of the samples was measured on the basis of the fact that whenever an object is
immersed in a liquid it experiences a force called buoyant force. It is an upward force which
is equal to the weight of the liquid displaced by the immersed object. Thus, the weight of the
sample is reduced by the buoyancy force when immersed in the liquid. The weight of the
sample in air, w, and weight of sample in liquid, w, were used to calculate the density of the
sample. The weight of the sample in air and liquid was measured by a precision balance.
Xylene was used as a reference liquid in the experiment. The density of the sample was

measured using the relation:

Wa
Waq—Wp

psample - X pxylene (3-1)

where psample is the density of the sample, pxyiene IS the density of xylene i.e. 0.863 gcm™. The

Psample

relative density (in %) is given by X 100 ; psample @Nd pineoretical are experimental

Ptheoretical

and theoretical densities, respectively. The theoretical density is measured bY; pineorticar =

MZ
NgV'

where, M is molar mass of material, N, is Avogadro constant, Z is number of atoms per
unit cell and V is volume of unit cell. In the present system ‘Z’ was taken equal to 6 for
monoclinic superstructure and 1 for orthorhombic and tetragonal unit cell, respectively.

3.3.2 X-ray diffraction

Each crystalline solid has its unique characteristic X- ray diffraction pattern. X- ray
diffraction technique can be used to identify crystal structure, interatomic distances,
crystallite size, lattice parameters, lattice strain and crystal orientation of a crystalline solid.

X-ray diffractometer consists of three elements X- ray tube, sample holder and an X- ray

detector. A beam of electrons is generated in a cathode ray tube by heating a tungsten
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filament. This beam of electrons is targeted towards a metal target commonly molybdenum,
copper, cobalt and chromium. In the present study, copper target was used to obtain X-rays.
The accelerated beam ejects the core electrons from the metal target and in result the outer
shell electrons jump to the inner shell. During this process the emission of X- ray photon with
the characteristic energy of the targeted material takes place. These X- rays are directed on
the sample and the intensity of the reflected X-rays is recorded. The angle of the scattered
beam can be used determine the distance between among different planes of atoms in a
sample using Bragg’s law: which is 2d sinf = n J; where, d is lattice spacing (A), € is angle
of incidence (degree), 4 is wavelength of X-rays (A) and n is an integer [1]. X-ray powder
diffraction study was performed at room temperature using a PANalytical X’Pert PRO
system with Cu Ka radiations (1.54 A) and Ni filter. All the XRD patterens were taken on
powder samples and the step size was 0.017°/ min.

3.3.3 Rietveld refinement

In rietveld analysis, a model is fitted to the experimental data. The rietveld algorithm
optimizes the model function to minimize the weighted sum of squared differences, Sy

between the observed intensities Yqps and simulated or calculated intensities, Ycaic.
2
Sy = Z Wi [yi(obs) - yi(calc)] (32)

Here, w;is the weight and it is equal to 1/y;(ops)-
The goodness of fitting is estimated from the difference between observed and calculated
reference patterns. There are other numerical terms which can also be used to estimate the

goodness of the least square refinements. These residual values are defined as:

2

Yi =Yi

Rp — Z[ i(obs) L(calc)] (33)
Yi(obs)
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1

ZWi(yi(obs)_yi(calc))2 z
wp X Wi(yi(obs))2 ( )
Zwi(yio s)~ Vi ca.c)2 [RW ]2
2 — (obs)™ Yi(cale)) _ P 35
X n-p+c Rexp (3.5)

where, n is number of observation, P is number of parameters and c is number of constraints
in the definition of goodness of fit.

During the refinement process, all the residual parameters starts out large when the model is
poor and decreases as the model produces better agreement with the experimental data [2]. In
the present study, the structural parameters from XRD were refined by Rietveld refinement
using FULLPROF setup.

3.3.4 Fourier transform infrared spectroscopy (FTIR)

Total energy of the molecule is estimated from the sum of its rotational, vibrational and
electronic energy. Infrared spectroscopy is the study of the interactions between matter and
electromagnetic field in the IR region. In the infra-red region, the molecule is excited after
absorbing IR radiation. In general, a frequency will be absorbed if its photon energy
coincides with the vibrational energy of the molecule. Thus, the peaks appearing in the FTIR
spectra correspond to frequency of a vibration of a part of a sample molecule. For a molecule
to show infrared absorptions it must possess a specific feature, i.c. an electric dipole moment
of the molecule must change during the vibration [3]. Fourier Transform Infrared (FTIR)
absorption spectra of the samples were taken by Perkin Elmer- Spectrum-RX FTIR
spectrometer in 400 - 1600 cm™. The samples were prepared by mixing 5 mg of sample to be
analyzed with 20 mg of KBr. The spectrum of each sample was normalized to the spectrum

of the blank KBr. All the spectra were taken at room temperature with resolution ~ 0.8 cm™.
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3.3.5 Thermal analysis

Thermal analysis comprises of the techniques that involve the measure of material’s response
during heating and cooling. During thermal analysis the main aim is to establish relation
between temperature and physical properties of the material. The main characterization
techniques performed in the present study are listed below [4, 5]:

3.3.5.1 Dilatometry

Dilatometry measures the expansion or contraction behavior of the solid materials with
respect to temperature. The change in length per unit starting length is conventionally
recorded as a function of temperature. The slope of the measurement is the coefficient of

linear thermal expansion, a:

1 .ol

G (3.6)

al:: lo

Where |, is the original length and 6//0T denotes the change in length of specimen. The TEC
of a material depends on the attractive and repulsive forces between the atoms in a solid. The
energy of the system increases with increase in temperature and the atoms vibrate to greater
and shorter distances about a mean position. The repulsive forces between the atoms increase
more rapidly than attractive ones. Thus, at a particular energy (i.e. temperature) the atoms can
move farther apart more rapidly than they are pushed together. Weakly bonded atoms expand
at higher rates with temperature and show higher TECs. The thermal expansion coefficient
(TEC, «) is an important parameter for any material to be used in SOFC. The thermal
expansion mismatch can cause thermal stresses in the materials and degrade its overall
performance. The thermal expansion coefficient of the samples was determined by using
pushrod Netzsch DIL 402 PC dilatometer in the temperature range 30 - 750 °C at a heating
rate of 5 °C/min in air at atmospheric pressure. The polished rectangular bars of dimensions

1.5-2 mm were used for the measurements. The resolution limit of the instrument is 9 nm.
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3.3.5.2 Differential scanning calorimetry (DSC)/ Thermal gravimetric analysis (TGA)

In DSC analysis, the temperature difference between the sample and reference sample is
determined as a function of time. The reference sample is a material, which does not undergo
any kind of transformation in the temperature range of interest. DSC setup consists of two
separate containers for reference and sample. They are associated with individual heating
elements and temperature measuring devices. The sample and reference materials are heated
equally; as the sample temperature deviates infinitesimally from the reference sample the
temperature measuring device detects it. The heating element reduces the heat input to one
cell while adding heat to other in order to maintain a zero temperature difference called ‘null
balance’ between the sample and reference. In order to maintain the null balance the amount
of electrical energy supplied per unit time is proportional to the heat released per unit time by
the sample. TG analysis is used to determine the weight gain or loss in the sample due to gas

release or absorption as a function of temperature.

DSC/TGA analysis of the present samples was carried out with the help of NETZSH Zupiter
STA 449 F3 simultaneous thermal analyzer in commercial argon (Ar) atmosphere with 20
°C/min heating rate.

3.3.6 Scanning electron microscopy (SEM)/ Energy dispersive spectroscopy (EDS)

SEM is an important tool for microstructural and morphological analysis of a sample.
Magnification ~ 10° times can be obtained from scanning electron microscope. Thus, larger
area can be focused at one time. Scanning electron microscope produces images by using a
beam of electron beam generated by a tungsten filament or lanthanum hexaborate with the
application of voltage. From the SEM analysis one can determine the effect of processing
conditions on the microstructural features of a sample. With the help of SEM analysis and
attached EDS chemical composition and crystalline structure can also be determined. SEM is

also useful in qualitative or semi-qualitative analysis of elements present in the sample. This
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technique involves the addition of an assembly to scanning electron microscope and is known
as EDS. Scanning electron microscopy in the present case was carried out with the help of
scanning electron microscope JEOL/EO (version 1.0). The SEM study was carried out on
fractured gold-sputtered sintered pellets. The elemental analysis of prepared samples was
carried out using energy dispersive X-ray spectroscopy (EDS) analysis using attachment
OXFORD instruments INCA-X act.

3.3.7 Electrical conductivity measurement

Impedance spectroscopy is a powerful method of characterizing electrical properties of their
materials and their interfaces with electronically conducting electrodes. It can also be used to
investigate the dynamics of bound or mobile charges in the bulk or interfacial regions of any
material under study. Impedance spectroscopy basically studies the system response to the
application of periodic ac signal with small amplitude. The real and imaginary parts of
impedance with respect to frequency are measured, keeping the temperature constant. - Z"
versus Z' plots namely Nyquist plots can be used to determine the resistance and capacitance

of the samples. The temperature dependence of electrical conductivity can be analyzed by

plotting the graphs log (o T) versus 1000/T.

Figure 3.1 (a) SI-1260 Solartron analytical LCR meter and (b) NorEcs probostat with
sample holder.
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The activation energy is calculated from the slope of Arrhenius plots as follows;

oT = ogoexp(—E./ksT) (3.7
where g, is the pre-exponential factor, E, is the activation energy, kg is Boltzmann’s constant
and T is the absolute temperature [7]. The two probe ac conductivity measurements were
done on gold sputtered pellets using an ac impedance spectroscopy with model SI-1260
Solartron analytical LCR meter. The measurement is performed in air by keeping the heating
rate of 10 °C min™ with temperature stability +1 °C in the frequency and temperature range of
1 -10" Hz and 200-750 °C, respectively. The obtained results were fitted with Z-view
software to get the capacitance and resistance values at different temepartures.
3.3.8 UV/vis spectroscopy
UV/vis spectroscopy deals with the interaction of radiation with matter. Absorption of light
(i.e. energy) increases the energy of the molecules and causes a transition between the
different electronic energy levels. Since, different molecules/ atoms absorb UV/ vis radiation
at different wavelength, UV/ vis spectroscopy is used in identification of substances through
the spectrum emitted from or absorbed by the sample. The value of band gap can be
calculated from the absorption edge for the transmission spectra as well as reflectance
spectra. According to Mott and Davis in the transmission spectra the region with absorption
coefficient, « in the range 10* - 10° cm™ relation (3.8) is followed.

ahv = B(hv — Ey)’ (3.8)

where Av is the photon energy, E, is the optical band gap, and r is the index which can have
different values (2, 3, 1/2, and 3/2) depending on the transition process such as indirect
allowed, indirect forbidden, direct allowed and direct forbidden transitions, respectively. B is
a constant and is called the band tailing parameter. The values of the band gap can be
calculated by extrapolating the linear portion of the graph between (ahv)" and hv [8-11]. For

the powder sample diffuse reflectance spectra is obtained. Since powder is a continuous
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medium and can behave as an infinite medium the Kubelka — Munk relation can be applied
reflectance spectrum. For an infinite layer, the infinite thickness absorption coefficient a can

be related to sample reflectance (R) by the following relation as given in equation (3.9)
F(R) = (a/s) = (1—R)?/2R (3.9)

Where R is the reflectance and s is the scattering coefficient. The band gap value in different
samples can be calculated by the extrapolation of the straight line [F(R)hv] " = 0 from the
graph between [F(R)hv] " and hv, where, n is the index and depends on the transition process
such as indirect allowed, indirect forbidden, direct allowed and direct forbidden transitions.
The values of band gaps are calculated from the graphs by taking n = 2 i.e. for direct allowed
transitions. Another parameter which can be calculated from the UV spectra is the Urbach
energy which is the measure of disorderdness and randomness of the material. It can be
represented by the relation (3.10)

a(v) = agexp (hv/AE) (3.10)
where op is a constant and AE is the Urbach energy representing the disorderdness in the
system. The value of Urbach energy can be calculated from the inverse of the slope of the
linear portion of the graph between In o and hv. Here, the Urbach energy is calculated from
the graph between In F(R) and hv. In the present work, the UV/vis analysis of the samples is
done to estimate the amount of disorderdness generated in the system with the introduction of
dopant atoms [12, 13].

UV- Visible diffuse reflectance spectra of the powder samples were recorded by using
HITACHI U-3900 H spectrophotometer, double-beam double-monochromator system, with a
spectral range from 200 — 800 nm. In the present case reflectance spectrum is taken of the
powder sample by calibrating the instrument with and without standard sample by taking

reflectance equal to 100 and 0%, respectively.
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3.3.8 Microwave Plasma Atomic Emission Spectroscopy (MP-AES)

Microwave Plasma Atomic Emission Spectroscopy (MP-AES) was used to determine the
elemental concentration of selected quenched samples. Plasma is an electrical conducting
gaseous mixture containing a significant concentration of cations and anions. The
concentrations of both the species cations and anions are such that the net charge approaches
zero. lons in the plasma absorb power from an external source to maintain the temperature at
a level at which further ionization helps to sustain the plasma. Samples are introduced into
the plasma flow by nebulizers. The fine droplets of the sample to be analyzed are carried into
the plasma. lonization interference effects of both plasma and sample are noted. In the
present case, the analysis was carried out with an AGILENT MP-AES 4100, with a spectral
resolution of 25-40 pm. The samples for MP-AES analysis were prepared by adding 0.1 g of
sample to a solution of 10 ml nitric acid and 25 ml water. The prepared solution was heated
to reduce it upto 50% of initial solution. After that, the obtained solution was diluted by
adding 100 ml water. The MP-AES experiments were repeated three times for each elemental

analysis.
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Doped bismuth vanadate can be a good choice as solid electrolyte for intermediate
temperature solid oxide fuel cells (IT-SOFCs). It has been reported that due to the presence of
inherent oxygen vacancies, BisV,011-5 exhibits good conductivity in intermediate temperature
ranges (600 - 800 °C). The degree of disorderdness of the BisV,0115 can be increased by
proper doping of some metal cations at vanadium site. Depending on the degree of
disorderdness and temperature, it has three types of interconvertible polymorphs a,  and y.
Out of all the three polymorphs, high temperature y- polymorph is highly disordered and can
be stabilized at room temperature [1-3]. The substitution of V by divalent cations results an
increase in vacancy concentration in (V»Os)* layer by lowering the coordination number of
vanadium. Thus, highly disordered high temperature y- polymorph can be stabilized by
doping of divalent cations at V site in BisV,0115 [4-7]. Secondly, the doping of divalent
cations at V site in BisV,011-5 not only increases the total conductivity but also some times
increase the density in comparison to undoped bismuth vanadate [6] In addition to this,
various researchers reported that quenching the samples from high temperature to room
temperature enhances the possibility of stabilization of y- phase to room temperature at lower
dopant concentration. Thus, quenching of the samples can help in stabilization of y-
polymorph at lower amount of dopants. Considering the above points the BisV,.xMExO11.5
(where 0.0 < x < 0.20; ME= Mg*, Ca*", Sr** and Ba®") are synthesized by melt quench
technique followed by sintering at 800 °C for 12 h. As given in chapter 3 (Experimental
Techniques), the synthesized samples whether quenched or sintered are characterized by
various techniques. The obtained results are discussed in the light of difference in ionic radii
of host and dopants, oxygen vacancies, disordering and different crystalline phase

stabilization in the samples.

Results and discussion Page 56



Chapter 4

4.1 BigVxME,O11.5 (0.0 < x < 0.20; ME = Mg?)

Undoped and Mg* doped, Bi;V2xMEcO115 (0.0 < x < 0.20; ME = Mg”") samples are
synthesized by melt quench technique followed by sintering at 800 °C for 12 h. The
synthesized samples are characterized by following techniques. The results have been
discussed in light of change in processing conditions and doping on phase stabilization,
density and conductivity of the synthesized samples.

4.1.1 X-ray diffraction analysis

The rietveld refined XRD patterns of quenched and sintered samples obtained with the help
of FULLPROF software are shown in Figure 4.1 and 4.2 [8]. The various refined parameters
are listed in Table 4.1. The diffraction pattern of sample Bi;V,.xMgxO11-5 (X = 0.0) exhibit a
superstructure peak at ~ 24.4°. The presence of this XRD peak indicates o- phase with space
group C2/m formation in x = 0.0 sample [8]. The XRD pattern of sintered sample (x = 0.0)
could not show any appreciable change except some changes in XRD peaks broadening. In
the sintered sample, XRD peaks become broader than quenched samples. On the other hand,
the XRD peak at ~ 32° becomes singlet for x = 0.05- 0.20. It indicates that y- phase with
space group 14/mmm gets stabilized in quenched samples at room temperature [1]. The vy-
phase is stabilized at lower dopant concentration as compared to earlier reported values for
the similar systems [3]. Whereas, the sintering of quenched samples transforms y to - phase
with Amam space group in x = 0.05, 0.10 and 0.20. After sintering, the XRD peak at ~ 32°
and ~ 48° becomes doublet and singlet, respectively, in these systems [4, 8]. The
transformation of y to - phase, after sintering, in x = 0.05, 0.10 and 0.20 samples, may be
related to the oxygen vacancies and their distribution. Krok et al. [3] have reported similar
transformation, f—y—p, with dopant concentration in BisV,011.5 System. However, the
phase transitions have been reported at higher dopant concentration as compared to the

present system. Initial dopant concentration, i.e. x = 0.05 and 0.10 in BisV>.xMgxO11-5 Creates
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whatever oxygen vacancies by doping, have some ordering. After reaching a certain amount
of oxygen vacancies there might be a random distribution and leads to stabilization of y-
phase in BisV185Mg0.15011-5. Further increase in dopant concentration enhances the ordering

of oxygen vacancies and transform from y to 3- phase as observed in BisV1.8Mgo20011-5.
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Figure 4.1 XRD patterns of quenched BisV2xME,O11.5 (0.0 < x < 0.20; ME = Mg?*) (a)
x=0.0, (b) x=0.05, (c) x=0.10, (d) x = 0.15 and (e) x = 0.20.

It seems that the size difference between dopant Mg (0.72 A) and host V°* (0.54 A) play
crucial role in phase transformations like, p—y—f3, with dopant concentration. However, the
quenched samples show lower full width at half maxima (FWHM) than sintered samples of
similar composition. It is the opposite trend observed in general for quenched and sintered
samples. It might be associated with the reduction of V>* to V*". In order to maintain the

neutrality of the system, the oxygen vacancies are created, so quenched samples should have
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more disordering. On the other hand, during sintering re- oxidation of V is taken place, which

accompanied with the conversion of VO, to VOg polyhedra [9-11].
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Figure 4.2 XRD patterns of sintered Bis;V2,MExO11.5 (0.0 < x < 0.20; ME = Mg?") (a) x =
0.0, (b) x =0.05, (c) x=0.10, (d) x =0.15and (e) x = 0.20.

Obviously, sintered samples contain lower oxygen vacancies than quenched samples due to
oxidation of V** to V**. The lattice parameter ‘c’ increase with increasing doping as observed
for quenched samples. This increment in the ‘c’ parameter can be attributed to the difference
in the ionic radii of dopant cation Mg?* (0.72 A) and host cation V°* (0.54 A). Also, the
increase in value of ‘c’ parameter can be related to the increase in oxygen deficiency with the
increase in amount of doping. Actually, there are two kinds of oxygen atoms in the

(VOsmg5)* layer equatorial and apical, whenever the lower valence cation substitutes the V°*
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cation the equatorial oxygen vacancies are generated and the lone pair of Bi®" tend to push
the apical bonds due to this compression the equatorial bonds get elongated resulting into the
increase in the value of ‘¢’ lattice parameter [12, 13]. Whereas, the decrease in ‘c’ parameter
IS observed, for sintered samples confirming the y — B transition, with the increase in amount
of doping [14, 15]. As the dopant increases the increase in unit cell volume also increases in
both kinds of samples (as quenched and sintered). It can be attributed to the greater ionic radii
of Mg®* than V°*. This kind of behaviour is also reported for p- BIMEVOXes [16, 17].

The densities of all the samples calculated using Archimedes principle are listed in Table 4.5
The strain induced in the lattice can be calculated with the help of Williamson Hall analysis
[18]. Using, Williamson Hall method both crystallite size and strain induced in the lattice can
be calculated. Williamson Hall method assumes that both the particle size and strain
contribution to the line broadening are independent of each other. Therefore, the line
broadening observed due to both the parameters can be written as the sum of both the
contribution. Thus, the strain generated in the lattice can be calculated using the Williamson

Hall equation as follows:

p cos = %’1 + 4¢ sinf 4.2)
where, B is FWHM, K is the shape parameter (0.9), A is incident wavelength of X-rays and €
is the strain induced in the crystal lattice. The plot Bcos® versus 4sinf was drawn and the

value of strain generated in the lattice was calculated from the slope obtained from the linear

fit of data [19, 20].
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Table 4.1 Rietveld refined parameters for quenched and sintered BisVo.xMExO11.5 (0.0 < x < 0.20; ME = Mg*").

Goodness parameters Goodness parameters

Quenched samples Sintered samples

of fitting of fitting
Composition ad) bA) c@) V(()str)ne Reco ¥ a(d) bA) c(A) V(()'Igl\Jgr)ne Reeo 1
BisV20115 5587 15.350 16.506 1423445 694 267 5509 15338 16599 1425664  8.46 2.18
BiaV1ssMGoosO1s 3929 3929 15372 237.310  9.04 203 11077 5593 15362 951711  3.64 2.82
BiaVisoMGo100s 3921 3021 15362 236241 9.82 138 11078 5594 15362 952.074  3.67 2.43
BiaViesMo1s0s 3978 3929 15408 237.755  9.41 127 3929 3929 15405 237.797 361 3.47
BiaVieoMGo20O1s 3979 3929 15421 238.089 9.01 116  11.085 5589 15382 953.056 3.60 2.46
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Figure 4.3 Williamson Hall plot for quenched Bi;V1.8Mg0.20011-5.

The representative Williamson Hall plot for quenched BisV1.80Mgo.20011-5 is shown in Figure
4.3. The values of strain are observed to be positive depicting the tensile strain generated in
the present system. The tensile strain observed in the samples can be attributed to the greater
ionic radii of dopant atom than that of host atom [21].

4.1.2 Analysis of FTIR spectra

The FTIR spectra of composition BisV,.xMgxO11.5 (Where x = 0.0 - 0.20) for quenched and
sintered samples are shown in Figure 4.4 and 4.5. The different bands obtained in the spectra
can be assigned to the vibrations of different bonds. The assignments of different bands are
presented in Table 4.2. The FTIR spectra of bismuth vanadate exhibits absorption bands,
namely at ~ 468 cm™, ~ 519 cm™, ~ 624 cm™, ~ 732 cm™, ~ 767 cm™ and ~ 801 cm™. Bands
appearing in the spectra at ~ 468 cm™ and ~ 519 cm™ can be due to the symmetric bending
vibration of Bi-O bonds in BiO3z pyramidal units. Whereas, the band due to the vibration of
symmetric modes of V- O-V bonds can be assigned to the band at ~ 732 cm™. The vibrations
due to V- O-V chains could have generated the absorption band at ~ 801 cm™ [22- 25]. With
the change in amount of doping and sintering the structural changes in the system are taking
place as observed in FTIR spectra in Figure 4.4 and 4.5. As the amount of doping increases

the shift in bands towards higher wavenumber side is observed. The shifting of bands towards

Results and discussion Page 62



Chapter 4

higher side can be due to the difference between the mass and size of the host and dopant [25-
27]. With the increase in amount of doping the broadening in bands at ~ 727 and ~ 810 cm™
is observed. The broadening of bands can be explained on the basis of addition of number of
vibrational bands arising due to the variation in the bond lengths and angles. With the
increase in amount of doping in quenched as well as sintered samples the bands at ~ 615 and

~ 912 cm™ start disappearing. It indicates the incorporation of Mg?* in VO, polyhedrons [28].
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Figure 4.4 FTIR spectra for quenched BisVoxME,O11.5 (0.0 < x < 0.20; ME = Mg?) (a)
x=0.0, (b) x=0.05, (c) x=0.10, (d) x=0.15 and (e) x=0.20.
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Figure 4.5 FTIR spectra for sintered Bi;V2xMExO115 (0.0 < x < 0.20; ME = Mg”") (a)
x=0.0, (b) x=0.05, (c) x=0.10, (d) x=0.15 and (e) x=0.20.
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Figure 4.6 FTIR spectra for BisVo,MExO115 (x=0.05 and 0.10; ME = Mg®) (a)
guenched x=0.05, (b) quenched x=0.10, (c) sintered x=0.05 and (d) sintered
x=0.10.

The shifting of bands towards lower wavenumber with sintering might be associated with the
oxygen vacancies [29]. This shifting is particularly prominent in BiO3 band at ~ 519 cm™ as
shown in Figure 4.6. In addition to this, the sintered samples also exhibit sharper band at ~
912 cm™ as compared to quenched samples. It is manifested that \V preferably occupy the
tetrahedral sites in sintered samples.

Table 4.2 Assignment of different band positions in FTIR spectra of quenched and
sintered Bi;sVoxME,O11.5 (0.0 < x < 0.20; ME = Mg®")

Wavenumber (cm™) Assignment
~ 460 Bending modes of V- O-V bonds
~519 Symmetric bending vibrations of Bi-O bonds from BiOg groups
~ 616 Symmetric bending vibration of Bi-O bonds in BiO3 polymorphs
~ 732 Symmetric modes of V- O-V bonds
~801 Vibrations due to chains of V- O-V bonds
~912 Vibrations of VO, polyhedra
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4.1.3 Microstructural analysis

SEM micrographs of all the sintered samples show the intermingled grains with non-
uniform size (Figure 4.7). The range and average grain size is indicated in Figure 4.8. Higher
deviation of grain size from its mean value indicates that the grain size for all the samples is
spread out over a large number of values [30]. The non- uniformity in the grain size can be
related to the grain growth kinetics during sintering due to boundary to boundary movement.
Since, the grain boundary energy depends on the grain boundary orientation and mobility [31,

32]. The smaller grain size is observed in sintered samples than quenched samples.

Figure 4.7 Scanning electron micrographs for BisV,xMgxO11.5 (0.0 < x < 0.20) BisV2xMgxO11.5
(x = 0.0, 0.05, 0.10 and 0.15 and 0.20) (a) sintered x=0.0, (b) sintered x=0.05, (c)
sintered x=0.10, (d) sintered x=0.15, (e) sintered x=0.20 and (f) quenched x = 0.15.
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The sintered x = 0.15; Mg** doped sample shows the smallest grain size than other samples.
The smaller grain size might inhibit the transformation of highly disordered y- phase to
ordered B- phase Bi;V;0115 [5]. EDS analysis was also performed to know the semi
quantitate atomic and wt. % of the elements of the sintered samples. The EDS analysis of
different points on the sample surface shows nearly the same elemental distribution as have

taken initially (Table 4.3).

Table 4.3 Comparison of initial and obtained stoichiometry of sintered BisV,011.5 from

EDS analysis.
: : Weight% (EDS data)
{0)
Element Weight% (ideal case) (= 29%)
OK 15.79 17.24
VK 9.14 7.26
Bi M 75.07 75.50
Composition Bi4V2011.5 Bi4V1_480X
7

Range (um)

0.05 0.10 0.15 0.20
Dopant concentration (Mg)

Figure 4.8 Grain size for sintered Bi;V2xME,O11.5 (0.05 < x < 0.20; ME = Mg”").
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4.1.4 Dilatometry

Dilatometric analysis of the samples was carried out to check their linear expansion as well
the phase transitions with respect to temperature. TECs calculated from the curves AL/L, Vs.
temperature are shown in Figure 4.9 and 4.10 for quenched and sintered samples (x = 0.0 to
0.20) samples. The values of TECs in the temperature range of 200-700 °C are listed in Table
4.4. The higher values of TEC are observed for sintered samples as compared to quenched

samples.

1
200 300 400 500 600 700 800
Temperature (°C)

Figure 4.9 Dilatometric curves for quenched BisV,.xMExO11-5 (0.0 < x < 0.20; ME =
Mg?") (a) x=0.0, (b) x=0.05, (c) x=0.10, (d) x=0.15 and (e) x=0.20.
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Figure 4.10 Dilatometric curves for sintered BisV,.xMExO11.5 (0.0 < x < 0.20; ME =
Mg?") (a) x=0.0, (b) x=0.05, (c) x=0.10, (d) x=0.15 and (&) x=0.20.
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Usually, disordered samples show higher TEC than ordered samples (sintered samples).
Since, random distribution of cations and anions leads to the asymmetric potential energy
well of the disordered system. This anomaly might be related to the higher porosity with
smaller grain size which leads to asymmetric potential energy well. Moreover, it is well
reported in the literature that B- phase has higher TEC than y- phase [33]. A typical
representation of phase transition presented in Figure 4.11 for sample x = 0.10. The peak ~
530 °C obtained in differential thermal expansion curve of x = 0.10 sample. It is related to B

to y- phase transition [34, 35].
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Figure 4.11 Dilatometric analysis for sintered BisV1.90Mg0.10011-s.
The transition temperatures of all the samples were found to shift towards lower side with
dopant concentration. The shifting of transition temperatures to lower side could be ascribed
to the generation of asymmetry in the stoichiometry of BisV,011.5 with doping. As doping
leads to the stabilization of y- phase for a wider range of temperature. Thus, as a consequence
the decrease in transition temperatures is observed [36]. Conclusively, the sintered samples
have higher thermal expansion than quenched samples due to lower grain size than quenched

samples (Figure 4.7).
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Table 4.4 Thermal expansion coefficients for quenched and sintered BisV,xMExO115
(0.0 <x <0.20; ME = Mg*").

Combosition As quenched samples Sintered samples
P TEC (/'C) TEC (IC)
BisV2O115 8.8 x10° 8.9 x 10°
Bi4V1,g5Mgo_o5011.5 8.7 x 10-6 9.5 x 10-6
BisV190Mgo10011-5 8.2 x10° 9.7 x 10°®
BisV185MQo15011-5 8.6 x 10° 9.5 x10°
BisV18Mgo20011-5 8.4 x 10° 9.5 x 10°®

4.1.5 Thermal analysis

Differential scanning calorimetry (DSC) and thermogravimetric (TG) analysis were carried
out to study the various phase transitions and thermal stability of sintered samples. A typical
DSC curve of the sintered sample with composition x = 0.0 exhibits two endothermic peaks
corresponding to phase transformations oo — B (~ 426 °C) and B — v (~ 520 °C). On the other
hand, the DSC curves (Figure 4.12 (a)) of the x = 0.05 and 0.15 sintered samples exhibit

peaks, indicating the B — v (~ 501 °C) and y' <> y (~ 460 °C) transitions respectively.

« Heat flow (endo)

. b
””” Bi,V,.95M3005011.5 (a) (b)
—_— BI4V1.85M90.15011-5 1000 -------ooooomee

<
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D) 995 .
g — Bi,V,45Md; 150445
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Figure 4.12 Thermal analysis for sintered BisV1.95sMQ0.05011-5 and BisV1.85MQ0.15011-5 ()
DSC analysis and (b) TG analysis.
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In general y' < vy transformation takes place between 450 -500 °C [37]. The TG curve of the
sintered x = 0.0 sample shows negligible weight loss. Similarly, doped sintered samples
(Figure 4.12 (b)) show slight weight loss. This weight loss can be associated with reduction
of vanadium during TGA measurement [38].

4.1.6 Electrical conductivity

The conductivity of the samples was measured by impedance analyser. The total resistance of
the sample was estimated with the help of Nyquist plots, i.e. the graphs between real and
imaginary parts of impedance [39]. Various kinds of Nyquist plots were fitted to various
equivalent circuits as shown in Figure 4.13. For the lower values of temperature only one
semicircle is obtained for all the samples. Therefore, the grain and grain boundary effect

could not be distinguished.
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Figure 4.13 Nyquist plots and corresponding equivalent circuits for sintered
Bi4V1.95Mg0.05011-5 Samples at different temperatures.
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The value of resistance is obtained from the fitting of semicircle with R(CPE) circuit, having
both the elements in parallel, where R stands for bulk resistance and CPE stands for constant
phase element. At higher temperature, a straight line along with one semicircle is observed in
Nyquist plot. The Warburg element in the circuit is introduced in series with the above
defined R(CPE) circuit as shown in Figure 4.13 (b). The total resistance is the sum of grain
and grain boundary resistance. At higher temperature (above ~600 °C), two semicircles
merge to give a single arc; this kind of curve is fitted to the circuit as shown in Figure 4.13
(c). In this circuit Ry, resistance stands for grain and grain boundary resistance, Warburg
element W and CPE; - for electrode processes [40]. The calculated conductivity at different
temperature along with activation energies; E, are listed in Table 4.5. Conductivity increases
with increase in the amount of dopant due to the higher number of oxygen vacancies.
However, at higher temperatures for x > 0.10 samples, the conductivity decreases. This
phenomenon is associated with defect association and clustering with the increase in amount
of doping. Also, the ordering in oxygen vacancies could have taken place with the increase in
the number of oxygen vacancies with the doping amount [41]. The variation of conductivity
with temperature was estimated from In (cT) vs. 1000/T graphs [42, 43]. The increase in
value of conductivity with increase in temperature can be related to the oxide ion movement.
Actually, with the increase in temperature the thermal vibration energy of the oxide ion
increases. This increases the movement of oxide ion movement and hence the conductivity of
the samples [41]. Interestingly, the magnesium doped samples clearly show the three regions
as marked in Figure 4.14. The Arrhenius plots can be divided into three regions, i.e. region |
(lower temperature), region Il (intermediate temperature) and region Il (higher temperature).
The higher conductivity values of magnesium doped samples can also be correlated with the
ionic potential of the system [44]. lonic potential is the ratio of ionic charge and size of the

dopant cations.
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Figure 4.14 Arrhenius plots for sintered BisVoxMEO11.5 (0.0 < x < 0.20; ME = Mg*").

More is the ionic potential of the atom more will be its polarizability and hence conductivity.
Magnesium samples possess value of ionic potential (2.78). In the present case, the lowering
of value of conductivity with increase in amount of substitution can be suggested to be due to
ionic potential of Mg?*. As the amount of substitution Mg?" increases, it could have created
hindrance for the movement of oxide ions. Similarly, it has been reported by Sharma et al.
[45] that ionic conductivity of Li* among various substituted cations such as Zn?*, AI**, Ti**
and Ge** in BisV,011.5 is lowest due to low ionic potential i.e. 1.32.

Table 4.5 Density, ionic conductivity and activation energy for sintered BisV,xMExO11.5
(0.0 < x <0.20; ME = Mg”").

G700°C
Density Ea (eV) Ea (eV) Ea (eV)
Composition (Scm™)
(gcm™ (200-300 °C) (300-480°C) (570-750°C)
(x107)

BisV2011.5 7.42 5.84 0.75 0.77 1.14
BisV1.95M00.0s011-5 7.24 2.93 0.98 0.92 0.82
BisV1.90M00.10011-5 7.21 13.7 1.04 0.97 0.82
BisV185M00.15011-5 7.03 7.86 1.17 0.82 0.74
Bi4V1.80Mgo_20011_5 7.51 4.00 0.80 1.18 1.05
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4.1.7 UV/ Vis analysis

The optical band gaps of materials give idea about their nature like narrow optical band gap
semiconductor, wide optical band gap semiconductor or insulator. In addition to this, the
Urbach energy, can also give idea about the variation in defects. The values of optical band
gap of quenched and sintered samples are calculated from the absorption edge for the
transmission spectra (Figures 4.15 and 4.16). The value of optical band gap of BisV20115 IS
~2 eV [48]. Whereas for doped BisV20115 is ~ 2.13, 1.94 and 1.99 eV for Ga>*, As®* and

Mn®*, respectively [30, 48].
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Figure 4.15 Graphical representation of the E4 values for quenched BisV,.xME;O11.5 (0.0
<x<0.20; ME = Mg®").
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Figure 4.16 Graphical representation of the Egy values for sintered BisV,xMExO11.5 (0.0
<x<0.20; ME = Mg®).
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The optical band gap values of the present samples are in good agreement with the earlier
reported values [47, 48]. The difference in the values of optical band gap arises due to the
change in the structure of the system as a result of change in the amount of dopant [29, 30].
Lower optical band gaps are observed in the sintered samples than quenched samples which
may be attributed to lower grain size and higher porosity in sintered samples (Table 4.6). The
Urbach energy of the sintered samples is found to be on the lower side as compared to the
quenched samples. However, the sintered samples show higher disorder than quenched
samples. During sintering, the V** oxidized to V°* and reduced the overall oxygen vacancies
in the sintered system. It might be related to two different competitive mechanisms taking
place in the sintered samples firstly, decrease in oxygen vacancies due to oxidation of V** to
V°* and secondly, the lower grain size with higher volume of grain boundaries lead to
increase surface defects.

Table 4.6 Values of optical band gap and Urbach energy for quenched and sintered
BisV2xMEO11.5 (0.0 < x < 0.20; ME = Mg®").

- Quenched samples Sintered samples
Composition
Eq(eV) AE(eV) Eg(eV) AE (eV)
BisV2011.5 2.45 0.41 2.27 0.56
BisV1.95Mgo.05011-5 2.45 0.49 2.45 0.23
BisV1.90Mg0.10011-5 2.48 0.49 2.44 0.23
BisV185Mgo.15011-5 2.34 0.59 2.30 0.26
BisV1.80Mgo.20011-5 2.48 0.61 2.43 0.20
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4.2 BisVoxME,O11.5 (0.0 < x < 0.20; ME = Ca”")

Ca®* doped samples are synthesized to investigate the effect of melt quench followed by
sintering technique on y- phase stabilization, phase transitions and total conductivity. It is
expected that the melt quench technique will not only increase the solid solubility limit of
dopant but also easily stabilize the y- phase at room temperature.

4.2.1 X-ray diffraction analysis

The XRD patterns of BisV2xMExO115 (0.0 < x < 0.20; ME = Ca®") for all quenched samples
indicate y- phase stabilization except x = 0.0 sample. The Rietveld refined XRD patterns for

quenched samples are shown in Figure 4.17.
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Figure 4.17 XRD patterns of quenched Bi;V,.xMExO11.; (0.0 < x < 0.20; ME = Ca?") (a) x
=0.0, (b) x =0.05, (c) x=0.10, (d) x =0.15 and (e) x = 0.20.
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The XRD data of all the samples was refined with 14/mmm space group of y- phase [1]. The
refinement parameters Rex, and y are also listed in Table 4.7. Ca’* doped BisV,011.5 shows
B—v phase transformation for x > 0.10 samples in case of sintered samples (Figure 4.18).
The stabilization of y- phase is observed to take place at lower dopant concentration than
earlier reported dopant concentration for the similar composition [49]. The increase in ‘c’
parameter is observed with the increase in amount of doping. This increase in ‘c’ parameter
could be due to the greater ionic radii of the dopant atom than host atom [50, 51]. The
increase in ‘c’ parameter with increase in amount of dopant is also observed with the doping
of Ca*, Ti*", Cr**, and Fe* in BisV,0115 [49, 51, 52]. XRD peaks, in case of Ca’* doped
samples, shift towards lower 20 values as compared to Mg?* doped samples which can be

suggested due to the greater ionic radii of Ca®* (1.0 A) than Mg?* (0.72 A) [21].
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Figure 4.18 XRD patterns of sintered Bi;VoxME,O11.5 (0.0 < x < 0.20; ME = Ca*") (a) x
= 0.0, (b) x = 0.05 (c) x = 0.10, (d) x = 0.15 and (e) x = 0.20.
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Table 4.7 Rietveld refined parameters for quenched and sintered BisVo.xME,O11.5 (0.0 < x < 0.20; ME = Ca®").

Goodness parameters Goodness parameters

Quenched Samples Sintered samples

of fitting of fitting
Composition a(d) bA) c(A) Vc(’g\igr)ne Rexp e a(d bR cd) Vc(;kér)ne Rexp 1
BiaV:Ous 5567 15350 16506 1423445  6.94 267 5599 15338 16599 1425664  8.46 218
BlaV19sCa00s0115 3933 3933 15385 238.092 7.67 303 11079 55946 15361 952,142 6.5 3.24
BiaV190C20100115 3935 3936 15408 238.659 7.78 159  11.094 5578 15366 950.846 6.43 3.57
BlaVigsC015011s 3937 3937 15405 238215 8.20 114 3928 3928 15258 236.919 6.63 340
BiaVisoC2001s 3933 3933 15412 238.435 7.61 1.33  3.927 3.927 15370 237.087 6.59 3.66
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The XRD peaks become broader with dopant concentration. As discussed in section 4.1.1.
position change along with the broadness of X-ray diffraction peaks can be used to estimate
the lattice strain generated in the system with the incorporation of dopant atoms. Thus, the
strain induced in the lattice can be calculated with the help of Williamson Hall analysis [18].
Using, Williamson Hall method both crystallite size and strain induced in the lattice can also
be calculated using equation 4.1. The strain for all the samples was calculated from the linear
fit of BcosO vs. 4sinf curves [19, 20]. The values of strain were observed to be positive
depicting the tensile strain generated in the systems. The tensile strain observed in the
samples can be suggested, due to the greater ionic radii of dopant atom than that of host atom
in the present systems [21].

4.2.2 Analysis of FTIR spectra

FTIR spectra for quenched and sintered BisV2,MExO115 (0.0 < x < 0.20; ME = Ca®")
samples were obtained. All the bands obtained are similar to that of bands in Mg?* doped
system. The different bands obtained in the spectra can be assigned to the vibrations of
different bonds. The FTIR spectra of bismuth vanadate system exhibits absorption bands,
namely at ~ 468 cm™, ~ 519 cm™, ~ 624 cm™, ~ 732 cm™, ~ 767 cm™ and ~ 801 cm™. Out of
which, bands appearing in the spectra at ~ 468 cm™ and ~ 519 cm™ are attributed to the
symmetric bending vibration of Bi-O bonds in BiO3 pyramidal units. Whereas, the band due
to the vibration of symmetric modes of V- O-V bonds can be due to the band at ~ 732 cm™.
The vibrations due to V- O-V chains could have generated the absorption band at ~ 801 cm™
[22- 25]. With the increase in amount of dopant and sintering the structural changes in the
system taking place in the system are visible in FTIR spectra. With the increase in amount of
dopant the bands shift towards higher wavenumber side. This shifting of bands towards
higher side can be attributed to the difference between the mass and size of the host and

dopant [25-27]. As the amount of dopant increases the broadening in bands is observed. The
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broadening of bands can be explained on the basis of addition of number of vibrational bands
arising due to the variation in the bond lengths and angles. For both quenched as well as
sintered samples, the bands at ~ 615 and ~ 912 cm™ start disappearing as the doping amount
is increased. It is a clear indication of the incorporation of Ca®* in VO, polyhedrons [28].
4.2.3 Microstructural analysis

SEM micrographs of all the sintered samples indicate that grains are well grown and non-
uniform in size (Figure 4.19). The range and average grain size for BisV2-xMExO11-5 (0.0 < x
< 0.20; ME = Ca”") sintered samples is shown in Figure 4.20. Higher deviation of grain size
from its mean value indicates that the grain size for all the samples is spread out over a large
number of values [30]. The non- uniformity in the grain size can be attributed to the grain
growth kinetics during sintering due to boundary to boundary movement. Since, the grain
boundary energy depends on the grain boundary orientation and mobility [31, 32]. Decrease
in grain size is observed with the increase in amount of Ca®" dopant. Thus, it can be
suggested that Ca?* is acting as grain growth inhibitor [53]. In addition to this, higher
concentration of dopant particularly Ca®* leads to increase the liquid phase sintering as can be
observed in Figure 4.19. In comparison to Mg?* doped system, the liquid phase sintering is
lesser in Ca®* doped systems. Since, grain boundaries are more distinguishable in Ca** doped
system than Mg®* doped systems. Ca>* doped samples have larger grain size than that of
Mg** doped samples. This larger grain size of Ca®* doped samples can be related to the lower
melting point of calcium doped BisV;0115. The increased grain size trend can also be
correlated with the higher values of full width at half maxima (FWHM) values for Mg**
doped samples than Ca?* doped samples [26]. The Energy dispersive spectroscopy (EDS)
analysis was also performed to know the semi quantitative atomic and wt. % of the elements
of the sintered samples. The EDS analysis of different points on the sample surface represents

shows that elemental distribution is nearly same as had taken initially.

Results and discussion Page 79



Chapter 4

N\

1 K “"-, \\j"_' o
%2000 10 pm g™

Figure 4.19 Scanning electron micrographs for sintered BisV,xMExO11.5 (0.05 < x < 0.20; ME
= Ca”™") (a) x=0.05, (b) x=0.10, (c) x=0.15 and (d) x=0.20.
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Figure 4.20 Grain size for sintered BisV2xME,O11.5 (0.05 < x < 0.20; ME = Ca®").
4.2.4 Dilatometry
Dilatometric analysis of BisV24xMExO115 (0.0 < x < 0.20; ME = Ca**) quenched samples was
carried out to check their linear expansion with respect to temperature. TECs calculated from

the AL/L, vs. temperature curves for quenched BisVoxMExO115 (0.0 < x < 0.20; ME = Ca?")
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samples. The values of TECs in the temperature range 200-700 °C are listed in Table 4.8. The
maximum value of TEC is observed for x= 0.15 sample. It can be related to the fact that,
disordered samples show higher TEC than ordered samples. x = 0.15 sample shows y- phase
stabilization before and after sintering. Actually, random distribution of cations and anions
leads to the non- uniform potential energy well of the system. In addition to this, no particular
trend is followed in TEC values with the increase in amount of dopant. Higher values of
TEC, are observed for Ca?* doped samples as compared to Mg®* doped samples. Thus, it can
be suggested that Ca?* doped samples have higher asymmetric potential well than Mg*
doped samples.

Table 4.8 Thermal expansion coefficients for quenched BisV,xMExO11.5 (0.0 < x < 0.20;

ME = Ca®").
As quenched samples

Composition
TEC (I°C)
Bi,V,011-8 8.8 x 10°
BisV1.05Ca0,05011-5 10.4 x 10°°
BisV190Ca0.10011-5 9.9 x 10°
BisV185Ca0.15011-5 10.6 x 10°°
BisV1.80C0.20011-5 10.2 x 10°

4.2.5 Thermal analysis

For Ca doped BisV2xMExO11-5 (0.0 < x < 0.20); sintered samples in order to study the various
phase transitions and thermal stability, differential scanning calorimetry (DSC) and
thermogravimetric (TG) analysis were carried out. DSC curve for BisV1.95Cag05011-5 (Figure

4.25 (a)) sample indicates the transition f — y at 560 °C. The slight increase in transition
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temperature can be related to the generation of asymmetry in the stoichiometry of BisV20115
with doping. Whereas, BisV1.5Ca0.15011-5, Sample does not show any transition (Figure 4.21
(@)). Thus, it can be concluded that calcium doping inhibits the y — ' transition. This
observation can be attributed to the processing parameter and ordering of oxygen vacancies
in the system. Recently, Piva et al. [37] reported the inhibition of y — ¥’ transition in vy-
Bi2V09Cup 10535 composite with 13 and 26 wt. % yttria-stabilized zirconia. From TGA
analysis the weight loss as can be observed from Figure 4.21 (b) is observed for both the

samples but in case of BisV1.95Cag 05011-5 Sample the weight loss is in two steps.

(a) T ()
Bi,V,45Ca050,15 101 | — Bi,V,4Ca, ;0,5
---- Bi,V, 4:Ca,,.0 i
aV185- 015115 ---- Bi,V, 3sCa, 150,45
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Figure 4.21 Thermal analysis for sintered Bi;V195Cap05011-5 and BisV1.g5Cap15011-5 ()
DSC analysis and (b) TG analysis.

First weight loss is upto ~ 270 °C can be attributed to the loss of moisture. Above this
temperature, the sample shows constant weight loss with a broad step at ~550 °C may be the
related to the B — vy transition as observed in DSC curves of these systems. The discrepancy
in the transition temperatures obtained from DSC and TG analysis is attributable to the
sluggish nature of the transition. However in BisV1g5Cap 150115 constant weight loss due to

reduction of vanadium is observed [38].
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4.2.6 Electrical conductivity

The conductivity of the samples was measured with the help of impedance analyser. The total
resistance of the sample was calculated from the graphs between real and imaginary parts of
impedance i.e. Nyquist plots [39]. It has already been discussed earlier in section 4.1.6 that
different kinds of Nyquist plots were fitted to different circuits to obtain the value of

resistance.
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Figure 4.22 Arrhenius plots for sintered BisV2«MEO11.5 (0.0 < x < 0.20; ME = Ca®").

The values of conductivity at particular temperature along with activation energies; E, are
listed in Table 4.9. With increase in the amount of dopant, conductivity of samples increases.
This observation can be related to the higher number of oxygen vacancies. However, for x >
0.10 sample the conductivity is observed to get decrease at higher temperature. This
phenomenon might be associated with defect association and clustering taking place in the
system with the increase in amount of doping. Also, the ordering in oxygen vacancies could
have taken place with the increase in the number of oxygen vacancies with the doping
amount [41]. The variation of conductivity with temperature was estimated from In (cT) vs.
1000/T graphs (Figure 4.22) [42, 43]. The increase in value of conductivity with increase in
temperature is related to the oxide ion movement. The thermal vibration energy of the oxide

ion increases with the increase in temperature. This increases the movement of oxide ion and
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hence the conductivity of the samples [41]. For Ca?* doped samples with x = 0.15 and 0.20, y
<> v’ transition is not observed in conductivity. This observation is in accordance with the
observation of differential scanning calorimetry (DSC) (Figure 4.21 (a)). Thus, it can be said
that calcium doping has inhibited the y « vy’ transition which is commonly reported in these
systems. The suppression of highly disordered y- phase to partially ordered y' - phase. It
might be related to the liquid phase sintering that prevents oxygen ordering or clustering as
compared to other samples. It has also been reported that, y <> y' transition can be suppressed
if the grain size of the samples is small enough [46, 54]. Magnesium doped samples possess
higher values of conductivity than calcium doped samples at higher temperatures.

Table 4.9 Density, ionic conductivity and activation energy for sintered BisV,xMExO11.5
(0.0 <x <0.20; ME = Ca*").

06500°C
Ea (eV) Ea (eV)
Composition Density (gcm™)  (Scm™)
(200-560°C) (560 - 750 °C)
(x107)

BisV20115 7.42 0.10 0.83 1.13
Bi4V1.95C8.0.05011_5 7.36 0.12 0.82 0.75
Bi4V1.90C8.0.10011_5 7.34 0.16 0.87 0.93
Bi4V1.85C8.0.15011_5 7.28 2.55 0.83 0.83
Bi4V1.80C8.0.20011_5 7.38 2.36 0.92 0.92

These higher conductivity values of magnesium doped samples can also be correlated with
the ionic potential of the system. Magnesium samples possess higher value of ionic potential
(2.78) than calcium doped (2.0) samples. Thus, higher values of conductivity in magnesium

doped samples can also be attributed to higher ionic potential of magnesium doped samples.
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4.2.7 UV/ Vis analysis

The reflectance spectra of quenched and sintered samples are shown in Figures 4.23 and 4.24.
The reflectance of the samples is increasing with the increase in amount of dopant. The
values of optical band gap of quenched and sintered samples are calculated from the
absorption edge for the transmission spectra. The optical band gap values of all the quenched
and sintered samples, along with Urbach energy are listed in Table 4.10. Urbach energy is the
measure of disorderdness of the system, more is the Urbach energy more is the disorderdness
of the material. From the UV/ vis analysis of the BisV,xMExO115 (0.0 < x < 0.20; ME =
Ca®") quenched and sintered samples, it is observed that sintered samples represent lower
optical band gap values than quenched samples. This observation can be attributed to lower
grain size and higher porosity in sintered samples.

Table 4.10 Values of optical band gap and Urbach energy for quenched and sintered
BisVoxMExO11.5 (0.0 < x < 0.20; ME = Ca®").

o Quenched samples Sintered samples
Composition
Eq(€V) AE(eV) Ey(eV) AE (eV)
BisV2011-5 2.45 0.41 2.27 0.56
Bi4V1,95Ca0,05011_5 2.42 0.16 2.14 0.18
Bi4V1,goCa0,10011_5 2.44 0.15 2.00 0.20
BisV185Ca015011-5 2.44 0.17 2.08 0.18
Bi4V1,30Ca0,20011_5 2.36 0.22 2.19 0.17

The values of Urbach energy as well as optical band gap do not follow any trend. However,
the maximum value of Urbach energy among sintered doped samples ~ 0.20 eV along with
minimum optical band gap ~ 2.00 eV is obtained for BisV1.90Cap.10011-5. The results of UV/
vis spectroscopy are also supported by the impedance spectroscopy results. Since, the

maximum value of total conductivity is observed for BisV1.90Cao10011-, Sintered sample. As
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there is an inverse trend of the optical band gap with conductivity i.e. the value of

conductivity increases with decrease in optical band gap [30].

100

% Reflectance

400 Wavelength (nm) 800
Figure 4.23 Reflectance spectra of quenched BisV2xMExO115 (0.0 < x < 0.20; ME =

ca®h).
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Figure 4.24 Reflectance spectra of sintered BisVo.xMEO11.5 (0.0 < x < 0.20; ME = Ca®").
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4.3 BisVoxMEO115 (0.0 < x < 0.20; ME = Sr*")

BisV2.xSrkO11-5 (0.0 < x <0.20) composition is synthesized by melt quench route followed by
sintering. The obtained samples are characterized by various techniques. The results are
discussed in light of the variation of dopants, crystalline phase, structure and number of
oxygen vacancies with the increase in amount of dopant.

4.3.1. X-ray diffraction analysis

The analysis of diffraction pattern of sample BisV2xSrO11 (X = 0.0) represents a
superstructure peak at ~ 24.4°. The presence of this XRD peak signifies a- phase. The
confirmation of phase was done with the help of rietveld refinement using FULPROF
software with space group C2/m [8]. The phase stabilized in x = 0.0 sample remained intact
even after sintering and could not show any appreciable change except some peaks
broadening. The XRD patterns of quenched BisV,.xSrkO115 (0.05 < x < 0.20) samples
indicate the y- phase stabilization at room temperature. The obtained XRD results clearly
show the effect of processing parameters on y- phase stabilization. Since, the superlattice
peaks at ~ 24° are absent. The XRD peak at ~ 32° as shown in Figure 4.25 and 4.26 is singlet
in all the samples. In the present case the solid solubility limit of Sr?* is wider than the earlier
report on similar system [55]. The obtained XRD patterns were fitted with space group
I4/mmm having tetragonal structure. All the patterns were well fitted with Rexp < 10%. After
sintering, it is observed that, the y- phase gets converted to - phase in X = 0.05 sample. It has
orthorhombic structure and refined with space group Amam [1, 2, 45, 51, 55-57]. Whereas,
0.10 < x <0.20 sintered samples could not show any transformation y- phase to a or  phase.
After sintering, the XRD peaks become sharper as compared to the quenched samples. As the
doping concentration increases, the lattice parameters a, b and c also increase. The Rietveld
refined lattice parameters are listed in Table 4.11. It is associated with the Sr** substitution

for V**. Since, the ionic radius of Sr** (1.18 A) is larger than V°* (0.54 A). Actually,
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aliovalent doping gives rise to two kinds of effects; firstly it increases the
tetrahedral/octahedral ratio by reducing the V** to V** which results into the reduction of unit
cell volume [58, 59]. Secondly, the substitution of host cation with larger ionic radii than
guest cation increases the unit cell volume. In the present study, the size difference between
host V°* (0.54 A) and guest Sr** (1.32 A) is more effective than reduction of V°*" to V**

because the unit cell volume increases with substitution concentration.
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Figure 4.25 XRD patterns of quenched BisV2xMExO11.5 (0.0 < x < 0.20; ME = Sr**) (a) x
=0.0, (b) x=0.05, (c) x=0.10, (d) x = 0.15 and (e) x = 0.20.
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Table 4.11 Rietveld refined parameters for quenched and sintered BisV>xME,O11.5 (0.0 < x < 0.20; ME = Sr*").

Goodness parameters
Goodness parameters

Quenched samples of fitting Sintered samples of fitting
Composition Volume Volume
P a®) bA) cA) 7z Rep 0 ald) bA) oA gy Rep
. 5.587 15.350 16.596 1423.445 6.94 2.67 5.599 15.338 16.599 1425.664 8.46 2.18
BisV2011.5
BisV195Sr005011-5 3.931 3.931 15.384 237.719 7.23 2.33 11.060 5.589 15.342 948.392 7.44 1.44
BisV190Sro10011-5 3.933 3.933 15.402 238.251 6.83 1.52 3.933 3.933 15.373 237.813 7.14 2.93
BisV1g5Sro15011.5 3.936 3.936 15.416 238.882 7.25 2.31 3.935 3.935 15.393 238.392 7.01 2.41
BisV180Sro20011-5 3.941 3.941 15436 239.690 7.18 1.34 3.938 3.938 15411 238.987 7.29 2.45

Results and discussion Page 89



Chapter 4

—=— observed
e calculated (€)
difference
I bragg positions
(d)
i l N L.i } A

(7] . -
E L
= (c)
o
—
©
g
P
=
» (b)
c
()]
]
£

(a)

20 30 40 50 60 70 80
20 (degree)

Figure 4.26 XRD patterns of sintered BisV,xME,O11.5 (0.0 < x < 0.20; ME = Sr**) (a) x =
0.0, (b) x =0.05, (c) x=0.10, (d) x =0.15 and (e) x = 0.20.

Similar trend has also been observed for BizSryV1.4Os 5.3ax2)-5 and (BirxLax)aV2011.5, Bia(V1 -
«Fex)20115 [55, 57]. It is reported in literature that BisV,0;15 is a system with inherent
oxygen vacancies and can accommodate most of the divalent cations irrespective of their
ionic radii at vanadium site. The substitution of vanadium leads to the stabilization of y-
phase at room temperature [60, 61]. Thus, the stabilization of y- phase at room temperature in
the present case supports the substitution of V°* by Sr?* [10, 62]. The effect of ion radii in
terms of shifting of XRD peaks towards lower 26 values as compared to Mg** and Ca* doped

samples is also observed for Sr** doped samples. The effect of Sr doping in BisV2xME,O11.5
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was also investigated with the help of Williamson Hall method [19, 20]. The plot Bcos6 vs.
4sin® were used to calculate the strain for all the samples. The positive value of strain depicts
the tensile strain generated in the system with doping [21].

4.3.2 Analysis of FTIR spectra

FTIR spectra of BisVo.xMExO11.5 (0.0 < x < 0.20; ME = Sr”*) before and after sintering at 800
°C for 12 h are shown in Figure 4.27 and 4.28. In bismuth vanadate based systems, different
bands, at ~ 468 cm™, ~ 519 cm™, ~ 624 cm™, ~ 732 cm™, ~ 767 cm™ and ~ 801 cm™ are
expected. Bands at ~ 468 cm™ and ~ 519 cm™ could be related to the symmetric bending
vibration of Bi-O bonds in BiOz pyramidal structural units. Whereas, bands at ~ 732 cm™ and
~ 801 cm™ are generated due to the vibration of symmetric modes of V- O-V bonds and V-
0-V chains, respectively [23]. Another band, at ~ 931 cm™ is visible in the spectra of sintered
samples which can be assigned to the vibrations of VO, polyhedra [8, 22-24]. Bands in case
of quenched samples are found to be broader and diffused as compared to sintered samples.
The sharpness of bands can be related to the presence of higher structural ordering in sintered

than quenched samples [63].
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Figure 4.27 FTIR spectra for quenched BisV2MExO11.5 (0.0 < x < 0.20; ME = Sr?") (a)
x=0.0, (b) x=0.05, (c) x=0.10, (d) x=0.15 and (e) x=0.20.
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Figure 4.28 FTIR spectra for sintered Bis;VoxME,O11.5 (0.0 < x < 0.20; ME = Sr”") (a)
x=0.0, (b) x=0.05, (c) x=0.10, (d) x=0.15 and (e) x=0.20.

The XRD patterns of sintered samples also become sharper than quenched samples as
discussed in the previous section. The FTIR spectra clearly show that x = 0.05 sintered
sample is better resolved and has sharp bands than x = 0.05 quenched sample. Obviously, x =
0.05 sample transforms to - phase after sintering which is more ordered than y- phase. The
broadness of the FTIR bands can also be explained on the basis of addition of the sum of a
number of absorption bands generated due to minor variation of bond lengths and angles
[30]. FTIR analysis of the system also reveals the disappearance of band at ~ 912 cm™ with
increase in amount of dopant atom. This observation is attributed to the increasing occupancy
of V** by Sr?*. Also the broadening of V- O-V bands at ~ 820 cm™ can be related to the
increase in disorderdness of the system due to the substitution of V°* by Sr** [24, 30].

4.3.3 Microstructural analysis

The typical scanning electron micrographs of doped sintered samples are shown in Figure
4.29. A non-uniform grain growth is observed in both the samples. The non-uniform grain
growth of the grains can be related to the kinetics of the motion of particles along the
boundaries of the grains [31]. In addition to this, liquid phase sintering is also observed in the

both the samples. The grain size of the samples is found to increase with Sr** concentration
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Figure 4.30. Therefore, the number of grain boundaries decrease, which are more resistive

than grains. Thus, the conductivity of the samples increases with Sr** concentration [64-67].

Figure 4.29 Scanning electron micrographs for sintered BisV,xMExO115 (0.05 < x <
0.20; ME = Sr*") (a) x=0.05, (b) x=0.10, (c) x=0.15 and (d) x=0.20.

V///////////////% A 7////////////////%

0.05 0.10 0.15 0.20
Dopant concentration (Sr)

Figure 4.30 Grain size for sintered BisV,xME,O11.5 (0.05 < x < 0.20; ME = Sr*").
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4.3.4 Dilatometry

Dilatometric analysis of BisV2xMExO115 (0.0 < x < 0.20; ME = Sr*") quenched samples was

carried out to check their linear expansion with respect to temperature.

7
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Figure 4.31 Dilatometric curves for quenched BisV,.xMExO11.5 (0.0 < x < 0.20; ME =
Sr?*) (a) x=0.0, (b) x=0.05, (c) x=0.10, (d) x=0.15 and (&) x=0.20.

Table 4.12 Thermal expansion coefficients for quenched BisV,xMExO11-5 (0.0 < x < 0.20;

ME = Sr?).
As quenched samples
Composition

TEC (C)

BisV20115 8.8 x 10°
BisV1955r0.05011.5 10.0 x 10°
BisV1.90Sr0.10011-5 9.74 x 10°°
BisV1855r0.15011-5 9.79 x 10°
Bi4V180Sr020011-5 9.72 x 10°°

TECs calculated from the curves AL/L, vs. temperature shown in Figure 4.31 for quenched

BisVoxMExO11.5 (0.0 < x < 0.20; ME = Sr**) samples. The values of TECs in the temperature
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range 200-700 °C are listed in Table 4.12. There is only slight difference in TEC values for
all the samples. However, the maximum value of TEC is observed for x= 0.05 sample. The
higher values of TEC of doped samples can be explained on the basis of greater ionic radii of
dopant than host atom which leads to shallowness in asymmetric potential well.

4.3.5 Thermal analysis

In order to study the various phase transitions and thermal stability of sintered samples
differential scanning calorimetry (DSC) and thermogravimetric (TG) analysis were carried
out. The DSC curve of the sintered sample with composition BisV1.955r0,05011-5 €xhibits two
endothermic peaks corresponding to phase transformations o — B (~ 383 °C) and f — vy (~

475 °C), respectively.
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Figure 4.32 Thermal analysis for sintered BisV1.95Sr005011-5 and BisV1g5Sro.15011-5 (2)
DSC analysis and (b) TG analysis.

Whereas, no transition is observed in the DSC curves for BisV1g5Sr.15011-5 sample (Figure
4.32 (a)). Similar to that of Mg?* and Ca** doped samples Sr** doped sintered samples
(Figure 4.38 (b)) also show negligible weight loss indicating the high stability of synthesized
compounds. This slight weight loss can be attributed to the reduction of vanadium during

TGA measurement [38].
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4.3.6 Electrical conductivity

The total conductivity of the samples was obtained using impedance analyser. The total
resistance of the sample was estimated from the graphs between real and imaginary parts of
impedance i.e. Nyquist plots [39]. Various kinds of Nyquist plots were fitted to various
equivalent circuits as discussed in section 4.1.6.

Table 4.13 Density, ionic conductivity and activation energy for sintered BisV,xMExO1;1.
5 (0.0 <x <0.20; ME = Sr*").

G500°C
Ea (eV) Ea (eV)
Composition Density (gcm™)  (Scm™)
(200 - 560 °C) (560 - 750 °C)
(x107)

BisV20115 7.42 0.10 0.83 1.13
Bi4V1.g5S|’olo50]_1_5 7.35 0.03 0.83 0.71
Bi4V1.goSI’o.10011_5 7.49 0.20 1.03 0.91
Bi4V1.35S|’0.150]_1_5 7.30 0.45 0.97 0.82
Bi4V1.308I’0.20011_5 7.21 1.16 1.28 0.68

The values of conductivity at particular temperature along with activation energies; E, are
listed in Table 4.13. The increase in value of conductivity is observed with the increase in
amount of dopant (Figure 4.33). Thus, it can be said that the number of oxygen vacancies is
increasing with increase in doping. This increase in conductivity can also be attributed to the
increase in grain size as discussed in section 4.3.3. The conductivity values obtained are in
close agreement with the activation energies. The values of conductivity obtained are found

to be on the lower side as compare to Mg?* and Ca** doped systems.
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Figure 4.33 Arrhenius plots for sintered BisV2,MExO11.5 (0.0 < x < 0.20; ME = Sr*").

4.3.7 UV/ Vis analysis

The value of optical band gap is calculated from the extrapolation of the linear region of the
graph (o h v)" vs. hv [27, 68]. In the present case, the reflectance spectra of powdered samples
were taken. The reflectance spectra obtained are shown as shown in Figures 4.34 and 4.35.
Therefore, the Kubelka - Munk function was used to calculate the optical band gap. The
values of optical band gap can be determined from the curves between [F(R)hv]" and hv. On
the similar basis, Urbach energy of the system can also be calculated from the linear portion
of the curve between In F(R) and hv [69, 70]. The observed values of optical band gaps are
listed in Table 4.14. The optical band gap in case of sintered samples decreases with increase
in amount of doping upto x= 0.15. This can be ascribed due to the increase in the number of
oxygen vacancies with the increase in amount of doping to maintain the electroneutrality of
the system. As the defects and disorderdness of the system increases, the optical band gap

decreases [30].
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Figure 4.34 Reflectance spectra of quenched BisV2xMExO115 (0.0 < x < 0.20; ME =
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Figure 4.35 Reflectance spectra of sintered BisVo.xMExO11.5 (0.0 < x < 0.20; ME = Sr*").

The electronegativity difference between host atom, V°* (1.6) and guest atom Sr** (1.0) can
also influence the optical band gap. More is the electronegativity difference between the two
atoms more the valence and conduction bands shift towards each other. It leads to the
decrease in optical band gap value [8, 70]. After sintering Urbach energy decreases due to
some structural relaxation. In general, sintered samples have higher structural ordering than

guenched samples which decrease Urbach energy as shown in Table 4.14.
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Table 4.14 Values of optical band gap and Urbach energy for quenched and sintered
BisVoxMExO11.5 (0.0 < x < 0.20; ME = Sr*").

o Quenched samples Sintered samples
Composition
Eq (eV) AE (eV) E4(eV) AE (eV)
BisV2011.5 2.45 0.41 2.27 0.56
BisV1.95Sr005011-5 2.52 0.19 2.43 0.20
BisV1.90Sr010011-5 2.49 0.20 2.39 0.16
BisV185Sr015011-5 2.53 0.17 2.40 0.12
BisV1.80Sr020011-5 2.57 0.18 2.47 0.10

XRD data and conductivity of sintered samples also support the UV/ visible data. The optical
band gap values are in the semiconducting range [48]. Higher optical band gap values are

observed in case of Sr** doped samples as compared to Ca** doped samples.
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4.4 BisVoxME,O115 (0.0 < x < 0.20; ME = Ba®")

Quenched samples exhibit higher disordering than conventionally synthesized samples.
Moreover, quenched samples may accommodate high content of Ba** in the BisVoxMExO11.5
(0.0 < x < 0.20; ME = Ba®") system and create more oxygen vacancies in the compound.
Based on the above facts, samples were synthesized by melt quench technique followed by
the sintering at 800 °C for 12 hours. The obtained results are discussed in the light of
vacancies disordering created by dopants and quenching.

4.4.1 X-ray diffraction analysis

The Rietveld refined X- ray diffraction patterns of quenched and sintered BisV,xMExO115

(0.0 <x < 0.20; ME = Ba*") samples are shown in Figures 4.36 and 4.37.
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Figure 4.36 XRD patterns of quenched BisV2,ME,O11.5 (0.0 < x < 0.20; ME = Ba®") (a) x
=0.0, (b) x=0.05, (c) x=0.10, (d) x =0.15 and (e) x = 0.20.
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The XRD patterns of quenched samples indicate the different crystalline phases stabilized at
room temperature. These crystalline phases do not transform even after heat treatment at 800
°C for 12 h. The parameters obtained for doped and undoped samples are consistent with the

earlier reported values [33, 71].
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Figure 4.37 XRD patterns of sintered BisV2xME,O11.5 (0.0 < x < 0.20; ME = Ba*") (a) x =
0.0, (b) x =0.05, (c) x=0.10, (d) x =0.15 and (e) x = 0.20.

A superstructure peak at ~ 24.4° for 0.0 < x < 0.05 samples is observed in both quenched as
well as sintered samples. As compared to all the above three series the stabilization of y-
phase takes place at higher amount of Ba®* doped system. It is related to the monoclinic

phase with C2/m space group. With increasing amount of substitution, coalescence of the
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XRD peak at ~ 32° (1 1 0) is observed as shown in Figures 4.36 and 4.37. The XRD patterns
of composition 0.10 < x < 0.20 are well fitted with the tetragonal phase with 14/mmm space
group having ° < 2. The residual parameters R, and Ry, in all the cases are found to be
below 10%. Thus, it has been observed that with the increasing level of substitution the
present compound attains the y- structure at room temperature due to creation of oxide ion
vacancies. Similar kinds of results have been reported with various substituents such as AlI**,
Li* and Ag" for bismuth vanadate [59, 72]. Structurally, bismuth vanadate consists of
(Bi202)2+ and (V03D0_5)2' (O0: oxygen vacancies) layers. The oxygen atoms coordinated to
vanadium show high multiplicity. The defect structure of Bi;V,011.5 emerges from the partial
filling of oxygen sites in (VOsoo5)* layers. During refinement, O(1) atom is supposed to be
bonded to Bi** and is fully occupied with least positional disorder. Even, the substitution at
Bi site does not produce disorder [73]. Whereas, O(2), O(3) and O(4), the split oxygen
positions are coordinated to VV°* with partial occupancy by oxygen atoms. O(2) and O(4) are
apical positions and cannot be simultaneously occupied this partial filling of oxygen atoms
distorts the O(3), equatorial position by converting it from ideal 4-fold to an 8-fold site. Thus,
to maintain the electroneutrality the true occupancy of equatorial site is lower than 0.5. The
oxygen vacancies are generated at the equatorial position in the (VOsmgs) layer [1, 10, 35].
Hence, the vacancies are restricted in (VO30os)? layer at equatorial position in the system.
Various refined lattice parameters are listed in Table 4.15. It is clear from the refined
parameters that the lattice parameter ‘a’ is on the lower side in quenched samples than
sintered samples, indicating the higher number of oxygen vacancies in quenched samples.
Basically, oxygen ordering phenomena in BisV;011.5 IS restricted to the basal plane and the
substitution of lower valence atom for \/°* site generates oxygen vacancies in the equatorial
position [71]. Thus, the loss of oxygen with generation of oxygen vacancies results in a

decrease of ‘a’ parameter [74]. The increase in lattice parameter ‘c’ can be associated with
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the difference between the size of dopant Ba** (1.35 A) and host V°* (0.54 A). Similar
results, have been reported for ME = Mn*" [6], Zr*" and Sn** doping at V site in BisVa.
xMExO1142 [75]. In the present system, the lower concentration of substitution leads to
stabilization of the y- phase as compared to earlier reports on similar systems. This difference
is associated with the processing techniques used. On comparing the XRD peaks of earlier
discussed systems with Ba** doped samples shifting of Ba** doped sample peaks towards
lower values of 20 is observed. It might be due to the strain created in lattice because of the
greater size of Ba®* (1.35 A) than Sr** (1.18 A). This observation can be confirmed by using
the Williamson Hall equation. Thus the strain induced in the lattice is calculated with the help
of Williamson Hall analysis [18]. Higher values of strain are obtained for sintered samples in
case of Ba’* doping. Thus, from the Williamson Hall plot, it can be concluded that the strain
induced by Ba®* is more than any other system discussed above. The values of strain are
observed to be positive depicting generation of tensile strain in the system. The tensile strain
observed in the samples can be suggested, due to the greater ionic radii of dopant atom than

that of host atom in the present systems [21].
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Table 4.15 Rietveld refined parameters for quenched and sintered BisV,xME,O11.5 (0.0 < x < 0.20; ME = Ba*").

Goodness parameters Goodness parameters

Quenched Samples Sintered Samples

of fitting of fitting
Composition a(d) bR cA) Vc()gjsr)ne Rexo v a(d) bA) c(A) Vc()g\ér)ne Rexo Y
BiVOns 5587 15350 16.506 1423.445 694 267 5599 15338 16.509 1425.664 846  2.18
BisViosBaggs Ons 5.574 15382 16.649 1427.372 846 253 5509 15355 16.612 1428.294 839 219
BisViooBaoio Ons 3.930 3.930 15385 237.676 833 155 3933 3.933 15389 238.026 839 226
BisVigsBaois Ons 3.932 3.932 15397 238.084 857 147 3935 3935 15391 238.333 840 140
BlaV1soBa020 O1s 3939 3939 15413 239.118 844 160 3939 3939 15419 239.272 832 156
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4.4.2 Analysis of FTIR spectra

FTIR spectra of as quenched and sintered samples BisV,.xMExO11.5 (0.0 < x < 0.20; ME =
Ba?*) were obtained. With increase in amount of doping the absorption bands in different
spectra shift towards higher wavenumber. This can be attributed to size difference between
the host atom and dopant atom. In addition to this, the larger ionic radius of dopant Ba®",
increases the bond length of Ba-O bond. Thus, the absorption band shift towards larger
wavenumber as also observed in the case of doped samples [26]. Usually, the FTIR spectra of
undoped bismuth vanadate exhibit seven absorption bands namely at ~ 468 cm™, ~ 519 cm™,
~ 624 cm™, ~ 732 cm™, ~ 767 cm™ and ~ 801 cm™. Out of them, bands at ~ 468 cm™ and ~
519 cm™ can be assigned to symmetric bending vibration of Bi-O bonds in BiO3 pyramidal
units. On the other hand, the band at ~ 732 cm™ is generated due to the vibration of
symmetric modes of V-O-V bonds. The vibrations due to V-O-V chains belong to the
absorption band at ~ 801 cm™ [22-24]. In all the FTIR spectra, a band at ~ 930 cm™ is also
observed which can be arisen due to the vibrations of VO, polyhedra. With the increase in
amount of doping the band at ~ 730 cm™ is getting broader. Also, this band is broader in case
of sintered samples when compared to the quenched samples. This broadening can be related
to the sum of a number of absorption bands generated due to the variation of bond lengths
and angles. These changes in the absorption bands have arisen with the introduction of Ba
atoms in the undoped bismuth vanadate. Also, in the samples with x > 0.0 the intensity of the
band at ~ 801 - 866 cm™ is decreasing. This can be probably due to the cleavage of V-O-V
bonds. So, the appearance of new band at ~ 864 cm™ can be attributed to the formation of
bonds V-O-Ba in tetrahedral coordination. It is clearly indicated that VV°* get replaced by Ba®*
in (V204> perovskite layers. All sintered samples show the blue shift in FTIR bands as

compared to as quenched samples.
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4.4.3 Microstructural studies

In order to compare the grain size and grain growth of sintered samples with conductivity,
SEM analysis was done on all the sintered samples. Gold sputtered fractured samples were
used to analyse the microstructures. A non- uniform growth of grains in undoped and doped
samples is observed. For all the sintered samples, a dense shell-like structure is observed as
shown Figure 4.38 (a) and (b). These features are also indicated by the arrow in Figure 4.48

(@) and (b). Sample BisV1.95Bag 050115 €xhibits some micro cracks.

X 2000 10 um : X 2000 10.um

SEI 15KV [™WD1imm $s55 x2,000 10p0m SEI"  15kV WD12mm  SS55 %2,000 10} m " —

Figure 4.38 Scanning electron micrographs for sintered BisV,xBaxO11-5 (0.05 < x < 0.20)
(a) x=0.05, (b) x=0.10, (c) x=0.15 and (d) x=0.20.

The fractures are trans-granular and this feature is common in brittle materials [76]. Well-
connected grains fracture due to strain development during heat treatment of the sample. For
all the samples with increasing level of substitution the faceted type grains convert to round
shape grains. The grain size of all the samples is found to be non-uniform. The non-
uniformity of large grains can be correlated to the kinetics of movement of particles from

boundary to boundary, as the boundary energy is dependent on the grain boundary orientation
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and grain boundary mobility [31]. The average grain size of samples decreases with dopant
concentration. The average grain sizes for x = 0.0, 0.05, 0.10, 0.15 and 0.20 samples are 18,
11, 4.5, 4.0 and 3.0 um, respectively. EDS was performed on the selected samples, to semi
quantitatively determine the elemental content of the samples. The EDS analysis of different
points of the same sample shows nearly the same elemental distribution of all the initial
constituting elements. MP-AES analysis of the quenched samples was also carried out to
determine the elemental concentration of bismuth, vanadium and barium as shown in Table
4.16. The Bi/ V and V/ Ba experimental ratios in all the samples are observed to be close to
the theoretical values. Some variations in the ratios suggest some losses take place during
synthesis process. However, these losses do not appear to affect the stabilization of the -
phase as confirmed by the XRD results.

Table 4.16 MP-AES analysis data for BisVo.xMExO11.5 (0.0 < x < 0.20; ME = Ba®").

Bi/V atomic fraction V/Ba atomic fraction
Composition
Theoretical Experimental Theoretical Experimental
BisV2011-5 2.0 2.12
Bi4V1.g5Baolo50]_1_5 2.05 2.18 39.0 34.61
Bi4V1.goBaO.10011_5 2.10 2.19 19.0 17.90
Bi4V1.35BaO.150]_1_5 2.16 2.31 12.33 12.28
Bi4V1,goBa0,20011_5 2.22 241 9.0 9.01

4.4.4 Dilatometry
Dilatometric analysis of BisV2.xMExO115 (0.0 < x < 0.20; ME = Ba®*) quenched samples and
sintered was carried out to check their linear expansion with respect to temperature. TECs

were calculated from the linear fit of the curves AL/L, vs. temperature. The values of TECs
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in the temperature range 200-700 °C are listed in Table 4.17. No particular trend is followed
in the TEC values for both quenched and sintered samples. However, the maximum value of
TEC is observed for x= 0.05 sintered sample. It is also manifested that higher disorderdness
in the material leads to higher TEC value. Thus, it can be expected that x = 0.05 sample is the
most oxygen deficient or disordered sample among all the sintered samples. The higher TEC
values of doped samples can be explained on the basis of greater ionic radii of dopant than
host atom. Since the ionic radii of Ba’* is higher than V°* the TEC of doped samples
increases.

Table 4.17 Thermal expansion coefficients for quenched and sintered BisV,xMExO11.5
(0.0 <x < 0.20; ME = Ba*").

As quenched samples Sintered samples
Composition

TEC (/°C) TEC (/°C)

BisV,011.5 8.8 x 10 8.9 x 10°
BisV1 05sBao0s0115 9.29 x 10 8.80 x 10°®
BisV100Bao100115 8.73 x 10 9.28 x 10°®
BisV1g5Bao 150115 9.12 x 10°® 8.77 x 10°®
BisV180Bao 200115 8.73 x 10 8.98 x 10°®

4.4.5 Thermal analysis

Differential scanning calorimetry (DSC) and thermogravimetric (TG) analysis were carried
out to study the various phase transitions and thermal stability of sintered samples. A typical
DSC curve of the sintered sample with composition x = 0.0 exhibits two endothermic peaks
as shown in Figure 4.39 (a) these peaks correspond to phase transformations o —  (~ 426
°C) and B — v (~ 520 °C). On the other hand, the DSC curve of the x = 0.15 sample does not
exhibit any peaks, which clearly indicates the y- phase stabilization at room temperature. In

general y* < y phase transformation is observed in between 450-500 °C [37]. This
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transformation (y’ < vy) is not observed in DSC curves. However, the conductivity data shows
the phase transition with the reduction in value of ionic conductivity ~ 560 °C. The TG curve
of the x = 0.0 sintered sample shows negligible weight loss upto 300 °C. In contrast, the x =
0.05 sintered sample (Figure 4.39 (b)) shows slightly higher weight loss than for the x = 0.0
sample. The weight loss can be associated with oxygen loss due to reduction of vanadium
during TGA measurement [38]. The minimum weight loss is observed in the
BisV1g5Bag15011.5 sample as compared to Mg?*, Ca** and Sr** doped samples. Thus,

Bi;V1.g5Bag 150115 can be supposed to be the most thermally stable composition.
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Figure 4.39 Thermal analysis for sintered (a) DSC analysis Bi;V2011-5, BisV1g5Bag15011-
5 and (b) TG analysis Bi4V2011.5, Bi4V1_gsBao_o5011.5.

4.4.6 Electrical conductivity

The values of resistance were calculated from the fitting of Nyquist plots to different circuits
at different temperatures as shown in Figure 4.40. The temperature dependence of electrical
conductivity is analyzed by plotting the graphs 1000/T vs. log (o T). The activation energy is
calculated from the slope of Arrhenius plots (Figure 4.41) [42, 43]. The value of resistance is
found to get decrease with the increase in temperature, which is an indication of high
temperature ionic conductor materials [40, 58, 78-80]. The highest value of conductivity is

observed for x = 0.05 sample ~2.52 x 10 Scm™ at 400 °C. At higher temperatures, as the
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amount of substituent is increased slight decrease in the value of conductivity is observed

which may be explained on the basis of the number of oxide ion vacancies.
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Figure 4.40 Nyquist plots and corresponding equivalent circuits for sintered BisMEyV5-
+O11.5 (0.0 < x < 0.20; ME = Ba®") at different temperatures.

With the increase in value of substituent the large increase in the number of oxide ion

vacancies takes place which causes the defect clustering or ordering and hence decreases the

conductivity [81, 82]. Value of conductivity not only depends on the number of oxygen

vacancies generated, but also on the ratio of ionic charge and size of the dopant cations called

ionic potential (¢p) [44]. Actually, more is the value of the ionic potential of an atom more will

be its ion polarizability. Therefore, the value of conductivity increases with the increase in

value of ionic potential. In present case, the lowering of value of conductivity with increase

in amount of substitution can be suggested to be due to lower ionic potential of Ba®* (1.48).
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As the amount of substitution Ba®" increases, it could have created hindrance for the
movement of oxide ions. Similarly, it has been reported by Sharma et al. [45] that ionic
conductivity of Li* among various substituted cations such as Zn?*, AI**, Ti*" and Ge** in
Bi;V,011-5 is lowest due to low ionic potential i.e. 1.32. Also, at higher temperature the large
decrease in the value of conductivity for 0.10, 0.15 and 0.20 (y- phase stabilized) samples
could be thought of as a result of ordering in oxygen vacancies with the transformation of y
— v' (phase) with the increase in amount of substitution [3, 46]. However, this type of phase
transition is not observed in DSC curve (Figure 4.39 (a)). Arrhenius plots as shown in Figure
4.41 can be divided into two linear regions region | and Il, with two different values of
activation energy one at higher values of temperature and second one at lower values of
temperature. The values of conductivities and activation energies for different temperature
ranges are listed in Table 4.18. The trend of activation energies is in accordance with the
conductivity values. The various phase transformations taking place in the system can also be

depicted from the change in the slope Arrhenius plots.
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Figure 4.41 Arrhenius plots for sintered BisVoxMExO11.5 (0.0 < x < 0.20; ME = Ba®").
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In the Arrhenius plot for x = 0.0 sample the slope change is observed ~ 462 and ~ 581 °C
which are close to the peaks observed in DSC curve for x = 0.0 the slight discrepancy in the
peak position can be explained on the basis of sluggishness of the transformations [59, 83].

It is observed that among all the series y- phase is stabilized for x = 0.15 compositions and
the least activation energy is observed for BisVigsBag150115 Sample. Thus, it would be
interesting to further investigate the properties of BisV1.85Bag 15011-s compound.

Table 4.18 Density, ionic conductivity and activation energy of Bi;V2.xBayO115 (0.0 < x <

0.20).
G500°C
Density Ea (eV) Ea (eV)
Composition (Sem™)
(g cm™) (200-560°C) (560 - 750 °C)
(x107)

BisV2011-5 7.42 0.10 0.90 1.04
Bi;V195Ba0 050115 7.16 0.25 0.98 0.74
Bi4V1.goBao.10011_5 7.40 1.29 1.10 1.09
Bi;V185Ba 150115 7.43 1.23 1.05 0.70
Bi;V180Bao 200115 7.02 2.18 1.15 0.85

4.4.7 UV/ Vis analysis

Optical band gaps of the synthesized samples in powder form are calculated from the
transmission spectra (Figures 4.42 and 4.43). The optical band gap values of all the quenched
and sintered samples along with Urbach energy are listed in Table 4.19. Materials with larger
Urbach energy have more tendency to convert the weak bonds into defects. Thus, higher
Urbach energy more indicates higher degree of randomness in the system [84]. Quenched
samples in comparison to sintered samples exhibit slightly higher Urbach energy as shown in
Table 4.19. It is a manifestation of higher defects and disorderdness present in as quenched

samples also supported by XRD and FTIR results. The FWHM is also higher in quenched
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samples as compared to sintered samples. Similarly, broader bands are observed for as
quenched samples. Interestingly, x = 0.15 sintered sample show lowest Urbach energy in

comparison to all other samples indicating less randomness.
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Figure 4.42 Graphical representation of the Eg values for quenched BisV,xMExO11-5 (0.0
<x<0.20; ME = Ba™).
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Figure 4.43 Graphical representation of the Egy values for sintered BisV,xMExO11.5 (0.0
<x<0.20; ME = Ba™).

The value of optical band gap decreases with the increase in concentration of dopant upto x =
0.10 for sintered samples. The change in optical band gap can be attributed to the structural
changes due to the reduction of V and generation of oxide vacancies [85]. Additionally, there

is a large electronegativity difference between Ba (0.9) and V (1.6). The large difference in
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the electronegativity value between the host and dopant atom shifts valence band towards

conduction band. Also, the presence of defects decreases the optical band gap [86, 29].

Table 4.19 Values of optical band gap and Urbach energy for quenched and sintered
BisVoxMExO11.5 (0.0 < x < 0.20; ME = Ba®").

As quenched samples Sintered samples

Composition Eq(eV) AE (eV) Eq (eV) AE (eV)

BisV2011.5 2.45 0.41 2.27 0.56
Bi4V1.95Bag 05011-5 2.34 0.36 2.12 0.35
BisV190Bao 100115 2.33 0.33 2.03 0.23
BisV185Bag 150115 2.32 0.33 2.14 0.19
Bi4V1.80Bao 20011-5 2.39 0.32 2.37 0.22
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4.5 Effect of sintering temperature

As discussed above, BisVigsBap15011-5 is y- phase stabilized, highly thermally stabilized,
representing the lowest activation energy. Since, it has been reported by various researchers
that sintering temperature has large effect on the properties of BIMEVOX system. So, in
order to study the effect of sintering temperature; the sintering of quenched BisV1.85Bag 15011-
s sample was also performed at 700 and 750 °C for 12 h. XRD analysis on the samples
sintered at 700 and 750 °C revealed the presence of y- phase in all the samples with space
group 14/mmm except sample sintered at 700 °C. The sample sintered at 700 °C is observed to
represent the p- phase with space group Amam. The rietveld refined patterns are shown in
Figure 4.44. All the refined lattice parameters along with goodness of fitting parameters are

listed in Table 4.20.

i —=— observed ( )
—e— calculated
difference
I bral ositions
J (b)
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Intensity (arb. units)
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20 30 40 50 60 70 80
20 (degree)

Figure 4.44 XRD patterns for BisV1 gsBag 150115 Sintered sample at (a) 800, (b) 750 and
(c) 700 °C.
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Table 4.20 Rietveld refined parameters and density for BisV1gBag15011-5 Sintered at
700, 750 and 800 °C.

Lattice parameters Goodness parameters _
of fitting Density
L ) (g cm®)
Sintering a(A) b(A) c(A) Volume Rexp A
temperature (A%
700 °C 11.133 5.569 15.397 954.718 4.99 3.36 6.73
750 °C 3.933 3.933 15.394 238.172 6.55 2.07 7.23
800 °C 3.935 3.935 15.391 238.333 8.40 1.40 7.43

The comparison of lattice parameters of samples sintered at different temperatures shows the
decrease in lattice parameter ‘c’ with the increase in sintering temperature. Thus, it can be
said that number of oxygen vacancies increase with the increase in sintering temperature due
to higher possibility of reduction of V°* to V**.

From the analysis of FTIR spectra of all the samples it is clear that all the bands
corresponding to bismuth vanadate system are present. There is slight shift in the bands
towards higher wavenumber side with the decrease in sintering temperature. It is observed
that with decrease in sintering temperature, the conductivity value increases at lower
temperature and decreases at higher temperature as compared to a similar sample, heat treated
at 800 °C. The increase in conductivity at lower temperature might be related to the decrease
in grain size as shown in SEM micrograph (Figure 4.45 (a)). Similar results have been
reported by various researchers [87, 88]. However, at higher temperature the trend of
conductivity can be explained on the basis of density. As at higher temperatures, the effect of
processing conditions diminishes [89]. The higher values of conductivity of the sample
sintered at 800 °C at higher temperature can be related to the higher density, lower porosity

and well-connected grains (Table 4.20). In addition to this, y' <> y phase transition largely
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affects the conductivity above its transition temperature. For the sample sintered at 800 °C,
the y" < y transformation takes place at higher temperature, stabilizing y- phase for wider

temperature range.

v 800 °C

—~ 4}
§

v. °

v. °
a Yy ®eo
= 3 Vv ®e
—_— AA vv [ ]
= A v °
o A, Yy
£ A vv

%
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12 F

-16
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L
1.6
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Figure 4.45 (a) Scanning electron micrograph for BisV1gsBag15011-5 Sintered at 700 °C
and (b) Arrhenius plot for BisV1gBag 150115 Sintered at 700, 750 and 800
°C.

For all the doped samples y- phase is stabilized at room temperature irrespective of dopants
except BisV195Bag 05011-5s Sample. With the sintering of as quenched samples at 800 °C for 12
hours, the y- phase converts to 3- phase in lower dopant concentration samples. In most of the
cases for x > 0.10 y- phase remains intact and does not convert to B- phase after sintering.
During sintering liquid phase sintering has taken place in all the samples. The grain size
variation with dopant concentration is observed. However, the grain size decreases in Sr**
and Ba?* doped samples as compared to undoped sample. The activation energy indicates that
the present samples are predominantly ionic conductors. The higher ionic radii difference

between host and dopant atom leads to the lower grain growth of the grains. TECs of doped

samples are observed to be on higher side as compared to undoped sample.
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5.1 Conclusions

In the present study, undoped and alkaline earth metals (ME= Mg?*, Ca**, Sr** and Ba?")
doped BisV2xMExO115 (0.0 < x < 0.20) have been synthesized by melt quench technique
followed by sintering at different temperatures for 12 hours in air. The structural, thermal,
optical and electrical properties of BisVoxMExO115 (0.0 < x < 0.20; ME= Mg?*, Ca**, Sr**
and Ba?*) have been studied using various techniques. The results are discussed in the light of
disorder, oxygen vacancies as well as their correlation with microstructural changes with
dopants. Following conclusions have been drawn from present study.

The X-ray diffraction analysis of all the doped quenched samples revealed the presence of y-
phase except sample BisV195Bag 50115 In BisV195Bags011-5 Sample o- phase has been
observed. Furthermore, the stabilization of these phases is confirmed with rietveld
refinement. Sintering of quenched samples led to conversion of y- phase to ordered B- phase,
particularly at lower concentration of dopants. The conversion of y- phase to ordered phase [3-
phase is observed for x = 0.05, 0.10 and 0.20; ME = Mg and x = 0.05; ME = Sr*". It has
been observed that for x = 0.15 composition, y- phase is stabilized for all the doped samples.
Higher difference between ionic radii of dopants and host atom increase the chance of y-
phase stabilization for wider range of dopant concentration. The relative density of all the
sintered samples is found to be > 90% which is good for conductivity. The highest relative
density of ~ 96% is obtained for BisV2.xBaO11-5 for x = 0.15 composition among all the
dopants.

Blue shift in Fourier transform infrared (FTIR) spectra is observed in sintered samples as
compared to quenched samples. FTIR bands have become sharper in case of sintered
samples. The broadening in quenched samples can be attributed to the total number of
absorption bands generated due to the variations of bond angles and bond lengths. For

quenched as well as sintered samples, the bands at ~ 615 and ~ 912 cm™ start disappearing
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with increase in dopant, indicating of the incorporation of dopant in VO, polyhedrons. In
other words, the different dopants only affect the perovskite layer i.e. [V204]* in the present
system. Thermal expansion coefficient of all the samples was calculated and the highest TEC
was observed for quenched BisV1g5Ca0.15011.5 ~ 10.6 x 10 / °C. For sintered samples the
highest TEC is ~ 9.7 x 10®/ °C for BisV/1.0sMgo 05011.5 sSample.

The negligible weight loss is observed for all the samples. However, the minimum weight
loss is observed for BisV185Bag 150115 Sample amongst all the samples. Decrease in grain size
is observed with the increase in amount of dopant except for Sr** dopant. This implies that all
of the dopants are acting as grain growth inhibitor in the system except Sr** dopant. For Sr?*
dopant increase in grain size is observed with the increasing amount of dopant. Furthermore,

this correlates well with the increase in conductivity with increasing dopant concentration.

In intermediate temperature ranges, the conductivity of all the doped samples is higher than
that of undoped sample. However, at higher temperature, it decreases for some samples due
to ordering/ clustering in oxygen vacancies. For all the dopants, the increase in conductivity
upto a certain concentration with increase in amount of dopant is observed. But for Sr**
dopant, the increase in conductivity is observed for all the dopant concentrations. The
decrease in conductivity upon increasing dopant concentration can be related to the decrease
in grain size and increase in amount of grain boundaries which may inhibit the hopping of
ions (except for Sr** dopant). Additionally, oxygen ordering is also responsible for lower
conductivity in higher doped samples. The lowest activation energy; E, is observed for
BisV185Bag15011-5 sample ~ 0.70 eV in the temperature range 570-750 °C. Whereas, the
highest conductivity is observed for BisV190MQ0.10011-5 ~ 13.7 X 102 Secm™ at 700 °C. The x
= 0.15 and 0.20, ME = Ca?* samples could not show any vy — 7' phase transition. The optical

band gap of all the samples is observed in the semiconducting range. For sintered samples the
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lower values of optical band gap and Urbach energy than quenched samples are obtained.
The reflectance of doped samples is higher than that of undoped sample.

Since, BisV185Bag 150115 represents the best phase stability and least activation energy. So,
further temperature variation study has been carried out on this sample. The lowering in
sintering temperature decreases the grain size, increases the porosity as well as conductivity
at lower temperatures. The best conductivity is observed for the sample sintered at 800 °C in
higher temperature conductivity regime (600- 750 °C).

5.2 Future Scope

After concluding the present work, it can be suggested that efforts are required for the
optimization of synthesis technique in order to obtain high conductivity and thermal stability.
High temperature X- ray can also be performed to investigate the various phase
transformations occurring in the system. The performance of developed electrolytes can also
be checked in actual configuration of SOFCs to achieve long term uninterrupted performance

goals.
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