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Abstract

The main intent of the study was to find a suitable material with high oxide ion conductivity
or proton conductivity which is chemically stable based on pyrochlore and other complex
oxide systems. In particular how acceptor doping increased proton or oxide ion conductivity
was examined in this thesis. Another purpose of the study was to investigate how the phase
transition and other properties of brownmillerite structure based materials changes in

humid condition.

In this thesis the following materials were investigated, pyrochlore structure based
materials (Nd,.,Cay,InMO7.s where M=Nb,Ta 0<x<0.05), brownmillerite structure based
materials(Ba,In,,MOs.s where M=Ga,Y and 0<x<0.85) and the zinc containing complex oxide
system R, ,Ca,BaZnOs_ s where R=La,Nd ; 0<x<0.3. These materials were successfully

synthesized by solid state sintering method.

Rietveld refinement of X-ray diffraction (XRD) on R;,Ca,BaZnOs.s confirmed these materials
possessed tetragonal structure with 14/mcm space group. Changes in the unit cell parameter
with Ca?* introduction was proven by Rietveld analysis. XRD on hydrated samples proved
that these materials were not stable in wet condition. Thermogravimetric analysis (TGA)
results showed higher than expected mass losses for this system. The oxide ion conductivity
of these materials increased with increase of doping level under dry Argon according to
impedance spectroscopy data and the reached a maximum of ~0.01 Scm™ at 1000 °C. The
conductivity was also seen to increase further in dry oxygen, indicating significant p-type

(electron hole) conductivity.

Brownmillerite structure based materials (Ba,In,.,MOs_s where M=Ga, Y and 0<x<0.85)
possessed a structure with lbm2 space symmetry up to x £ 0.5 according to XRD. The unit
cell volume expanded with increase of doping (ionic radius Y>'=0,92A) level and contracted
with increase of dopant (ionic radius Ga>*=0, 62A).PXRD of hydrated Brownmillerite showed
a structural transformation from orthorhombic to tetragonal. TGA result confirmed that

these materials were fully hydrated.



Pyrochlore structure based materials (Nd,.,Cay,InMO-.s where M=Nb, Ta 0<x<0.05) adopt a
cubic structure with Fd-3m space group according to XRD and Rietveld refinement. These

materials are not good ionic conductors according to the measured conductivity.

In summary this work provides a wider understanding of the influence of the acceptor

doping on oxide ion conductivity and/or proton conductivity.

Key words: X-ray Diffraction (XRD), Rietveld refinement, Proton Conductivity, Oxide ion

Conductivity, impedance spectroscopy, Thermogravimetric analysis. (TGA)
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Chapterl

1.1 Introduction

A secure and consistent supply of energy is needed for modern society to lead a
comfortable and better daily life. Nowadays a main challenge facing the world is to find new
cleaner and sustainable sources of energy. Our natural recourses of energy are limited but
the population is increasing day by day. Because of increasing awareness of environmental
factors and limited supply of energy recourses, we have to think about alternative ways of
using clean energy sources. Fuel cells are electrochemical devices that directly convert
chemical energy in fuel into electrical energy in a clean and sustainable way. This is based on
the chemical reaction between hydrogen introduced (at the anode) and oxygen (at the

cathode) to produce water and electricity.

1.1.1 Overview of fuel cells

Depending on the electrolyte materials fuel cells are categorized as polymer electrolyte fuel
cells (PEMFC), alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate
fuel cells (MCFC) and solid oxide fuel cells (SOFC). The above mentioned fuel cells have the
same principal but they differ when it comes to properties like fuel, the operating
temperature and the mobile ions for ionic conduction (1). For example the charge carrier in
AFC are hydroxyl groups that move in the electrolyte, in PEMFC and PAFC protons(H®)
move, in MCFC carboxyl groups(COs*) flow in the electrolyte and in SOFC oxide ion(0?) and
protons(H") are the mobile ionic species. Schematics of SOFCs utilizing oxide-ion conducting

and proton conducting electrolytes are shown in Fig. 1(a) and (b), respectively,



Electric current

a)
i % b) ilfntnc current
Fuel in 2] l Alr in Fuel In . Airin
I .-:.' I E. _ d I &' .—
. l ! 1
Y = H“ 1_'}.
ml o)
H | 0, Hy| |=H —>
) | € 0F— Lo 0z
'*_ =y H' $ =
cxcess fuel |HO DE‘F"EIEd H.0| Depleted air
and water | air out “yoess fuel =T | and water
E—-I i # II: : ." i | .:
.IF r I A
Anode Electiolte  Cathode Anode  Electrolyte  Cathode

Figure 1: Schematic diagram of the processes taking place in a solid oxide fuel cell (SOFC) during
operation; (a) oxide-ion conducting electrolyte, and (b) proton conducting electrolyte.(2)

1.1.2 Solid oxide fuel cells

Based on the electrolyte materials SOFC are categorized as oxide-ion conducting fuel cell and
proton conducting fuel cell (Figure 1). A SOFC based on an oxide ion conductor has advantages such
as, high efficiency, low emissions and relatively low cost. SOFC operates at high
temperature T>800°C results corrosion and long start up times. Efficiency (about 45-55%) is
low due to water vapour produced at the anode as less fuel utilization, thermal insulation
needed to retain heat that limits applications for transportation. There is a high interest in
the synthesis of new materials for SOFC application in the intermediate temperature range
(200-700°C). Perovskite oxides, such as BaZrg4Y0.103.5, have been the focus of research into
proton conducting materials and these show higher ionic conductivity than oxide ion

conductors at intermediate temperatures.



1.1.3 Acceptor doping for proton and oxide ion conductivity

Partial substitution of an acceptor doping creates oxygen vacancy into the materials. This
oxygen vacancy is important to successfully incorporate protons in a material. When these
materials are exposed to humidified atmosphere hydroxyl ion fills the oxygen vacancy and
proton forms a covalent bond with oxygen in the structure, these phenomena can be
describe by Kroger-Vink notation as follows,

H20 (g) + VO + O, = 20H,
In oxidizing atmospheres formation of electronic holes due to compensate oxygen vacancy

according to,
'1,0,+V," < 0, +2h°

At low oxygen partial pressure reduction can also take place (3), (4),
0," <'1,0,+V," +2¢

For oxide ion conductors acceptor doping also create vacancy on the oxide ion sublattice. At
higher temperature (above 800°C) this high vacancy concentration with high mobility
enhances very high oxide ion conductivity in this material. For example Zr*" is substitute by
Y3*in Zr1xYxO2.4/2 Where x=0.1 higher oxide ion conductivity was observed at temperature

above 800°C (5).

Figure 2: A schematic picture of formation of and filling of an oxygen vacancy by acceptor doping: 1)
Perfect lattice, 1) Introduction of oxygen vacancies, )
Formation of proton defect (6).



1.1.4 Aim of the thesis

The main intent of the study was to find a suitable material with high ionic conductivity
which is chemically stable based on pyrochlore and complex oxide system. Another purpose
of the study is to investigate how the phase transition and other property of brownmillerite
structure based materials changes in humid condition. How the acceptor doping increase
proton or oxide ionic conductivity was examined in this thesis. These can be future materials

for clean energy application.

In this thesis for research purpose the following materials investigated which are as follows,
pyrochlore structure based materials(Nd,.,CaxInMO;_s where M=Nb,Ta 0<x<0.05),
brownmillerite structure based materials(BaIn,,MOs where M=Ga,Y and 0<x<0.85) and

complex oxide system R,,Ca,BaZnOs.s where R=La,Nd ; 0<x<0.3.

In order to investigate the property of the materials following techniques such as solid state
routes for material synthesis, powder x-ray diffraction, impedance spectroscopy,
thermogravimetric analysis, differential scanning calorimetry, Rietveld analysis and z-view

program were used in this thesis.

1.2 Motivations

1.2.1 Technological approach

Proton conductors are generally preferred compared to aqueous electrolyte fuel cell due to
greater corrosion robustness and resistance (7).SOFC operates at high temperature
(T>800°C) though high operating temperature has some technical problems such as long
startup times, high temperature corrosion on these materials, low efficiency and thermal
insulation is needed for these system(8),(9).SOFC operating at lower temperatures can the
overcome above mentioned problems with high temperature SOFC. Low temperature fuel
cells are polymer membrane electrolyte fuel cell(PEMFC) with proton conducting Nafion

(perfluorosulfonic polymer) as the best electrolyte although these have some problems such



as the requirement of expensive platinum catalysts, low electrical efficiency .A desirable

alternative is fuel cell operating in an intermediate temperature range (200-700°C).
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Figure3: Proton conductivity in selected materials, Imidazole-intercalated sulfonated polyaromatic
polymer (IIPAP); dotted lines is calculated estimate of BYSO: Ba,YSnOss5; Y: BaCeOs. (7)

Norby (7) shows (figure 3) the presence of a gap in the intermediate temperature range
where no materials show high proton conductivity. In®* doped SnP,0; possessed high

proton conductivity (10" S-cm™ at 250°C under wet atmosphere) (10).

1.2.2 Fundamental approach

Proton conductivity of several perovskite has been reported for several years of them Y
doped SrCeO3 and BaCeOs; were shown to have high proton conductivity. Proton
conductivity of pyrochlore oxides and fluorite oxides have been investigated in figure 4 such
as LnyZr,.,Y,07.5s where (Ln=La, Nd, Gd, Sm) Proton conductivity of various oxides has been

summarized in figure 4.
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Figure 4: Kreuer’s summary of proton conductivity of various oxides which are based on motilities
and concentrations calculated by Norby and Larring. (11), (12)

Perovskite oxides have highest proton conductivities than pyrochlore oxides.Pyrochlores’
show proton conductivity ~ 1-2 lower order magnitude lower than best performing
perovskite. Therefore, in this study we focused on pyrochlore structure based materials Nd,.

«CayInMO7.5s where M=Ta, Nb.

This study also focused on new type of materials with Ln, Ca,BaZnOs s structure based
where Ln=Nd, La and brownmillerite structure based materials Ba,In,.,MxOs.s where

M=Ga,Y which are derivative of ABO3 type perovskite oxides.

1.2.3 Oxide ion conductors

Developing and discovering highly ionic conductive and chemically stable electrolyte
materials is one of the main roles of materials science. There are several oxide ions

conductive materials have been discovered over the last decade. Well known oxide ion



conductors with different conduction mechanism such as Yttria stabilized zirconia (YSZ),
cerium —gadolinium oxide (CGO), Lag.oSro.1GapgMgp.20;.85 (LSGM), La19(Si04)605 (Si-apatite),
La,Mo0,04 (LAMOX) (Figure 3)of them CGO and YSZ adopt fluorite type crystal structure.YSZ
is the most common electrolyte materials but operates at high temperature (typically 800-

1000°C)(2).CGO has higher conductivity than YSZ and operates at lower temperature (500-

700°C) than YSZ.
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Figure 5: Total conductivity plot of several oxide-ion conductors as function of inverse temperature.
(13)

The material LSGM is perovskite structure based oxide exhibits higher ionic conductivity
than YSZ. Ge-apatite, Si-apatite and LAMOX are new types of oxide ion conductors being
studied as SOFC electrolytes (14),(15).



Chapter 2

Overview of solid state conductors

2.1 Oxide ion conductors

Oxide ion conductors can be classified into several categories either on the basis of the
transport species or on their working temperature. In this section, structure and

conductivity of some conventional and new oxide-ion conductors were discussed briefly.

2.1.1 Fluorite structured oxides

Most of the oxide ion conducting materials has fluorite type crystal structure like AO,,
where A is tetravalent cation. Figure 6 illustrated the fluorite type crystal
structure(AO,).One of the best known fluorite type oxide ion conductor is acceptor doped
ZrO,.Yttria stabilized zirconia (YSZ) is the most widely used electrolyte for SOFCs. This
material has good chemical stability and exhibiting good oxide ion conductivity above
700°C.Other fluorite type oxide ion conductors are cerium-gadolinium oxide (CGO),
sammaria doped ceria (SDC), 6-Bi,O3 CGO have higher conductivity than YSZ even at lower
temperature (500-700°C).5-Bi205 has high fraction of vacancies which is basis for its high
ion conductivity. 6-Bi,O3; doped with rare earth materials such as, Y, Dy or Er by partially

substitute Bi which possess high oxide ion conductivity even at low temperature (16).

Figure 6: Fluorite type crystal structure (AO,) adopted by ZrO, where O% ions are represented by red
circles and small purple represent A* ions.



2.1.2 Perovskite-structured oxides

Perovskite structure (ABQs) is a simple crystal structure where A-site cation is large
coordinated to twelve anions. B cation is smaller occupying a six-coordinate site and forming

BOg octahedra.

Figure 7: Representation of cubic perovskite (ABO3) structure, where the red circle represents the A-
cation, the green circles represent the B-cations, and the small blue circles are oxygen ions. (17)

Perovskite structure based oxide ion conductors have been used as electrolytes in the
Intermediate temperature range (650-800°C) is doped lanthanum gallate, LaGaOs. (Sr, Mg)
doped LaGaOs; with composition Lag.oSr1GagsMgp.203.5 (LSGM) is found as high ion
conductor which is suitable for ionic applications (18), (19), (20).This material exhibit higher
ionic conductivity than some of the existing fluorite-type oxides YSZ even at lower
temperature. The purpose of acceptor doping on both La with Sr and Ga site with Mg is to
create oxygen vacancy to aid rapid oxide ion conductivity. Another type of perovskite
structure oxide ion conductors are BaCeO3(21) NdGagsMgp.102.95(22),

Gdo.85Ca0.15A105.925(23).

2.1.3 New oxide ion conductors

In 2000 the group of Lacorre developed the LAMOX family of oxide ion conductors based on
patent material La,M0,0s (LAMOX).There is a-B phase transition was found at above 600°C
with the latter ionic conductivity of 6x10 Scm*was found at 800°(24).The compound has

one of the complex crystal structure with 312 crystallo-graphycally distinct sites. Figure 8



illustrated the structure of B-LAMOX is emphasizing the coordination environments of the
anions where [La—Mo—-01] tetrahedral units is surrounded by oxide ions on 02 and O3 sites.
LAMOX has a high oxide ion conductivity to be considered as a practical material for solid

electrolyte application.
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Figure 8: A rigid framework of B-La,Mo0,0, with [La—Mo—01] units with O, and Os sites.

Apatite-type oxides are most fascinating of the new materials being studied as alternative
SOFC electrolytes which are recently discovered. In 1990 fast oxide ion conductivity was

discovered in silicate based apatites Lng33(Si04)60, Where (Ln=La, Nd)(25), (26).

The BIMEVOX families of oxide ions are good conductors which are based on fluorite-related
oxide Bi, 05 .A typical composition of this type of oxide (Bi;MgyV1.xOs 5.3x/2-5) Showed ionic

conductivity of the order of 0.1 S cm™ at 600°C (27)

2.2. Proton conductors

30 years ago the field of solid state conductors emerged. Proton conducting oxides are
important for both academics and technologies. Proton transport depends on the structural

and physical properties of the materials.
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2.2.1 Perovskite-structured oxides

In 1980 lwahara and co-workers discovered high-temperature proton conductivity in oxide
materials doped strontium and barium cerates which are perovskite structure based. The
perovskite-type cerates and zirconates become well established proton conductors after
twenty years of active investigation (28).Some well-known proton conductors are illustrates
in figure 9. Undoped SrCeOs3, BaCeOs, CaZrOs and SrZrO; exhibit low proton conductivity.
BaCeOs with 10mol% Y doped (BaCeg9Y.103) exhibits high proton conductivity. This material
is one of the best proton conductors. Y-doped BaZrOs-based oxides (BZO) are highly stable
with high proton conductivity that exceeds best oxide ion conductivity at temperature

below 700°C (Figure 9).
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Figure 9: Well know proton conductors such as BaCep Y103 (BCO); BaZrygYq,03 (BZO); LagoSro1POs;
Ba3cal.18Nb1.gzog,73 (BCN); Lao.99Ca0.01NbO4,' Lao.gBallzGaO&g (LBGO) with their total ConductiVity (2)
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2.2.2 Perovskite related oxides

Perovskite related oxides Srg5xNb242«O11+3x, Sre-2xTa242x01143x, and (BaiyCay)eNb,041 showed
purely proton conductivity at 600°C .The value of conductivity is very low (less than 103s
cm'l). One of the known best materials BasCa;.1gsNb; ;0373 (also known as BCN18) for
proton conductivity which is comparable with other best proton conductors BZO,BCO( figure
9).

Perovskite-related materials Ba,In,Os initially proposed as an oxide-ion conductor later
considered its ability to conduct protons (29). This material is also known as brownmillerite
structure based materials. This material is also studied in this thesis. High conductivity phase
of this material is stabilized by replacing either Ba or In (or sometimes both). (Ba;-
«Lay)>1n,0s.x system where x=0.1 showed proton conductivity of 1.12 x 10° S cm™ at 400°C.
Investigation of these materials has substantial opportunities for developing higher proton

conductors (2).

2.2.3 Phosphates

Phosphates are relatively high temperature proton conductors. In 1990s the compound
LaPO,4 was proposed as proton conductor (30). LaPO4 with Ca and Sr doped exhibit protonic
conductivity of 6x10° S cm™ and 3x10* S cm™ respectively at ~800°C.Other phosphates
lanthanum polyphosphate ( LaP30g) and lanthanum oxophosphate La;P301g have shown

protonic conduction in humid condition about 3 x10™S cm ™at 700°C (2).

2.2.4 Solid acids

Inorganic solid acids such as CsHSO4 and CsH,P0O4 have showed high proton conductivity at
moderate temperatures (120-300°C).These structures are consisting of SO, and PO,.
CsH,P04 has super atomic disorder phase that’s why electrolyte based on this material has

been demonstrated for both H,/O, and methanol fuel cells for continuous power generation

(2).
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2.2.5 New types of proton conductors

Niobates and tantalates are more stable proton conducting materials. High conductivities in
the niobates and tantalates are obtained at relatively low doping level compare to
perovskite structure based materials. Lag.99Cap01NbO4 has been reported to have the high
conductivity (Figure 9).La containing niobates have higher proton mobility than other Re
based niobates.

Although the conductivity of these materials are low compared to perovskite types cerates
,these materials represent a promising family of materials capable of operating in CO2

containing atmosphere for use as thin film electrolytes for SOFCs(2).
General formula of gallium based oxides is La; xBa1.xGaO4.x/; .Gallium based oxide with

composition Lag gBa; ,Ga0s g has shown high proton conductivity at intermediate

temperature (figure 9).
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Chapter 3

Experimental sections

The experimental section comprises two parts one is sample preparation and another is

characterization methods. Both sections describes briefly in bellow section.

3.1 Sample preparation

Crystalline solids can be prepared as ceramics, films, powders, nano-particles and single
crystals. Sample preparation depend on thermodynamics stability of the compounds
(2).solid state sintering method is most common method because of its simplicity. Other
method like sol-gel and milling procedure can be used in order to decrease sintering

temperature. Various synthesis method of making is described here briefly.

3.1.1 The solid state sintering method

It is traditional method involves mixing, compacting and firing of reactants to achieve the
desired product. The rate of reaction is determined by kinetics and change of free energy.
This method is slow but simple. Sometimes further compacting and firing is needed in order

to obtain complete pure samples. The compacting and firing enhance solid state diffusion.

3.1.2 Wet chemical route

3.1.2.1 .50l gel

An important synthesis route is based on sol gel chemistry and modified pechini routes
(33).Wet chemical routes have some advantages over solid state sintering method: this
process reduces the synthesis temperature and allows development of new fabrication
techniques (e.g films, fibers, monoliths)(34).The desired pure phase can be obtained quickly

at low temperature

14



3.1.2.2. Precipitation method

It is very fast and useful in synthesis of solid acids (compounds with intermediate properties
between the acid and its salt) where one of the reagents is an aqueous solution and another
reagent are dissolve in the acidic solution before adding methanol and ethanol. Finally

precipitated desired salt is washed with ethanol and dried before use.

3.1.3 Hydrated samples

As prepared sample were hydrated at different temperature like 400,300,250°C under N2
gas flow that has been pre-saturated with water at 76.2°C.and p(H,0)= ~0.42atm (figure 10)

for several days.

Silica tube Furnace
‘ Sample ‘

Heating wire

/ Condenser

Pump

Botlis &— Heater

Gas inlet
e Flux

Figure 10: A schematic diagram of the set up used to hydrate samples. (35)

3.1.4 Vacuum dried samples

These dried samples were achieved by annealing the as-prepared samples in vacuum (10°®
mbar) at 900°C or sometimes at 800°C overnight. The samples were carefully removed from

the vacuum and transferred to a controlled atmosphere.
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3.1.5 samples for Impedance measurements

In order to make dense pellets for Impedance measurements, 1.5g of the powder was
placed into a 13mm die and 5.5 metric ton pressure was applied to compress powder into a
cylindrical pellet. The pellet was sintered at 1100°C for 10h in air. Circular surface of sintered
pellet was coated with platinum ink paste and heated at 1000°C for 1h to burn away organic

residues.

3.2. Characterization Methods

The characterization methods used in this thesis are Thermogravimetric Analysis (TGA), X-
Ray powder Diffraction, The Rietveld Refinement method, and Impedance Spectroscopy (IS)

.etc. All these methods are described briefly below.

3.2.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a type of experiment performed on a sample to
measure the change in mass of the sample as a function of temperature or time. Change in
mass upon heating is a fundamental property of samples Change in mass also explains how
the sample undergoes decomposition or absorption/desorption when heated or cooled
under controlled atmospheres. This mass change can be quantitatively linked with chemical

and physical process such as hydration of a proton conductor (31).
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Figure 11: A schematic diagram of the TGA experiment set up of NETZSCH STA 409 PC

In the case of proton conductors the hydrated sample mass loss is greater than as prepared
sample because during hydration reaction significant mass increase. The amount of protonic

defects formed during hydration process is thus measured by TGA.

The instrument used for TGA experiment was a NETZSCH STA 409 PC (Figure 11).Alumina
crucibles were used as sample and reference container.N, gas was used as supporting gas.
An empty run was performed before a new batch of sample was run and 50-100mg of
sample was run under experimental condition. Before each run the top valve is shut and
vacuum pump is turned on.TGA chamber is evacuated and refilled with N, gas two times.
After that the pump is turned off and top valve is opened and the initial condition gas is on

for 10 min in order to ensure gas flow equilibrium.

3.2.2 Diffraction

Initially diffraction pattern is used to characterize the compound. Each crystalline compound

has its own diffraction pattern. In order to describe the crystal structure it can be divided
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into unit cell. Diffraction pattern represent the atomic structure of the compound in terms
of the unit cell. Characterization of periodic arrangement of atom is described by integer
values h,k,I known as miller indices. When these planes are parallel to each other the

distance between the planes is denoted by dp.

A C
Incident x-rays Diffracied x-rays
A’ A A C’
A
A
B 4
5
i
X ¥
B’

Figure 12: Bragg's Law reflection where path difference is 2dsin® and d denotes the inter-planar
distance. (31)

Bragg and his son developed a simple theory of diffraction from crystal. Derivation of Baggs
law for X-ray diffraction is shown by Figure 12.Two X-ray beam A A’ are reflected from
adjacent planes B,B’. Beam A’B’C’ has to travel extra distance compared to beam ABC. If the
path difference (dsine) is equal to integer number (n) of wavelength (A) then constructive
interference occurs and a diffraction pattern peak appears according to Braggs equation 1.,
2dpsinO=nA  eq 1 where 0 is Braggs angle and d is distance between plane denoted by
hkl

Distance between planes d determines peak position in the diffraction pattern and crystal

structure of the compound can be studied.

3.2.2.1 X-Ray powder Diffraction

X-Ray powder Diffraction (XRD) is widely used powerful technique for characterization of
crystalline solids. It’s a quick method to verify sample purity, identify impurity and progress
of synthesis. When the x-rays are illuminated on a sample, electrons in the atoms of the

sample scatter light and a diffraction pattern is produced. This pattern is collected by a
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detector. In this study a Bruker D8 powder diffractometer is used and radiation used was
the Cu ka; radiation with a wavelength of 1.5406A. A database of International Centre for

Diffraction Data (ICDD) was used to identify the samples.

3.2.3 The Rietveld Refinement Method

Rietveld analysis is a method of refining crystal structure from powder diffraction data (33).
This method involves interpretation of not only line position but also of line intensities. In
the Rietveld method least-squares refinements is used to fit a calculated pattern with the
entire powder diffraction pattern.(32).By changing different parameter such as, lattice
parameters, background, temperature factors and position of the atoms the difference
between experimental data and that calculated based on the structural model is minimised.
The accuracy of the model is judged by reliability factors and lower R value implies
convergence of least-square calculation but provides no guarantee that the model is
physically meaningful. Good chemical knowledge is also needed to check that desired bond

lengths are realistic.

3.2.4 Impedance Spectroscopy (IS)

Impedance spectroscopy (IS) is a good method to characterize the electrical properties of
materials and their interface with electrodes (34). A known voltage or current is applied to
the electrode and a response current or voltage is observed. The most common and
standard electrical stimuli is to apply frequency voltage to the interface and measure the
impedance from the phase shift and amplitude. The resulting current has two parts,
imaginary and real. Typically, v (t) = Viusin (wt) is applied to the cell and the resulting steady
state current, i(t) = l,sin(wt+06) is measured(4),where v (t), i(t), Vm, Im, tand 6 are
respectively voltage function, current function, voltage amplitude, current amplitude, time
and phase difference between current and voltage. Impedance and its magnitude can be
defined as Z (w) = v (t)/i (t) and |Z (w)| = Vm/Im (w) respectively. Z is complex quantity and

can be written as Z (a) =Z’ + jZ”” where j is imaginary number. According to the figure 13,
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Figure 13: The real and imaginary part of the impedance is represented in vector format (34).

From the figure it can be written Re (Z) =Z' = | Z|cos6 and Im (Z) =Z" = |Z|sinB where phase

angle 6= tan™ (Z’/2”) and modulus is defined as |Z|= [(Z')*+ (2”")]">

Figure 14 represents schematic diagram of the setup used during the experiment where
Probostat cell in the furnace is connected with the with the Solartron 1260 analyzer which is
connected with the computer. Smart software is used to control the temperature and

analyser.

Temperature
conftroller
Fumace
Spring loodeaed cluming disk e——— J —
! Computer
Gas supply 1ube pu
Oulter electode .
Zview
Supporn tube i
Inner eloctiode - Impedance
Outer tube
Solartron
Gas Inlat - 12
Gas out let C 63
> *
3 e |

1 Disk sample
2 Therrmacoupla

Figure 14: A schematic diagram of Impedance Spectroscopy setup .Insert picture is of the

conductivity cell.
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Figure 15: Impedance data analysis by z-view software with an insert model. From this semicircle
with fitted data total conductivity can be obtained at certain temperature.

A pellet form of sample was run by Solartron 1260 analyzer with smart software. This
software generated a dat file and experimental file. By using z-view software these data
were analyzed with an insertion z-view model. When model data was fitted with the
experimental data then the data was taken and total conductivity was calculated. Activation

energy of the system was calculated by using Arrhenius plot of total conductivity.
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Chapter 4

Pyrochlore structure based materials

Pyrochlore possess a complex A,B,0;-type structure. Sometimes they are written as A,B,0
(1)60 (2) to highlight the two types of O anions present. An ideal structure of A;B,05 is given

below (figure 16),

Figure 16: A schematic diagram of A,B,0;-type pyrochlore structure where BOg octahedra in green,
cations in grey and non polyhedra O in cyan (36)

This structure can be viewed as three-dimensional network of interlinked BOg octahedra
with the A,O (2) atoms occupying. The B,O (1)6 and A,O (2) networks weakly interact

through A—O (1).So vacancy can be taken place in the A,O (2) network.

In this study Nd,.4CayInMO;.s where M=Nb,Ta 0<x<0.05) was investigated. These are A,B,05-
type pyrochlore structure where B sites in the A,>*B,*"0, compound are randomly occupied
by In** and Nb>*, In*" and Ta’"ions in a charge balanced manner which leads to slight

modification of band structure and crystal structure(37),(38).
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These samples were synthesized by conventional solid state sintering method.In,03
(Aldrich), Nb,Os (sigma Aldrich) with 99.99% purity, CaCO3 (merely) with 99%purity Nd,0s
(Aldrich) with 99.9% purity and Ta,05; (Aldrich) with 99% purity were used as starting
materials.Nd,05; was dried at 800°C at 1hr before use. These materials were mixed and
grinded with mortar. The mixture was pre heated in air at 1200°C for 10hr.Resulting powder
were grinded and made pellet and putted into the furnace at 1400°C for 24hr.Again
resulting samples were grinded and made pellet and heated at 1500°C for 8hr and 1550°C
for 24hr respectively. Purity of the sample was confirmed by XRD. XRD pattern of these

samples after 1550°C heating is given below,

Eé | | R ' Nd1.95Ca0.05InNbO7
ﬁ: Nd2InTaO7
e ] , . ) __Nd1.95Ca0.05InNbO7
ﬁ I X i J -/|.__Nd2InNbO7

Figurel7: XRD pattern of Nd,.Ca,InMO;.s where M=Nb,Ta 0<x<0.05).These data were investigated

on the Bruker D8 diffractmeter.
According to figure 19 these pyrochlore structure based materials adopts cubic structure

with space group Fd-3m . Rietveld refinement method is performed on Nd,InNbO7.s and the

unit cell parameter was obtained as a= 10.6292(1)A. Unit cell volume, chi squire value and
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Rwp value of system was calculated as 1200.8858(1)A3, 7.867, 6.75% respectively..Rietveld

refinement fit curve is given below,

Nd1.95Ca0.051nNbO7 -2 Hist 1
Lambda 15405 A, L-S cycle 262 Obsd. and Diff. Profiles
\ I I I \ I I I
+
* oL 1 _
!
>
O~ i
=+ 1
C)._ —
]

G.0

Counts

\ | | | | \ | | | \
20.0 300 400 500 600 70.0 800 800 1000 1100

20, deg

Figure18: Rietveld fit of XRD data for the Nd,InTa0;.s. The difference curve (pink), calculated pattern

as solid lines and the model (green) on the observed pattern (red);

Tablel: Refined Structural parameters of Nd; 9sCag ¢5sINnNbO;.5 obtained by the Rietveld
Structure refinement.

Atom X y z Occupancy uiso

Nd 0.5 0.5 0.5 0.975 0,0004(1)

In 0 0 0 0.5 0,0189(1)

Ta 0 0 0 0.5 0,0189(1)
0.3326 0.125 0.125 1.0 0,0690(1)
0.375 0.375 0.375 1.0 0,0821(1)

Ca 0.5 0.5 0.5 0.025 0.0004(1)
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Table 1 summaries the Rietveld refinement data of Nd; g5Cag.os5/InNbO7 Atomic position and
occupancy of the atoms is also described. Figure 18 describe how good the Rietveld fit of
Nd,InNbO7_s system. The pink curve showed difference between calculated data and

experimental data that means less difference. So the data was fitted well.
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Figure 19: A typical plot of the log of conductivity Nd,Ca,InTaO.5 (where x=0, 0.05) as a function of

temperature under Dry argon (cooling).

Conductivity of the system Nd,.,Ca,InTaO;.s (where 0<x<0.05) were investigated and plotted
in figure 19. Undoped and doped with Ca®* samples were chosen for conductivity
measurement. Conductivity increased slightly with the doping level, however at 1000°C
conductivity of undoped sample was higher than the doped sample. Because of high

resistance at lower temperature conductivity data was not taken.
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These pyrochlore structure based samples were synthesized successfully. Rietveld analysis
confirmed that these materials adopted cubic system with Fd3m space group According to
conductivity data these materials are not good oxide ion conductor.Ca”* could not create so
much oxygen vacancy as it was expected. May be other dopant need to introduce in order
to create oxygen vacancy. Conductivity value of Nd; gsCaggsinTaO7.s at 650°C is 1.078x10”
which is very low compare to pyrochlore NdGdZr; gsScg.1507-5 of 1.89 x 107*scm™

conductivity (44)
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Chapter 5

Brownmillerite structure based materials

Ba,In,0s is brownmillerite structure based materials. This is one of the well-known
perovskite-related oxide ion conductors. At room temperature these materials adopt
orthorhombic structure with ordered oxide ion vacancies with InOg octahedra and InO4
tetrahedra (figure20).There are three crystallography distinct oxygen sites.Olin the
equatorial sites, 02 in the apical sites of the octahedral and tetrahedral and O3 in the
equatorial sites of the tetrahedral (39).In this thesis brownmillerite structure based Ba,In,.
«M,Os_s (Where M=Ga,Y and 0<X<0.85) synthesized and characterized this material by

Rietveld refinement method.

Figure20: Brown millerite structure based Ba,In,05 showing InOg and In0, (1).

The sample of Ba,In,,M,0s_s was synthesized by solid state sintering method. With
stochiometric mixture of BaCOs (Aldrich) with 99.98% purity, In,05 (Aldrich) with 99.99%
purity, Ga,0s (Aldrich) with 99.99% purity,Y,03 (Aldrich) with 99.99% .These materials were
mixed and grinded and heated at 1000°C for 16h.After heated at 1000°C these materials
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again grinded and made pellet form finally sintered at 1250C with some intermediate
grinding. XRD data were collected at room temperature on a Bruker axs D8 diffractometer.

According to XRD results single phase was found at 1250°C.
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Figure 21: XRD pattern of Ba,lIn,,Y,0s.s where 0<x<0.85.This data was investigated on the Bruker D8
diffractmeter.Structural change was occurred higher doped (x=0.5) materials.
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Figure 22: XRD pattern of Ba,In,Ga,0s.s where 0<x<0.85.This data was investigated on the Bruk

D8 diffractmeter.Structural change was occurred higher doped (x>0.5) materials.

At room temperature Ba,In;,Gax0s.s and Ba,lIn,.Y,Os-5 adopt orthorhombic structure upto
x=0.3.Structual changes clearly observed at x=0.5.Ga doped brownmillerite samples
structure transforming from orthorhombic to cubic and Yttrium doped samples structure
transforming from orthorhombic to tetragonal structure. Figure 23 showed the XRD pattern
for both dopant at x=0.5.According to figure 23 it can be understood that these systems are

still transforming.
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Figure 23: XRD pattern of Ba,ln; sGags0s.5 (Black) and Ba,In; 5Yy50s.5 (Red).
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Figure 24: Rietveld fit of XRD data for the Ba,In; 35Gag150s.5. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red).Cell parameter a=6,
0982(1)A;b=16.6486(1)A;c=5.9633(1)A ,Unit cell volume =605.433(1)A3, chi squire ¥*=3.771, Rwp =
8.30%
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Figure 25: Rietveld fit of XRD data for the Ba,In; g5Y.1505.5. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red); Cell parameter
a=6.1084(1)A;b=16.7736(1)A;c=5.9887(1)A,Unit cell volume =613.427(1)A>, %°=5.409, Rwp = 9.13%

Rietveld analysis was performed on Ba,In, (Ga, Y) yOs.s up to x=0.3 and the unit cell was
found to be orthorhombic and space group was lbm?2 (figure24, 25).Cell expansion was also
proved by Rietveld analysis. Cell parameter of Ba,In,,(Ga,Y)0s.5 system is showed in the

table 2.
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Table 2: Summary of the Rietveld refinement of XRD patterns collected for the Ba,ln,.(Ga,Y)xOs.s

system.
Composition a b c Chi Square
BaIn;05.5 6.0846(1) 16.7807(1) 5.9672(1) 4.893
BaIN1.95Y0.0505 6.0851(1) 16.7946(1) 5.9660(1) 4.921
BayIn; 9Y(.105 6.0956(1) 16.7822(1) 5.9768(1) 4.554
BayIn; ;Y0305 6.1315(1) 16.8466(1) 6.0323(1) 4.802
BaIn; g5Gag 1505 6.0982(1) 16.6486(1) 5.9633(1) 3.771
BayIn; 7Gap 305 6.0926(1) 16.5262(1) 5.9632(1) 6.223
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Figure 26: Cell volume function of Y doping concentration curve for Ba,In,,Y,0ss system, where cell
volume increase with the increase doping concentration.
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Figure 27: Cell parameter function of Y doping concentration curve for Ba,In,.Y,0s.5 system, where

cell parameter (a) increase with the increase of doping concentration.

lonic radius of Coordination Number (CN) 6 Y** (0, 94) is larger than CN 6 In** (0, 8A).With
the increase of dopant concentration Y>* cell volume and cell parameter (a) also increased.

Cell was expanding according to table 2 and figure 26, 27.
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Figure 28: Cell volume function of Ga doping concentration curve for Ba,In,,Ga,0s 5 system, where
cell volume decrease with the increase of doping concentration.
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Figure 29: Cell parameter function of Ga doping concentration curve for Ba,In,.,Ga0s.5 system,
where cell parameter (b) decrease with the increase of doping concentration.

lonic radius of CN4 Ga** (0, 47A) is lower than CN 4In* (0,62A).For this reason cell volume
and cell parameter (b) also decrease with the increase of doping level according to table

1,figure 28,29 The unit cell is contracting with the increasing dopant concentration.

Hydration experiment was run at 275°C and p(H,0)=0.42 atm under N, gas flow for 3 days
and XRD was done on hydrated samples. Vacuum drying was done on all the samples at
700C and 10°mbar for 1 day and XRD data was collected for these samples. Figure 30

illustrates XRD of BayIny g5Gag 15055 (hydrated, vacuum dried, as prepared).
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Figure 30: XRD pattern for Ba,In; gsGag 1505.5 Where red curve is for hydrated sample, blue curve is for
as prepare sample and black curve is for vacuum dried .Hydrated Ba,ln, 35Gag 1505.5 adopt tetragonal

structure.

Hydrated Ba,ln; gsGag 15055 adopts tetragonal structure with space group P4/mmm. Rietveld
refinement was done on hydrated Ba;In; g5Y0.150s5.5 in order to extract cell parameters.
Rietveld fit curve of Ba,ln1g5Y( 15055 is plotted in figure 30 and refined atomic positions are

described in table 3.
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Figure 33: Rietveld fit of XRD data for the hydrated Ba,In; 35Gag 1505 5. The difference curve (pink),
calculated pattern as solid lines and the model (green) on the observed pattern (red);where
hydrated Ba,lIn; g5Gag 150s.5 possessed tetragonal phase. Cell parameter a, b= 4.2142(1)A, c=
9.0363(1)A, Unit cell volume =160.48(1)A%, > 2=3.564, Rwp = 9.27%.
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Table 3: Refined atomic position and site occupancy of hydrated Ba,ln; g5sGag 150s.5.

Atom X Y yA Occupancy
Ba 0 0 0.2908(1) 1

In 0.5 0.5 0.5 1

In 0.5 0.5 0 0.85

Ga 0.5 0.5 0.5 0

(0] 0.5 0.5 0.3324(1) 1

(0] 0 0.5 0.5 1

(0] 0.2916(1) 0 0 0.5

Ga 0.5 0.5 0 0.15

Thermogravimetric analysis (TGA) was performed on as prepared and hydrated According to
TGA result mass loss was observed 3.02% for Ba,lni g5Gag 15055, 2.83% for Ba,lng 7Gag 30s.
sand 3.01% for BaIny.g5Y0.1505.5 . These brownmillerite structure based materials were

almost 99.99% hydrated according to table 4 and figure32.
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Figure 32: TGA data for Ba,In,.,(Ga,Y),Os.s system showing amount of mass loss in hydrated samples.

Amount of mass loss is consistent with the system.

Table 4: Theoretical vs experimental mass loss of hydrated Ba,In,.,(Ga,Y)Os.s.

Sample theoretical mass experimental mass exp/theory%
loss% loss%

Ba;In; 85Gap.150s.5 | 3.025 3.02 99.83

BayIn; ;Gap30s5 | 3.059 (663C)2.83 92.51

BazIn; g5Y0.1505.5 | 3.012 (736C)3.01 99.93
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Figure 33: TG-DSC on Hydrated Ba,In,.(Ga,Y),0s.s where TG-DSC curve of Ba,In; ;Y,30s.5 didn’t follow
same trend like other hydrated brownmillerite materials.

DSC and TGA curve was plotted together in figure 33.Mass loss was observed between 400-
600°C temperature region where DSC Peaks also showed endothermic reaction .This mass
loss could be water loss. DSC peaks at higher temperature around 800°C showed structural

changes (orthorhombic to tetragonal).TG-DSC curve of Ba,In; 7Y 30s5.5 haven’t followed

same trend like other hydrated brownmillerite materials.
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In summary Ba,ln,,(Ga, Y)Os.s were synthesized successfully. These materials possessed
brownmillerite structure with lbm2 space group until x<0.3.When doping level increase
structural changes occurred and structure become orthorhombic to cubic or tetragonal
according x-rd pattern. Cell is expanded with increase of dopant (Y*>*) concentration and
contracted with increase of dopant (Ga**) concentration. Hydrated brownmillerite

possessed a tetragonal structure.
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Chapter 6

Ln,BaZnOs systems

Ln,Ca,BaZnOs._s family of ternary oxides (where Ln=La,Nd and 0<x<0.3 ) Have been

analyzed in this thesis. An ideal structure of Ln,BaZnOs is given below,

Figure 34: A schematic diagram of Ln,BaZnOs family with complex structure where ZnO, tetrahedral
in green, Ln in light brown, Ba in bluish grey and non polyhedra O in red.
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This structure is one of the complex structures which are crystalline in tetragonal structure
where Ln* ion is surrounded with 8 oxygen ions and Zn*" is surrounded with 4 oxygen ions.
LnOg polyhedra are linked with one another to form Ln-O layer.0-Ba-O have weak
interaction with ZnO4 network (figure34).So that oxygen vacancy can be found in ZnQO,4
network (41).

In this thesis La;.xCayBaZnOs.s and Nd,.,Ca,BaZnOs. s (0<x<0.3) have been synthesized. The
ability to acceptor doping the materials with Ca** in order to create oxygen vacancies and
increase ionic conductivity has been investigated. Both of the systems have same structure

with 14/mcm space group (42).

The sample of La,.,Ca,BaZnOs. s and Nd,.,Ca,BaZnOs. s were synthesized by solid state
sintering method. La,03 (Aldrich) with 99.95% purity, CaCO3 (merely) with 99% purity,
BaCOs (Aldrich) with 99.98% purity, ZnO (Aldrich) with 99.99% purity, Nd,0s (Aldrich) with
99.9% purity were used as starting materials. Nd,03 was dried at 800°C at 1hr before use.
These materials were mixed and grinded. These mixtures heated at 1000-1100°C with
intermediate grinding. Finally the samples heated at 1100°C for 24hr.The formation of single
phased materials was determined by XRD. After heating the powder (La,BaZnOs) at 1000°C
and 1050°C X-rd was done and some impurity peak was found on the pattern. (Figure

35)Finally pure phase was observed at 1100°C.

41



12000 é
11000 é
10000 é
9000 é
8000 é
7000 é

6000

Lin (Counts)
Il

5000 -
4000
3000

2000

1000

1100C
1050C

1000C

-

I —_— L —
40 50

2-Theta - Scale

Figure 35: XRD pattern of La,BaZnOs after heating at different temperature. Pure phase was
obtained at 1100°C.Impurity phase was found at lower temperature.
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Figure 36: XRD pattern of La,,Ca,BaZn0Os. s where 0<x<0.3.These data were investigated on the

Bruker D8 diffractmeter.Top pattern has some change of structure (some peak disappeared).
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Lay.xCaxBaZnOs. s and Nd,.,Ca,BaZnOs. 5 both systems (doped+undoped) have followed same
pattern At X=0.3 some peaks disappeared and long scan also showed some impurity phase

on this system at X=0.3.
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Figure 37: XRD patterns for Nd,.,Ca,BaZnOs. s where 0<x<0.3.These data were investigated on the
Bruker D8 diffractmeter. Top pattern has some change of structure (some peak disappeared).
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Figure 38: Rietveld fit of XRD data for the Nd,BaZnOs. The difference curve (pink), calculated pattern
as solid lines and the model (green) on the observed pattern (red). Cell parameter a=b= 6.7607
(1)A;c= 11.5438 (1)A ,Unit cell volume =527.63(1)A%, chi-square c2=3.776, Rwp = 9.51%

43



Table5: Refined atomic position and site occupancy of Nd,BaZnOs

Atom Position X Y y4 Occupancy
Nd 0.1720(1) 0.6720(1) 0 1
Ba 0 0 0.25 1
Zn 0 0.5 0.25 1
0 0 0 1
0.3356(1) 0.8356(1) 0.1285(1) 1

Summary of refined atomic position and site occupancies listed in table 5. Rietveld fit of XRD

data for Nd,BazZnOs is showed in figure 38.The graph was well fitted. Reitveld fit curve for

La, «CayxBaZnOs. 5 is showed in appendix1 Cell expansion was proved by the Rietveld analysis

(table 6).For La, xCayBaZnOs_s system cell parameter and Zn-0 bond length is increasing with

the increase of doping concentration exception was observed for La; ;Cag3BaZnOs s system

due to impurity.

Table6: Summary of the Rietveld refinement of XRD patterns collected for the La,Ca,BaZnOs.5 and

Nd,..Ca,BaZnOs.5 system.

composition a,b (A) c (A) Zn-0 bond Chi-squared
length (A)

La; 95Cap.0sBaZn0.s 6.9077(1) 11.5922(1) 1.9254(1) 4.30

La; 9Ca0.1BaZnOs.g 6.9111(1) 11.5942(1) 1.9264(1) 4.99

La; g5Ca0.15BazZn0ss | 6.9121(1) 11.5989(1) 1.9287(1) 5.484
La;,Ca0.3BaZn0s; | 6.9110(1) 11.5919(1) 1.9338(1) | 5.502
Nd,BaznO; 6.7607(1) 11.5438(1) | 2.1060(1) 3.776
Nd; 95Cag.05BaZn0s.s 6.7607(1) 11.5461(1) 1.9100(1) 4.836
Nd1oCa0:BaZnOss | 6.7608(1) 11.5465(1) | 1.9324(1) 2.688
Nd1.g5Cag.15BaZn0s. 5 6.7610(1) 11.5469(1) 1.9454(1) 3.736
Nd,,Ca0sBaZnOss | 6.7613(1) 11.5475(1) | 1.9464(1) 4.423
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0.5 gm of the entire sample (La,.«CayBaZnOs. s and Nd,..Ca,BaZnOs. 5 system) was hydrated in
a protonation furnace at 400°C for 2days and for 2 days simultaneously 300°C for 2 days and
200°Cfor 2days.Partial pressure was noted as p(H,0) ~0,42atm. XRD data was collected on
hydrated samples. Again Vacuum drying was done on all the as prepared samples at 700C
and 10°mbar for 1 day and XRD data was collected for these samples. From the XRD data of
as prepared, hydrated and vacuum dried samples (La,.xCayBaZnOs._s and Nd,,Ca,BaZnOs_s) it
can be remarked that structure was changed during hydration. Nd (OH) 3 and La (OH); were

formed.(figure 39).XRD pattern of hydrated Nd,BaZnOs is given in appendix 1.
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Figure 39: XRD pattern for La,BaZnOs where red curve is for hydrated sample and black curve is for
as prepare sample. Hydrated curve is showing some La (OH) ; peaks.
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Figure 40: Cell volume function of Ca®* doping concentration (x) curve for La,.Ca,BaZn0Os s system,

where cell volume increase with the increase of doping concentration Exception at X=0.3
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Figure 41: Cell parameter a function of Cca* doping concentration (x) curve for La,.,Ca,BaZnOs_s
system, where value of cell parameter increase with the increase of doping concentration Exception

at X=0.3.
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Figure 42: Cell parameter c function of Ca** doping concentration (x) curve for La,,Ca,BaZnOs.s
system, where value of cell parameter increase with the increasing doping concentration Exception

at X=0.3.

Figure 40, 41, 42 illustrates how the cell volume, cell parameter change with increase of Ca
doping concentration. These cell parameters are Rietveld refinement value of XRD data. At
x=0.05 concentration cell volume was calculated as 553.1438(1)A* At higher Ca doped
higher cell volume was found except at x=0.3 .the same trend was followed for cell
parameters .The value of cell parameter also increase with the increase of Ca doping
concentration. The exception was observed at x=0.3 because this sample was not
completely pure. Although ionic radius of CN 8 Ca** (1,12A) is lower than ionic radius of CN 8
La**(1.16A) cell was expanded for these system with Ca doped. It can be explained that Ca®
creates oxygen vacancies and perhaps this leads to cell expansion, alternatively Ca** may
either have replaced Ba®* and some La*" was substituted by Ba?*(CN10 ionic radius 1,52A),
that’s why cell parameter and cell volume increased and cell expanded with the increasing

doping level
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Figure 43: Cell volume function of Ca®* doping concentration (x) curve for Nd,..Ca,BaZnOs ssystem,
where cell volume decrease with the increase doping concentration
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Figure 44: Cell parameter function of Ca®* doping concentration curve for Nd,,Ca,BaZnOs.s system,
where value of cell parameter increase with the increasing doping concentration Exception observed
at X=0.1.
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Figure 45: Cell parameter c function of Ca** doping concentration curve for Nd,..Ca,BaZnOs.s system,
where value of cell parameter decrease with the increasing doping concentration

For Nd,CayBaZnOs s system cell volume decreased with the increased of ca® doping
concentration. Exception was observed for undoped sample and impurity phase was found
in long scan diffraction pattern of undoped system (figure 43).according to figure, 44, 45 cell
parameter (a) decreased and cell parameter (c) increased with increasing Ca**
concentration. Although ionic radius of CN 8 Ca®* (1,12A) was higher than ionic radius of CN
8 Nd** (1.109A), unit cell was contracted. It can be explained in a way that Initially Ca®
replaced Nd*" at lower doping and later Ba** was substituted by Ca** that’s why cell

parameter and cell volume initially increased and later decreased.

Thermo gravimetric analysis (TGA) was performed on as prepared and hydrated samples.

Mass loss in hydrated samples much higher than as prepared samples.
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Figure 46: TGA data for La,,CaBaZn0Os. 5 system showing amount of mass loss in as prepared
samples. Amount of mass is inconsistent.

Table7: Summary of TGA data for La,CaBaZnOs. s and Nd,Ca,BaZnOs. 5 system with as prepared
and hydrated samples.

Mass change for

Mass change for As
Sample TEMP REGION(°C) hydrated

prepared samples

samples

La,BaZnOs 82-1000 4.11% 12,95%
Laj gscaposBaZznOss | 82-1000 0.9% 12,50%
La;.9cap.1BaZnOs 5 82-1000 0.24% 12,72%
La; gscap1sBaZznOss | 82-1000 0.31% 12,28%
Nd,BazZnOs s 82-1000 0.11% 6,33%
Nd1,95cao_05BaZn05.5 82-1000 0.11% 6,34%
Nd; ocap0sBaZn0s.s | 82-1000 0.42% 6,64%
Nd1,g5cao_o5BaZn05-5 82-1000 0.2% 6,83%
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Mass loss was inconsistent for as prepared La,.Ca,BaZnOs. s system .Mass loss decreased
with the increased of doping level. However in perovskite systems mass loss increase with
the doping level. Hydrated samples have higher mass loss than as prepared samples. During
hydration these materials continuously decomposed results higher mass loss. Ln(OH)3; was
showed in XRD pattern of hydrated samples(figure 39). The obtained mass loss for both Ln-

Zn (Ln=Nd,La)was given in table 7.
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Figure 47: TGA data for La,..Ca,BaZnOs. s system showing amount of mass loss in hydrated samples.
Amount of mass loss is same for all systems.

Total conductivity for the system La,,CaBaZnOs. s were investigated and plotted in the
figure 48.Conductivity experiment was run under dry Argon. Magnitude of the total
conductivity increases with the increase of acceptor doping level. There is huge conductivity

difference between the curve with undoped and the curve with doped system. That means
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small amount of acceptor doping has great influence on conductivity level. At higher doped
systems conductivity increase with small extent. However conductivity level was found even
lower in La; 7Cag3BaZnOs s system due to impurity. This sample was not completely pure

according to XRD.
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Figure 48: A typical plot of log of conductivity function of inverse temperatures under dry argon flow
as prepared samples of La,Ca,BaZn0Os. 5 system. The conductivity increased with the increase of
doping level. Exception was observed for La; ;Cap3BaZn0s_5 system.
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Figure 49: A z-view generated Impedance plot for La; gscag 15 BaZnOs. 5 at 500°C under Dry Argon
(black semicircle) and Dry oxygen (Red semicircle) flow.
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Figure 49 is impedance plot of La; gscag 15 BaZnOs_s system under dry oxygen and dry Argon
flow. The impedance value under oxygen run was much lower than Argon run at same
temperature. That’s why conductivity was also calculated higher under O, run than Argon

run at 500°C.
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Figure 50: A total conductivity plot for La; gsCag 15 BaZnOs.s system of thicker and thinner pellet under
dry O, flow (cooling).

Conductivity experiment was repeated on of La; gsCag.15 BaZnOs 5 system and plotted in

figure 50.Conductivity is consistent for repeated experiment.

Total conductivity plot of La; gsCag .15 BaZnOs.s system under dry O, and dry Argon flow is
shown in figure 51.Under dry O, flow oxide ion could move fast and impedance dropped

and high conductivity was observed .Conductivity under O, flow was higher than in Argon
flow condition. Activation energy was calculated 0,7474eV at temperature (600-1000)°C,
1,0379 eV at(400-550)°C and 0,7318eV at (250-350)°C under dry O, flow condition Under dry
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Argon flow condition activation energy was calculated respectively 0,8843 eV 1,0973eV and
0,8818 eV. At higher temperature activation energy dropped because energy barrier

decreased and oxide ion moved rapidly and conductivity increased.
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Figure 51: A total conductivity plot for La; gsCag 15 BaZnOs s system under dry O, and dry Argon flow
(cooling)
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Figure 52: Log of conductivity as a function of inverse temperature showing conductivity of Nd,.
«Ca,BaZn0; s system. The conductivity increase with the increase of acceptor doping level.

Total conductivity for Nd,_,Ca,BaZnOs. s systems were investigated and plotted in the figure
52.Acceptor doping has effect on conductivity. Conductivity level was increased with the
increase of doping level. Conductivity of Nd; 9Cag.1BaZnOs_s system was higher than undoped

and lower doped systems.
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Figure 53: A total conductivity plot for Nd; ¢Cag 1 BaZnOs_s system under dry O, cooling and dry Argon
cooling .Conductivity difference is clearly observed under different condition.

A clear difference of conductivity was observed under different condition (figure 53). Under
dry O, condition conductivity level of Nd; gCag 1 BaZnOs_s system showed higher value than
under dry Argon condition. Under dry O, condition impedance dropped and that means
conductivity increased. Activation energy was respectively 1,0591eV at (400-600)°C,
0,6949eV at (650-1000)°C under dry Argon condition and 0, 6995 eV under dry O, condition.

Activation energy of La,CayBaZnOs s and Nd,Ca,BaZnOs s system under Dry Argon and O,
condition at different temperature given in table 8. Arrhenius plot of total conductivity was
used to calculate activation energy for different system. At 600-1000°C temperature region

activation energy for La; gsCa0.15BaZn0s g system was 0, 8843 eV under dry Argon condition
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and 0, 7474 eV under dry O, condition. That means under O, condition oxide ions were

easily moving because energy barrier decreased.

Table 8: Activation energy chart for La,.Ca,BaZnOs s and Nd,.,Ca,BaZnOs s system under Dry Argon
and O, condition.

Formula Temperatures Activation Activation

(°c) energy(eV) dry energy(eV) dry O,
Argon

La;BaZnOs_s 450-1000 1,0957

Lal,95Cao,osBaZn05-5 650-1000 0,8685
450-600 1,1423
600-1000 0,8843 0,7474

La; gsCa0.15BaZn0s5 | 400-550 1,0973 1,0379
250-350 0,8818 0,7318

Nd,BaZnOg 150-1000 1,3982

Nd1_95Cao_05BaZn05_5 150-1000 0,6809

Nd;9Cap.1BazZnOs_5 400-600 1,0591 0,6995
650-1000 0,6949 0,6995

Ln,CayBaZnOs. s where Ln=La, Nd; x=0 to 0.3 structure based materials were successfully
synthesized by solid state sintering method. These materials were not stable in wet
condition and during hydration H,0 react with (La, Nd) to form Ln(OH)3.TGA results confirm
that these materials uptake lots of water during hydration consistent with the decomposing
to hydroxide. Cell expansion of these materials was proved by Reitveld analysis. With the
increase of acceptor doping level total conductivity of Ln,.,Ca,BaZnOs. s system increased
.Higher doped materials (x>0.3) has lower conductivity due to impurity. In O, conductivity is

dominated by p-type electron holes. In Argon the conductivity is lower and it is oxide ion
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conduction. Undoped La;BaZnOs has one order of higher magnitude of total oxide ion
conductivity than Nd,BaZnOs (figure 48, 52) .The oxide ion conductivity is still pretty good.
At 1000°C the conductivity of La; gsCag.15BaZn0Os sis 3, 4x10°Scm™and Nd; 9Cag.1BaZn0Os_5 is
4.3x102Scm ‘one order of magnitude lower than YSZ (1x10™'Scm™)(42).
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Conclusion

The proton conductivity in acceptor doped pyrochlores Nd, ,CayInMO.s where M=Ta, Nb;
0<x<0.05, Ln,.,Ca,BaZn0Os g structure based where Ln=Nd, La; 0<x<0.3 and brownmillerite
structure based materials Ba,In,,Mx0Os_s where M=Ga, Y; 0<x<0.85 have been investigated.
Ln;,.«CayBaZnOs_s possessed tetragonal structure with 14/mcm space group, Nd,,CaInMO7_s
possessed cubic structure with Fd-3m space group and Ba,In, ;Mx0Os_s possessed
orthorhombic with Ibm2.All of these samples were synthesized successfully by solid state

sintering method’s and XRD data showed these materials synthesized successfully.

In order to make conclusion further study (more synthesis, TGA, conductivity) is needed for
pyrochlore Nd,Ca,InMO-_s systems however initial conductivity was low. Acceptor doping
Ca’*enhanced the ionic conductivity of Ln,BaZnOs (where Ln=La, Nd) structure based
materials, and Nd; 9Cag.1BaZnOs. s and Lay gsCag.15BaZn0Os._ s are good oxide ionic conductors.
However, these phases were unstable in wet condition making them unsuitable as proton
conductors. Under dry Argon condition at 800°C conductivity of 1,29x10°Scm™ was
obtained in Nd; 9Cag1BaZn0s. s system and 1,45x10>Scm™ was obtained for

La; g5sCag.1sBaZnOs. s system, where YSZ showed conductivity of 6,71x10'25cm'1 at SOOOC(43).
Although lower than YSZ and other fluorites Ca** doped Ln,;BaZnOs. s show promising oxide

conductivity.

Cell expansion was clearly observed for BayIn,Y,Os s and cell contraction was observed for
Ba,In,.,Ga,Os.s system. Hydrated brownmillerite Ba;In, ,M,Os.s (where M=Ga, Y and
0<x<0.3) adopts tetragonal structure. Neutron diffraction will be done on Ba;In,,M,0s_s

(where M= Ga, Y 0<x<0.3) to follow the structural transition that occurs on hydration.
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Appendix |
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Figure 1 Rietveld fit of XRD data for the La; 4sCag9sBaZn0s.5. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red).
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Figure 2: Rietveld fit of XRD data for the Nd; ¢5Cag sBaZnOs.s. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red).
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Figure 3: Rietveld fit of XRD data for the Ba,In; ;Ga0.30s.5. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red).
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Figure 4: Rietveld fit of XRD data for the Ba,In;;Y,30s.5. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red).
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Figure 5: Rietveld fit of XRD data for the Ba,In; ¢5Y0050s.5. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red).
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Figure 6: Rietveld fit of XRD data for the Nd; ¢Cag1BaZnOs.s. The difference curve (pink), calculated
pattern as solid lines and the model (green) on the observed pattern (red).
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