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ABSTRACT

In this thesis, substituted Bi>O3 systems were fabricated and characterized. W, Dy, Er
and Nb were used as substituents in a goal to stabilise the highly conductive 6-Bi>O3
like phases (hence forth referred to as the 6-phases) to ambient temperatures. Changes
in both the average and local structures of the substituted Bi>O3 systems were correlated
with the physical property conductivity. In the first part of the thesis, powder X-ray
diffraction and Raman spectroscopy were used to show that WOs; on its own did not
stabilise the d-phase at ambient temperatures. The true equilibrium phase in the Bi2O3-
WO; system was a mixture of two tetragonal phases 7Bi1203-:2WO3 and 7B1203-WOs.
The co-doping strategy was used to fabricate the Bi1203-Dy>03-WO3 system (DWSB,
where D =Dy, SB = stabilised Bi2O3). The d-phase was stabilised with a minimum of
15 mol% total substituent concentration. Powder X-ray diffraction indicated that the -
phases obtained in this system were metastable and degraded after isothermal annealing
at ~ 500 °C for 100 hours. Addition of Er to the DWSB system to create the novel
system Bi203-Dy203-Er03-WO3 (DEWSB, where E=Er) was found to significantly
improve the stability of the d-phase when annealed at virtually identical conditions as

DWSB.

The rest of the thesis is focused on the effect of each substituent cation on phase
stability, local structure and the ageing phenomenon—the decrease in ionic conductivity
upon isothermal annealing without any observable changes in average structure under
powder X-ray diffraction. X-ray pair distribution function, X-ray absorption
spectroscopy and photoluminescence were used to probe the local structure around the
host Bi cations and some of the substituent cations (Dy, Er, W). The results indicated
that some of the Bi cations are displaced away from the 4a site of the defect fluorite
structure (Fm-3m) and that at the local level, the Bi cations assume an arrangement
similar to that found in the monoclinic 0-Bi2O3 phase. Dy and Er were also found to
prefer local environments similar to those in their parent oxides. The resemblance
increased as the material aged and might explain why the conductivity decreases upon

ageing.
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STRUCTURE AND OUTPUTS OF THE THESIS
The thesis is divided into 8 chapters:

(a) Chapter 1: Introduction

(b) Chapter 2: Experimental Methods

(c) Chapters 3-7: Results and Discussion

(d) Chapter 8: General Conclusions and Recommendations
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Chapter 1

1.1 Introduction

Fossil fuels continue to dominate the energy landscape. These energy sources are non-renewable
and produce noxious gases such as CO2, SOy and NOx that are deleterious to the environment when
used in internal combustion engines. They contribute to air pollution and climate change. The
internal combustion engines used to convert the chemical energy to electrical energy via heat and
mechanical energies from these non-renewable energy sources are inherently inefficient and are
governed by the Carnot efficiency that puts a cap on the maximum efficiency that can be achieved
by such engines. The Carnot efficiency is given by e = 1 — T,/T,,, where Tjis the temperature of
the environment where input energy is drawn from (hot reservoir e.g. burning coal) and T, is the
temperature of the environment where unused output energy is discarded (cold reservoir e.g.
atmosphere) such that the flow of heat is from the hot reservoir to the cold reservoir. On the other
hand, population growth and industrialization need efficient and reliable supply of energy which
means a continued over-reliance on the available, inefficient heavily polluting energy production
systems to meet the energy demands. The use of alternative, renewable energy sources and the
renaissance of solid oxide fuel cell technology promise to circumvent the problems plaguing the

use of internal combustion engines and fossil fuels.

1.1.1 Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical energy directly
to electrical energy by using fuels, oxidants, and redox reactions. Among the different types of
fuel cells, the SOFC promises to play an important role in solving the environmental and efficiency
problems plaguing non-renewable energy production systems. A SOFC has high specific energy
and specific power density compared to combustion engines and other types of fuel cell
technologies [1]. SOFCs operate at high temperatures, from 600 °C to 1000 °C [2]. This enables
SOFCs to have high fuel flexibility due to internal steam reforming, which in turn, eliminates the
need for expensive external reforming systems used in other fuel cells to produce H» gas from
natural gas [2]. Fuels such as biogas, natural gas, CO, and hydrocarbons can be used with reduced
greenhouse gas emissions compared to internal combustion engines [3]. When H» gas is used as
fuel, the greenhouse gas emission is zero. Efficiencies can be as high as 80% if systems are

operated in combined heat and power mode, where the quality by-product heat and gases are




recovered and used to heat water directly in hot water systems in municipalities [4]. SOFCs are
non-vibrational, noise-free and can be used as distributed power sources for residential use or
stationary systems that can deliver megawatts of power [4]. This eliminates the need for long
transmission lines and other expensive infrastructure for power transmission. For developing
countries, this would provide access to electricity for rural places in remote locations that are not

supplied by electricity at all.

1.1.2 Structure of a SOFC

A SOFC comprises three main components; a cathode (where molecular oxygen is reduced to
oxide ions), a solid oxide conducting electrolyte (a dense ceramic which is gas impermeable but
oxide ion conducting) and an anode where the fuel is oxidized. Fig. 1.1 illustrates a typical
structure of a SOFC. The anode is usually a composite — a combination of a ceramic and a metal
called a cermet. The two electrodes are mixed ionic-electronic conductors (MIECs) i.e., they
conduct both ions and electrons. They are also porous, so gases can flow through them during

operation.

Excess O,

Anode Cathode
Electrolyte

Figure 1.1. Structure of a solid oxide fuel cell showing the cathode, anode, and electrolyte.

1.1.3 Operation of a SOFC

An oxidant, normally air is fed into the cathode side. The porous cathode has a triple-phase
boundary (TPB) region i.e., the interface between the cathode, electrolyte and air, where oxygen
molecules are reduced to oxide ions in an oxygen reduction reaction (ORR) [5]. A MIEC such as
strontium-doped lanthanum manganite (LSM) with a perovskite structure type is predominantly
used as the cathode material. From the cathode, the oxide ions are conducted through the solid

oxide electrolyte to the anode side where fuel is oxidized. Electrons are liberated and heat is




released from the exothermic reaction between the fuel and oxygen. The cathode is at a lower

potential than the anode, so this potential difference will force electrons through an external circuit

from the anode to the cathode and electrical energy is harnessed as illustrated in Fig. 1.2.

Cathode

Electrolyte

Anode

Figure 1.2. Structure of a SOFC showing the redox reactions on the electrodes and the flow of oxide ions through

the electrolyte. YSZ-Ni is a composite of yttria stabilized zirconia and metallic nickel.

The heat that is released during the redox reaction keeps the temperatures high, which is essential
for the internal reforming of fuel, and it also facilitates the conduction of oxide ions across the
dense solid oxide electrolyte. However, these high temperatures require the use of expensive, high
melting point materials for interconnects— materials that connect cells in series to form a cell stack.
This drives up the capital costs of SOFCs and it is one of the principal reasons why SOFCs, despite
their high efficiency and fuel flexibility, have not been extensively commercialized [6]. Chemical
stability, thermal compatibility and degradation of cell components are the other issues associated
with the operation of SOFCs at high temperatures. The last two decades have seen a renaissance
in SOFC research [6]. The possibility of developing intermediate temperature fast oxide ion
conductors that would enable the cells to operate at moderate temperatures in the range of 500 —
750 °C has revived interest in SOFCs [7, 8]. At such temperatures, failure of the cell due to
thermochemical degradation and materials’ thermomechanical incompatibility would be delayed
significantly, hence increasing cell life. Low-cost metals can then be used for interconnects,

reducing the capital cost of SOFCs.
1.2 Fast oxide ion conductors

Solid electrolytes with ionic conductivities ranging from 0.01 — 10 S cm™ are called high or fast-
ion conductors [9, 10]. They share similar properties: they have a large number of ions of one

species being mobile and a large number of vacant sites or interstitial sites for the mobile ions to




hop into. The empty (vacancies and interstitial sites) and occupied sites have similar potential
energies and equivalent volume with a low activation energy barrier (certainly less than about 1
eV) for ease of diffusion of ions [9, 10]. When the mobile ion is an oxide ion, the electrolyte is
called a fast oxide ion conductor. The structure of fast oxide ion conductors is usually three
dimensional and is highly symmetric, for instance, the cubic defect fluorite structure is the classic
structure type for these types of conductors. However, there are emerging lower symmetry fast

oxide ion conductors based on Bi4V,011 [11, 12].

In the cubic defect fluorite structure, the cations form a face-centred cubic (fcc) framework and
the tetrahedral holes between them are occupied by the anions while some are vacant. The cation
framework should be highly polarizable to facilitate anion diffusion [13, 14]. For the anion to jump
from one site to an adjacent vacant site, it must pass through a bottleneck created by three cations

in three of the 4 intersecting faces as shown by the dotted lines in Fig. 1.3 and the inset.

Figure 1.3. Three possible vacancy migration pathways in the fluorite structure. Purple spheres represent cations,
red ones represent oxide ions and the square represents a vacant site. The inset shows the bottle neck in one of the

migration paths.

The fluorite structure has five main types of unique lattice sites in the structure that can be occupied
by different species viz: 4a, 24e, 8c, 32f and 48i. These sites are called the Wyckoff positions. The

24e and 48i are interstitial sites. The cations usually occupy the 4a regular lattice sites to form the
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cation sublattice and can relax to the 24e. The anions occupy the regular 8c lattice sites between
the cations to form the anion sublattice but can relax to the 32f'and 48i sites. The fluorite structure
can be represented in a different way where the anions form a simple cubic arrangement around
some of the cations (Fig. 1.4). This kind of representation facilitates the understanding of the local

structure of some fluorite materials.

Figure 1.4. One of the quadrants of a fluorite unit cell showing how the oxygens are distributed around the cation in

a different representation of the fluorite structure. Purple and red spheres are cations (e.g., Ce*") and O* respectively.

In fast oxide ion conductors, current flow occurs through the movement of oxide ions in the crystal

lattice. The ionic conductivity (o) is strongly temperature-dependent and is given by equation

(1.1):

o= (é)e_Ea/kBT (1.1)

T

where A is the Arrhenius constant which increases with the fraction of vacant anion sites, E is the
activation energy, T is absolute temperature and kp is Boltzmann’s constant. The atomistic
understanding of the oxide ion movement through the crystal structure of fast oxide ion electrolytes

is a subject of intense research [15-17].




In defect fluorite structures, the widely accepted conduction model is the vacancy mechanism. The
movement of oxide ions in this mechanism emanates from the hopping of thermally activated
oxide ions. The ions move from one lattice site to a vacant one such that the net effect is the
movement of vacancies through the crystal structure from one end to the other. This model and
the 4 parameter in equation 1.1 suggest that to increase the conductivity, the fraction of vacant
anion sites should be increased. In the cubic fluorites of ZrO; and CeOs, the fraction of vacant sites
is increased by partially substituting the host cations Zr*" and Ce*" with impurity cations of lower
valency such as Ca**, Y**, Sc** and Gd** [18-20]. This leads to some of the well-known extrinsic
fast oxide ion conductors such as yttria-stabilized zirconia (YSZ) and gadolinia doped ceria
(GDC). However, from experimental results and theoretical calculations, it has been found that the
conductivity can only be increased to a certain limit by introducing impurity cations [10]. After a
certain concentration of impurity cations, well before half of the oxide ion sites become vacant,
the conductivity starts to decrease. The decrease has been attributed to vacancy-impurity cation
interactions and is described by Catlow [10] as the back-and-forth movement of the oxide ions
around the impurity cations that do not lead to any net movement of the oxide ions. They used a
model called the percolation model—which is associated with the free volume inside the crystal

structure—to explain their results.

He et al. [21] suggested a different model for the migration of the ions in fast ionic conductors to
illustrate the effect of the activation energy E, on ionic conductivity. They used ab initio molecular
dynamics calculations to show that concerted diffusion of ions leads to the decreased overall
energy barrier (Eq) for the diffusing species when compared to the model where each ion diffuses
independently. Keeping all other factors constant, the decrease in activation energy in equation
(1.0) leads to an increase in conductivity. The challenge, therefore, is to design a solid oxide ion-
conducting electrolyte that will allow oxygen-ion conduction at intermediate temperatures (500 —
750°C) to be technically useful, ie. exhibit high ionic conduction for application in
electrochemical devices. Materials with low E; and numerous intrinsic vacant sites, such as

bismuth oxide in its d-phase (6—Bi203), are desirable and have attracted considerable attention.

1.2 Pure Bismuth Oxide
Bismuth oxide (Bi203) and its chemical derivatives continue to dominate in the fabrication of

devices of technological importance such as gas sensors, glasses for electronics and fuel cells [22-




26]. This is due in part to its peculiar ability to dissolve many oxides and elements across the
periodic table as reported by Valant and Suvorov [27]. Its ability to exist as different polymorphs
depending on the environment also creates a variety of structures that exhibit physical properties
key to technological advancements [22-26]. This has made Bi>O3 a target of intense research in

the past century.

Among the various Bi2O3 polymorphs, the first four includes a monoclinic a—Bi2O3 phase with a
space group (SG) P2,/c (b-axis as unique axis). Upon heating, the a—Bi,03 phase transitions to the
cubic defect fluorite 3-Bi»O3 phase (SG Fm3m) at ~730 °C [28, 29]. On slow cooling, the §—Bi>O3
phase can either transform into a tetragonal p—Bi>Os phase (SG P42,c) at ~650 °C before it reverts
to the a—Bi1,03 phase between 550 and 500 °C [29, 30] or to the body centered cubic (bcc) y—Bi203
(SG 123) at ~640 °C which can persist to ambient temperature if slow cooled [30].

The a—Bi,03 phase is structurally related to the high-temperature 6—Bi>O3 phase. In an ordered
defect fluorite structure the vacant sites of O*" ions would order along the 2 <111>¢and % <110>¢
directions (where the f subscript denotes the fluorite cell) to form the a—Bi>O3 phase [31]. The Bi**
cations forms planes parallel to the 100 plane as Fig. 1.5 shows. These cation planes sandwich the
anion planes, giving unit cell lattice parameters of a = 5.843 A, h=8.160 A, c =7.510 A and B =
112.92° [32].

Figure 1.5. A unit cell representation of the monoclinic a—Bi>O; phase showing how the layers of the Bi**cations

sandwich the O* anions. Purple and red spheres are Bi**" and O%, respectively.

Due to the highly ordered nature of the O* sublattice, the o—phase is a poor ionic conductor, and
it exhibits some p-type conductivity in the temperature range of 650-729 °C in air [28]. Due to the
estimated bandgap of 2.80 eV, it has found application in the photocatalytic degradation of organic
dyes [33].




The 6-BixO3 phase has the highest ionic conductivity ever reported for a ceramic oxide ion
conductor. Its conductivity at 730 °C is about 1 S cm™ and is comparable to the conductivities of
molten salts [28, 34]. With such high ionic conductivity, it remains the benchmark used to design,
compare and optimize other solid oxide electrolytes for application in devices of technological
importance such as SOFCs and oxygen sensors. However, its use in SOFCs is limited by the
narrow temperature range (730 to 824 °C) at which this phase is thermodynamically stable and the
reduction of Bi**to metallic Bi in some solid solutions of Bi»Os at low oxygen partial pressures

(~1072! atm) in reducing environments [35].

Due to the high conductivity of the 6—Bi,O3 phase and its potential uses, it has attracted huge
research interest. There is a consensus on the average structure of this phase being the cubic defect
fluorite phase. However, its local structure has proven to be elusive. Three models as discussed in
the following sections, have failed to accurately describe the oxygen sublattice and correlate it
with the conductivity results reported [29]. This is ascribed to the massive disorder shown by the
oxygen sublattice of this phase. When the a—Bi2Os phase transitions to the 6—Bi2O3 phase, the
currently accepted value of the heat of transformation is 29.53 kJ/mol [29]. This value is 2.7 times

the heat of fusion for pure Bi,O3; and demonstrates the extent of the disorder in the 6—Bi>O3 phase.

In the cubic defect fluorite phase of Bi»Os, the Bi** cations have been reported to occupy the 4a
sites [36, 37]. There are more lattice sites than the O anions in each unit cell, therefore the

distribution of the oxide ions and the vacancies makes the structure solution of the 6—Bi>O3 phase

Figure 1.6. A unit cell representation of the Sillen model showing how the O% vacancies (squares with green outline)

are ordered along the <111> direction. Purple and red spheres are Bi** and O respectively.




challenging. Sillen et al. [38] proposed a model and solved the structure of the 6—Bi,Os phase to
have the space group Pn3m. In the cubic defect fluorite structure, this would mean the vacant sites
of the oxide ions should order along the <111> direction (Fig. 1.6). This model was inconsistent
with the high ionic conductivity exhibited by the 6—Bi,O3 phase, as well as with ab initio structure

calculations done by Aidhy ef al. [39].

Gattow and Schroder proposed the Fm3m space group for the 6—Bi»O; phase with a statistical
distribution of the oxide ions among the 8c sites (Fig. 1.7) [40]. This meant a completely random
distribution of the oxygen ions and that 25% of the 8c sites were vacant. This was consistent with
the high oxide ion conductivity reported for this phase, but their model could not be reconciled
with the occupation of the 32f sites observed from neutron diffraction data from Battle et al. [37]

and Hull ez al. [36].

Q=
d°

Figure 1.7. The Gattow and Schroder model showing how the O% vacancies are statistically distributed in the regular
8¢ sites. Only 75% of the 8 available oxygen sites are statistically occupied as indicated by the fraction in each O

atom.

Using the Willis model [41], the structure was modelled with all the oxide ions in the 32f'sites with
an occupancy of 3/16 per site [42]. This meant a completely random oxide ion distribution and a
complete positional disorder compared to the Gattow and Schroder model [40]. This model
accounted for the high oxide ion conductivity observed in the 8—Bi>O3 phase. However, neutron

data from Battle ef al. [37] and Hull et al. [36] indicated that the 8c site can still be occupied. The
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models by Battle et al. [37] (formulated from data measured at 750 °C) and Hull et al. [36]
(formulated from data measured at 760 °C) are the currently accepted models. In the Battle model,
about 57.3% of the oxide ions are randomly distributed among the 8c sites with coordinates (0.25
0.25 0.25) [37]. The remaining 42.7% are statistically distributed among the 32f sites at (0.354
0.354 0.354) with a lattice parameter a of 5.648 A as illustrated by Fig. 1.8 (a). In the Hull model,
about 32.3% of the oxide ions occupy the 8c sites statistically with fractional coordinates (0.25
0.25 0.25) [36]. About 67.7% of the oxide ions occupy the 32f sites with fractional coordinates of
(0.3344 0.3344 0.3344) as shown in Fig. 1.8 (b). The lattice parameter a in this model is 5.6607
A.

The difference in lattice parameter a between the two models might be attributed to the difference
in the temperatures at which the measurements were performed. Hull ef al. [36] attributed the
discrepancy in occupancy of the two oxide ion sites in the two models to the accuracy associated
with measuring to very low d-spacings in their measurements compared to those of Battle. This
was reported to have the effect of reducing correlations between site occupancy and thermal
vibration parameters [36]. However, this highlights the elusive nature of the local structure of the

0—B1,03 phase which warrants further probing.

(a)

5.6607 A

Figure 1.8. The Battle (a) and Hull (b) models showing the are distribution of oxide ions in the 8¢ and 32f sites.

Purple and red spheres are Bi** and O, respectively. Grey spheres represent vacancies.
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As mentioned earlier, upon cooling, the 6—Bi,O3 phase can transition to one of the metastable
phases, the —Bi,03 phase. This phase has a structure symmetrically related to the 6—Bi,O3. Harwig
and Weenk [31] found that the vacancies in the O sublattice in the defect fluorite structure order
along the > <100>¢ direction to form the B—Bi,Os phase. Additionally, the SG P42,c is an isotropy
subgroup of the supergroup Fm3m, i.e., the symmetry of P42;c can be decomposed to give the
symmetry modes of the supergroup Fm3m. For p-Bi»O; the metal ions essentially maintain the
fcc structure of the defect fluorite in this tetragonal system. The « lattice of this structure is 7.7439
A and the c lattice parameter is 5.6287 A at 297 K [36]. Since the O sublattice is highly ordered,
the ionic conductivity is about 2-3 orders of magnitude lower compared to the 8—Bi>O3 phase at
corresponding temperatures [28]. Due to its metastability, the B—Bi2O3 phase is usually stabilized
by reducing the particle size to the nanometer regime or by substituting the Bi*" cation with a low
total substituent concentration of supervalent cations like W™ and Nb>* [43]. This phase has also
found an application in photocatalytic degradation of organic dyes and exhibits high performance

compared to the 0—Bi,O3 phase [33].

The 6—Bi203 phase can also transition to the y—Bi,O3 as mentioned earlier. The y—Bi,Os3 phase is
isomorphous with the system Bi12GeO»o and is also called the sillenite phase. The lattice parameter
a of the y—Bi,031is 10.2501 A at room temperature [44]. The oxygen sublattice of this structure is

reported to be more complex. Since the ionic conductivity of this phase is 2-3 orders of magnitude

Figure 1.9. Unit cell of the y—Bi,O; phase showing the vacancies on some of the O* and Bi** sites. Grey spheres

represent vacancies.
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lower than that of the 6—Bi2O3 phase at corresponding temperatures, little research effort has been
shown to its local structure compared to the 8—Bi>O3 phase. However, Radaev and Simonov [44]
solved the structure of the y—Bi»O3 phase by using neutron diffraction data. They indicated that
about 4% of the O ion sites are vacant and about 1.5% of the Bi*'sites are vacant as shown in

Fig. 1.9.

To stabilize the 6—Bi,0s like phases henceforth referred to as 6—phases to ambient temperatures,
isovalent and aliovalent cations have been used to substitute for the Bi** in numerous studies.
Sammes et al. [29] and Azad et al. [45] provided good reviews on the impurity cations that stabilize
the d—phase to ambient temperatures to offer a plethora of different systems. In this work, the aim
is to establish phase stability and to explore structure-property correlations in those systems that

show the highest ionic conductivity for any of the solid solutions of BiOs.

1.3 The Bi;O3-WO; system

Among the transition elements, W offers solid solutions of Bi,Os; with relatively high ionic
conductivities at intermediate temperature ranges. Takahashi and Iwahara [46] reported
conductivities of 0.01 and 0.062 S cm™ at 500 and 700 °C, respectively, for the (Bi203)0.78(WO3)0.22
composition. The conductivities are almost an order of magnitude higher compared to YSZ (which
is the state-of-the-art electrolyte for SOFCs) at corresponding temperatures [46]. The Bi2O3-WO3
system was reported to exhibit ionic conductivity even at low oxygen partial pressures of about
1071 atm [46]. Most solid solutions of Bi»O3 show mixed conductivities at such low oxygen partial

pressures [45].

Earlier studies in the 70s and early 80s determined the structure of the solid solutions of the
compound 3Bi203-WOs in the range 20 — 28 mol% to have the defect fluorite d—phase at ambient
temperatures [46-48]. However, later studies indicated that the structure of the solid solutions of
this compound is tetragonal (SG /41) which is closely related to the structure of the d—phase [49-
51]. Therefore, the authors might have erroneously identified the tetragonal phase as the defect

fluorite 6—phase. Watanabe et al. [52] established the relationships between the lattice parameters

a; and ¢, of the tetragonal unit cell to the a. parameter of the 6—phase as: a; = V5 ac, and ¢; = 2a.
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(where the subscripts t and ¢ denote tetragonal and cubic, respectively). The transformation matrix

equation between the unit cells is given by:

2 -1 0
(a b c)c<1 2 0)= (a b o) (1.2)
0o 0 2
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Figure 1.10. A unit cell representation of the tetragonal phase with space group 14| showing the mixed-metal sites,
different polyhedral (octahedra and tetrahedra) and the oxide ion vacancies (white fractions in otherwise red spheres).

The tetragonal phase is a superstructure of the o—phase (Fig. 1.10). This, however, implies an
ordered structure and conflicts with the high conductivity measurements exhibited by the solid
solutions of 3B1203-WOs. Watanabe and Ono ascribed the high conductivities of the tetragonal
phase to a mixed-metal site 85 in the 14, space group and vacant oxygen sites [50]. Since Bi** and
W®* share this site and the coordination and polyhedra formed around the two metal centres are
different (due to different coordination numbers around W®" and Bi**), disorder is introduced in

the O* sublattice. They attribute the high conductivity to the presence of vacancies and disorder.

The Bi rich materials of the Bi2O3-WO3 system exhibit a range of other phases that are interrelated.
The 7B1203-WOs has a tetragonal phase (SG [4a) with a relatively low conductivity because it
does not exhibit the mixed metal effect (i.e., high ionic conductivity due to different coordination
numbers around different types of cations occupying the same crystallographic site) [50].
Watanabe and Ono reported that the true equilibrium phases of the Bi2O3-WOs3 system below 670
°C are a mixture of the two tetragonal phases/structures 7Bi203-2WOs3 (I141) and 7B1203-WOs (14a)
[50]. Another phase, the Bi2O3-WOs3 phase in the Bi203-WO3 system is of the orthorhombic crystal
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system with space group Pca2; and is observed from ambient temperature to 850 °C for the pure
phase [50]. It has the lowest ionic conductivity among the three phases [50]. In this work, the phase
evolution as a function of annealing temperature, composition, and synthetic methods of the BiOs-
WOs3 system was explored (Chapter 3). The conductivities of the resultant phases were determined

and correlated with the phase compositions.

1.4 The Bi»03-Dy20s3 system

Verkerk and Burggraaf studied the Bi1,O3-Dy>0O3 system comprehensively [53]. They reported that
the addition of Dy,O; with total substituent concentration in the range 28.5 — 50 mol% stabilizes
the d—phase to ambient temperatures. However, below this range, there is a mixture of the 06—,
rhombohedral, and B—phases at low temperatures [53]. In the total substituent concentration range
28.5 — 40 mol%, the solid solutions were reported to be ionic conductors with an oxygen

transference number close to unity [53].

The composition (Bi203)0.715(Dy203)0.285 (Wwritten as 28.5DSB) was reported to have the highest
ionic conductivity among the compositions with a monophasic 6—phase [53]. This was the lowest
total substituent concentration that gave a monophasic d—phase and the highest ionic conductivity.
This is a common feature of most solid oxide electrolytes; the lowest total substituent
concentration that stabilizes the most conductive phase tends to give the highest conductivity. The
conductivity of 28.5DSB was reported to be 0.007 and 0.144 S cm™! at 500 and 700 °C, respectively
[53]. At 700 °C, the conductivity of 28.5 DSB is more than an order of magnitude higher than that
reported for YSZ (0.01 S cm™) [1].

Apart from the high solubility of Dy*" in Bi,Os, the Bi»03-Dy>03 system was found to have the
highest time constant for the onset of the ageing phenomenon among the rare earth substituted
Bi,03 systems (Bi203-RE203) explored by Ref. [54]. The ageing phenomenon is the significant
decline in ionic conductivity for some of the solid solutions of Bi2O3 upon prolonged isothermal
annealing at temperatures between 500 and 600 °C. The decline is observed without any
observable change in the average structure of the material by XRD. The causes of ageing are not
well understood. Fung ef al. [55] suggested that the ageing is caused by the ordering of the cation
sublattice in the space group Fm3m. However, several studies have reported a correlation between

the ordering of the O sublattice and the decline in conductivity [54, 56-59]. Presumably due to
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the small structure factor of O* compared to that of Bi**, the superlattice reflections from the
superstructure that results from an ordered phase are hard to observe by XRD. The ageing

phenomenon will be explored further in Chapter 7.

High-resolution transmission electron microscopy (HR-TEM) and neutron diffraction studies have
been done to try and elucidate the structural changes that take place upon ageing. Jiang et al. [60]
and Wachsman et al. [54] concluded that the ageing phenomenon is significantly due to the
ordering of the O* sublattice. They provided models that explained the presence of the superlattice
reflections in HR-TEM images. The increased resistance to ageing shown by solid solutions of the
Bi1203-Dy203 system, the high solubility of Dy,0Os; in Bi;O3 and the relatively high ionic
conductivity exhibited by this system makes it a good candidate for designing solid solutions of

Bi20O3 with both high conductivity and improved resistance to ageing.

1.5 The Bi;03-Er203 system

The (B1203)0.80(Er203)0.20 composition (written as 20ESB) has the highest oxide ionic conductivity
for any of the reported singly substituted solid solutions of Bi,O3 that have a monophasic d—phase
at ambient temperature [61]. Er2O3 has a high solubility in Bi,Os. The d—phase is reported to be
stabilized to low temperatures in solid solutions with a total EroO3 concentration in the range 17.5
— 45.5 mol% [61]. Below and above this range, the Bi203-Er2O3 systems exhibit polyphasic
mixtures [60]. It was reported that due to the ionic radius of Er*", Er,Os provides the optimum total
substituent concentration needed to stabilize the o—phase and give solid solutions with higher

conductivity among the Bi»O3-RE>Os3 systems where RE represent the rare earths [62].

Despite its high ionic conductivity, 20ESB is reported to exhibit the ageing phenomenon when
annealed at 500 °C for over 100 h [60, 63-64]. It has a smaller time constant compared to the
Bi203-Dy20; system for the ageing process [54]. This is because Er was found to be less
polarizable compared to Dy [54]. To inhibit the ageing effect, 1 mol% Hf was added into the
(B1203)0.80(Er203)0.20 composition to create a doubly substituted system [65]. This Bi2O3-Er,0s-
HfO> ternary system exhibited improved stability and the original conductivity of the 20ESB

composition was not affected [65].
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1.6 The Bi203-Dy203-WO3 system

Meng et al. [66] used the co-doping strategy to create several ternary oxides. They discovered that
the co-doping strategy lowers the total substituent concentration needed to stabilize the d—phase of
Bi2O3 to lower temperatures compared to the total substituent concentration needed for singly
doped systems. They ascribed the stability to the increased entropy of mixing. Jung et al. [67] used
the co-doping strategy to fabricate the Bi2O3-Dy203-WO;3 system. The total substituent
concentration needed to stabilize the 6—phase to lower temperatures in this system was 12 mol%
with respect to the cations [67]. This is significantly lower than the 28.5 mol% total substituent
concentration needed in the BixO3-Dy>0s system. W°* has been shown to not stabilize the 6—phase

as a single dopant at ambient temperature [50].

The (Bi101.5)0.88(DyO1.5)0.08(WO3)0.04 composition had a reported conductivity of 0.098 and 0.569
S em™ at 500 and 700 °C, respectively [67]. This is one of the highest conductivities ever reported
for a solid solution of Bi,0s. The conductivity is two orders of magnitude higher than that reported
for YSZ at corresponding temperatures. Unfortunately, in the 12 — 21 mol% total substituent
concentration range, the Bi203-Dy>03-WO3 system exhibited both phase separation and ageing
after prolonged annealing at 500 °C for over 100 h [68].

1.7 Aims and Objectives of the Project

This work is aimed at studying comprehensively the relationship between average structure, local
structure and conductivity as a function of both temperature and total substituent concentration in
new double and triple substituted solid solutions of Bi,Os. The insights gained from this work will
be used to design systems of BioO3 with improved conductivity and structural and phase stabilities.

The objectives of the work were:

1. To verify if WO3 within the concentration range 22-28 mol% can stabilize the highly
conductive pure d-phase in the Bi203-WO; system. Powder X-ray diffraction will be used
to study independently the average structure and phase evolution as a function of WO; and
annealing temperature in the Bi2O3-WO;3 system. Variable temperature Raman
spectroscopy will be used to probe the evolution of the structure as a function of
temperature (from ambient temperature to 800 °C) at constant composition. This will be
complemented by differential thermal analysis to probe the thermal stability of the phases

present from ambient temperature up to 800 °C. Variable temperature impedance
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spectroscopy will be used to determine conductivities of the material and compared with
those of YSZ at corresponding temperatures.

2. To combine W, Nb, Dy and Er (cations reported to produce systems high conductivity in
Bi,0O3 as discussed earlier) and produce novel systems such as Dy>03-Er;03-Bi,03, Dy>0:s-
Er;03-WO03-Bi;03; and Dy203-Er203-Nb20s-Bi2O3 using the co-doping strategy. This is
aimed at producing systems with both structural stability and high ionic conductivity. The
phase evolution and conductivity will be studied in a similar way to the BioO3-WOs3 system.
In addition, the pair distribution function technique will be used to probe both the local and
average structure of phases found in the fabricated systems. Where applicable, symmetry
mode-based Rietveld refinement will be employed to follow any phase evolution
encountered in the new systems as a function of temperature. Any changes observed will
be correlated with changes in conductivity measurements.

3. To probe the ageing phenomenon and establish a link between the conductivity decline and
changes in the local structure of the material. This will be achieved by using local structural
probes such X-ray absorption spectroscopy, photoluminescence and the pair distribution
function technique on materials that exhibited ageing and those that did not. These
techniques are able to probe the local environment (coordination numbers, oxidation state,
bond lengths and site geometry) of a specific element (W, Er, Dy, Bi). By studying a sample
before and after ageing, it is hoped that the changes in the local structure of the material

will provide insights into how the ageing phenomenon occurs.
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Chapter 2: Experimental Techniques

2.1 Synthetic Methods

The properties of functional materials have been shown to depend heavily on the local, average
and microstructure of the material. The local, average and microstructure of the materials such as
bond length, site geometry, phases present, particle size, morphology and defects can be controlled
to a certain extent by the synthetic method used. Manipulation of parameters such as synthesis
temperature, pH, and pressure determine the local, average and microstructure of the material in a
chemical reaction and can lead to the design of functional material with enhanced properties. There
are various synthetic methods employed in the fabrication of solid inorganic functional materials.
In this work, only two synthetic methods were explored, viz: solid-state reactions and the citrate-

gel method.

2.1.1 Solid-state Reactions

The solid-state reaction method is the conventional, classic method of fabricating inorganic solids.
In a simple case, stoichiometric amounts of powdered reactants X and Y are mixed, ground and
heated in a furnace for a prolonged period to form a product XY. X and Y can be elements or
compounds. A comprehensive understanding of the atomistic basis of the solid-state reaction was
made possible by Frenkel, Wagner and Schottky [1] and was reviewed extensively by Busch [2].
The formation of spinel from two individual oxides is normally used as a prototype reaction to
illustrate the reaction mechanism of a solid-state reaction [3, 4]. For a solid-state reaction to occur,
the surfaces of the reactants X and Y at the interface between the reactants must have vacancies.

These vacancies enable the exchange of atoms between the reactants and lead to the formation of

Product

Reactants

MgO

MgAl,O,

Figure 2.1. Reaction mechanism of the solid-state reaction at the interfaces of MgO and Al,O:s.
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a nucleus of the product XY. This nucleus grows into the new phase and further separates the

reactants (Fig. 2.1).

Further reaction is facilitated by higher temperatures which enable the hopping of reactant atoms
from one vacant site to another from the two opposite interfacial regions, through the new phase
towards the opposite interfaces between the new phase and the reactants (Fig. 2.1). Intermediate
grinding and pellet pressing during the reaction increase intimacy between fresh reactants and
facilitate further reaction. Solid-state reactions are widely used in the fabrication of bismuth oxide
solid solutions. In this work, this method was used as a reference method to fabricate the solid
solutions of bismuth oxide and compare the products to those synthesized using the citrate-gel
method. There are numerous disadvantages associated with the solid-state reaction method. This
method is in general, energy-intensive since it requires high temperatures for prolonged periods.
Reaction times can vary from several days to up to a week. Sometimes it does not lead to any
product even after heating at high temperatures for up to a month [4, 5]. It is also not entirely
suitable for oxides like BioO3, PbO and TLO that volatilise easily. It is particularly unsuited to
very stable, non-reactive reagents and is notorious for forming inhomogeneous samples with large
particle sizes. However, in this work, the solid-state reaction method has been used to synthesis
some of the materials to study the effect of synthetic route. This also enables direct comparison to

materials reported in literature synthesised using this method.

Generally, to synthesis the materials in this work, the oxides were pre-fired to 700 °C to remove
any possible bismutite (Bi2O3-CO2) and moisture which has been reported to influence the phase
evolution in Bi2O3 solid solutions [6]. Since oxides of the rare earths are expensive, and only a
small amount was needed for synthesis, some of the rare earth oxides were obtained by thermal
decomposition of nitrate salts in a muffle furnace at 700 °C for about 2 hours in a method similar
to that employed by Melnikov ef al. [7]. Stoichiometric amounts of the oxides were mixed in an
agate mortar and manually ground for an hour in acetone (the acetone was added for ease of
grinding and mixing). The mixture was dried in an oven at 80 °C for 12 hours before being
annealed in a muffle furnace at 800°C in air for 24 hours and slow cooled (~1 °C/min) back to
room temperature. It was then reground before being annealed at 800°C in air for a further 24

hours and slow cooled again. More specific details will be given in each results chapter.
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Other soft chemistry methods have been developed to form products of oxides where the solid-
state reaction would not give products [5]. In soft chemistry methods, atomic-level mixing of
reactants is achieved by the use of complexing agents usually in solution. One example of soft

chemistry methods is the citrate-gel method.

2.1.2 Citrate-gel Method

In the citrate-gel method, the carboxylic acid, citric acid is used as a chelating agent in which the
carboxylate groups act as ligands to form complexes with metal cations. Citric acid has three
carboxylic groups on each acid molecule (Fig. 2.2), so it is a very effective and efficient

complexing agent.
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Figure 2.2. Structure of a citric acid molecule and the fully ionized citrate ion.

The citrate ion is a highly branched ligand with seven possible oxygen atoms acting as donor atoms
(Fig. 2.2). The solution equilibria of citrate-metal complexes have been reported to be fairly
complicated and it is challenging to predict the complex that this ligand forms. For instance, Bi**
has been reported to form dimers, cubes, chains and sheets with citrate ions [8]. Since the exact
stoichiometric amount of citrate ions present to complex with the total metal ions added is not
known, an excess amount of citric acid is normally added to make sure that the complexing agent
is not a limiting reactant. The metals used are normally added in the form of nitrate salt solutions.
After the complexing step, the solvent is evaporated at temperatures of about 200 °C to leave
behind a viscous gel. The gel is then calcined in air using a furnace at temperatures between 450—
500 °C to leave behind the metal oxides. A further annealing step at a higher temperature may be
needed to achieve the desired crystalline phase. The citrate-gel method, if successful, can result in

improved homogeneity, and controlled particle and crystallite size [9]. In general, products are

26




formed at relatively lower temperatures compared to solid-state reactions [9]. Since mixing takes

place at the molecular level, ternary and quaternary metal oxides are easy to make [10].

Generally, in this work, stoichiometric amounts (with respect to the metal oxides) of
Bi(NO3)3-5H20 (99.99% pure, Sigma-Aldrich) and Er(NO3)3;-5H>0 (99.99% pure, Sigma-
Aldrich) were completely dissolved in acetic acid at room temperature while stirring. As sources
of W and Dy, (NH4)sH2W12040-H20O (Sigma-Aldrich) and DyCls-6H>0 (99.99% pure, Sigma-
Aldrich), respectively, were mixed together in acetic acid and heated to ~150°C until all the
DyCl3.6H20 had dissolved. After cooling, 50 ml of 1 M nitric acid was added to dissolve the
(NH4)sH2W12040-H20 completely under constant stirring. The solutions were then mixed in the
presence of citric acid in a 3:1 mole ratio of citric acid to metal ions. The resultant solution was
heated at ~250°C under constant stirring until the solvent evaporated and left behind a viscous
gel. The gel was dried overnight in an oven at 80°C and then calcined at 500°C in a muffle furnace
for ~12 hours. It was slowly cooled in the furnace (the estimated average cooling rate was ~1 °C
min~ ') back to room temperature and then ground. The ground powder was further annealed at
750°C for a further 24 hours. Any deviations from this procedure applied in this work will be

reported in the respective chapters.

2.2 Diffraction

In this work, the diffraction phenomenon was extensively used to characterize the structure of the
crystalline materials. Diffraction is the process whereby waves spread out when passing through
an aperture with a width comparable to the wavelength of the waves. The distances between arrays
of atoms in crystalline materials are in the order of 0.1 nm. This is comparable to the wavelength
of X-rays. Max von Laue first suggested that arrays of atoms in a crystalline material could act as
a diffraction grating for X-rays in 1912. This was subsequently confirmed by experiments in the

same year by Max von Laue, Walter Friedrich and Paul Knipping [11].

2.2.1 Bragg’s Law

The diffraction pattern obtained from the passage of X-rays through a crystalline material can be
partly explained by using Bragg’s analysis. The Fraunhofer approximation is invoked to simplify
the Bragg analysis. In this approximation, the distances from the source to the aperture (or sample)
and from the aperture (or sample) to the observation plane (or detector) should be far larger than

the opening width of the aperture. The waves (from source and diffracted waves) should also be
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coherent. This means that the waves can be modelled as plane waves and that the waves reaching
the detector can be viewed as parallel. In Bragg’s analysis, the arrays of atoms are viewed as planes

that reflect the monochromatic X-rays (Fig. 2.3).

Suppose that the angle between the incident X-rays and the upper plane is 0, called the Bragg

Reflected beam

Incident bea

Figure 2.3. Illustration of Bragg’s law. The layers of atoms reflect the incident beam. When two layers are parallel
and separated by a distance d, the incident ray reflected at the layer a distance d from the first layer will have travelled
a distance 2dsin0 by the time they reach an observation point provided they are approximated to be parallel at that
point.

angle, the incident ray can be reflected from both the upper plane and the bottom plane. By the
time the rays reach the detector, the ray that has been reflected from the bottom plane has travelled
a longer distance (called path length) of 2dsin6, where d is the interplanar distance. If this path
length is an integer multiple of the wavelength of the X-rays and the Fraunhofer approximation is
invoked, constructive interference (bright spot) is observed at the detector when 2dsin = mA, and
m =1, 2, 3, 4... This condition is called Bragg’s law. However, when 2dsinf is not an integer
multiple of the wavelength, destructive interference (dark region) is observed at the detector. When
the sample is a single crystal, the pattern observed on the detector in 2 dimensions appears as an

array of spots as shown in Fig. 2.4.
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Figure 2.4. A single crystal diffraction pattern. The red, green and white spots are reflections from planes that
constitute atoms of different types and/or positions in the crystal.

The distance between the spots has a reciprocal relationship with the width of the aperture or d,
the distance between the arrays of atoms. The distance d between the arrays of atoms, the Bragg
angle 0, the identity of the reflecting plane (Miller index) and the angular relationships between
the arrays of points can be used to determine the geometry of the unit cell of the material being
probed. Further analysis of the intensity of the spots and any observed systematic absences of spots
can lead to structure determination. However, ab initio structure determination is not a subject of
this work. Sources covering Bragg’s law, ab initio structure determination and diffraction in-depth

are listed in the Bibliography.

2.2.2 Crystal Systems and the Crystallographic Lattices

The unit cell is the smallest repeat unit that encloses points in a point lattice. The point lattice can
either be in 2 dimensions (2D) or 3 dimensions (3D). Each lattice point can be translated using a
translation vector t = nja; + nya; +nsa3 where ni, n, n3 are integers and a, a; and as are basis
vectors to recreate an entire infinite lattice. The infinite set of translation vectors is called a vector
lattice T. When the vector lattice is used to describe the pattern of spots created by a diffraction
lattice from a crystalline material, the lattice is called a crystallographic lattice and the basis vectors
are crystallographic basis vectors. When the crystallographic basis vectors (a1, a; and a3) are
chosen such that all the translation vectors are an integral linear combination of the basis vectors,
the lattice they describe is called a primitive lattice (P). In general, the basis vectors are chosen to
be parallel to rotation axes, and perpendicular to mirror planes, i.e., they are symmetry-adapted.
This leads to the seven crystal systems (Table 2.1) obtained from the 32 crystallographic point
groups. If the vector lattice that describes the crystal lattice is still a linear combination of the

integral multiples of the basis vectors, the lattice they describe remains primitive. The point groups
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are the group of finite symmetry operations (rotation, reflection, inversion, and roto-inversion) that

leave at least one point invariant when applied to a crystallographic object.

Table 2.1. The seven crystal systems.

Crystal System Lattice parameters

Triclinic a#b#c
; a =90°#p #vy

Monoclinic a#*b+c
a = =90°#y
Orthorhombic a*#b+#c
a :ﬁ =y = 90°
Trigonal a=b=c
a = =y+ 90°
a=b#c
Hexagonal a = 120°8 =y = 90°
Tetragonal a=b+#c
a :ﬂ =y = 90°
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Cubic

Symmetry-adapted basis vectors simplify both the matrices that represent the symmetry operations
and the formulae for calculating distances and angles of a unit cell. A consequence of this is that
the vector lattice might comprise lattice vectors that are no longer integral linear combinations of
the basis vectors. When this happens, the lattice described by these vectors is said to be centred
and is called the Bravais lattice. The common types of centred lattices are base centred A (b—c
plane), base centred B (a—c plane), base centred C (a—b plane), face centring F ( a-b, b—c and a—c
planes), the inner centring I, and the rhombohedral centring R (along a diagonal). There are infinite
types of Bravais lattices. However, when only the seven crystal systems and the common lattices

are combined, 14 Bravais lattices emerge as shown in Table 2.2

Table 2.2. The fourteen Bravais lattices*.

Crystal System P C I F R Lattice parameters

Triclinic a##b+#c
a =90°#B #vy

a#b#c
a = =90°+y

Monoclinic

Orthorhombic a #b+#c
a = =y = 90°
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Trigonal

Hexagonal

Tetragonal

Cubic

*The trigonal and hexagonal systems share the same Laue class and cannot be distinguished in a powder diffraction pattern and are
normally collapsed into one lattice.

When rotations and reflections are combined with translation vectors, new compound symmetry
elements called infinite symmetry elements emerge (screw axes and glide planes). When these
infinite symmetry elements are combined with the 32 crystallographic point groups, 230
crystallographic space group types are produced [12, 13]. The 3D crystal symmetry of different
crystalline materials are described partly by using the 230 space group types. However, space
group types alone are not enough and are different from space group symmetries of a material. The
space group symmetry of materials comprises the space group type and the position of the
symmetry elements. This means that two materials can have the same space group type but
different space group symmetries or crystal structures depending on the position of the symmetry

elements. That means that the number of space group symmetries is infinite.

During a phase transition, a material can change from one space group symmetry to another.

Depending on the nature of the phase transition, a group—subgroup relationship may exist between
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the space group symmetries of the two phases. Symmetry mode analysis can be employed to follow
the phase transition and simplify the analysis across the phase transition as discussed in the next

section and applied in Chapter 5.

2.2.3 Symmetry Relationships Between Space Groups

In the symmetry mode approach, the symmetry of the low symmetry structure (hettotype) is
decomposed and expressed in terms of the distortion modes of the high symmetry structure
(aristotype). Distortion modes (specific to displacive modes) are a group of correlated atomic
displacements that are symmetry adapted. In the conventional crystallographic description of a
crystal structure, the basis of the unit cell could be developed from a cartesian coordinate space.
The x, y, and z coordinates and occupancy of a site must be given to describe the crystal structure.
In this description, the hettotype is entirely independent of the aristotype. However, in the
symmetry mode approach, the structure of the hettotype can be expressed in terms of the structure
of the aristotype plus distortion modes that break some of the symmetry constraints of the

aristotype.

If the symmetry lowering involves the size of the unit cell without an origin shift, a transformation
matrix needs to be calculated to express the basis of the hettotype in terms of the basis of the

aristotype. The general equation normally used is given by:
a a1 bz 3\ sa
b'|= |2 bz C3 <b> (2.1)
¢ az; bz, €33/ ¢

where a’, b'and ¢’ denotes the basis of the hettotype and a, b and ¢ denotes the basis of the
aristotype. The 3 X 3 matrix is the transformation matrix relating the two bases. Distortion modes

move atoms in a correlated manner to lower symmetry.
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The motion of the atoms can be described by using a vector. Since many atoms can be affected by
a single distortion mode, the vector can have high dimensions and operate in a space called carrier
space. In this general carrier space, a set of vectors that point in a specific direction and lead to
structures of lower symmetry or distortion symmetries is called an order parameter direction
(OPD). In this subspace, each member of the set leads to a different distortion symmetry or
hettotype. The OPD gives a guide on how distortion modes can lower the symmetry of an
aristotype for a given irreducible representation (irrep) at a given k-point. The k-point is the point
that describes where superlattice reflections will be observed after a phase transition in reciprocal
space in addition to the fundamental reflections from the aristotype. For a given irrep in 3D, a
general OPD can be given as (a; b; ¢) where a, b, and c are called the branches of the OPD. When
a # b # c, the structure that results from this distortion mode is called the kernel and has the lowest
symmetry possible as illustrated by Fig. 2.5. If a = b # c, the distortion symmetry is intermediate

between the kernel and the parent, i.e. it is a supergroup of the kernel and a subgroup of the parent.
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Figure 2.5. A partial subgroup tree showing the relationship between the aristotype (Fm3m) and its isotropy
subgroups (P42;m and P1).

To express the structure of the hettotype in terms of the structure of the aristotype plus distortion
modes, representation theory is normally used [14]. However, to perform such a decomposition,
extensive knowledge of representation and group theory is not a prerequisite. Software packages

such as AMPLIMODES [15] and the ISODISTORT suite of programs [16, 17] are used to perform
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the decomposition. In this work, the ISODISTORT suite of programs was used. Campbell et al.
[18] and Dinnebier et al. [19] summarize well the recipe for using ISODISTORT to perform the
decomposition. The search over arbitrary k-points method restricted by the space group and basis
of the hettotype was employed in this work. An equation similar to (2.1) for changing the basis

was used and the specific equation will be discussed further in Chapter 5.

2.2.4 Powder X-ray Diffraction

Many crystalline functional materials are used when they are in their powdered (polycrystalline)
form. Therefore, it is beneficial to study the material in the form they are used to gain a deeper
understanding of their behaviour when in use. When X-ray diffraction is used to probe
polycrystalline materials, the technique is called powder X-ray diffraction (PXRD). Neutrons and
to a lesser extent electrons can also be used. The use of PXRD to probe the structure of materials
was reported as early as 1916 by Debye and Scherrer and independently by Hull in 1917 [20-22].
Here a polycrystalline material is usually irradiated with coherent X-rays of fixed wavelength
(angle dispersive), except in the Laue method where a polychromatic beam is used at a fixed angle

(energy dispersive).

If the crystallites in polycrystalline materials are randomly oriented, instead of producing
individual spots as observed in Fig. 2.4, the resultant 3D diffraction pattern is a group of nested
cones about an origin (called Debye-Scherrer cones) as Fig. 2.6 (a) illustrates. However, since 2D
detectors are used and the actual diffraction pattern observed is a group of nested circles about an
origin (called Debye-Scherrer rings) as illustrated by Fig. 2.6 (b). When the ring or a portion
thereof is integrated and the resulting numerical values of the intensity are plotted as a function of
twice the Bragg angle (20) as in Fig. 2.6 (¢), the information is converted from 2D to 1D. This
result in the loss of information due to peak overlap. This peak overlap may be due to high
symmetry (as found in cubic structures) or from accidental peak overlap due to low symmetry.
Therefore, careful analysis of such data is of paramount importance. The relative intensity of each
peak (known as a Bragg peak) or Debye-Scherrer ring is related to the average structure of the

material.
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Some of the intensities that appear in between and underneath the Bragg peaks from diffuse
coherent scattering are related to the local structure of the material and indicate a deviation from
the long-range periodicity of the material. The relationship between the relative intensities
measured (Bragg and diffuse intensities) and the structure is discussed in depth in most powder
diffraction books (listed in the Bibliography) and will not be discussed further. This work will
focus on the methods that extract the information from the powder diffraction data and relate it to
both the local and average structure of the material. To relate the Bragg data to the average
structure of the material, the Rietveld refinement method is used. To extract information relating
to both the local and average structure, both the Bragg and diffuse scattering data (i.e. total

scattering data) are analysed by using the technique called the pair distribution function (PDF).
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Figure 2.6. The Debye-Scherrer nested cones in 3D (a) are shown to transform into nested circles in 2D (b). After
integration of the intensity of each circle or part thereof, the 1D intensity is obtained (c). Structure determination

methods are employed to obtain a structure from the data (d).
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2.2.5 The Rietveld Method

Earlier methods for structure determination from powder diffraction data were adapted from
methods used in structure determination from single-crystal data [23]. They relied on the
decomposition of the powder diffraction pattern, i.e., the calculation of the integrated intensities
from each Bragg peak. However, when there was a significant overlap of the Bragg peaks, these
methods gave inaccurate structural solutions and were limited only to solving high symmetry
structures. In 1967 and 1969, Rietveld [24, 25] presented a method that utilized the whole profile
of the diffraction pattern (each data point in the profile) instead of only the integrated intensities
of the Bragg peaks, as shown in Fig. 2.7. This means that the intensity should be digitized into
discrete values (yoss) per point. This revolutionized structural solution from powder diffraction data
because the inaccuracies due to peak overlap were significantly reduced. However, since this
method utilizes the least square fitting procedure, it requires a starting model to calculate the
intensity (ycarc) at each point. Therefore, it is not a stand-alone method in structure determination

but plays a huge role in refining structural parameters.
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Figure 2.7. A fragment of a diffraction pattern showing the digitized intensity values as a function of 26. The open

circles represent y.q values and the closed circles represent y.»s values.

The quantity minimized in a Rietveld refinement is given by:

S = Zﬁvzlwi(ycl;bs - yéalc(f))z (2.2)
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where w; = 1/ 3055 is the weight of each data point that is normally used. Other weighting schemes
are discussed further by ref. [19]. The variable f represents the fitting parameters in y'cqcq) and S
is nonlinear in these parameters therefore good starting values are necessary for the numerical

minimization algorithm to converge. The calculated intensities are given by the equation:
Yeare(f) = K X P X Lg X Pg X Ag X Tpq X Eppg X |Fpp| 2 (2.3)

where, K is the scale factor, ppy; is the multiplicity factor, Ly is the Lorentz factor, Py is the
polarization factor, Ay is the absorption factor, Ty, is the preferred orientation factor, Ejy,; is the
extinction factor and Fpy,; is the structure factor and hkl denotes the Miller index of a particular
Bragg peak. The calculated peak intensities and peak positions are parametrized by both the
structure (i.e. atomic coordinates, site occupancies and thermal displacements) in the asymmetric
unit and the diffraction experiment (unit cell distances and angles, instrument resolution function,
domain size, microstrain etc.). The meaning of each parameter in equation (2.3) is a lengthy subject

and is well explained in literature [12, 19].

Agreement factors (R-factors) are used to monitor the progress and merits of a Rietveld refinement.
Table 2.3 summarizes the meaning of each factor and its significance to the fitting statistics. These
factors should be used with caution. Since a Rietveld refinement utilizes the least square fitting
method, it is susceptible to being stuck at local minima. This may result in good agreement factors,
however, the fitted values may be physically meaningless. For instance, negative thermal factors
have no physical meaning structurally but may indicate dominant absorption effects during data

collection.
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Table 2.3. Table of agreement factors for Rietveld refinement and their meanings [19].

Agreement factor

Meaning

_ 21 1Yobs — Yeare(H
Z]iv= 1 ytl)bs

Ry

R = \/Zliilwi(y(i)bs B yéalc(f))z
wp —

2
N i
Zi= 1WiYobs

2N Yhes = Yeac (DI
p N

R’ : -
i=1 |y0bs - Bkgll

R’ — Z:Iiv=1Wi(y(i)bs - ygalc(f))z
" L wi(eps — Bkg')?

N-P

Rexp = 2

N i
z:i= 1 WiVobs

o N-P
P Zliv=1wi(y¢i)bs - Bkgi)z

X = RW?’ — \/Zliv=1wi(3’¢i)bs - yéalc(f))z

Rexp N—P

_ Z§= 1 |Ic’)(bs B Ié(alc(f)l
Z§= 1 Icl)(bs

RBragg -

ia(8y' — Ay
Tt (Ayh)?

Measures the difference between observed and
calculated profiles. Overemphasises the most
intense peaks. No uncertainties used.

Measures the difference between observed and
calculated profiles. Uncertainties are considered.
No emphasis on most intense peaks (weighting; w;
is used). Background fitting easily influences this
factor.

Same as R, with background (Bkg') removed,
reveals the influence of background on fitting.

Same as R, with background removed, reveals
the influence of background on fitting.

The measure of the best possible fit. Heavily relies
on counting statistics and the number of fitted
parameters. N is the number of data points and P is
the number of fitted parameters.

Same as Ry, with background removed, reveals

the influence of background on the expected best
fit.

The measure of the goodness of fit (fit quality). For
a good fit, this value ranges between 1 and 1.5. A
value outside this range warrants further scrutiny
of fitting or data quality.

This is for comparison with single-crystal structure
refinements. 1%, and I¥,,. are the observed and
calculated intensities of the k™ reflection out of K

reflections.

Durbin-Watson statistic. It measures the serial
correlation between adjacent data points in the

difference profile. Ay! = yl, . — yi . .(f).
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When used in conjunction with the agreement factors, the difference profile plot is a very important

indicator of the progress and merit of a Rietveld refinement. Fig. 2.8 illustrates how the difference

(b)

(2)

Figure 2.8. The difference profile plot showing the progress and merit of a Rietveld refinement. (a) illustrates how a
mismatch in lattice parameter appears in the difference profile plot, and (b) illustrates an apparent good profile fit, yet
the corresponding structure in (c¢) shows atoms are outside the unit cell in positions forbidden by symmetry and have
wrong occupancies (more than 1).

profile plot can be used to diagnose the errors that contributed to a poor fit. These diagnoses were
provided by McCusker et al. [26] in a form of guidelines for a Rietveld refinement. Viewing the
structure after a successful refinement is also a good way of assessing whether the structural values
obtained from the fit are physically meaningful. If atoms occupy positions that are forbidden by

symmetry (Fig. 2.8 (¢)), it might be an indication that the refinement was stuck at a local minimum.

2.2.6 Total Scattering and the PDF Method

The Rietveld method is a powerful method when refining crystal structures from Bragg data.
However, only ideal crystals have a perfectly periodic structure. Real crystals or polycrystalline
materials exhibit some deviations from perfect periodicity at the local level. These deviations have
been reported to correlate with the unique properties of complex materials [27]. Results from a
diffraction experiment performed on a polycrystalline material that has local deviations from the
average structure results in broad undulating peaks underneath and around the Bragg peaks.
Intensities of the Bragg peaks decrease and contribute to the broad undulating peaks convoluted
with the background. The 6-Bi20; phase is very disordered, therefore the Bragg data is insufficient
to give a comprehensive solution of the 8-Bi2Os3 structure since during the refinement the

background is fitted and excluded from determining structural parameters.
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To probe the structure of disordered materials comprehensively, the total scattering data need to
be carefully analysed. One of the techniques used to analyse total scattering data is the pair
distribution function (PDF) method. The PDF is the measure of the probability of finding an atom
centre at a distance » from the centre of an arbitrarily chosen reference atom (Fig. 2.9). This method

does not assume periodicity on the material.
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Figure 2.9. Tllustration of the PDF as the measure of the probability of finding an atom centre in a given thin spherical
shell of volume dV = 4mr?dr within a radius r from a reference atom.

In statistical thermodynamics, large numbers of thermodynamically equivalent configurations
(ensembles) of a system tend to produce ensemble averages that are characteristic of the system as
a whole. However, the correlated microscopic deviations from the random ensemble averages can
be measured by correlation functions. In a perfectly crystalline material, given the position vector
of one atom ay, the position of another atom with position vector az can be predicted with very
high accuracy. This indicates very high correlations between atomic positions. Given that g(az —
ap) is the PDF (an example of a correlation function), it is expected that g(az — a; ) = 0 anywhere
else except where a; — a; = a, the translation vector between atoms in a perfectly crystalline
material. However, for disordered crystalline and amorphous materials this “all or nothing”
probability does not apply, therefore correlation functions for these materials will differ from those
of perfectly crystalline materials. In isotropic materials (polycrystalline and amorphous materials),
g(az — aj) reduces to g(a), i.e. only the magnitude |az — a;| = a matters. To be consistent with the
notation used in literature for the PDF function, g() will be used instead of g(a) in this work. g(7)
is proportional to the ensemble-averaged number density {p) of atoms’ centres found in a small

spherical shell of volume dV = 4mr?dr as shown in Figure 2.9. Thus,
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Total number of atoms in dV
4mtradr

g(r) « p(r) o« ( )

This is the measure of the microscopic or local probability of finding an atom centre at a distance
r from a reference atom. This is normalized by the global number density (p, =

Total number of atomsinV/V), ie.,

g(r) =p@)/ po (2.4)

In an amorphous material as » — oo, the correlations between atoms die out due to a lack of order
athighr, p(r) = py and g(r) = 1. However, in an ideal crystalline material, correlations between

atoms remain significant over high » values.

Zernike and Prins [28] derived a phenomenological relationship between g(r) and the measured
scattered intensity. When the measured scattered intensity is corrected for effects such as
absorption, fluorescence, Compton scattering, the intensity from the sample container and the
sample environment, the intensity obtained is called the coherent intensity (I.,,(Q)). Q
(=4m sin 8 /A) is the magnitude of the scattering vector in isotropic samples. For a single element
material, when I, (Q) is normalized by the number of scatterers (N) and the average scattering
power per atom ({f (Q))? for X-rays) the scattering intensity per atom is called the total scattering
structure function S(Q). It is a dimensionless quantity and when S(Q) is normalized properly
(S(Q)) = 1, that is, S(Q) when averaged in Q space must oscillate closely around 1. In principle,
S(Q) can be directly analysed in reciprocal space as in a Rietveld refinement, however, when S(Q)
is reduced i.e., S(Q) — 1 is obtained, weighted by Q and sine Fourier transformed, G (), called
the reduced total PDF is obtained:

6(r) = (*/n) f; QIS@ 1] 5in(Qr) dQ (2:5)
Which, for bulk materials is related to g(r) by:

G(r) = 4mrpy(g(r) — 1) (2.6)

In this work, the PDF method was used to analyse selected systems of Bi2Os. Therefore, data
analysis using the PDF method will be discussed. The PDF is a real space function, and some
structural information can be extracted directly without the use of a model. Careful data reduction

and correction must be done. In this work, the data reduction was mostly done using the xPDF
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suite of programs [29]. In Fig. 2.10 the reduced total PDF of nickel is provided. Nickel in its
crystalline form has a face-centred lattice (Figure 2.10 (a)) and has a lattice parameter a of ~ 3.5
A. From geometrical arguments and using the hard spheres approximation, the next nearest
neighbour distance for nickel is expected to be ~ 1/4/2 a =2.5A. The first nearest neighbour peak
in Figure 2.10 (b) is observed at around 2.487A as expected. This illustrates the power of PDF in
revealing structural information in a model-independent way. Some small oscillations observed
between peaks can be attributed to termination ripples. These are caused by using the upper limit
Qmax rather than oo as required by the sine Fourier transform in equation (2.4). Measurements

cannot be done up to infinity in Q space. The ripples change rapidly with the change in Qmax

compared to structural features hence they are easily recognized.
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Figure 2.10. Crystal structure of Ni viewed along the a; axis (a) and its reduced total PDF (b) The arrows show the

peak positions representing the first and second nearest neighbours’ distances.

Models can be used to fit the PDF data by implementing full profile refinement algorithms similar
to the procedures applied in Rietveld refinements. These are called small-box modelling or real
space modelling. In this work, TOPAS Academic v6 & 7 [30-32] and PDFgui [33] were used to
perform small-box modelling. An initial structure model is needed to perform this kind of analysis.
This is normally obtained from Rietveld refinements and best describes the average structure. To
probe the local structure further, big-box modelling is normally used. In this method, a big box is
constructed from the unit cell describing the average structure and is used as the initial model. The
space group symmetry of the big box can be described as P1 and refinements from this will also

reflect the deviation from the average structure. In this work, the RMCProfile code v6.7.9 [34] was
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used. TOPAS4RMC [35] was used to obtain the instrument resolution matrix and the Bragg profile
for the Bragg data.

2.3 X-ray Absorption Spectroscopy (XAS)

2.3.1 Absorption

In the X-ray energy regime, when photons impinge on matter, they can be reflected, refracted, or
absorbed. In this section of the thesis, focus will be given to the absorption process and how it can
be used to reveal local structural details that complement the diffraction methods. In the energy
range ~ 1-100 keV, the attenuation process consist of Thompson scattering, Compton scattering
and photoelectric absorption. The dominant process is photoelectric absorption. In this process,
for instance, when a beam of photons impinges on a sample, a photon is annihilated, and a core-
level electron is removed from a given shell, resulting in a core-hole formation and an excited
atom. When the energy of the X-rays matches or is larger than the characteristic energy of a given
shell, the interaction between the photons and the electrons increases abruptly i.e., the absorption

coefficient p of the material becomes discontinuous, forming an edge (Fig. 2.11).
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Figure 2.11. The absorption coefficient as a function of energy measured across the Bi Ls-edge in monoclinic Bi>Os.
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The absorption coefficient is defined as the reciprocal thickness ¢ of the material needed to reduce
the intensity of the incident beam Iy by a factor of 1/e. It is a function of both energy and the proton

number Z of a material. For a sample of thickness ¢, the fraction of the intensity transmitted T is

given by:

T =1 = ¢gnt (2.7)
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Figure 2.12. The fall in intensity of an X-ray transmitted through a material follows an exponential decay function

inside the material of thickness ¢.

where I is the transmitted intensity. This means that the absorption coefficient can be
experimentally measured by measuring the intensity of the incident beam Io and I the intensity of
the transmitted beam through a sample of known thickness ¢ as shown in Fig. 2.12. Other processes
such as fluorescence and Auger emission can be used to measure the absorption coefficient when
transmission experiments are not feasible (Fig. 2.13). The photoelectric absorption process and
absorption coefficient depend on the electron density and electron binding energy of a material.
These are related to the identity of the absorbing element, the local geometry of its site and the
nature of the chemical bonding of a material, therefore, measurements of the absorption coefficient

as a function of energy can reveal structural and chemical bonding details of a material. These
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include coordination, formal valences, and the density of states for a given absorber. Hence XAS

is a very powerful tool for probing the electronic structure and coordination of a material.
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Figure 2.13. A schematic showing a simplified version of the setup in a typical XAS beamline at a third-generation

synchrotron. Both transmission and fluorescence detection modes are shown.

2.3.2 X-ray Absorption Fine Structure

When a chemical species (atom or ion) is surrounded by a group of other chemical species, the
electron density and bonding environment change the structure of the absorption coefficient
compared to that of an isolated atom. Oscillations are observed in this absorption coefficient as a
function of energy. These are referred to as the absorption fine structure. The region within 50 eV
of the edge is known as the X-ray absorption near edge structure (XANES) region (Fig. 2.14). In
this region, when a photoelectron is ejected, it interacts with many surrounding particles due to
long escape depth or mean free path, hence data modelling in this region remains a challenge [36,
37]. However, the qualitative analysis still reveals important information about the local geometry

of the absorber as demonstrated in Chapters 6 and 7. The fine structure can extend to up to 1000
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eV from the edge [38]. The region from about 50 — 1000 eV is known as the extended X-ray
absorption fine structure (EXAFS) region [38, 39]. However, it should be noted that the XANES
can overlap with the EXAFS region. In the EXAFS region, single scattering events dominate,

hence, data in this region are amenable to modelling as will be shown in Chapter 7.
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Figure 2.14. A normalized XAFS spectrum of Dy,03; measured in transmission mode and across the Dy Ls-edge
showing some of the regions found in an XAFS spectrum.

2.3.3 The XANES region

This region of the absorption spectrum extends to about 50 eV beyond the absorption edge and is
dominated by the multiple scattering of the photoelectron ejected. Because of the difficulties in
modelling data from this region, this part of the spectrum is used mostly for fingerprinting i.e.,
comparing measured data to spectra of standard materials. Some advances have been achieved in
theoretical XANES such as the work done by Rehr et al. [40] using the FEFF code and Green’s
functions and from linear-response time-dependant density functional theory (LR-TDDFT) as

reported by Nascimento and Govind [41]. The spectra of standard materials may be obtained
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empirically or using theoretical calculations. In a simple case the intensity of an absorption peak

or probability of an electronic transition is proportional to the transition moment integral:

1o | 270wy de |2

where 1" and 1 are the wave functions of the excited and ground states, respectively. Assuming
Uy 1s the electric dipole moment operator and dt is the volume element. A non-zero value of the
integral means the electric dipole transition is allowed and a zero value means that the electric
dipole transition is forbidden. The electric dipole moment is antisymmetric. For an electronic
transition to be allowed, the Y* uy Y should be symmetric. This means that 1* 1 should give an
antisymmetric product for the transition to be allowed. This suggests that the nature of the wave
functions or in the case of atoms, the atomic orbitals should have opposite parity for the ground
and excited states. For instance, a transition involving a K-shell electron will occur between the s
and p or f orbitals. The product of any two of these wavefunctions will be antisymmetric.
Conservation of momentum will prevent the pure s = f transition (overall momentum of the
photon—excited state system will have to change). A transition from s to pure d is also forbidden
because these orbitals are both symmetric. However, if a ligand provides p orbitals to a metal
centre and hybridization takes place with d orbitals and the point group of the site where the metal
centre is located is noncentrosymmetric, the electronic transition becomes allowed. The splitting
of the d orbitals by the ligand field will also be reflected in the spectrum, providing coordination
information. This illustrates some examples of how the pre-edge and XANES regions can be used

to study the electronic transitions and local environment around the absorber.

2.3.4 The EXAFS region

This is the region of the spectrum starting from around 50 eV and beyond. The energy of the
photoelectron is high enough that the electron will escape and scatter off the neighbouring atoms
before going back to the absorbing atom. The photoelectron spread out as a spherical wave with
wavevector k (Fig. 2.15). Upon scattering off neighbouring atoms, the outgoing wave can interfere

constructively or destructively with the backscattered wave. Constructive interference increases
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the electron density on the absorbing atom, which increases the probability of an absorption event

occurring or the absorption coefficient. Destructive interference reduces the electron density.

Scatterer

Absorber

Figure 2.15. A Schematic showing the origin of EXAFS. An electron is ejected from the absorber by a photon. The
outgoing electron spherical wave spreads out and scatters from an absorber. The back-scattered electron wave
interferes with the outgoing wave either destructively or constructively and modulates the absorption coefficient
function.

These interferences manifest themselves as fine oscillations in the spectrum and are referred to as

the extended X-ray absorption fine structure. The modulations of the absorption coefficient are

represented by the so-called EXAFS function:

_ B —po(R)
xlle) = ke 2.8)

Where p, (k) is the absorption coefficient of an isolated absorbing atom. An analytical expression

for the y (k) known as the EXAFS equation is given by:

—2R: —2k242
SZNFj(k)e 2Rj/MK) ,~2k? 07

x(k) = 3; sin[2kR; + &;(k)] (2.9)

2
kRj

Where S represent intrinsic losses i.e., the reduction in the amplitude due to the relaxation of the
other electrons in the atom after the ejection of the core-level electron. S¢ normally ranges between

0.7-1.0. During data fitting, when S& is outside this range, other fitted parameters might be
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inaccurate. N; is the coordination number in the j® shell. It is highly correlated with SZ. It is
advisable to keep one fixed during fitting. f;(k) is the scattering amplitude function of the

neighbouring atoms in the j® shell. For small atoms like H, this function is insignificant. This

function is calculated and included in fitting codes.

The e 2Ri/A) term models the effect of the magnitude of the mean free path i.e., how far the
photoelectron will travel and still participate in the EXAFS. The e 2R/ hag a universal
behaviour in & as summarized by Newville [42] and is included in most EXAFS fitting codes. In
the EXAFS region, the mean free path is short and hence EXAFS is dominated by single scattering

—2k2¢g?

events. The e J term models the damping effects of the disorder from the neighbouring atoms

in the j" shell. The aj2 term is the mean-square displacement in the bond distance (R;) and is a
fitted parameter. A positive value 2-3 orders of magnitude smaller than one is common. The §; (k)
term represents the phase shift experienced by the waves as they backscatter from the neighbouring
atoms in the j™ shell. In this work, the Demeter suite of software packages v0.9.26 [43] and Larch

v0.9.55 [44] were used to perform the data normalization and EXAFS data fitting.

2.4 Raman and Photoluminescence spectroscopy

As in the case of X-rays, when infrared radiation and /or visible light impinges on a molecule or
crystal, the radiation can undergo elastic scattering, inelastic scattering or photoelectric absorption.
In the infrared to visible light energy regime, the frequencies of the photons are closer to the
vibrational frequencies of atoms in molecules or crystals, and the energy gaps between valence

bands and conduction bands.

2.4.1 Raman spectroscopy

A photon can be inelastically scattered such that the molecule is excited from its ground state, n,
to an excited vibrational state, m, via a virtual state, x. This type of scattering is called Stokes
scattering. However, when a photon is inelastically scattered, such that a molecule is promoted to
a virtual excited state x, from an already excited state m, and the molecule relaxes back to ground

state n instead of the initially excited state m, the scattering is known as anti-Stokes scattering.
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When there is no change in the incident photon energy, the scattering is known as Rayleigh

scattering, as Fig. 2.16 shows.

Virtual states x

Excited vibrational states m

4 A 4 Ground vibrational states n

Stokes Rayleigh Anti-Stokes

Figure 2.16. An illustration of the Rayleigh and Raman scattering events.

The technique that measures the intensity of scattering events as a function of the energy difference
between the incident photon energy and the scattered photon energy (energy shifts) is known as
Raman spectroscopy. For a molecule to exhibit Raman spectroscopy, the vibrations must change
the polarizability of the electron cloud around a molecule. Some vibrations do not lead to a change
in polarizability, i.e., they are Raman-inactive. The symmetry of a molecule plays a significant
role in determining the type of vibrational normal modes that are Raman-active. Group Theory
helps predict the normal modes that are Raman-active or inactive in a molecule. There are
references that deal with this subject in some depth [45, 46]. In this work, focus will only be given
to how Raman spectroscopy helps reveal the phases of materials that could not be easily identified

from PXRD.

In crystalline materials, Raman-active modes can be calculated using a method called the
Correlation Method [47]. In this method, the translational motion of a group of atoms occupying
the same Wyckoff position in a structure is correlated with their overall motion in the factor group
or the group for the smallest Bravais lattice. The Correlation Method helps predict normal modes
that are Raman-active or inactive for a group of atoms in crystalline materials, as opposed to
individual molecules [47]. However, extensive knowledge of the Correlation Method is not needed
to predict the Raman-active modes, given the space group of the material. The Bilbao
Crystallography server provides a tool for calculating normal modes that are Raman-active [48-

50]. All that is needed is the space group number and the Wyckoff positions of the atoms. A hurdle
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in the use of Raman spectroscopy as a fingerprinting technique and as a local structural probe is
that it is difficult to predict which of the Raman-active modes will be observed experimentally and
at what waveshifts. Polarized Raman spectroscopy helps with band assignment in that it provides
further information on symmetry of vibrational modes [51, 52]. Density Functional Theory (DFT)
is normally used to calculate the frequencies of the normal modes, and a library of standard
materials is also needed for fingerprinting. For instance, the Correlation Method predicts the
following Raman-active modes for a fluorite phase where the metals occupy the 4a site, and the

anions occupy the 8c and 32f Wyckoff sites:
I'= A5 +E;+ 3T, (2.10)

However, only the T, modes are observed experimentally for most fluorite phases, such as the d-

Bi1203 like phases obtained from solid solutions of Bi,03 as shown in Fig. 2.17.
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Figure 2.17. Raman spectrum of Dy s5Bi715015 (28.5DSB) at ambient temperature showing the broad T, and

external modes. This spectrum is typical for most 5-Bi,O; like phases.

In this work, the fingerprinting method was used to determine the phases present in the materials

synthesized.

2.4.2 Photoluminescence

When the energy of the photons is enough to promote an electron from the valence band or colour
centre to the conduction band, photoelectric absorption takes place. However, each electronic state
can be divided into many vibrational levels. If the lifetime of an excited state is longer than the
lifetime of a vibration, molecules in their excited state will vibrate and undergo non-radiative
processes such that the overall energy of the excited state is decreased before a radiative emission

takes place (Fig. 2.18). This normally results in the radiated energy having a longer wavelength
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than the exciting radiation, and this process is called luminescence. When the exciting radiation is

light, the process is called photoluminescence (PL).
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Figure 2.18. Configuration-coordinate diagram illustrating the PL process.
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When the exciting radiation (Aex) 1s kept constant and the emitted radiation is monitored at
various wavelengths, the spectrum produced is called the emission spectrum. However, when the
exciting line is varied and the radiation is monitored at a single line (Aem), the spectrum is called

the excitation spectrum as Figure 2.19 illustrates.
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Figure 2.19. Excitation spectrum (solid line) and emission spectrum (dashed line) of Er2BiosO1 5 (20ESB).
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The exciting radiation normally used is in the UV-vis region, therefore, the valence electrons,
electrons trapped in vacancies and/or atom-vacancy clusters are probed. This means that
photoluminescence can be used to monitor the changes in: electronic structure, local environment
around an emitting centre and the concentration of a chemical species in a given site symmetry in
a crystalline material. For instance, the Er’* cations in 20ESB have been shown to emit two lines
at 545 and 558 nm when the Acx ranges between 489 to 521 nm [53]. This emission should be
forbidden if Er** is occupying a centrosymmetric environment in the solid solution of Bi»Os. In
this work, these two lines will be monitored to determine the distribution of Er** cation in the solid

solution of Bi;0s.

2.5 Electrochemical Impedance Spectroscopy (EIS)
The conductivity of a solid electrolyte is the bulk property that was correlated with some average

and local structural changes in this work. Conductivity, o, is given by:

s =1/p=1IRA 2.11)
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Figure 2.20. A Flow diagram showing the process involved in EIS. This involves the perturbation of an
electrochemical system at equilibrium and measuring its response. Data analysis is usually done by using equivalent
circuits and mechanistic insights are correlated with structural changes.
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where p is the resistivity of the material, / is the thickness, A is the surface area and Ris the
resistance of the material. In this work, the material was pressed into pellets/cylindrical disks of
thickness / and surface area A on each side. The resistance R of the material was obtained from
EIS. EIS involves the perturbation of a system that should be in a steady state with sinusoidal

signals of either current or voltage (Fig. 2.20).

To ensure that the system is linear or pseudo-linear during the measurements, the signal amplitude

should be smaller than the thermal voltage which is ~ 25 mV at 25 °C [54] and is given by:
V= RT/F = kT/e (2.12)

where R is the gas constant, T is the absolute temperature, F is the Faraday constant, k is the
Boltzmann constant and e is the elementary charge. After each perturbation, the output signal is
measured. This response signal should also be sinusoidal and have the same frequency as the input

signal but can be shifted in phase. The impedance of the system, Z, is calculated from:

Voe—iwt

Ioe—i(ut+¢

Z(w,t) = (2.13)

where Vj, is the maximum voltage amplitude, I, is the maximum current amplitude, ® = 2nf is
the angular frequency, t is the time, and ¢ is the phase angle. The impedance can also be written

as:

Z(w,t) = Zy[cosp — ising] (2.14)

and Z, = Y (2.15)

Io

The real component is normally denoted as Z’, and the imaginary component as Z”’. The real
component is the normal resistance, and the imaginary component is the contribution from the
capacitive and inductive reactances. Impedance is a function of time, but Fourier transforms are
used to convert it to the frequency domain. For the transformation to be valid, the response should
be measured from a linear system. The system should also be causal, i.e. should withstand
extraneous signal perturbations, and should be stable, i.e. show no or negligible drift during

excitation.
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Results from EIS can be correlated with many complex material variables: from mass transport,
rates of chemical reactions, corrosion, and dielectric properties to defects and microstructure [ 54,
55]. Different regions of polycrystalline solid electrolytes are characterized by resistive (R) and
capacitive (C) reactances usually placed in parallel [54]. The characteristic relaxation time or time

constant 7 of each parallel RC circuit is given by the product of R and C, i.e.:
T = RC (2.16)

At the maximum value of Z”, ®,RC = 1, where m,, 1s called the frequency of maximum loss [54].
Equation (2.16) makes it possible to identify different RC elements and assign them to appropriate

regions of the sample like grain, grain boundaries and electrode-electrolyte interfaces as Table 2.4

1lustrates.

Table 2.4. Capacitance values and the associated mechanism or regions in an electrochemical cell [55]

Capacitance [F] Process and/or region

10" Bulk

10" Minor, secondary phase
10" - 108 Grain boundary

10'°- 107 Bulk ferroelectric

107 - 107 Surface layer

107-10° Sample-electrode interphase
107 Electrochemical reaction
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Impedance data can be presented in the form of imaginary component Z”’ (reactive) plotted against
the real component Z’ (resistive) in a plot called Nyquist or impedance plane plot (Fig. 2.21). In
this plot, resistance (R) values are obtained from Z’ intercepts and capacitance (C) values are

obtained by applying equation (2.16) to the frequency at the maximum of each semicircle present

-Im(Z)/ohm

w, ReC=1

R+ R,

b
>

R
R, ’ Re(Z)/ohm

Figure 2.21. An impedance plane plot showing the parameters normally used as initial starting values in data fitting.
R represents the uncompensated resistance of the setup of the system, Ry, is the bulk resistance of the material being

probed.

(Fig. 2.21). These values serve as initial estimates during data fitting.

A disadvantage of a Nyquist plot is that frequency is implicit. To circumvent this problem, the
Bode plot is used to supplement the Nyquist plot. The Bode plot is a pair of graphs of log|Z| and
¢ as a function of frequency [54]. The Bode plot reveals the number of different semicircles
present, especially if they are not apparent in the Nyquist plot and their time constant is about 1
decade apart [54]. It also reveals the frequency range at which capacitive behaviour dominates

resistive behaviour.

Different models are used in experimental data interpretation, such as mathematical models, based

on a plausible physical theory that predicts impedance. Empirical equivalent circuits whose

L L
i i

— Q2 Q3 —
1 W
R2 R3 W3

Figure 2.22. An equivalent circuit used in data fitting. Q represent a constant phase element; R is the resistance and
W is the Warburg diffusion.
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impedance matches that of the data and has physical meaning are also used and were the method
of choice in this work. Equivalent circuit models are employed in data fitting to generate a
calculated function that is minimized in the complex non-linear least squares (CNLS) fitting
procedure. In this work, the circuit that was employed predominantly is given in Figure 2.22. In
cases where this circuit was not applied, the relevant circuit will be given. The R2/Q2 component
of the circuit is attributed to the bulk processes (intragrain conductivity) and the (R3+W3)/Q3 is

attributed to the electrolyte-electrode interfaces in the materials explored in this work.
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Abstract

Equilibrium phases of the Bi2O3-WOs3 system, synthesized using the citrate-gel method with slow
cooling, have been systematically investigated for samples with 22-27 mol% WOs3. Annealing
temperature and content of WO3; were shown to play a significant role in the phases present. Both
powder X-ray diffraction and Raman spectroscopy revealed that the room temperature equilibrium
phases were 7Bi203-WO3 and 7Bi203-:2WO3, with the latter being dominant. Variable temperature
Raman spectroscopy showed that both these phases were present up to 850°C, with the possible
formation of a third unidentified phase at higher temperatures. The ionic conductivities of the
mixed-phase materials were between that for the pure 7Bi12O3-WO3 and 7Bi1,03-2WOs; phases and
at 700°C was only about three times lower than that of the pure defect fluorite phase of the 22
mol% WOs3 samples. The Arrhenius plots showed no sudden increase in conductivity between 300-

750°C providing evidence that no major phase change occurred in this temperature range.

Keywords: Tungsten substituted bismuth oxide; sillenite phase; mixed phases; oxide electrolyte; variable

temperature Raman spectroscopy; ionic conductivity.

3.1 Introduction

Solid solutions based on the Bi2O3-WO3 system have shown remarkable versatility. The W-rich
phases are used to produce photocatalysts of technological importance and the Bi-rich phases
function as O* ion conducting solid electrolytes displaying high stability under low O2 partial
pressures and high ionic conductivities [1-4]. Bi2Os in its defect fluorite 6-phase (space group
Fm3m) was found to have ionic conductivities around 1 S cm™ at 730°C, the highest of any oxide
ion conductor reported to date at that temperature [5, 6]. 0-Bi20; has a highly disordered oxide ion
sublattice. This is due to 25% of the oxygen sites being inherently vacant. The Bi** 6s® lone pair
of electrons is stereochemically active and occupies a similar volume to an oxide ion. Additionally,
Bi** is a highly polarizable cation [7, 8]. All these factors contribute immensely to the reported
high oxide ion conductivity of Bi2O3 in this phase.

Unfortunately, 6-Bi,0s is only stable in the narrow temperature range of 729-824°C [9, 10]. Below
this range, the ordered monoclinic a-phase (space group P2i/c) exists and is predominantly an

electronic conductor and above this range, Bi,O3; melts [11, 12]. However, the d-phase can be
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stabilized at lower temperatures, including room temperature, by substitution of Bi*" by various

transition metal cations such as W®" and most of the rare earth elements [13-18].

Takahashi et al. [4] reported that Bi»O3 substituted with 22 mol% WOj stabilized the cubic phase
at ambient temperature and showed conductivities of 0.062 S cm™! at 700°C which is higher than
that for yttria-stabilized zirconia (YSZ) (around 0.010 S cm), the current state of the art
electrolyte used in commercial solid oxide fuel cells (SOFCs) [19]. They used solid-state reactions
to fabricate their materials which require higher temperatures and long heating times ranging from
20 hours to several days. They also quenched their samples, consequently, producing a phase that

is metastable as suggested by Watanabe [20].

When cooled slowly, Watanabe and Ono [21] reported that in the composition 22.22 mol% WO3,
two tetragonal phases, 7B1203-WO3 and 7Bi203-2WO3, start to co-exist below 670°C and persist
to room temperature. They reported these two phases to be the true equilibrium phases for the
given composition. Borowska-Centkowska et al. [22, 23] reported relatively high ionic
conductivities of these two phases (~0.058 S cm™ for 7Bi203-:2WO5 and ~3.7x103 S cm™! for
7B1,03-WOs3 at 700°C) when investigated as pure phases.

Interestingly, in trying to solve the energy crisis by studying fast oxide ion conductors for
application in intermediate temperature SOFCs, the energy intensive solid-state reactions is widely
used to fabricate the electrolytes. This generally involves at least two grinding and high
temperature (>800°C) annealing steps, and total annealing times of several days. Very few studies
use synthetic methods which are less energy intensive. For example, the citrate gel method requires
a lower temperature calcination step (at 400-500°C) for a few hours immediately followed by the
higher temperature annealing step with a reduced time as compared to the solid state-method. In
addition, slow cooling is reported to often produce a mixture of phases, which might be the true
equilibrium phases depending on the thermal history at certain compositions [21]. However, there
is a dearth of knowledge on how the conductivity of a mixture compares to that of the pure phases
which are usually metastable and degrade with prolonged heating at intermediate temperatures.
Considering these gaps and the previous findings, this work uses the citrate-gel method to fabricate
ambient temperature equilibrium phases of the Bi203-WOj system at various compositions and
compares the average structure composition and conductivity of these materials with phases

obtained via solid-state reactions.
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3.2 Experimental
3.2.1 Synthetic procedures and materials

3.2.1.1 Citrate-gel method
Samples of (Bi203)1x«(WO3)x, where 0.22 < x < 0.27, were synthesized using the citrate-gel
method. These will be referred to as 22%-27% WOs3 nominal compositions. Stoichiometric
amounts of BIONO3 (Merck) and (NH4)sHoW12040.H>O (Sigma-Aldrich) were dissolved in 100
ml 2 M nitric acid under constant stirring for 15 minutes using a magnetic stirrer. Citric acid was
added as a complexing agent in a 1:3 mole ratio of total metal ions to citric acid while stirring. The
solvent was evaporated at 200°C to form a gel. The gel was dried in an oven overnight at 80°C
and calcined in a furnace at 500°C for 12 hours to form a powder. These powders were then
annealed at 50°C intervals from 500-650°C for 20 hours at each step and quenched in air to room
temperature (by simply removing the samples from the furnace at the annealing temperature) to
study the effects of annealing temperature. Powders of identical compositions were also annealed
at 800°C for 24 hours and slowly cooled back to room temperature in the furnace (by simply
turning the furnace off and allowing it to cool, where the average cooling rate is estimated at ~1°C
min') to obtain the equilibrium phases. To verify if the phases were equilibrium phases, the same

samples were also annealed at 800°C for 3 days and slowly cooled to ambient temperatures.

3.2.1.2 Solid-state reactions
For reference purposes, solid-state reactions were used to fabricate similar composition as those
made via the citrate-gel method. Stoichiometric amounts of Bi2O3 (99% pure, British Drug House)
and WO3 (99% pure, Acros Organics) were mixed in an agate mortar and manually ground for an
hour in acetone (99.56% pure, KEMiCAL). The mixture was dried in air for 24 hours before being
annealed at 800°C for 24 hours and slow cooled back to room temperature in the furnace as before.

It was then reground before being annealed at 800°C for a further 24 hours and slow cooled again.
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3.2.2 Characterization techniques

3.2.2.1 Powder X-ray Diffraction
A Bruker D2 phaser in Bragg-Brentano configuration, equipped with a sealed Co radiation tube,
secondary beam Fe Ky filter, Bruker Lynxeye PSD detector, and primary and secondary Soller
slits was used to obtain diffraction patterns for phase identification from the powders. The Kg
filtration methodology applied is never 100% effective and hence some Kg radiation is detected in
the measured diffraction pattern.. Phase identification was done using DIFFRAC.SUITE EVA
linked to the crystallography open database (COD) [24]. Rietveld refinements were done using
DIFFRAC.TOPAS (V.5) [25] and a Pearson VII function to model the experimental peak profiles.
Four Inorganic Crystal Structure Database (ICSD) [26] entries; 97481 for 7B1203-WOs3, 88840 for
7B1203-2WO03, 171327 for Bi203-WOs (S.G. B2cbh) and 67647 for Bi2O3-WOs3 (S.G. Pca2) were
used as initial structural models in the refinements. In addition to scale factors, selected
corrections, lattice and positional parameters were refined for both phases. Rietveld refinements
confirm the phase identification and primary results from the refinements are included in the

Supporting Information sections (Tables S1-3, Fig.’s S1-2).

3.2.2.2 Variable temperature Raman spectroscopy
Raman spectroscopy (RS) measurements were obtained using a Horiba LabRAM HR Raman
system equipped with an argon ion laser of emission line 514.532 nm, a Symphony CCD detector
cooled to —129°C using liquid nitrogen and a 600 lines/mm grating. An Olympus optical
microscope attachment with a 50x LWD objective lens and a Linkham TS1500 sample stage were
used for the in situ variable temperature measurements. The sample stage was purged with high
purity argon gas and the spectra were measured between ambient temperature and 850°C at 170°C
increments using a heating rate of 10°C min™'. The maximum acquisition time was 2 minutes and

the powder form of the samples was analysed.

3.2.2.3 Variable temperature impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was done using a MTZ-35 frequency response
analyser from BioLogic. It was equipped with a HF-1100 furnace and a HTSH-1100 sample holder
to do the variable temperature measurements. The measurements were done in air, with both

heating and cooling cycles in the range 300-750°C at 50°C increments using a heating/cooling rate
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of 10°C min™'. The system was allowed to equilibrate for 30 minutes before each measurement.

The frequency range was from 1 Hz to 1 MHz with an A.C. amplitude of 10 mV.

The powders were mixed with a minimum amount 0.3 wt% polyvinyl alcohol (PVA) as a binder
and pressed into pellets using a uniaxial cold press at a constant pressure of 500 MPa with a 5 mm
diameter die to produce pellets of about 1 mm in thickness. The green bodies were first heated to
300°C in 6 hours and soaked at this temperature for 4 hours to remove the binder. The temperature
was then ramped up to 820°C and the pellets were sintered at this temperature for 14 hours and
cooled slowly in the furnace back to room temperature. Higher sintering temperatures improve
both the sinterability and the density of the pellets which are important for accurate conductivities.
Pellets were directly inserted between the two platinum disks from the cell-holder without

additional coatings.

The Nyquist plots were modelled using the equivalent circuit approach and the EC-Lab v11.21
software. Fitted parameters are given in the Supporting Information sections (Fig. S3, Tables S4-
7). Solid solutions of bismuth oxide have been reported to exhibit negligible grain boundary
resistances [27, 28] and for these samples only a single high frequency semi-circle was measured
for the low temperature data. The resistance, described as R1 in Fig. S3, thus most likely represents
the bulk resistance of the electrolyte, as also denoted by the capacitance values of the order of 10

12'F typical for a bulk electrolyte process.

3.2.2.4 Differential thermal analysis
Differential thermal analysis (DTA) was conducted using a Perkin Elmer STA 6000 with alumina
crucibles. Powdered samples of ~19 mg were analysed. Temperature calibration was performed
by melting an indium standard in an alumina crucible. The instrument was operated in the
simultaneous thermogravimetric analysis (TGA)-DTA mode. The measurements were done
between 30 and 800°C for both heating and cooling cycles at a heating/cooling rate of 10°C min

!, Nitrogen was used as the purging gas at a flow rate of 20 ml min™'.
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3.3 Results and discussion
3.3.1 Ambient temperature phase studies
3.3.1.1 Effects of annealing on phase transitions
For samples prepared via the citrate-gel method, a stepwise annealing process from 500°C to
650°C at 50°C intervals (followed by quenching in air at each stage) enabled the study of the
effects of annealing temperature on phase composition by analysing the quenched samples using
PXRD at ambient temperature at each interval. Figure 3.1 illustrates that for both the 22% and
25% samples annealed to 500°C, there is a mixture of three phases present: a tetragonal sillenite
phase 7Bi1,03-WO3 (COD 2003105) with space group [/4/m, another tetragonal phase
7B1,03-:2WOs3 (COD 1531949) with space group I4; and a minor orthorhombic russellite phase
Bi2WOs (COD 1528730) with space group Pca2i. Interestingly, the russellite phase is said to be
refractory with no phase transition occurring up to 850°C for the pure phase [29]. Here it is seen
that the russellite phase disappears as the sample is annealed from 500°C to 650°C, while the
7B1,03-:2WO0Os3 and sillenite phases persist. This suggests that the russellite phase has a low
conversion temperature when mixed with other phases. The same behaviour was observed for the

23% and 24% samples. It was also observed that as the annealing temperature increased from
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500°C to 650°C, the 7Bi203-2WO; phase became more dominant and the sillenite phase

diminished.
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Figure 3.1. XRD patterns showing the effect of annealing temperature (from 500-650°C) for samples with (a)
22% and (b) 25% WOs;.

After annealing at 800°C followed by slow cooling to room temperature, a mixture of
7B1,03-:2WO0O3 and the sillenite phase persisted (Fig. 3.2), but with 7Bi,03-2WO; becoming the
more dominant phase. The samples were further annealed for 72 hours at 800°C and then slow
cooled to ambient temperature to verify whether these phases were equilibrium phases. In Figure
3.2 it can be seen that no observable phase change occurred. More resolved peaks were seen due
to improved crystallinity of the 7Bi203-:2WOs3 phase as confirmed by the Rietveld refinement
results in Figure S3.1(f) and Figure S3.1(g) in the Supporting Information section.

According to the phase diagram by Hoda and Chang [24], a pure 7Bi,03-2WOs3 phase exists for
samples containing ~20-25% mole fraction WO; prepared by quenching samples from 800°C.
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Figure 3.2. XRD patterns for samples with 22% and 25% WO3 annealed at 800°C for 24 hours and slow cooled
back to room temperature. The 25% sample was also annealed for a further 72 hours. The insets show more
pronounced peak splitting due to improved crystallinity of the 7Bi»O3-2WO3 phase upon further annealing.

This stability range was also confirmed by Watanabe and Ono [21], who also showed that for
samples containing 23% mole fraction WO3 soaked at 550°C, the 7B1203-2WO3 degraded to an
extent to produce a phase containing 12.5% mole fraction of WO3; which corresponds to the
sillenite phase (7Bi203-WO3). This suggests that for the compositions used in this work when
synthesised using the citrate-gel method, these two phases may be the true equilibrium state at
ambient temperature. This agrees with Watanabe and Ono’s [21] findings that, when using the
solid-state method, these two phases coexisted below 670°C up to ambient temperature. In the case
of slow cooling the samples, it is not unexpected then that both phases are present even when

annealed at 800°C.

3.3.1.2 Effects of concentration on phase formation
The annealing temperature is not the only parameter that influences the phases formed in the
Bi203-WOs3 system, but the stoichiometric concentration ratio of the initial metal ions used
predictably plays a significant role as can be seen in the phase diagram by Hoda and Chang [24].
In the present work, the concentration of WO3 was systematically increased from 22 mol% to 27
mol% in 1 mol% increments and all samples were directly annealed at 800°C. This is within the
solubility range of WO3 (22-28 mol%) reported by Takahashi and Iwahara [4]. It was observed
that generally as the concentration of WO3 was increased, the 7Bi203-2WO3 phase became more

dominant and the sillenite phase diminished as depicted in Fig.’s 3a and 3b. This agrees well with
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the observation made by Hoda and Chang [24] that the onset of decomposition of the sillenite
phase is favoured by the amount of soluble WOs3, with higher WO3 concentrations leading to the

stabilisation of phases with higher W content.
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Figure 3.3. XRD patterns showing the influence of concentration on phase composition for samples fabricated
using (a) the citrate-gel method and (b) solid-state reactions, all annealed at 800°C. The * represents the
resynthesised samples.

Initially the 24% and 25% compositions showed peculiar behaviour where the sillenite phase
remained to a greater extent (Fig. 3.3(a)). From Rietveld refinements it was established that only
about 84% of the 24% composition was made up of the 7Bi203:2WO; phase. This was not
observed when using solid-state reactions to synthesize the solid solutions of the same composition
(Fig. 3.3(b)). On remaking these samples using the citrate-gel method, however, the sillenite phase
was lower and in line with the other samples (Fig. 3.3(a)) and Table S3.1 in the Supporting
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Information section). This intimates that side reactions might have occurred during the initial
synthesis [30, 31] which might have inhibited the conversion of the sillenite phase. In general it
was found that as the amount of WO; increased the extent of 7Bi203:2WO; phase formation
increased, with a maximum of 97% of the sample existing as the 7Bi203-2WO3 phase for the 26%

WOs3 composition.

For the 22% and 23% compositions made using solid-state reactions, two additional BioO3-WO3
phases (with space groups B2cb and Pca21) were observed (Fig. 3b), be it the total percentage to
which they were present was <~2%. According to the phase diagram of Watanabe and Ono [21],
the Bi20O3-WOs3 phases are only expected to start forming at compositions above 50% WO3 content.
Since this phase was only produced in these two samples synthesised using the solid-state method,
it is highly likely that this phase formed due to local regions in the initial mixtures having higher
WO; content. None of the samples made via the citrate-gel method contained this phase after

annealing at 800 °C.

Raman spectroscopy was used to verify the XRD results and to determine whether other minor or
amorphous phases that are not detectable by XRD but Raman active were present. Raman
spectroscopy probes the local structure of Raman active materials and can be a very good
complementary technique to conventional XRD which probes only the average structure. Fig. 4
compares the spectra for the 22% sample prepared by the citrate-gel method and solid-state
reactions. Peak fitting using Gaussian functions was done to obtain accurate Raman shifts. The
results were comparable to those obtained by Hardcastle and Wachs [32] who specifically studied

the Raman spectroscopy of bismuth tungstates.

In Fig. 4, the Raman bands at 895 cm™, 840 cm™, 817 cm™ and 718 cm™ are assigned to the
7Bi,05-2WO; phase and those at 914 cm™, 620 cm™!, 534 cm™!, 505 cm™, 350 cm™ and 312 cm™
are assigned to the sillenite phase. Bands below 200 cm™! are difficult to assign to any particular
phase because they overlap with the very intense characteristic lattice vibration bands. All bands
above 200 cm™! were assigned to the two main phases identified by XRD thereby confirming that

no other main phases were present.
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The Raman spectrum of the sample fabricated via the citrate-gel method shows similar results to
that synthesised using solid-state reactions. Of particular importance is the fact that no additional

phases were detected for samples fabricated using the citrate-gel method.
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Figure 3.4. Raman spectra of the 22% WO3 composition synthesised using the citrate-gel method and solid-state

reactions where both samples were annealed at 800°C.

3.3.2 Variable temperature phase studies
For high temperature applications, it is important to understand the phase stability of these
materials upon heating. Since most literature concerning the study of the Bi2O3-WO;3 system
involves materials synthesised via solid-state reactions, only samples synthesized via the citrate-
gel method were investigated further in this work. Variable temperature Raman spectroscopy (VT-
RS) was run on powdered samples with the lowest (22%) and highest (27%) WOs3 content.
Unfortunately for the 22% sample, a significant intensity loss with increasing temperature made it
very difficult to extract any structural features from the data beyond 25°C. The results for the 27%
sample are presented in Figure 3.5 where only data above 200 cm™ are depicted. It is seen that as
the temperature increased the peaks at higher Raman shifts assigned to the 7Bi,03:2WO3 phase
became broader and shifted more significantly to lower wavenumbers as compared to those
assigned to the sillenite phase. The peak broadening indicates that the disorder in the structure of
7B1203-2WO3 increased more at higher temperatures compared to the sillenite phase. The greater

peak shift also indicates a higher expansion rate for the 7Bi203-:2WOs phase.
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Focusing on the most intense peaks, the spectrum at 680°C shows the broad band from
7Bi,03-2WOs3 at around 890 cm™ and the sillenite peak at around 915 cm™, indicating that both
phases exist beyond 670°C for the 27% composition. This mixture of phases was not observed
beyond 670°C by Watanabe and Ono [21]. Even at 850°C where the intensities are very low, the
presence of both phases is evident. There does appear to possibly be the formation of another
unidentified phase from 680°C with the emergence of a very broad peak at about 860 cm™ which
was initially thought to simply be the overlap of the two 7B1,03-2WOs peaks in that region. At no
stage does a band at around 600 cm™! appear which means that the defect fluorite phase of Bi>Os

(Fm3m) was not observed at any temperature.
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Figure 3.5. VT-Raman spectra from 200 cm™ of the 27% WOs sample (fabricated via the citrate-gel method)
showing phase stability up to 850°C. Intensities at 680°C were doubled and at 850°C were multiplied by a factor of
twelve to enhance features.

3.3.3 Conductivity studies
The conductivities of mixed-phase materials are seldom reported, yet these mixtures have been
found to be the true equilibrium phases for the Bi20O3-WOs3 system [22]. In this work temperature
dependant conductivities of the mixed-phase materials were determined from variable temperature
electrochemical impedance spectroscopy (VT-EIS) measurements. Fig. 6 shows the Arrhenius
plots of the bulk electrolyte conductivities of samples with 23%-26% WOs3 content. It was
observed that generally, as the concentration of WOs3 increased, the conductivity decreased
especially at lower temperatures. This trend has been widely reported in literature for any impurity

in the host Bi»Os. In this case it is ascribed to a decrease in unit cell volume, an increase in the

78




average strength of cation-oxide ion bond, vacancies being trapped in the WOs coordination

spheres and a decrease in intrinsic vacancies [23,33].

The 25% composition does not follow the same trend, but has lower conductivities across the
temperature range. The sample analysed in this case was the original sample with the higher
sillenite content (see Fig. 3.3(a)). From Table 1 it can clearly be seen that the sillenite phase
(7Bi203-WO3) exhibits inferior conductivities compared to 7Bi203-:2WOs3 in the temperature range
studied here. It thus appears that the structural differences override the impurity cation

concentration effects when comparing the conductivities of the 25% and 26% samples.

As can be seen from Table 3.1, in the lower temperature range (300°C to 400°C) the conductivity
of the 23% composition in this work lies between that for the sillenite and the 7Bi203-2WO3
phases, indicating the influence of a mixture of phases. From around 550°C and above, the
conductivities for the 23%, 24% and 26% compositions were very similar (Fig. 3.6(a)). The highest
conductivity obtained at 700°C was 0.018 S cm™ (for 23% composition) which is just slightly
lower than that for the 7Bi,O3-2WO; phase (~0.058 S cm™). Again, this is probably due to the
small amount of sillenite still present in these samples. The increased contact resistance between
the sample and the two platinum disks from the cell holder (especially at the lower temperatures)
might have also played a role since no coating was applied. Surprisingly the conductivity for the
22% composition was found to be only slightly higher (0.062 S cm™ at 700°C) for the pure §-
Bi,0; phase (Fm3m) as reported by Takahashi and Iwahara [4] compared to that found in this

work.

Further from literature, Borowska-Centkowska et al. [23] observed a massive jump in conductivity
just before 800°C for the pure sillenite phase corresponding to the formation of the cubic defect
fluorite phase. A similar phase change from 7Bi03-2WO3 to the cubic phase was noted above
850°C, but the conductivities were not measured to such high temperatures in this work [22].
Neither the VT-RS data nor the VT-EIS data reflected any phase transitions to the cubic phase in
this work, even with RS measurements up to 850°C. Watanabe and Ono [21] reported the
conductivities for the 23% WO; composition synthesised by solid-state reactions, which was
predominantly the tetragonal 7Bi203-2WO3 phase, and these were only slightly lower than that for
the pure 7B1,03:2WO3 phase [22] (see Table 3.1).
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Figure 3.6. Arrhenius plots showing the temperature dependant bulk conductivities (in units of S cm™) for (a)
23%-26% WOs3 content samples for the heating cycle and (b) the 26% WOs3 content sample for both the heating
and cooling cycles.

The Arrhenius plots (Fig. 3.6(a)) showed a moderate increase in slope and activation energy in the
550-750°C temperature range as compared to the 300-550°C range. These changes in activation
energy are thermally induced and can either be due to a change in the oxygen sublattice or it could
be due to the emergence of the unidentified phase as suggested from the Raman data. The former
justification more readily substantiates the cooling cycle (Fig. 3.6(b)) being far more linear. It
should be noted that the activation energies quoted were rather calculated from the plot of In(cT)
versus 1/T due to the theoretical justification associated with this relationship which is derived

from the random walk theory.
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Table 3.1. Comparison of temperature related bulk conductivities for related materials*.

Temperature /°C  Conductivity /S cm’!

23% WOs 23% WO; 22% WOs3 7B120;-2WO0;  7Bi,03-WOs

300 1.4x10° ~2.8x10* - 3.01x10* 3.4x10°
400 1.87x10" ~1.8x107 ~2.7%107 ~7.4x107 ~1.1x107
700 0.018 ~0.047 0.062 ~0.058 ~3.7x107
800 - ~0.14 ~0.11 ~1.1
Reference This work [21] [4] [22] [23]

*Values indicated as ~ were extracted from the graphs in the publications.

DTA thermographs showed no significant displacements during the heating and cooling cycles as
can be seen from Fig. 3.7. Only a slight endothermic displacement is observed between 550-650°C
mainly during the heating cycle which again could either be attributed to the characteristic of minor

disordering occurring in the oxygen sublattice or to the formation of the unidentified phase.
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Figure 3.7. A DTA thermograms for the 23% WOj3 content sample (mass = 18.478 mg) showing only a slight
endothermic displacement between 550-650 °C in the heating cycle. No baseline subtraction was done.
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3.4 Conclusion
In the Bi203-WO;3 system, the citrate-gel method combined with slow cooling produced a mixture
of russellite, sillenite and 7Bi,03:2WOs3 phases for WO3 concentrations of 22%-27% at lower
annealing temperatures (500-650°C). After annealing at 800°C the russellite phase had
disappeared and the sillenite phase was significantly reduced, but a mixture of both the sillenite
and 7Bi203-:2WO; phases was retained in the temperature range studied. Unlike the work by
Watanabe and Ono [21] who showed that a pure 7Bi1203-2WOs; phase exists above 670°C (when
using the solid-state method), here VT-RS data confirmed that the sillenite phase was clearly still
present beyond 670 °C. Both the DTA and VT-EIS data were inconclusive as to whether the slight
changes observed at higher temperatures were due to disordering in the oxygen sublattice or the

emergence of an unidentified phase as inferred from the Raman data.

The magnitude of the conductivities measured were between that for the pure 7B1203-2WO3 and
sillenite phases, especially in the lower temperature range. As expected, the sample containing a
high sillenite content displayed a lower conductivity at all temperatures. At 700°C, the
conductivity of the mixture was only three times lower than that of the supposed pure 6-phase for
the 22% WO3 content [4] that was obtained by quenching and was also still slightly higher than
that for YSZ (at the same temperature).

The appreciable conductivity for this mixture of phases provides a different perspective into the
study of solid oxide ion conductors. Rather than focusing on a pure, quenched phase which is
metastable, a mixture of phases might offer the desired conductivities and stabilities at a lower
energy cost. Therefore, efforts should be made to study the conductivities of the mixtures before

they are discarded in favour of these pure metastable phases that degrade with long term annealing.
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3.71 Rietveld Refinements

Table S3.1. Quantitative phase composition from Rietveld refinement for samples annealed at 800 °C.

Weight % 7Bi203-WO: Weight % 7Bi203-2WO03
22% WOs sol-gel 20.3(39) 79.7(39)
23% WOs sol-gel 8.1(9) 91.9(9)
24% WOs sol-gel 16.1(2) 83.909)
24% WOs sol-gel repeat 13.7(2) 86.3(9)
25% WOs sol-gel 11.4(1) 88.6(1)
25% WOs sol-gel repeat 9.9(3) 90.1(3)
26% WOs sol-gel 2.1(2) 97.9(2)
27% WOs sol-gel 4.3(16) 95.7(16)
Weight % Weight % Weight % Weight %
7Bi203-WO3 7Bi203-2WO03 Bi203-WOs3(B2cb) Bi203-WOs3(Pca2:)
22% WOs solid state | 20.3(8) 77.7(6) 0.6(1) 1.409)
23% WOs solid state | 20.1(9) 78.3(5) 0.9(2) 0.7(7)
24% WOs solid state | 12.9(2) 87.1(2)
25% WOs solid state | 14.9(1) 85.1(2)
26% WOs solid state | 16.5(9) 83.5(16)
27% WOs solid state | 15.0(11) 85.0(11)
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Table S3.2. Crystallographic data — Sol-gel samples.

Mol% WOs 22 23 24 25 26 27

Whole Pattern

Rexp 5.30 4.59 4.15 3.95 8.95 8.22

Rwp 6.63 6.89 6.79 7.31 10.18 10.03

Rp 5.07 5.35 5.17 5.47 7.77 7.96

GOF 1.20 1.50 1.4 1.85 1.14 1.22

7Bi203-WO3

R-Bragg 1.181 0.993 1.824 1.93 4.882 3.705
Weight % 20.3(39) 8.109) 16.1(9) 11.4(1) 2.1(2) 4.3(16)
Space group 14/m 14/m 14/m 14/m 14/m 14/m
alA 8.7096(7) 8.73(18) 8.701(6) 8.703(1) 8.704(1) 8.69(1)
c/A 17.340(2) 17.2(5) 17.367(1) 17.366(3) 17.352(2) 17.366(3)
Cell Vol / A® 1315.4(2) 1313(68) 1315(2) 1315.6(4) 1314.6(3) 1312.1(3)
Crystal Density 8.820(2) 8.8(4) 8.822(15) 8.818(2) 8.825(2) 8.842(3)

/g.cm’

7Bi203-2WO03

R-Bragg 2.640 3.260 1.056 2.133 1.504 1.488
Weight % 79.7(39) 91.909) 83.909) 88.6(1) 97.9(2) 95.7(16)
Space group 14, 14, 14, 14, 14, 14,
alA 12.5099(2) 12.5176(4) 12.5161(2) 12.5216(1) 12.5251(2) 12.5210(5)
c/A 11.2168(2) 11.2108(5) 11.2107 (2) 11.2278 (2) 11.2204(3) 11.2246(5)
Cell Vol / A3 1755.4(7) 1756.64(14) | 1756.2(8) 1760.43 (6) 1760(1) 1760.0 (1)
Crystal Density | 8.81039(3) 8.8042(7) 8.8063(3) 8.7852 (3) 8.7862(5) 8.7874 (8)

/g.cm’
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Table S3.3. Crystallographic data — Solid state samples.

Mol% WOs3 22 23 24 25 26 27
Whole Pattern
Rexp 5.37 5.41 5.57 5.33 5.42 5.91
Rwp 6.90 7.20 6.83 6.12 6.47 6.65
Rp 5.41 5.63 5.43 4.92 5.16 5.23
GOF 1.29 1.33 1.23 1.15 1.19 1.13
7Bi203-WO3
R-Bragg 0.729 0.720 1.016 0.854 0.929 1.363
Weight % 20.3(8) 20.109) 12.9(2) 14.9(1) 16.5(9) 15.0(11)
Space group 14/m 14/m 14/m 14/m 14/m 14/m
alA 8.707(8) 8.707(6) 8.854(7) 8.867(5) 8.8571(16) 8.8348(5)
c/A 17.36(2) 17.36(2) 16.817(2) 16.813(1) 16.838(6) 16.8643(12)
Cell Vol / A® 1317(3) 1316(3) 1318(2) 1321.7(18) | 1320.9(7) 1316.4(1)
Crystal Density | 8.81(2) 8.812(17) 8.800(18) 8.778(12) 8.783(5) 8.8140(9)
/g.cm’
7Bi203-2WO3
R-Bragg 1.200 1.475 1.460 2.5412 2.234 1.302
Weight % 77.7(6) 78.3(5) 87.1(2) 85.1(2) 83.5(16) 85.0(11)
Space group 14, 14, 14, 14, 14, 14,
alA 12.5206 (1) | 12.52198(18) 12.5060(16) 12.5196(2) | 12.520(14) 12.49459(1)
c/A 11.2329(1) 11.2389(2) 11.2618(13) 11.2553(2) | 11.238(18) 11.2418(2)
Cell Vol / A3 1760.95(5) 1762.27(4) 1761.34(3) 1764.22(7) | 1761.93(5) 1755.02(5)
Crystal Density | 8.7827(2) 8.7761(2) 8.7807(3) 8.7664(4) 8.7778(2) 8.8123(2)
/g.cm’
Bi,03-WOs
(B2cb)
R-Bragg 10.157 5.853
Weight % 0.6(1) 0.9(2)
Space group B2cb B2cb
alA 5.596(1) 5.598(2)
b/A 5.482(1) 5.481(2)
c/A 16.621(3) 16.614(5)
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Cell Vol / A3 509.9(2) 509.8(3)

Crystal Density | 9.088(4)

/g.cm
Bi203-WOs

(Pca21)

R-Bragg 7.921 8.716
Weight % 1.4(9) 0.7(7)
Space group Pca2, Pca2,
al/A 5.404(1) 5.404(1)
b/A 16.209(2) 16.209(3)
c/A 5.4036(6) 5.4041(9)
Cell Vol / A3 473.3(1) 473.4(1)

Crystal Density 9.791(3) 9.789(3)

/g.cm’
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Figure S3.1. Rietveld plots for sol-gel samples.
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3.7.2 Equivalent Circuit Fitting

Figure S3.3. An example of the equivalent circuit fitting of VT-EIS Nyquist plots: the 26% WO3 sol-gel sample on

heating. Q represent a constant phase element modelling a non-ideal capacitor and W is the Warburg diffusion element.
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The high temperature plots were not fitted. Instead the values for R1 were taken from the highest frequency point
along the Re(Z)-axis. For plots where the graph has no Re(Z)-axis intercept, the R1 values were taken to be the Re(Z)
value of the last point in the graph. For the lower temperature plots, the low frequency data were fitted where possible.

However, it is only the bulk resistance (R1) which is further scrutinised in this work.

Table S3.4. VT-EIS data for 23% WOs sol-gel sample.

Temperature (°C) | 300 350 400 450 500

- heating

R1/Q 45229 12335 3380 1563 880

Cl/F 19.07x 102 | 18.99x 102 | 27.16 x 10" 20.29x 10" | 14.5x 102

R2/ Q 392321 51292 15411 5695 2970

Q2/ F.s@D 86.32x 107 0.399 x 10 5.163x 10°¢ 24.74 x 10 45.32x 10°
a2 0.884 0.843 0.873 0.837 0.897

$2/ Q.53 1.182 x 10° 2.053x 10° 1.390 x 10° 1.321x 10° 1.133x 10°

Temperature (°C) | 500 450 400 350 300

- cooling

R1/Q 141 334 992 3120 9652

Cl/F - - 25.23 x 1012 26.98 x 10712 | 41.54x 1012
R2/ Q - - 1 606 18014 7250

Q2/ F.s@D - - 5.503 x 10 5.749x 10 3.819x 10°
a2 - - 0.831 0.826 0.870

s2/ Q.53 - - 2.361 x 10* 5.902 x 10* 1.204 x 10°
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Table S3.5. VT-EIS data for 24% WOs sol-gel sample.

Temperature (°C) | 300 350 400 450 500

- heating

R1/Q 46623 14946 5294 1869 1036

Cl/F 17.57x 102 | 15.57x 102 | 14.87 x 107" 16.12x 102 | 20.01 x 102
R2/ Q 1.284 x 10° 73614 11198 3601 4260

Q2/ F.s@D 59.33 x 107 0.105x 10 0.266 x 10 3.729x 10° 8.917x 10°
a2 0.820 0.848 0.827 0.877 0.629

s2/ Q.83 3.785x 10° 6.528x 10° 3.010 x 10° 2.104x 10° 2.215x10°
Temperature (°C) | 500 450 400 350 300

- cooling

R1/Q 129 258 622 1634 4709

Cl/F - - - 25.56 x 1072 | 47.23x 1012
R2/ Q - - - 12043 1414

Q2/ F.s@D - - - 6.111x10° 0.497 x 10
a2 - - - 0.545 0.778

$2/ Q.53 - - - 2.568 x 10* 2.007 x 10°
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Table S3.6. VT-EIS data for 25% WO3 sol-gel sample. The (—) means no fitting was done. Resistance values were

taken from the highest frequency point along the Re(Z) axis.

Temperature (°C) | 300 350 400 450 500

- heating

R1/Q 149846 42643 14543 5723 2201

Cl/F 9.41 x 1012 10.81x 102 | 12.12x 102 11.78 x 1072 | 23.42x 10712
R2/ Q 705707 40901 9223 2966 781

Q2/ F.s@D 0.198 x 10 0.484 x 10 4.59x 10 6.667 x 10 9.937x 10°
a2 0.898 0.778 0.854 0.861 0.500

s2/ Q.53 3.87x10° 1.859 x 10° 9.315x 10* 5.411x 10* 3.427x 10*
Temperature (°C) | 500 450 400 350 300

- cooling

R1/Q 348 791 1992 4362 13102

Cl/F - - 20.00 x 1012 30.03 x 102 | 30.42x 1012
R2/ Q - - 16063 3506 10381

Q2/ F.s@D - - 14.67 x 10 5.749x 10 3.819x 10°
a2 - - 0.890 0.873 0.324

$2/ Q.53 - - 2.537x 10° 3.822x 10° 6.875x 10°
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Table S3.7. VT-EIS data for 26% WO3 sol-gel sample. The (—) means no fitting was done. Resistance values were

taken from the highest frequency point along the Re(Z) axis.

Temperature (°C) | 300 350 400 450 500

- heating

R1/Q 86179 25018 7816 3243 1400

Cl/F 15.82x 10" | 17.19x 10> | 21.66 x 107" 16.61 x 102 | 16.78 x 10712
R2/ Q 137390 22886 13131 4555 1349

Q2/ F.s@D 98.12 x 107 0.522x 10 16.31 x 10 25.36x 10° 16.32x 10°
a2 0.478 0.394 0.195 0.272 0.387

s2/ Q.53 5.733 x 10° 1.262 x 10° 1.511 x 10° 8.125x 10* 3.257 x 10*

Temperature (°C) | 500 450 400 350 300

- cooling

R1/Q 203 484 1085 3005 9304

Cl/F - - 19.87 x 1012 23.34x 1012 | 47.84x 1012
R2/ Q - - 3.476 x 10" 3442 14393

Q2/ F.s@D - - 13.58 x 10 4.395x10° 1.261 x 10
a2 - - 0.405 0.402 0.323

$2/ Q.53 - - 7.039 x 10" 1.008 x 10° 1.442 x 10°
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Abstract

A triply substituted system (Bi203)0.83(Dy203)0.08(Er203)0.03( WO3)0.01 (8D3E1WSB) was designed
to improve phase stability in the system (Bi203)0.83(Dy203)0.0s( WO3)0.04 (8D4WSB). SD3E1WSB
showed remarkable stability after annealing for 100 hours at 500°C compared to the doubly
substituted 8D4WSB which showed
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conductivity of both systems exhibited discontinuities between 550-600°C characteristic of phase
changes. Variable temperature Raman spectroscopy and variable temperature powder X-ray
diffraction showed phase transitions in these materials in the same temperature range that

conductivity discontinuities were observed.

Keywords: Bismuth oxide, variable temperature, triple substitution, Rietveld refinement, phase

transition, conductivity
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4.1 Introduction
Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical energy directly
to electrical energy with reduced CO2, SO; and NOx emissions as compared to internal combustion
engines [1]. They are highly efficient and when operated in combined heat and power mode they
can reach efficiencies above 80% [2]. Although these devices have been known since Bauer and
Preis reported their first use to produce electricity in 1937 [3], no large-scale production has been
achieved. The main problem stems from the high temperature at which SOFCs operate (800-
1000°C) [4], which is mainly determined by the electrolyte’s conductivity. The electrolyte consists
of an oxide ion conducting ceramic that relies mainly on the thermally activated oxide ion hopping
mechanism (vacancy mechanism) for ionic transport, especially for cubic systems. The state-of-
the-art electrolyte, yttria-stabilized zirconia (YSZ), has conductivities ranging from ~0.01 S cm’!
at 800°C to ~0.1 S cm™ at 1000°C [5,6]. These high temperatures require the use of expensive
materials (such as substituted LaCrO3) with high melting points for interconnects in a SOFC stack

which drives up both the capital and operational costs [7].

Numerous studies have been conducted on other potential ceramic electrolytes to reduce the
operating temperature of SOFCs to the intermediate range (500-800°C) [8-11]. A group of
electrolytes of interest are the solid solutions of Bi2O3. Bi,0; in its fluorite 6-phase is highly
defective, with 25% of the oxygen sites vacant and displays conductivities of ~1 S cm™ at 730°C,
the highest for an oxide ion conducting ceramic reported thus far [12-16]. However, the 6-Bi,0s
phase is only stable within a narrow high temperature range (730-824°C) — below 730°C the
monoclinic a-BixO3 phase exists which is predominantly an electronic conductor and at 824°C

Bi,03 melts [17-20].

To stabilize the highly conductive defect fluorite-type phases (henceforth referred to as the 6-
phases), isovalent and aliovalent cations have been used to substitute the Bi*" cation in the
structure, albeit resulting in reduced ionic conductivity [21-26]. The diminished conductivity is
attributed to vacancy-impurity cation association, increased average cation-anion bond strength,
vacancies being trapped in coordination spheres of aliovalent cations such as W®" and reduced
average polarizability of cations compared to the unsubstituted material [27-30]. The so-called
stabilised d-phase in certain solid solutions of Bi2O3 is, however, only metastable and undergoes

phase decomposition and ageing (degradation of the conductivity due to oxide ion and vacancy
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ordering) when annealed at temperatures <600°C for 100 hours or more [31-34]. This is the target
temperature for operating intermediate temperature SOFCs (IT-SOFCs) and oxygen sensors for

which these materials are fabricated.

Takahashi et al. [35] and Verkerk et al. [36,37] reported that (Bi203)o83(WO3)o22 and
(B1203)0.80(Er203)0.20, and (Bi203)0.715(Dy203)0.285, respectively, showed superior conductivities to
that for YSZ at intermediate temperatures. Jung et al. [38] reported that
(Bi101.5)0.83(DyO1.5)0.08( WO3)0.04 (Which can also be written as (Bi203)0.846(Dy203)0.077(WO3)0.077))
exhibited a conductivity of 0.098 S cm™ at 500°C, the highest of any substituted Bi>Os reported
thus far at this temperature. Unfortunately, this material undergoes phase decomposition and
ageing when annealed at 500 and 600 °C for over 100 hours, therefore it might not be suitable for
use in IT-SOFCs. Watanabe and Sekita [22] found that (Bi203)0.705(Er203)0.245( WO3)0.0s showed
no phase decomposition or ageing when annealed at 600°C for 1100 hours, but at such high dopant
concentrations, the conductivity was about 6 times lower (~0.015 S cm™") [22] than that for the

material made by Jung ef al. [38]

Based on these reports, it was endeavoured to produce a new solid solution of Bi,O3 that combined
the sought-after properties, i.e. a material that retained the high conductivity displayed by
(Bi0O1.5)0.83(DyO1.5)0.0s(WO3)004 [38], as well as exhibiting the phase stability of
(B1203)0.705(E1203)0.245( WO3)0.05 [22]. To this end a Bi,03 solid solution substituted with all three
impurity cations (Er’*, Dy**, W) was investigated, namely,
(B1203)0.83(Dy203)0.08(Er203)0.03(WO3)0.01 (8D3E1WSB). For comparison purposes, the double-
substituted system, (Bi203)0.88(Dy203)0.08(WO3)004 (8D4WSB) was also fabricated to check

whether the incorporation of Er does indeed lead to better stability.

4.2 Experimental

4.2.1 Synthetic procedures
The citrate gelation method was the synthetic procedure used. Stoichiometric amounts, with
respect to the metal oxides, of Bi(NO3)3-5H20 (99.99% pure, Sigma-Aldrich) and Er(NO3)3 -5H,0
(99.99% pure, Sigma-Aldrich) were completely dissolved in acetic acid at room temperature while
stirring. (NH4)sH2W12040-H20 (Sigma-Aldrich) and DyClz-6H20 (99.99% pure, Sigma-Aldrich)
were mixed together in acetic acid and heated to 150°C until all the DyCl3-6H>0O had dissolved.
After cooling, 50 ml of 1 M nitric acid was added to dissolve the (NH4)sHoW12040- H2O completely
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under constant stirring. The two solutions were then mixed in the presence of citric acid in a 3: 1
mole ratio of citric acid to metal ions. The resultant solution was heated at 250°C under constant
stirring until the solvent evaporated and left behind a viscous white gel. The gel was dried
overnight in an oven at 80°C and then calcined at 500°C in a muffle furnace for 12 hours. It was
slowly cooled in the furnace (the estimated average cooling rate was ~1 °C min~ ') back to room
temperature and then ground. The ground powder was further annealed at 750°C for a further 24
hours. A similar procedure was used for the double-substituted system without the addition of

Erm03)3-5H20.

4.2.2 Characterization techniques
4.2.2.1 Powder X-ray Diffraction (PXRD)
A Bruker D2 PHASER in Bragg-Brentano configuration, equipped with a sealed Co K, radiation
tube (A = 1.7903 A), secondary beam Fe Kg filter, Bruker Lynxeye PSD detector, and primary and
secondary Soller slits was used to obtain scans for phase identification from the powders. Phase
identification was done using DIFFRAC.SUITE EVA linked to the crystallography open database
(COD) [39].

Variable temperature (VT)-PXRD was used to study phase changes as a function of temperature.
A Bruker D8 Advance in Bragg-Brentano configuration, equipped with a sealed Cu K, radiation
tube (A = 1.5419 A), secondary beam Ni Kg filter, Bruker Vantec detector, and primary and
secondary Soller slits was used to obtain scans from the powders. The samples were heated and
cooled in air at a rate of 6 °C min™' from 30°C to 810°C and back to 30°C using an Anton Paar
XRK900 reaction chamber. Scans were taken at 30°C intervals in both heating and cooling cycles.
Rietveld refinements were done using TOPAS Academic (v.6) [40]. The instrument resolution
function was obtained from a silicon standard reference material (Si SRM 640d), by modelling the
data using the Pseudo-Voigt TCHZ peak shape function as implemented in TOPAS Academic
(v.6) [40]. The different phases were modelled from initial structural models obtained from the
Inorganic Crystal Structure Database (ICSD) [41]. Entries 189995 and 189996 were used for the
B- and 6-phases and entries 97481 and 88840 were used for the 7Bi203-WO3 and 7Bi203-2WO3
phases, respectively. Details of the refinements and parameters refined are found in Figure S4.1

and S4.2, Table S4.1 and S4.2 in the Supporting Information.
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4.2.2.2 Raman Spectroscopy (RS)
Raman spectroscopy measurements were obtained using a Horiba LabRAM HR Raman system
equipped with an argon-ion laser of emission line 514.532 nm, a Symphony CCD detector cooled
to —129°C using liquid nitrogen and a 600 lines/mm grating. An Olympus optical microscope
attachment with a 50x LWD objective lens and a Linkham TS1500 sample stage were used for the
in situ variable temperature measurements. The sample stage was purged with high purity argon
gas and the spectra were measured between ambient temperature and 850°C at 170°C increments
using a heating rate of 10°C min™'. The maximum acquisition time was 2 minutes and the powder

form of the samples was analysed.

4.2.2.3 Electrochemical Impedance Spectroscopy (ELS)
Variable temperature (VT)-EIS was done using a MTZ-35 frequency response analyser from
BioLogic. It was equipped with an HF-1100 furnace and HT-1100 sample holder. The
measurements were done in air, with both heating and cooling cycles in the range 300-750°C at
50°C increments using a heating/cooling rate of 10° C min'. The system was allowed to equilibrate
for 30 minutes at each temperature before measurement. The frequency range was from 10 Hz to
1 MHz with an A.C. amplitude of 10 mV. The pellets were prepared by mixing the powder samples
with an aqueous solution of 0.3 wt% polyvinyl alcohol (PVA) as a binder and pressed into pellets
using a uniaxial cold press at a constant pressure of 500 MPa and a 5 mm die. The pellets had a
thickness of about 1 mm. Although the sintering process will be elaborated on in the discussion,
the general process used was to first heat the pellets to 300°C over 6 hours and then soak at this
temperature for 4 hours to remove the binder. The temperature was then ramped to 820°C and the
pellets were sintered at this temperature for 14 hours. Data collected from 300-500°C were
modelled using equivalent circuits (see Figures S4.3-S4.8 in the Supporting Information) as
implemented in the EC-Lab software v11.21. Fitted parameters are shown in Tables S4.3 and S4.4.
The semicircles at high frequencies that represent the total conductivity could not be resolved at
high temperatures (Figures S4.4, S4.5, S4.7 and S4.8 in the Supporting Information), therefore the
real impedance value of the last high frequency point was used to approximate R1, the total
resistance. A similar approach was used by Jiang et al. [42]. Although values are quoted as total
conductivities, it is expected that these should not differ much from the bulk conductivities as solid

solutions of Bi,0O3 have been shown to exhibit negligible grain boundary resistance [32, 43].
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4.3 Results and discussion

4.3.1 Initial phase assessment
In designing the triply substituted system (8D3E1WSB), the amount of tungsten oxide and total
substituent concentration were first optimised in the doubly substituted system (§D4WSB). The
strategy adopted by Jung et al. [38] when optimising the Dy>":W®" ratio for their doubly substituted
system was to initially find that at least 12 mol% total metal ion dopant concentration in a 2:1 ratio
of Dy*":W®" was needed to obtain a dominant §-phase. This corresponds to about 15 mol% total
metal oxide dopant concentration and this appeared to also produce a dominant 6-phase when
using a 2:1 ratio of Dy203:WOs3 instead (Fig. 4.1(a)). When using a different ratio of 1:1
Dy203:WOs3, a prominent mixture of phases was formed because of the limited solubility of WO3
in B12Os. During this optimisation stage, all the compositions were annealed at 750°C for 72 hours
and slow cooled to ambient temperature to ensure the equilibrium phases were obtained. The WO3

content was then reduced and Er.O3 introduced in a ratio of 8:3:1 for Dy203:Er203:WOs3 and the
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Figure 4.1. Diffraction patterns (A = 1.7903 A) showing ris)ults when optimising the total metal oxide dopant
concentration. (a) The doubly substituted DWSB system employing a 2:1 ratio of Dy>O3:WOs showed the
dominant d-phase only for the 15 mol% total dopant concentration. The 6D6WSB with a 1:1 ratio clearly showed
mixed phases. (b) The triply substituted DEWSB system needed 12 mol% total metal oxide dopant concentration
for 8:3:1 Dy»03:Er,03:WO3 for the d-phase to appear dominant.
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minimum total metal oxide dopant concentration needed to yield what appeared to be a pronounced
d-phase was 12 mol% (Fig. 4.1(b)). In this work the 8D4WSB material with a 12 mol% total metal
oxide dopant concentration was used for comparison to establish the effect of the Er,O3 and triple

substitution in the 8D3E1WSB system.

An interesting result arose from the initial attempts at preparing pellets for EIS measurements.
This involved heating the pellets slowly to 300°C over 50 hours to remove the binder and then
sintering at 820°C for a further 20 hours to densify the pellets (a total time of 70 hours) before
being slowly cooled to ambient temperature. The slow heating rate at temperatures below 300°C
is reported to be key for effective debinding and limiting formation of stubborn carbonaceous
residues [44]. PXRD scans of the sintered pellets were taken to check whether the phase integrity
was maintained. The triply substituted system effectively remained unchanged (Fig. 4.2(a)), but
the doubly substituted system showed phase degradation to form a mixture of the d-phase, a
tetragonal BissW16016 phase (space group /4;/amd) and some unknown phase (Fig. 4.2(b)). A

reduction in the total sintering time of the pelletised green bodies was thus implemented. The
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Figure 4.2. Diffraction patterns (A = 1.7903 A) of the pellets sintered for a total time of 70 h or 24 h for (a)
8D3E1WSB and (b) 8D4WSB. Unmarked peaks indicate unknown phases.

pellets were first heated to 300°C in 6 hours and soaked at this temperature for 4 hours to remove
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the binder. The temperature was then ramped to 820°C and the pellets were sintered at this
temperature for 14 hours (a total time of 24 hours). No phase degradation was observed in either

system in this case (Fig. 4.2).

These preliminary results suggested that SD3E1WSB might possess some of the phase stability
reported by Watanabe and Sekita [22] for the Bi2O3-Er203-WO3 system, but with half the total
substituent concentration in this case. To verify these observations, both 8D3E1IWSB and
8D4WSB powders that were synthesised using the procedure described in the experimental section
were further heat treated to obtain equilibrium phases and reduce impurity phases. This was done
by heating the powders to 300°C in 56 hours to effectively remove organic impurities and moisture
[44], soaked at this temperature for 4 hours and then annealed at 820°C for 20 hours. Pellets were
fabricated (sintering for the 24-hour time period as discussed) and then further annealed at 500°C
for 50 hours and 100 hours. Again 8D3E1WSB appeared to maintain its structural integrity with
only minor peak broadening occurring (Fig. 4.3(a)), whereas 8D4WSB exhibited anisotropic peak
broadening and peak splitting after 50 hours (Fig. 4.3(b)) with phase degradation taking place to
form a mixture of the d-phase, a tetragonal phase Bi14WO24 (space group [4/m) and an
orthorhombic phase Bi2WOg (space group B2cb), especially upon further annealing. This was also
observed by Jung et al. [32] when investigating the long-term stability of bismuth oxide-based
electrolytes for operation at 5S00°C. This highlights the stabilising effects obtained by reducing the

tungsten content, incorporating Er’* and by implementing triple substitution.
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Figure 4.3. Diffraction patterns (A = 1.7903 A) reflecting the phase behaviour of the two systems after annealing
at 500°C for 50 hours and 100 hours. (a) 8D3E1WSB exhibited minor peak broadening while (b) 8D4WSB showed
anisotropic peak broadening and peak splitting characteristic of phase separation.

4.3.2 Conductivity measurements
The total conductivities for the heating and cooling cycles for both 8D3E1WSB and 8D4WSB as
shown in the Arrhenius plots (Fig. 4.4) display a step up in conductivities in the 500-600°C
temperature range. This was more pronounced for the triple-substituted system and is normally
associated with a phase change. This was unexpected as SD3E1WSB appeared to be the more
stable material. At 700°C the total conductivities 0of 0.273 S cm™ and 0.295 S cm™! for SD3E1WSB
and 8D4WSB, respectively, were slightly lower than the value of 0.59 S ¢cm™ reported for the
(B10O1.5)0.88 (DyO1.5)0.08 (WO3)0.04 system by Jung et al. [38]. It should be noted that in this work
no electrodes were coated directly onto the pellet for the conductivity measurements. The pellet
was directly placed between two solid platinum disc electrodes (with a similar diameter to the
pellet) in the spring-loaded cell holder. This appears to provide less intimate contact and resulted
in the slightly lower values especially during the first heating cycle, thus values for the cooling

cycle are referred to here. That being said, the conductivity at 700°C is still an order of magnitude
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higher than that of YSZ at the same temperature [45]. The conductivities at 500°C for both
8D3EIWSB (6.69x10° S cm™, Fig. 4.4(a)) and SD4WSB (2.60x102 S cm™!, Fig. 4.4(b)) during
the cooling cycle were, however, almost 1-2 orders of magnitude lower than the reported value of
9.8x10% S cm™! for the (BiO1.5)0.s3 (DyO1.5)0.08 (WO3)0.04 System of Jung et al. [38]. This is most
likely due to the presence of secondary phases with more ordered oxygen sublattices as compared
to the pure d-phase at low temperatures. This will be elaborated on when looking at the variable
temperature Raman spectroscopy results. The activation energy below 500°C for SD3E1WSB and
8D4WSB were effectively the same for both heating and cooling cycles, but the ~4-5 times lower
conductivity for SD3E1WSB seems to indicate that the two systems have slightly different phases

in the lower temperature range.
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Figure 4.4. The Arrhenius plots of total conductivity of (a) 8D3EIWSB and (b) 8D4WSB showing both the
heating and cooling cycles. Both systems show hysteresis on the onset of the phase transition evident from the step
change at around 500-600°C as highlighted.

8DIEIWSB Heating

4.3.3 Variable temperature-PXRD and Rietveld studies
To probe the cause of the step in total conductivity, VT-PXRD was employed. From Fig. 4.5(a)
and 4.5(b) for SD3E1WSB and 8D4WSB, respectively, it is clearly seen that phase changes occur
upon heating. The temperature range (around 500 to 600°C) in which the prominent phase changes
occurred in the PXRD measurements corresponds to the range where the steps in conductivity
were observed, providing evidence that these dramatic changes in conductivity are due to phase
changes. Furthermore, the discrepancy in magnitude of the conductivity at these steps between the
two solid solutions reinforces the idea that the phase transitions are different for these materials
during heating. For 8D3E1WSB (Fig. 4.5(a)) a clear mixture of the tetragonal B-phase and the
defect fluorite-type d-phase becomes discernible around 500 to 600°C. For 8D4WSB (Fig. 4.5(b))
the prominent phase change involves a mixture of two tetragonal phases, Bii4WO24 and Bi14W2027,

and the desired 6-phase.
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Closer inspection of the diffraction patterns for both systems at lower temperatures revealed subtle
peak broadness (particularly for 8D3E1WSB) and peak asymmetry, suggesting the presence of a

mixture of phases at ambient temperature already. However, looking at the ambient temperature

patterns alone it was not immediately obvious.
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Figure 4.5. Stacked diffraction patterns (A = 1.5419 A) for VT-PXRD measurements of (a) SD3E1WSB and (b)
8D4WSB showing phase changes during the heating cycle.

20 30
o 60
20 (°) 70 80

Rietveld refinement of the diffraction pattern for 8D4WSB at 30°C showed intensity mismatch
and a poor fit when the d-phase alone was used (Fig. 4.6(a)). The results improved when a

multiphase fitting of Bi14aW2027 and the d-phase was done (Fig. 4.6(b)). When Bi14WO24 was
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added as the third phase, however, a significantly better overall fit of the shoulder on the peak at
around 31.8° 20 was obtained as Fig 4.6(c) and Fig S4.2 (in the Supporting Information) illustrate.
The refinement of these data suggested a ~51% d&-phase content of the crystalline material. It was
also interesting to note the additional tungsten-containing phases had formed even with such a low
tungsten content. At 750°C, the single 6-phase was enough to produce an excellent fit (Fig. 4.6(d)).
This corroborated the results obtained from VT-EIS that the composition 8D4WSB consisted of a

mixture of phases at temperatures less than 600°C.
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Figure 4.6. Rietveld refinements of the diffraction patterns (A = 1.5419 A) for 8D4WSB where the dots represent
observed data, the red line shows the fit and grey line is the difference curve. This was done by incorporating (a)
the 8-phase at 30°C, (b) the d-phase and the Bi;4W,0,7 phase at 30°C, (c) the 8-, Bii4sWO24 and Bi14W,0,7 phases

at 30°C and (d) only the 6-phase at 750°C. The red arrows show how the Bi1sWO»4 phase improves the fit on the
peak at 31.8° 26.
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Similarly, Rietveld refinement of the diffraction pattern for SD3EIWSB at 30°C confirmed the
presence of a second phase. When only the defect fluorite-type 6-phase was used to fit the pattern
at ambient temperature, a very poor fit was obtained (Fig. 4.7(a)). Incorporating the secondary [-
phase for a multiphase Rietveld refinement, produced a much better overall fit (Fig. 4.7(b)) which
also indicated that about 62% of the crystalline material consisted of the B-phase. A poor fit was
obtained when it was attempted to incorporate Bi14WO24 as the secondary phase instead. Once
again the defect fluorite-type o-phase on its own was sufficient to give an excellent fit at high
temperatures (Fig. 4.7(c)). The fact that the single d-phase was present at high temperatures for
both systems also reflects why their conductivities were so similar in this range. In the 510-600°C
temperature range where the phase evolution is more pronounced, peak “reorientation” occurs for
some of the peaks — shoulders become the main peaks and the main peaks become shoulders (Fig.
4.7(d)). Eventually, the new shoulders vanish at high temperatures. This is highly likely due to the

dominant B-phase transitioning to the d-phase as the temperature increases.
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Figure 4.7. Rietveld refinements of the diffraction patterns (A = 1.5419 A) for 8D3EIWSB where the dots
represent observed data, the red line shows the fit and grey line is the difference curve. This was done by including
(a) the d-phase only at 30°C, (b) the mixture of 8- and B-phases at 30°C and (c) the single d-phase at 810°C. (d)
An enlarged view depicting how the shoulders transform to become the main peaks.
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As further evidence, Fig. 4.8 shows the diffraction pattern for the tetragonal B-phase that was
obtained during the synthesis process after the gel was merely calcined at 500°C for SD3E1WSB.
Once the sample was annealed at 750°C, in the mixture the - and 6-phases are present. Comparing

these two patterns illustrates how the peak asymmetry arises when the 6-phase starts forming.
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Figure 4.8. Comparison of diffraction patterns (A = 1.7903 A) for the tetragonal B-phase obtained from the
8D3E1WSB sample calcined at 500°C and then after further annealing at 750°C a mixture of the p and o phases
results. ICSD 189995 and 189996 are the collection codes of the B- and d-phases from the Inorganic Crystal

structure Database (ICSD).

During the VT-PXRD cooling run for SD3E1WSB, the observed change in the diffraction patterns
were less dramatic with only anisotropic peak broadening being noticeable from around 510°C
(Fig. 4.9). The (111) and (222) peaks, showed no broadening but instead the intensities of these
peaks increased. This indicates an almost complete overlap of these peaks for the 6- and B-phases
as was clearly illustrated by the Rietveld analysis in Fig. 4.7(b) and Fig. S4.1 in the Supporting
Information. Additionally, Fig. 4.8 shows all peaks of the tetragonal B-phase split into two except
for those coinciding with the peaks indexed as (111) and (222) in the 6-phase. It is suspected that
the observed anisotropic peak broadening at 510°C (Fig. 4.9), might be due to distortions caused
by phase separation of the 8- and B-phases. Verkerk et al. [36] also observed anisotropic peak
broadening when using a high-temperature Guinier camera during a heating run for the Bi20Os-

ErO; system. Unfortunately, the resolution of the conventional diffractometers used was too low
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to resolve the peaks from the different phases, but from examining the overall stacked plot it is

clear that a mixture of phases form upon cooling again.
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Figure 4.9. Stacked diffraction patterns (A = 1.5419 A) for VT-PXRD measurements of 8D3E1WSB showing

anisotropic peak broadening from 510°C during the cooling cycle. All peaks exhibited broadening except those
with Miller indices (111) and (222). Green colour indicates onset of anisotropic peak broadening. Indexing only

applies to the pure d-phase above 510°C.
The delayed peak broadening which appears from ~510°C also coincides with the delayed step

decrease in conductivity in the Arrhenius plot during the cooling cycle (Fig. 4.4(a)), thereby
again confirming a phase change. This hysteresis, with higher conductivities for the cooling
cycle in the temperature range 600-550°C, which denotes the - to B-phase transition during
cooling here, is an occurrence also normally observed during the 8-Bi20s transition to the -
B1,0s [13].
4.3.4 Raman spectroscopy

To further investigate the structure and cause for the conductivity behaviour observed, Raman
spectroscopy (RS) was used. Unlike conventional XRD which looks at the average structure, RS
probes the local structure and is very sensitive to a mixture of phases. Factor group theory predicts
one Raman active band for an ideal fluorite structure, the T2g band from the M-O-M vibrations

(with the oxygen in the 8c sites). One Raman band for a defect fluorite-type structure of substituted

114




and unsubstituted bismuth oxide has been reported before. For example, Lee et al. [46] observed
a single peak at 600 cm™ for erbia substituted bismuth oxide in a ratio of 4:1 B2O3:Er2O3 for the
defect fluorite-type 5-phase when using an excitation line of 532 nm. The band below 200 cm’!

wavenumbers is attributed to external lattice vibrations. [47]

The spectra for both the doubly and triply substituted systems exhibited Raman bands additional
to that for the defect fluorite-type d-phase at lower temperatures as shown in Fig. 4.10. This
reinforces the idea that there is a mixture of phases and that the cubic phase was not truly stabilized
at ambient temperature. As a check, it was found that similar results were obtained whether using

the citrate-gel method or the ceramic method to synthesise the material.
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Figure 4.10. Raman spectra of (a) SD3E1WSB at 170°C and (b) 8D4WSB and 22WSB at 22°C. Intensities from
22WSB were doubled to enhance features.

Hardcastle and Wachs [48] observed peaks at 124 cm™, 311 cm™ and 462 cm™ for the B-phase
using the same excitation line of 514.5 nm as in this work. Thus the peak at 304 cm™ for
8D3E1WSB (Fig. 4.10(a)) seems to indicate that the B-phase is present. The very low intensity
peaks at ~124 cm™! (which appears as a shoulder on the band below 200 cm™) and ~462 cm’! for
the B-phase could not be resolved here. The spectrum at 170°C is shown since at ambient
temperatures the spectrum was dominated by photoluminescence from Er. This may also have
caused the lower intensities for the ~124 cm™ and ~462 cm™ bands, together with the loss in

intensity at higher temperature.

115




To identify the additional phases present in §D4WSB, the spectrum was compared to that obtained
for the (Bi203)0.73(WO3)0.22 (22WSB) system (Fig. 4.10(b)). The 22WSB system consisted of a
mixture of BiisWO24 and Bi1aW2027 which was verified using XRD and RS results obtained by
Hardcastle and Wachs [48]. Most of the bands observed coincided with those from the BijaWO24
and Bij4W>0,7 phases exhibiting wave shifts at 914 cm™!, 840 cm™, 505 cm™ and 305 cm™!. These
results agree well with those obtained using VT-PXRD and would explain the lower conductivity
at lower temperatures since these two phases are reported to have a relatively ordered oxygen

sublattice compared to the d-phase.

As for VT-PXRD and VT-EIS results, phase changes were also observed from VT-RS spectra as
Fig. 4.11 illustrates. By 680°C, the spectra of the two systems were similar, showing the presence
of the pure d-phase. For the spectra measured at 570°C for SD3E1WSB and 510°C for 8D4WSB,
bands for the secondary phases were still present, but were far less intense relative to the band at

~620 cm’™. This supports the temperature ranges in which the phase transitions occurred as
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Figure 4.11. VT-Raman spectra of (a) 8D3E1WSB and (b) 8D4WSB. Intensities above 170°C were increased by a
factor of five to enhance features in both systems.
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determined by VT-PXRD and inferred from VT-EIS measurements. The fact that both systems
comprised a pure d-phase at high temperatures would also explain why the two systems have
almost the same conductivity at 750°C (Fig. 4.4). 8D4WSB and 8D3E1WSB have different phases
at low temperatures. 8D4WSB has the d-phase and 7Bi203-2WOs3 as one of the phases at low
temperatures (Table S4.2) while 8D3E1WSB has the B-phase as the predominant phase (Table
S4.1). 7Bi,03-2WOs is more conductive (~0.1 S cm™! at 500°C) [28] than the B-phase at low
temperatures (~0.0001 S cm at 500°C) [13], this explains the significant difference in

conductivities at low temperatures between the two compositions.

4.4 Conclusion
Two Bi,03 systems substituted with 12% total metal oxides were synthesised and characterised in
this work. The (B1203)0.88(Dy203)0.08 (WO3)0.04 (8D4WSB) system, comprised a mixture of phases
at room temperature, namely, BiiaWO24, B114W2027 and the 6-phases. The triple substituted
(B1203)0.83(Dy203)0.08(Er203)0.03(WO3)0.01 (8D3EIWSB) system consisted of a mixture of the o-
and B-phases at ambient temperature. Both materials converted fully to the d-phase above 600°C.
The conductivity of the two materials were comparable from 600°C, but at lower temperatures the
conductivity for 8D4WSB was almost four times higher than that for SD3E1WSB. Pellets of the
materials annealed at 500°C for up to 100 hours showed far more degradation for 8D4WSB than
for 8D3E1IWSB. Thus at 500°C there is a trade-off between stability and conductivity. This also
indicates that combining metal oxide dopants displaying various properties does produce materials
with improved properties thereby supporting the further investigation of triple substituted
materials. Increasing the total metal oxide dopant concentration to ~15% may produce more phase
pure materials, however, and the effect of the ratio of the substituents on the stability and

conductivity need further investigation.

What was evident from this work was the wealth of information revealed by the variable
temperature studies of the materials, be it PXRD, RS or EIS, and further with the combination of
these techniques, each different in the physics they employ, complementing each other. It also
highlighted that simply confirming phases by peak positions in XRD is far from adequate. The
phase evolution, as initially hinted by the VT-EIS data, only became obvious from the VT-XRD
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data which resulted in more rigorous analysis of the lower temperature data using Rietveld

refinement and with phase confirmation coming from RS.
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4.7.1 Diffraction Data
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Figure S4.1. Rietveld refinements of the diffraction patterns (A = 1.541874 A) for 8D3EIWSB at 30 °C and 810
°C. The insert illustrates how the individual phases contribute to the anisotropic peak broadening observed at 30 °C
and reinforce the idea that even at ambient temperature there is a mixture of phases.

Table S4.1. Crystallographic data for 8D3E1WSB. The R-factors obtained from Rietveld Refinement were: Rwp =
10.05%, Rexp = 6.70% and GOF = 1.50 at 30°C; Rwp = 9.81 %, Rexp = 7.10 % and GOF = 1.38 at 810°C.

Phases 6-phase (30°C) B-phase (30°C) 6-phase (810°C)
R-Bragg 2.64 1.97 3.38

Weight % 40 (1) 60(1) 100

Space group Fm-3m P-42:c Fm-3m

a/A 5.528(31) 7.790(64) 5.616(20)

c/A - 5.586(50) -

Cell volume /A3 168.9(28) 338.9(63) 177.1(19)
Crystal density /g.cm 9.05(15) 8.97(17) 8.542(92)
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Figure S4.2. Rietveld refinements of the diffraction patterns (A = 1.541874 A) for 8D4WSB at 30 °C and 750

°C. The insert illustrates the deconvolution of the calculated pattern into individual phases and how they contribute
to the anisotropic peak broadening and shoulders observed.

Table S4.2. Crystallographic data for 8D4WSB. The R-factors obtained from Rietveld Refinement were: Rwp =
6.98%, Rexp = 4.44% and GOF = 1.57 at 30°C; Rwp = 8.28%, Rexp = 4.63% and GOF = 1.79 at 750°C.

Phases 6-phase 7Bi>03-2WO05(30°C)  7Bi,03-WOs3 (30°C) 6-phase
(30°C) (750°C)
R-Bragg 2.43 2.78 2.32 3.44
Weight % 51(1) 41(2) 8(1) 100
Space group Fm-3m 141 14/m Fm-3m
a/A 5.535(30) 12.336(93) 8.67 (15) 5.626(35)
c/A - 11.137(93) 16.92(31) -
Cell volume /A3 169.5(28) 1694.9(11) 1271.7(5) 178.1(33)
Crystal density /g.cm™  8.92(15) 9.10 (16) 9.12(36) 8.49(16)
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4.7.2 Electrochemical Impedance Data

In the equivalent circuits, R represents a resistor, the Q element represents a real capacitor and W

represents Warburg diffusion.
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Figure $4.3. Nyquist plots of 8D3E1WSB during a heating cycle between 300 and 350 °C.
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Figure $4.5. Nyquist plots of SD3E1WSB during a heating cycle between 600 and 750 °C.
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Table S4.3. VT-EIS data for 8D3E1WSB on both heating and cooling cycles from 300 to 500 °C.

Temperature /°C 300 350 400 450 500

Heating

R1/Q 290922 56371 12710 4133 1540

Q1 /F.s@r 13.08 x 102 12.13 x 102 15.80 x 1012 13.34 x 102 14.65 x 1012
al 0.930 0.820 0.990 0.844 0.980

R2 /Q 977803 42505 10134 2680 5156

Q2 /F.stz 0.218 x 10°® 0.568 x 10°® 13.88 x 10°® 38.24 x 10°® 59.11 x 10°®
a2 0.367 0.387 0.196 0.257 0.341

s2 /Q.s0° 1.551 x 10° 2.227 x 10° 1.912 x 10° 1.343 x 10° 2.085x 10°
Temperature /°C 500 450 400 350 300

Cooling

R1/Q 76 382 1268 5805 29871

Q1 /F.s@ - 10.42 x 1012 82.67 x 1012 55.57 x 10'*? 46.68 x 1012
al - 0.739 0.843 0.987 0.927

R2 /Q - 15241 1921 8271 53694

Q2 /F.st2Y - 52.39x10° 83.06 x 10° 1.27x 10° 93.8x 10°
a2 - 0.368 0.14 0.350 0.471

s2 /Q.s0° - 301 4.710x10* 4.680 x 10* 1.305 x 10°
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Table S4.4. VT-EIS data for 8D4WSB on both heating and cooling cycles from 300 to 500 °C.

Temperature /°C 300 350 400 450 500

Heating

R1/Q 104913 19878 3705 1018 378

Q1 /F.s@ 14.31x 1012 17.54 x 1012 27.67 x 1012 20.29 x 102 5.289 x 102
al 0.942 0.995 0.982 0.901 0.882

R2 /Q 357278 56924 9223 5 695 730

Q2 /F.stz 0.183 x 10°® 0.991x 10°® 5.163 x 10°® 24.74 x 10°® 31.92x 10°
a2 0.423 0.352 0.264 0.837 0.248

s2 /Q.s0° 1.484 x 10° 4.977 x 10° 2.309 x 10° 1.321x 10° 5.382 x 10*
Temperature (°C) 500 450 400 350 300

Cooling

R1/Q 22 321 1700 8146 36000

Q1 /F.s@ - 11.93 x 10° 4.569 x 10° 79.12x 1012 0.345 x 1012
al - 0.652 0.683 0.971 0.823

R2 /Q - 86 659 4 644 34535

Q2 /F.s@Y - 28.6x10° 84.04 x 10° 4.467 x 10° 3.297x 10°®
a2 - 0.291 0.269 0.277 0.302

s2 /Q.s0° - 2.815 x 10* 4.540 x 10* 3.190 x 10* 4.878 x 10*

133
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Abstract:

A new system of the general formula Dy2«EriBii3xO1.5 (DESB, 0.04<x<0.08) was investigated.
The phase evolution as a function of temperature for the Dyo.08Er0.04Bi0.s8O1.5 composition was
studied in-depth. A tetragonal phase (B*-phase), which is a distorted version of the 6-phase
obtained through symmetry mode decomposition, was found to describe the phase present below
~400°C. Raman spectroscopy and the pair distribution function technique (including variable
temperature measurements) revealed the subtle difference between local structures of the B-Bi203,
the 5-Bi20O3s-like phase and the proposed B*-phase. With a phase transition to the 6-phase occurring
at higher temperatures, symmetry mode analysis with parametric Rietveld refinement was used to
obtain the linear coefficient of thermal expansion of ~2.2 X 1073/°C in the temperature range
475-654 °C for the 6-phase. The phase fractions of the f*- and d-phases were found to be highly

correlated with the total conductivity.

Keywords: Symmetry mode analysis; Pair distribution function; Conductivity; Local structure;

Phase transition.
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5.1 Introduction
Bi2O3 and its chemical derivatives continue to show huge potential for use in devices of
technological importance [1-5]. This is due, in part, to the ability of Bi>O3 to dissolve many oxides
and elements across the periodic table to form a plethora of different solid solutions as summarized
by Valant and Suvorov [6] and its ability to exist as many different polymorphs [7,8]. Among the
first discovered Bi2O3 polymorphs, the monoclinic a-Bi>O3 phase (P21/c) is stable from ambient
temperature to 729 °C after which it transitions into the defect fluorite 5-Bi»O3 phase (Fm3m) and
Bi1203 melts at 825 °C [9]. With controlled cooling, the 6-Bi>O3 phase exhibits hysteresis and can
transition into a metastable tetragonal B-Bi,O3 phase (P42ic) or a cubic y-Bi>Os phase (123) at
around 645 °C before it reverts to the a-Bi2O3 again between 500 and 550 °C [9]. With slow cooling
the y-B1,03; phase can persist to ambient temperatures. The 6-Bi2O3 phase is reported to have
conductivities above 1 S cm™ between 730 — 824°C [10-12], the highest conductivity of any solid
oxide at this temperature range and is comparable to the conductivities of most molten salts [13].

However, this phase is only stable within a narrow range at high temperatures.

The local structure of the 3-Bi2O3 phase has proven to be elusive, with earlier models inadequately
describing some experimental observations and theoretical results. The Sillen model described the
5-Bi,03 phase using a simple cubic structure model (space group (SG) Pn3m) [14, 15]. This
structure is similar to the defect fluorite structure, however, the vacant oxygen sites would be
ordered along the <111> direction in the defect fluorite phase. This model is inconsistent with the
high conductivity observed for the 0-Bi»O3 phase and the DFT calculations reported by Aidhy et
al. [16]. In the DFT study, they found the vacancies to be ordered along the <110> and <111>
directions with space group Fm3. Gattow and Schroder proposed the defect fluorite structure (SG
Fm3m) for the §-Bi,O3 phase with Bi occupying the 4a (0 0 0) sites and O statistically occupying
3/4 of the 8¢ (0.25 0.25 0.25) sites [17]. This suggested a completely random distribution of the
oxide ions which is consistent with the high conductivity observed, but failed to explain the
occupancy of the interstitial (32f) sites observed from neutron diffraction experiments [18, 19].
The Willis model described a defect fluorite structure with only the 327 (x x x) sites statistically
occupied by the oxide ions (3/16 occupancy, x = 0.316) [8, 20]. This describes a completely
random arrangement of the oxide ions and positional disorder and is consistent with the remarkably

high conductivity of the material, however, neutron data showed that the 8¢ sites are also occupied
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[18, 19]. Models from Battle et al. [18] and Hull et al. [19] proposed a defect fluorite structure
with the oxide ions distributed between the 8¢ and 32f sites which agrees well with total scattering
data from neutron diffraction and is consistent with the high conductivity observed. The model by
Battle et al. [18] proposed almost equal occupancy for the 8¢ and 32f sites whereas Hull et al.
[19] proposed a different occupancy for these two sites — two oxide ions randomly occupy the 8c
sites while the remaining four are randomly distributed among the 32f sites in this model. Hull et
al. [19] also compared the local structures of the a-Bi2O3 and B-Bi,0s phases to that of the 6-Bi,03
phase and observed that the Bi—O bonds are asymmetric in all three structures. The structure of

the B-Bi20Os phase shows a group-subgroup relationship with that of the 6-Bi,O3 phase.

Substituting Bi** with isovalent and aliovalent cations to stabilise the §-Bi»O;-like phase to
ambient temperatures has been extensively reviewed elsewhere [21-24]. The co-doping strategy
has produced some systems with the lowest total substituent concentration needed to stabilise the
d-phase to ambient temperatures and the highest conductivities for any substituted systems of
Bi203 so far [25,26]. This is ascribed to the reduced total substituent concentration needed to
stabilize the 6-phase, reported to emanate from the stabilising configurational entropy introduced
by doping with two or more impurity cations [27, 28]. However, polyphasic materials are a
common occurrence in this strategy and very little information is provided on the conductivities
of these mixtures and the relationship between the co-existing phases. In this work, Dy*" and Er**
were used to produce a new system with general formula Dy><ErxBi13xO1.5 (DESB, 0.04 <x <
0.08) that produces a mixture of a distorted §-Bi»Os-like phase (henceforth referred to as the B*-
phase) and an undistorted 0-Bi»Os-like phase (henceforth simply referred to as the 6-phase).
Variable temperature (VT) synchrotron powder X-ray diffraction (VT-SXRD), VT pair
distribution function technique (VT-PDF) and VT electrochemical impedance spectroscopy (VT-
EIS) were used to follow the phase evolution and conductivities in this system. Symmetry mode
analysis and parametric Rietveld refinements were used to extract information that provided
insights into the evolution of the B’- and 8-phases and the correlation between relative phase

composition and conductivity is made.
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5.2 Experimental methods

5.2.1 Synthetic method
The ceramic method was used to fabricate the different compositions in the Dy»EriBii3xO15
system (where x=0.04, 0.05, 0.06, 0.07, 0.08). Bi,O3 (Sigma-Aldrich, nano, 99.999% pure) and
Er03 (Sigma-Aldrich, 99.999% pure) were pre-fired to 700 °C to remove any possible bismutite
(Bi203-CO») and moisture which has been reported to influence the phase evolution in Bi,Os3 solid
solutions as well as the final product [9]. Dy>O3 was obtained by thermal decomposition of
Dy(NO3)3-6H>0 (Sigma-Aldrich, 99.999% pure) using the method employed by Melnikov ef al.
[29]. Stoichiometric amounts of BixO3, Er,O3 and Dy>O3; were mixed in an agate mortar and
manually ground for an hour in acetone (99.56% pure, KEMiCAL). The mixture was dried in an
oven at 80 °C for 12 hours before being annealed at 800°C in air for 24 hours and slow cooled (~1
°C/min on average) back to room temperature. It was then reground before being annealed at

800°C 1n air for a further 24 hours and slow cooled again.

5.2.2 Data collection and analysis

5.2.2.1 Bragg and total scattering data
The PDF beamline 28-ID-1 at NSLS II at Brookhaven National Laboratory was used to collect
both the total scattering and Bragg data. The X-ray source is a damping wiggler and the beam is
focused horizontally and vertically by a Side Bounce Monochromator (SBM) and a Vertically
Focusing Mirror (VFM), respectively. A monochromatic wavelength of 0.1671 A in Debye-
Scherrer geometry was used. The diffractometer employs a PerkinElmer area detector (200 x 200
um pixels) which was mounted at a direct distance of 530 mm for total scattering data and is
capable of fast exchangeability to collect Bragg data at a direct distance of 1528 mm. The detector
was offset such that the centre of the beam was in one of the detector corners to increase the
reciprocal space range (maximum was 22 A™! for total scattering data). Kapton capillaries with an
outside diameter (OD) of 0.9 mm were used for ambient temperature and 1 mm OD quartz
capillaries for VT-data collection. A hot air blower was used to heat the samples from 60 — 810 °C
in 30 °C intervals for both heating and cooling cycles and scans were taken at every 30 °C interval.
LaB¢ and CeO; were used as external calibrants for the ambient temperature measurements and Si
(NIST SRM 640d) was used as an external calibrant for the VT measurements. Total scattering
data were reduced using xPDFsuite [30] and Bragg data were analysed using TOPAS Academic
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[31]. The scale factor, background factors, lattice constants, some fractional coordinates, mode
amplitudes, capillary displacement and temperature calibration factors were the general parameters
refined from the Bragg data. The refined data and some parameters are included in the
Supplementary Information (Fig. S5.1-S5.5, Fig. S5.14-S5.18, Table S5.1-S5.5 and Table S5.8-
S5.9).

5.2.2.2 Raman spectroscopy
Raman spectroscopy measurements were obtained using a Horiba LabRAM HR Raman system
equipped with an argon-ion laser of emission line 514.532 nm, a Symphony CCD detector cooled
to —129 °C using liquid nitrogen and a 600 lines/mm grating. An Olympus optical microscope
attachment with a 50x LWD objective lens and a Linkham TS1500 sample stage was used for the
in situ variable temperature measurements. The sample stage was purged with high purity argon
gas and the spectra were measured between ambient temperature and 850 °C at 170 °C increments
using a heating rate of 10 °C min™!. The maximum acquisition time was 2 minutes and the powder

form of the samples was analysed.

5.2.2.3 VT-EIS measurements
VT-EIS was done using an MTZ-35 frequency response analyser from BioLogic. It was equipped
with an HTF-1100 furnace and HTSH-1100 sample holder. The measurements were done in air,
with both heating and cooling cycles in the range of 300-750 °C at 50 °C increments using a
heating/cooling rate of 10 °C min™'. The system was allowed to equilibrate for 30 minutes at each
temperature before measurement. The frequency range was from 10 Hz to 1 MHz with an A.C.
amplitude of 10 mV. The pellets were prepared by mixing the powder samples with an aqueous
solution of 0.3 wt% polyvinyl alcohol (PVA) as a binder and pressed into pellets using a uniaxial
cold press at a constant pressure of ~500 MPa and a 5 mm die. The green bodies were first heated
to 300 °C over a 6-hour period and then soaked at this temperature for 4 hours to remove the
binder. The temperature was then ramped up to 820°C and the pellets were sintered at this
temperature for 14 hours before letting the furnace cool with the samples back to room
temperature. The pellets had a thickness of ~1 mm and were directly placed between the smooth
platinum disks from the sample holder that were then tightly clamped to ensure good contact. The

data fitting procedure applied was the same as that described in Ref. [32]. Fitted data, equivalent
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circuits and parameters are included in the Supplementary Information (Fig. S5.8-S5.13, Tables

S5.6 and S5.7).

5.1 Results and Discussion

5.1.1 Preliminary Phase Analysis and Conductivity Measurements
SXRD was used to verify the phases present in the DESB materials. All the compositions had an
apparent o-phase as the dominant phase. The lattice constant a as a function of total substituent
concentration showed a linear behaviour, obeying Vegard’s law (Fig. 5.1(a)) and this suggested
that solid solutions were being formed. The decrease in lattice constant a as a function of total
substituent concentration is as expected because Er**(0.89 A) and Dy**(0.912 A) have smaller

ionic radii than that of Bi**(1.03 A), assuming a coordination number of six in all cases [33].

A closer look at Fig. 5.1(b) indicates that compositions Dyo.1Ero.0sBi0os5015 (10DSESB) and
Dyo.12Er0.06Bi0.82015 (12D6ESB) had more impurity phases present and were confirmed by
Rietveld refinement results shown in Table 5.1 (and Figures S5.2, S5.3) as the bismutite phase (SG
Imm?2), as well as a thombohedral phase (SG R3mH) only in 10D5SESB.
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Figure 5.1. (a) Plot of the lattice constant a as a function of total substituent concentration showing how the
DESB system closely obeyed Vegard’s law. Error bars were included and are smaller than symbols used (b)
Diffractograms of the DESB system; the 10DSESB and 12D6ESB compositions had the highest impurity phases

(inset).
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Table 5.1. Relative weight percent of each phase in each composition as obtained from Rietveld refinement of SXRD

data®.
Composition Abbreviation  §-phase (%) Bismutite phase Rhombohedral phase
(%0) (%)

Dyo.03E10.04Bi0 3501 5 8D4ESB 100 0 0
Dyo.1Er0.05Bio 8501 5 10D5ESB 93.8(2) 3.18(7) 2.9(2)
Dyo.12Er0.06Bi0 5201 5 12D6ESB 98.58(6) 1.42(6) 0
Dyo.14Er10.07Bi0 7901 5 14D7ESB 99.29(7) 0.71(7) 0
Dyo.16E10.08Bi07601 5 16DSESB 99.12(6) 0.88(6) 0

Composition of the rhombohedral phase was assumed to be Dyo.1Er0.0sBio.s501.5

The high signal to noise ratio of SXRD data made it possible to pick up even the trace impurity
phases (bismutite and rhombohedral) which can be easily missed by conventional XRD as they
would be indistinguishable from the background. These impurity phases were not present
immediately after synthesis, however, and were found about 12-18 months after synthesis (Fig.
S5.6). This suggests that the apparent d-phase is a metastable phase as reported by Watanabe [34].
Levin and Roth reported that the bismutite phase formed after storing samples of pure Bi,O3 under
ambient conditions for six months in their work [9]. When the graph in Fig. 5.1(a) was extrapolated
to 0% total substituent concentration corresponding to pure Bi2Os, the lattice constant a obtained
was 5.570 A. This is lower than the 5.661 A reported by Hull et al. [19] and 5.654 A reported by
Yashima and Ishimura [35] for the pure 6-Bi2Os3 phase, but their measurements were conducted at
temperatures above 730 °C where the pure 6-Bi>O3 phase is stable. Extrapolated graphs similar to
Fig. 5.1 (a) of ESB and DWSB systems reported by Jung ef al. [25] at ambient temperatures gave
5.581 and 5.612 A, respectively, which are comparable to the 5.570 A obtained in this work.
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The Arrhenius plot obtained from the VT-EIS results of 8D4ESB showed a discontinuity between
500 and 600 °C which was indicative of a phase transition (Fig. 5.2) and unexpected since
preliminary SXRD results suggested the material was phase pure. When compared to VT-EIS
results of Ero20Bi0s001.5 (20ESB) — measured under virtually identical conditions and confirmed
to have the pure d-phase as shown in later sections (thus exhibiting no phase transition) — the notion
that the discontinuity in EIS results is from a phase transition was reinforced (Fig. 5.2). To
investigate this discontinuity in conductivity, Raman spectroscopy, VT-PDF and VT-SXRD were
used to investigate the phases present at ambient temperature as well as phase evolution as a

function of temperature for the 8D4ESB composition.

T (°C)
700 600 500 400 300

—-e— B8D4ESB
—4— 20ESB

1:0 1:1 1:2 1:3 1:4 1:5 1:6 1:7
1000/T (K1)

Figure 5.2. The Arrhenius plot of 8D4ESB shows a discontinuity indicative of a phase change during the heating
cycle, which is absent in the Arrhenius plot of 20ESB measured under similar conditions.

The presence of a 6-Bi2O3 phase exhibits two bands in a Raman spectrum. The intense band below
200 cm™! is attributed to external modes and the band at around 600 cm'! is the T2, mode from the
M-O-M vibrations [36]. The metal ions in the 4a sites (O-M-O) in the space group Fm3m are
expected to not show any Raman activity because of the site symmetry of their Wyckoff position

(m3m). However, the Raman spectrum of 8D4ESB (Fig. 5.3(a)) showed at least three bands.

The intense band at ~100 cm™ was attributed to external modes and the T2, band was observed at

623 cm™'. The extra band at 304 cm™ might be attributed to the intense band normally
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Figure 5.3. (a) Raman spectra of 8D4ESB and commercial pure 3-Bi,Os at ambient temperature showing that the
peak at 304 cm™! for 8D4ESB could be from the B-Bi,Os phase. This is compared to (b) the Raman spectra of
20ESB for the pure 6-phase.

observed in the B-Bi>Os phase at around 313 cm™ as reported by Pereira et al. [7] and shown in
Fig. 5.3(a) at 314 cm™ for B-Bi2O; as measured in this work. The relative intensity of this band
would also suggest a substantial percentage of the B-phase would be present, but this was not
observed in the SXRD data of 8D4ESB shown in Fig. 5.1(b) and will be discussed further in later
sections. In addition, the Raman spectra of 20ESB showed only the two expected bands for the
pure d-phase in the temperature range where the conductivity measurements were made (Fig.
5.3(b)). This reinforced the idea that indeed, only two bands are expected for the pure d-phase in
the measured range. This meant that for 8D4ESB there was either a mixture of phases or a phase
that could not be detected by ambient temperature SXRD that Raman spectroscopy was sensitive
to. However, the information from Raman spectroscopy of 8D4ESB was not enough to

unambiguously identify the other phase as the B-phase.

When the B-phase was incorporated into a Rietveld refinement, relative weight percentages of ~6
and 94 of the B- and d-phases were obtained (Fig. 5.4(a)). A closer look at the calculated results
(Fig. 5.4(a) inset) reveals unaccounted for small peaks from an overestimation of the B-phase. This
overestimation is not surprising because the major peaks of the B- and d-phases overlap making it
difficult to clearly resolve the two phases. However, this also suggested that the B-phase at ~6%
should have been detected by SXRD as the rhombohedral and bismutite phases were present at
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lower relative weight percentages (see Table 5.1 and Fig. 5.1(b)). When the diffraction patterns of
a mixture of the two phases was simulated with relative weights of 20% B-phase and 80% 6-phase,

the small peaks become more prominent (Fig. 5.4(b)). This shows that if present at higher relative
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Figure 5.4. (a) Shows a plot of the fit obtained from a Rietveld refinement of the experimental Bragg data of
8D4ESB measured at room temperature presented as a square root of the intensity to accentuate the low intensity
peaks from the calculated plot (as highlighted in the inset). (b) Shows a plot of the calculated Bragg data (red)
from a weighted sum of the - (20%) and - (80%) phases.

weights the B-phase should be more visible in the experimental Bragg data of 8D4ESB, but it is

not.

The discontinuity in conductivity indicated in the Arrhenius plot for 8D4ESB (Fig. 5.2) would
most likely be due to a change in the bulk material. This is because bismuth oxide solid solutions
have been shown to have negligible grain boundary effects [37, 38], therefore, a significant jump
in conductivity means a change in the structure of the bulk material. The change in conductivity
of almost two orders of magnitude between 550 and 600 °C would suggest a significant change in
phase and is not expected from a material that contains ~94% o-phase. The apparent contradiction
between the VT-EIS and SXRD (Rietveld refinement) results suggest that a mixture of the - and
O-phases where the 6-phase (with high ionic conductivity) is present in large proportions is also

highly unlikely. This prompted further analysis and is described in the subsequent sections.

From the Raman spectrum and SXRD results for 8D4ESB, it was suspected that the other phase/s
present at room temperature could have a structure with symmetry intermediate between that of

the -Bi20Os phase and the d-phase. The results from Raman spectroscopy, a technique sensitive to

143




the local structure, prompted further probing of 8D4ESB by the PDF technique to assess the

structure more clearly.

5.1.2 The Local Structure from X-ray Total Scattering
The total PDF technique confirmed a close relationship between the measured PDF of 8D4ESB
and those from both B-Bi,O3 and 20ESB (d-phase) as shown in Fig. 5.5(a). It is apparent that the
PDF measured for 8D4ESB is not exactly the same as either that for the B-Bi>O3 or the 6-phase,
but rather intermediate between the two. Since there is a group-subgroup relationship between the
B-Bi2Os- and d-phases [19], symmetry mode analysis (SMA) was used to decompose the structure
of the B-Bi>Os phase (the child structure). This phase is henceforth, referred to as the p’-phase (SG
P42;c). The ISODISTORT server [39, 40] was used to decompose the symmetry of the child

structure (B’-phase) into the symmetry of the parent structure (3-phase) plus modes that reduce the

ap* 1 1 0\/%
Cp* 0 0 1/ \C

for the basis change with no origin change as determined by Hull ef a/. [19] and confirmed in this

symmetry using:

work. Only one distortion or structure was obtained after the decomposition. The unit cell volume
of the B*-phase obtained after decomposition was smaller than that reported by Hull ef al. [19] and
Blower and Greaves [41] for the B-Bi,O3 phase (Fig. 5.6), but the space group type was the same.
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Figure 5.5. (a) The total PDFs of pure B-Bi»Os- and the 6-phase show a close relationship in the local structure
of these two phases. It is also illustrated how the simulated total PDF (Qumax= 22 A™") of the B*-phase resembles
that of 8D4ESB. (b) The Bragg data of the pure B-Bi,Os- and the &-phases are totally distinguishable, yet the
Bragg data of the B*- and d-phases, as well as 8D4ESB, are all virtually the same.

The simulated total PDF of the resultant structure was very similar to the measured total PDF of
8D4ESB (Fig. 5.5(a)). The symmetry of this resultant structure was intermediate between that of
the B-Bi2O3 and the d-phases. There are striking similarities between the local structures of -
Bi0;, 8D4ESB and the §-phase, i.e., the region where 7 < 6 A in the total PDFs, meaning the first
M-0O (Bi/Dy/Er—O) and M-M (Bi/Dy/Er — Bi/Dy/Er) peaks for the three phases could not be
distinguished. For r > ~6 A, the differences started to manifest as indicated by the arrows in Fig.
5.5(a). The peaks at 9.59, 12.34, and 12.99 A are more intense for the p-Bi,Os phase than for
8D4ESB and they had virtually vanished for the 6-phase, yet their relative intensity in the B*-phase
and in 8D4ESB are comparable. These peaks are predominantly from the M—M and O-O partial
PDFs in the -Bi203 phase shown by Hull ez al. [19] and are predominantly from the M—M partials
in this work as Bi, Dy and Er have far more electrons than O, therefore the total PDF is dominated
by the M—M partials (Fig. S5.7). It should be noted that all the experimental PDFs were reduced

using the same parameters, including the maximum magnitude of the scattering vector, Qmax. The
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intensities were normalised by dividing by the intensity of the tallest peak in each PDF to put the

experimental and simulated PDFs in a similar scale.

Interestingly, the Bragg data of the monophasic B-BiO; and d-phases are completely
distinguishable (Fig. 5.5(b)), despite their total PDFs being more similar. However, the simulated
Bragg data of the p’-phase is virtually indistinguishable from that of the §-phase, which could
explain why it would be difficult to discern this phase from SXRD data of 8D4ESB. The presence
of the B-B1203 phase could have been easily picked up from the Bragg data if it were present in
high enough percentages. The nuanced differences in the total PDFs and Bragg data are enough to
show that the dominant structure in SD4ESB is closer to that of the B*- and §-phases than it is to
that of the B-B120; phase. The three structures are illustrated by the unit cells shown in Fig. 5.6.

The c lattice constants of the p*- and &-phases are equal and the ag = aﬁ*\/f. The ¢ lattice

constants of the B- and 6-phases are approximately equal and as = ag/ /2. This shows that there
is indeed a relationship between all 3 structures. However, the small differences in unit cell size,
shape, atomic positions, and occupancies are enough to show that the phase in 8D4ESB is

predominantly the p’-phase when the PDFs and Bragg data are compared and was assumed for

further analysis.
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Figure 5.6. (a) Illustrates a model unit cell of the structure of the 3-phase (§D4ESB) adapted from that of Hull et.
al [19], (b) shows a model unit cell of the structure of the p*-phase obtained by exploiting the group-subgroup

relationship between the 8- and p*-phases, and (c) is a model unit cell of the structure for the B-phase adapted from
that reported by Blower and Greaves [41].
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The total PDFs of the compositions explored in this work (Fig. 5.7) also indicated that an increase
in total substituent concentration resulted in the total PDFs looking more like those of the
monophasic 8-phase — the intensity of the peaks at ~9.59, 12.34, and 12.99 A (indicated by the
arrow and shaded rectangle in Fig. 5.7) decreased. This is expected because the pure d-phases are
obtained at higher substituent concentrations for the solid solutions incorporating individual
substituents (17.5 mol% for Er*" and 28.5 mol% for Dy**) [11,42]. This means that an increase in

total substituent concentration stabilises the d-phase more.
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Figure 5.7. Total PDFs of all the compositions explored (§D4ESB, 10D5ESB, 12D6ESB, 14D7ESB, 16D8ESB)

illustrating how an increase in total substituent concentration results in a better stabilisation of the 8-phase.

Measurements were all done at ambient temperatures.

VT-PDF of 8D4ESB showed that the peaks at ~9.59, 12.34, and 12.99 A had vanished by ~654
°C upon heating in the same way they did with an increase in total substituent concentration (Fig.
5.8), indicating a stabilisation of the 6-phase. Upon cooling at a similar rate as heating, the intensity
of the peaks at ~9.59, 12.34, and 12.99 A started increasing again. This suggested that the phase
transition was reversible upon cooling. These results also suggest that the initial phase of 8D4ESB
at ambient temperatures is not predominantly the -phase, but most likely the p*-phase which

transitions into the 6-phase at high temperatures.
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Figure 5.8. VT-PDF of 8D4ESB showing changes in the medium-range structure as a function of temperature.
Green total PDFs highlight a section where the phase changes are essentially complete at higher temperatures.
The rectangle and the red arrows at 9.59 and 12.34 A highlight the features from the B*-phase and illustrate how
these evolve with changes in temperature.

5.1.3 Symmetry Mode Based Parametric Rietveld Refinement
Since the 8D4ESB composition exhibited a temperature dependent phase transition between
structurally closely related phases, extraction of information from the Bragg data also needed
careful analysis. To this end, a parametric Rietveld refinement approach combined with SMA was

employed [43-45].

The SMA approach is a natural choice when modelling data with phase transitions involving parent
(high symmetry) and child (low symmetry) structures. The SMA combined with the parametric
Rietveld refinement became even more important because subtle peak splitting was observed on
the Bragg data in this work during the heating cycle (Fig. 5.9) and it has been reported that this
refinement procedure can handle such intricacies well [44]. It is evident from the anisotropic peak
broadening in Fig. 5.9(b-d) that during the phase change, the 6-phase, which is a minor phase,
grows at the expense of the initial dominant p’-phase as the temperature is increased. This
contradicts the preliminary Rietveld refinement results (see Table 5.1 and Fig. 5.4(a)) where the
d-phase was found to be dominant at room temperature but agrees very well with the VT-EIS and
VT-PDF results that indicated a phase change and illustrated how the B*-phase resembles the -
phase, respectively. Fig. 5.9(b-d) shows a co-existence of the f*- and §-phases which is a common

occurrence for first-order phase transitions.
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Figure 5.9. (a) VT-SXRD Bragg data showing a phase transition and subtle anisotropic peak broadening as
highlighted for certain peaks (b-d). Extraction of information from these Bragg data required a joint parametric
and symmetry mode Rietveld refinement using both the B*- and §-phases.

The sudden anisotropic peak broadening can be rationalised by group theoretical calculations of
strain using the IsovizQ software [46]. The GM3+ is one of the modes that describes lattice strain
and the displacement of the oxygens from the 8e site of the B*-phase into the 32f site of the &-
phase during a phase transition. Increasing the GM3+ mode amplitude which increases the lattice
strain along the ¢ axis of the P’-phase more than the a and b axes causes a more prominent
anisotropic peak broadening in the calculated diffraction pattern (Fig. 5.10). The movement of
oxygens from the 8e site of the B’-phase into the 32f site of the 8-phase during growth of the -
phase will inevitably cause a relaxation of the metal atoms and a sudden increase in lattice
distortion causing the observed sudden anisotropic peak broadening (Fig. 5.9) as the d-phase

grows.
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Figure 5.10. A calculated diffraction pattern of the B*-phase showing how the GM3+ strain mode leads to

anisotropic peak broadening during a phase transition. Red rectangles highlight peaks with prominent peak
broadening. Red and green tick marks signify weak and strong reflections respectively.
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Figure 5.11. A calculated diffraction pattern of the P-phase illustrating the absence of anisotropic peak
broadening when the amplitude of the GM3+ strain mode is zero and the B*-phase is essentially the -phases. Red
and green tick marks signify weak and strong reflections respectively.

Peaks from the B*-phase vanish once the oxyg?n(s) are in the 32f sites and the phase transition is
5




essentially complete as illustrated in Fig. 5.11 These are all observed from the calculated
diffraction patterns, but moreover, compare very well with the phenomenon observed in the VT-
Bragg data in Fig. 5.9 during the heating cycle. During the cooling cycle, only minor anisotropic
broadening of the Bragg peaks was observed. However, VT-PDF showed that the d-phase reverts
to the initial B*-phase in 8D4ESB upon cooling (Fig. 5.8). The SMA-based parametric Rietveld
refinements were done using both structures of the B~ and 8-phases as a mixture of phases across

the whole temperature range on both heating and cooling.

The lattice constants (as, ag+, cg+) for both structures were parametrized using:

a=ag kB¢ o
' /((e@z))_l)

where a, is the lattice constant at 0 K, O is the Einstein temperature, k is a fitted parameter, T is
the hot air blower temperature and AT is the difference between the hot air blower and the actual
sample temperatures [43]. AT was obtained by using Si as a calibrant (Fig. S5.14 and Fig. S5.15)
and the equation used by Ref. [43] to describe AT. All these parameters, except for T, were refined
against the whole data set simultaneously. The model to describe the lattice parameters was chosen
following the simple Einstein-like model that is applicable to most materials over a wide
temperature range as implemented by Ref. [43]. Since a danger in doing a parametric Rietveld

refinement is to impose a physical model that may not describe the data, the changes in lattice
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Figure 5.12. The lattice parameter a as a function of temperature of the 5-phase during the heating and cooling
cycles obtained via the SMA-based parametric Rietveld refinement. The dotted straight line merely indicates
deviation from linearity in the range 97-451 °C during the cooling cycle.
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constant as were compared to reported cell variation as a function of temperature for monophasic

solid solutions of bismuth oxide where this model was not employed [47-50].

During cooling, the lattice constant a of the d-phase obtained using SMA-based parametric
Rietveld refinement as a function of temperature can be divided into two regions: the region
between 97 and 451 °C is non-linear and the region above 451 °C is linear (Fig. 5.12). This
behaviour has been reported in many solid solutions of Bi2O3 and is ascribed to subtle second-
order transitions or disordering/ordering of the oxide ions as the temperature 1is
increased/decreased [47-50]. This gives confidence on the results obtained and the suitability of
the model used even if a lower percentage of the 6-phase is present in the 97-451 °C range which

may lead to some inaccuracy in the values.

The linear coefficient of thermal expansion for the d-phase upon heating and cooling in the
temperature range 475654 °C (where the change in lattice constant a was linear) was found to be
~2.2 x 10/°C. These values are comparable to the 1.8 X 10~/°C obtained by Verkerk et al. [11]
for 15ESB using a dilatometer (in the ~450-650 °C range) and 2.4 X 107/°C for pure §-Bi>Os
phase reported by Levin and Roth [9] using XRD (in the ~650-800 °C range). These results

indicate that the model used to describe the lattice constants in this work is justified because it
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Figure 5.13. The weight fraction of the p*- and 8-phases in (a) shows a strong correlation with the total conductivity
of the 8D4ESB composition shown in the Arrhenius plots in (b) during the heating and cooling cycles.
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captures well the linear coefficient of thermal expansion when compared to similar results in other

Bi>O3 materials determined using different experimental and analysis techniques.

The relative weight fraction of the phases obtained from the SMA-based parametric Rietveld
refinement showed correlations with the conductivity of the material on both heating and cooling
cycles (Fig. 5.13). Between 60 and 500 °C on heating, the average weight percent shows the B'-
phase dominates, with insignificant changes up to ~450 °C. The B’-phase has an ordered oxygen
sublattice compared to the 6-phase and is thus expected to have lower conductivities than the pure
d-phase. These weight fractions partly explain why the conductivities of the material in this work
are lower by almost two orders of magnitude before the phase transition (Fig. 5.13(b)). A sudden
increase in weight percent of the d-phase observed between 475 and 566°C coincides with the
region where a discontinuity in conductivity was observed. After the phase transition, the weight
percent of the d-phase is about 100% on average, explaining the high conductivity measurements
(0.281 S cm' at 700 °C) observed in this region and is comparable to the 0.37 S cm™! observed for
20ESB at 700 °C [11] and 0.57 S cm’ reported by Jung et al [25] for the system
(Bi01.5)0.83(DyO1.5)0.0s(WO3)0.04 at 700 °C with a pure d-phase. On cooling, a hysteresis was
observed in both conductivity and weight percent. Evidence from VT-PDF data also suggests that
the 5-phase does revert to the B -phase.

5.2 Conclusion
In this work, a new system with the general formula Dy>ErxBi1.3x015 (DESB, 0.04<x<0.08) was
fabricated using the ceramic method. The phase evolution as a function of temperature was studied
in detail for Dyo.0sEr0.04BiossO15 (8D4ESB), the composition with the lowest substituent
concentration. It was established that a tetragonal phase, a distorted version of the 6-phase, was
stabilised at ambient temperature for SD4ESB. This tetragonal phase (called the B*-phase here) has
the same space group type as the B-BiOs phase (P42ic), but its structure is intermediate between
that of the B-Bi20s and 8-Bi2O3 phases. This structure displays virtually the same Bragg pattern as
the d-phase in XRD and was essentially undiscernible at ambient temperatures using SXRD. It
was only after using additional probes such as Raman spectroscopy, PDF, VT-PDF, VT-SXRD
and VT-EIS that the differences started to manifest and subtle phase transitions were observed.
Correlations between the changes in total conductivities and phase fractions as a function of

temperature confirmed that the predominant phase at ambient temperature was not the d-phase for
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the 8D4ESB composition. This work highlighted the importance of using advanced analysis
techniques such as symmetry mode analysis and parametric Rietveld refinement to distinguish
between closely related structures that would otherwise not be differentiated using conventional

methods.
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5.5.1 Rietveld Refinement
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Figure S5.1. Bragg data and Rietveld refinement of the Dy .0sEr0.04Bio 33015 (8D4ESB) composition at ambient
temperature. The fit was done using the d-phase as the structural model modified from that of Webster ez al. [1].

Table S$5.1. Crystallographic data of the Dy .0sEr0.04Bi0.5301.5 composition at ambient temperature.

Phases d-phase
Ruwp (%) 9.14
Weight % 100
Space group Fm-3m
al/A 5.5378(1)
Cell volume /A3 169.83(1)
Crystal density /g.cm™ 8.9011(7)
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Figure S$5.2. Bragg data and Rietveld refinement of the Dy 1Er05Bios501.5 (10DSESB) composition at ambient
temperature. The fit was done using the d-phase as the structural model modified from that of Webster ef al. [1].
The inset shows the contributions from the bismutite and rhombohedral phases.

Table S$5.2. Crystallographic data of the Dyy.iErg0sBio.s501.s composition at ambient temperature.

Phases d-phase Bismutite Rhombohedral
Ruwp (%) 7.80 7.80 7.80
Weight % 93.8(2) 3.18(7) 2.9(2)
Space group Fm-3m Imm?2 R-3mH
al/A 5.5288(1) 3.8497(7) 3.9640(5)
b/A - 3.8708(6) -
c/A - 13.718(2) 27.518(7)
Cell volume /A3 169.00(1) 203.8(2) 522.3(1)
Crystal density /g.cm™ 8.8921(5) 8.285(2) 6.667(2)
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Figure S5.3. Bragg data and Rietveld refinement of the Dy 12Er006Bio.5201.5 (12D6ESB) composition at ambient
temperature. The fit was done using the d-phase as the structural model modified from that of Webster et al. [1].
The inset shows the contribution from the bismutite phase.

Table S5.3. Crystallographic data of Dy, 12Er0.06Bi0s201.5 composition at ambient temperature.

Phases d-phase Bismutite
Ruwp (%) 8.09 8.09
Weight % 98.58(6) 1.42(6)
Space group Fm-3m Imm?2
al/A 5.5210(1) 3.846(1)
b/A - 3.872(1)
c/A - 13.721(5)
Cell volume /A3 168.29(1) 203.8(2)
Crystal density /g.cm™ 9.1331(5) 8.287(5)
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Figure S5.4. Bragg data and Rietveld refinement of the Dyq.14Er0.07Bi0.7001.5s (14D7ESB) composition at ambient
temperature. The fit was done using the 5-phase as the structural model modified from that of Webster et al. [1].
The inset shows the contribution from the bismutite phase.

Table S5.4. Crystallographic data of Dy, 14Er0.07Bi0.7901.5 composition at ambient temperature.

Phases d-phase Bismutite
Ruwp (%) 9.22 9.22

Weight % 99.29(7) 0.71(7)
Space group Fm-3m Imm?2

al/A 5.5121(1) 3.856(3)

b/A - 3.903(3)

c/A - 13.69(1)

Cell volume /A3 167.48(1) 203.8(2)
Crystal density /g.cm™ 8.8660(8) 8.22(1)
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Figure S5.5. Bragg data and Rietveld refinement of the Dyy.i6Er0.0sBi0.7601.5 (16 D8ESB) composition at ambient
temperature. The fit was done using the 5-phase as the structural model modified from that of Webster et al. [1].
The inset shows the contribution from the bismutite phase.

Table S5.5. Crystallographic data of Dyo.16Er0.0sBio.7601.5 composition at ambient temperature.

Phases d-phase Bismutite
Ruwp (%) 8.74 8.74

Weight % 99.12(6) 0.88(6)
Space group Fm-3m Imm?2

al/A 5.5058(1) 3.851(2)

b/A - 3.888(2)

c/A - 13.703(9)

Cell volume /A3 166.90(1) 203.8(2)

Crystal density /g.cm™ 8.8433(9) 8.255(9)
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Figure S5.6. Bragg data showing the phase separation in the solid solutions of the Bi,03-Dy>03-Er,0s system at
ambient conditions with time. The rejuvenated samples were reheated at 850 °C to recover the initial phase that
was obtained directly after synthesis and were measured 3 months after being reheated by SXRD.

The data in Fig. S5.6 were collected by using both in house and synchrotron diffractometers. For easier
comparison across the data, the intensity was rather plotted against the magnitude of the scattering vector
Q (where Q = (4m sin 8) /A) which normalises the effect of the wavelength on peak positions. The peaks
labelled kzare remnants of unfiltered kg radiation from the Co sealed tube that passed through the Fe kg-

filter that was used on the laboratory instrument.
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Figure S5.7. (a) Simulated X-ray total PDFs and partials of pure -Bi,O3 phase (Qumax=22 A™") showing
the contribution of the partials to the total PDF. The red triangles show the peaks that distinguish the Total
PDF of B-Bi;O; from that of the 3-phase, 8D4ESB and B*-phase. Model used to simulate the PDF was
taken from Hull ef al.[2].
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5.5.2 EIS data
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Figure $5.8. Complex impedance plot for §D4ESB system during a heating cycle from 300-350 °C. Solid and
dotted lines represent the fit from the given model in the equivalent circuit. C represent a pure capacitor, R a

resistor, Q a constant phase element and W a Warburg diffusion.
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Figure $5.9. Complex impedance plots for SD4ESB composition during a heating cycle from 400-500 °C.
Solid and dotted lines represent the fit from the given model in the equivalent circuit.
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Figure $5.10. Complex impedance plots for the 8D4ESB composition during a heating cycle from 750-500 °C.
No fitting was done in this temperature range. Bulk resistances were estimated by taking the total resistance as the

Re(Z)-intercept.

Table S5.6. VT-EIS data for the Dy .03Er0.04Bio.8s01.5s composition during both heating and cooling cycles.

Temperature /°C 300 350 400 450 500

Heating

R1/Q 124719 21511 4216 1109 469.9

Cl /F.s@D 12.59 x 1012 14.27 x 1012 23.13x 1012 27 x 1012 12.12x 1012
R2/Q 402560 22328 4237 1260 434.8

Q2 /F.s@D 0.2437x 10°¢ 0.732x 10 10.28 x 107 38.29x 10° 73.01x 10°
a2 0.4228 0.397 0.221 0.191 0.141

2 /Q.s03 4.757x 10° 1.876 x 10° 8.647 x 10° 4.323x 10* 2.923 x 10*

Temperature /°C 500 450 400 350 300

Cooling

R1/Q 77.1 287.5 759.2 3478 17859

Cl /F.s@D - 37.59 x 10712 70.88 x 10712 40.62 x 10712 49.73 x 10712
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Figure S5.11. EIS data of the Er2Bio 3015 (20ESB) composition during a heating cycle from 300-350 °C. Solid
and dotted lines represent the fit from the given model in the equivalent circuit.
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Figure S5.12. EIS data for Er(,BiosO:s5 (20ESB) composition during a heating cycle from 400-500 °C. Solid

and dotted lines represent the fit from the given model

in the equivalent circuit.
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Figure $5.13. EIS data for Er>Bios01s (20ESB) composition during a heating cycle from 750-500 °C. No fitting
was done in this temperature range. Total conductivities were estimated by taking the total resistance as the Re(Z)-

intercept.

Table S5.7. VT-EIS data for the Er,BiosO:.s (20ESB) composition during a heating cycle.

Temperature /°C 300 350 400 450

Heating

R1/Q 173372 29713 5909 1499

Cl /F.s@D 9.81x 10712 10.78 x 1012 11.29 x 1012 10.61 x 1012
R2/Q 1625000 158972 14386 2660

Q2 /F.s@D 0.303x 10°¢ 1.11x 10° 412x10° 10.33x 10
a2 0.405 0.382 0.352 0.387

2 /Q.s03 6.009 x 10° 2.724x 10° 1.522x 10° 8.180 x 10*
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5.5.3 Calibration and SMA + Parametric Rietveld Refinement

—8— Literature
0.5460 { —#— parametric
-4- sequential

0.5455 1

0.5450 1

a (nmj))

0.5445 1

0.5440 1

0.5435 1

0.5430 1

200 400 600 800 1000 1200 1400
Temperature (K)

Figure S5.14. Lattice parameter of Si standard reference material as a function of temperature obtained using
parametric and sequential Rietveld refinements of SXRD data. Normalized data from literature were taken from
Ref. [3].
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Figure $5.15. Difference between set temperature point of the hot air blower and sample temperature as a function

of the set temperature point of the hot air blower for Si standard and 8D4ESB composition obtained from parametric
Rietveld refinement of SXRD data. The fitted model was obtained from Ref. [4].
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Figure $5.16. Bragg data and Rietveld refinement of the Dyo.0sEr0.04Bio3sO1.5 (§D4ESB) composition at 43 °C
during a heating cycle. The fit was done using the p*- phase obtained from the ISODISTORT server [5,6].

Table S5.8. Crystallographic data of Dyo.0sEr0.04BiossO1.5 (8D4ESB) composition at 43 °C.

Phases B*-phase
Ruwp (%) 9.97
Weight % 100
Space group P-42,c
al/A 3.8691
c/A 5.4612
Cell volume /A3 81.767
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Table $5.9. Refined structural parameters for the Dy 0sEro.04Bio.ss015 (§D4ESB, B*-phase) composition at 43 °C.

Atom Site x y z Occ Biw (A?)
Bi 2a 0 0 0 0.88 2.62
Dy 2a 0 0 0 0.08 2.62
Er 2a 0 0 0 0.04 2.62
o(1) 4d 0 0.50 0.31(5) 0.243 2.62
0(2) 8e -0.127(4) 0.497(9) 0.180(6) 0.127 2.62
0@3) 8e 0.512(4) 0.917(9) 0.796(6) 0.127 2.62
Table S5.10. Crystallographic data of f-Bi,Os as reported by Blower and Greaves [7].
Phases B-phase
Space group P-42ic
al/A 7.741(3)
c/A 5.634(2)
Cell volume /A? 337.61
Table S$5.11. Structural parameters for B-Bi»Oj; as reported by Blower and Greaves [7]
Atom Site X y z Occ Biso (82)
Bi 8e 0.0178(8) 0.2539(7) 0.2532(10) 1.0 1.18(11)
o(1) 8e 0.295(1) 0.3074(7) 0.027(2) 1.0 1.7(2)
0(2) 4d 0 0.5 0.101(2) 1.0 2.62(4)
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Figure $5.17. Bragg data and Rietveld refinement of the Dy 0sEr0.04Bio.s501.5 (SD4ESB) composition at 498 °C
during a heating cycle and across a phase transition. The fit was done using the B*- and §-phases obtained from
the ISODISTORT server [5,6] and the structural model modified from that of Webster et al. [1], respectively.
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Figure $5.18. Bragg data and Rietveld refinement of the Dy 0sEr0.04Bio.ss01.5s (8D4ESB) composition at 654°C
during a heating cycle. The fit was done using the B*- and §-phases obtained from the ISODISTORT server [5,6]
and the structural model modified from that of Webster et al. [1], respectively.
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Table $5.12. Crystallographic data of Dyo.0sEr0.04Bio.3s01.5 (8D4ESB, Fmi-3m) composition at 654°C.

Phases d-phase
Ry (%) 16.8
Weight % 100
Space group Fm-3m
a/A 5.5396
Cell volume /A? 169.991

Table $5.13. Structural parameters for Dyo.osEr0.04Bio3sO1.5 (8D4ESB, Fm-3m) composition at 654°C

Atom Site X y z Occ Biso (A?)
Bi 4a 0 0 0 0.88 3.57
Dy 4a 0 0 0 0.08 3.57
Er 4a 0 0 0 0.04 3.57
o(1) 8¢ 0.25 0.25 0.25 0.5 3.57
0(2) 32f 0.274 0.274 0.274 0.0625 3.57
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Chapter 6: Probing the Local Structure of Bi:O3 Chemical
Derivatives: The Neglected Cation Sublattice
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Abstract:

This work highlights the importance of the cation sublattice in influencing both the average and
local structures of 0—Bi»Os-like phases (0—phases). High resolution synchrotron Bragg data
confirmed the stabilization of the average structure as the defect fluorite structure at ambient
temperatures in ternary and quaternary oxides of BioO3 where some Bi cations were replaced with
Dy** and/or Er**, Nb°>" and W%'. Rietveld refinement of the Bragg data indicated that when the
bigger cation Er*", is replaced with smaller cations W® and/or Nb>*, the lattice parameter a
counterintuitively increases. Total scattering data showed that the identity of the cation substituent
is important in determining the positions of some Bi cations in the defect fluorite structure. Er**
and Dy*" cations induce monoclinic-like distortions that extends only locally in the Bi** sublattice.
X-ray absorption spectroscopy provided evidence that some Dy cations, in the 6—phases, prefer to
keep a similar local environment to that in the parent Dy>Os. W cations were found to be

predominantly tetrahedrally coordinated in the d—phases explored in this work.

Keywords: Local structure; Total scattering data; X-ray absorption spectroscopy; d—phase; Cation

sublattice
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6.1 Introduction
In-depth knowledge of both the average and local structural details of functional materials is a
prerequisite to establishing reliable correlations with physical properties and paves the way to
designing advanced materials with enhanced properties. One of the functional materials that has
found extensive use in the fabrication of devices of technological importance is Bi»Os3 [1-4]. Bi2O3
exists in many different polymorphs. One of the four main polymorphs is the monoclinic a—Bi,O3
phase with space group type (S.G.) P2i/c which is the thermodynamically stable polymorph from
ambient temperature to 729 °C [5]. Beyond this temperature, the 0—Bi,O3 phase transitions into
the cubic defect fluorite 6—Bi2O3 phase (S.G. Fm-3m), and Bi12O3 melts at 825 °C [5]. Depending
on the cooling conditions, the 5—Bi,0s phase can either transition into the tetragonal B—Bi,O3 phase
(S.G. P-42ic) at ~650 °C or into the body centred cubic y—Bi,Os phase (S.G. 123) at ~640 °C
before reverting to the 0—Bi2O3 phase [6, 7]. The B—Bi,O3 has been reported to have essentially
the same cation sublattice as the 6—Bi,O3 phase with the oxygen vacancies being ordered along the

equivalent of the <100> direction in the fluorite phase [8, 9].

In its §—Bi,O3 phase, Bi>Os has the highest ionic conductivity (= 1 S cm™) ever reported for an
oxide ion conductor in its narrow stable temperature range (730 — 824 °C) [5]. To stabilise 0—
Bi,0s-like phases at ambient temperature, hence forth referred to as stabilised 0—phases, isovalent
and aliovalent cations have been used extensively to substitute the Bi** cations albeit with a
moderate decrease in ionic conductivity [ 10-15]. The extent to which the conductivity is decreased
depends on the identity of the cation and the total substituent concentration. Factors such as
decrease in both polarizability and ionic radius of the substituent, trapping of vacancies and
vacancy-substituent clustering have been reported to contribute to the decrease in conductivity
observed in the solid solutions [16-19]. The average structures of the stabilised 6—phases are also
described by the Fm-3m space group type where the metal cations share the 4a site (0 0 0), while
the oxygen ions are distributed among three different crystallographic sites, viz, the 8c site (0.25
0.25 0.25), the 32f site (x x x) where x ~0.3 and the 48i site (0.5 y y) where y ~0.2 [20]. The 48i
site is an interstitial site and there is no evidence of its occupation in the parent 6—Bi,03 phase [21-

23], its occupation is attributed to the substituents.

The stabilised 5—phases obtained by substituting Bi** with lanthanides such as Dy*" and Er** have

been shown to be highly conductive but metastable and exhibit phase separation upon prolonged
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annealing at temperatures <600 °C [24-26]. The oxide ions and oxygen vacancies order in these
systems and ionic conductivity decreases significantly as a result. These problems are normally
circumvented by adding low concentrations of supervalent cations such as W, Nb°* and Hf*' [14,
27], a strategy adopted in this work. Systems fabricated in this way exhibit both high conductivity
and stability relative to the singly substituted systems. In this work, the systems (Bi2O3)ix-y
(Dy203)x(Er203)y, (B1203)1-xy-2(Dy203)x(Er203)y(WO3)2, (B1203)1x-y2(Dy203)x(Er203)y (Nb20s),,
and (B1203)1-x-y22(Dy203)x(Nb205)y(WO3)2, were fabricated to stabilise the d—phase and study the
effects of the substituents in the cation sublattice which have been neglected in the literature [14,

24-27].

The local structure of the stabilised 6—phases is a subject of intense research, with the focus on the
distribution of the oxide ions around the metal cations, i.e., the metal-oxygen (M—O) correlations
[20, 21, 28-30]. Very few studies have been done on the metal-metal (M—M) correlations [31, 32].
Therefore, this work seeks to bridge this gap and provide a complementary picture of the local
structure of the stabilised 0—phases. To this end, total scattering data, the X-ray pair distribution
function (XPDF) technique and X-ray absorption spectroscopy have been used to probe the metal-
metal correlations and the local environment around a specific substituent to gain insight into the

local structure of the material around the metal cations.

6.2 Experimental Methods

6.2.1 Synthetic methods
Samples of (Dy203)x(Er203)y(B1203)1x-y (called 100xD100yESB), (Dy203)x(Er203)y(WO3),
(B1203)1-x-yz (called 100xD100yE100zWSB), (Dy203)x(Er203)y(Nb205),(Bi1203)1xy-» (called
100xD100yE100zNSB), and (Dy203)x(Nb205)y(WO3)2/Bi203)1x.y2. (called 100xD100yN
200zWSB) where 0.08 <x <0.16, 0.04 <y <0.08 and 0 < z < 0.02 were prepared via the solid
state reaction method. Bi>Os; (Sigma-Aldrich, nano, 99.999% pure), Er,O; (Sigma-Aldrich,
99.999% pure), and WO;3 (Acros Organics, 99+% pure) were pre-fired at 700 °C to remove any
possible bismutite (Bi203-CO;) and moisture. These have been shown to alter the phase evolution
in the formation of Bi2Os solid solutions [7]. Dy20O3 and Nb2Os were obtained by thermal
decomposition of Dy(NO3)3-6H>O (Sigma-Aldrich, 99.99% pure) and ammonium niobate(V)
oxalate hydrate (Sigma-Aldrich, 99.99% pure) using the method employed by Melnikov et al. [33].
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Stoichiometric amounts of Bi2O3, Dy>03, Er203, Nb2Os, and WO3, were mixed in an agate mortar
and manually ground for an hour in acetone (99.56% pure, KEMiCAL) to create the desired
systems. The ground powders were dried in an oven at 80 °C for 12 hrs before being fired in a
furnace from ambient temperature to 800 °C at a heating rate of ~6 °C/min. The powders were then
soaked at 800 °C in air for 24 hrs before being left in the furnace to cool to ambient temperature
(over a period of ~12 hrs). An intermediate grinding step was performed before the powders were
pressed into pellets using a uniaxial cold press at a constant pressure of 75 MPa and a 13 mm die.
The pellets were then sintered at 850 °C for a further 24 hours before being quenched in air to

ambient temperatures.

6.2.2 Bragg data
Beamline 2-1 at the Stanford Synchrotron Radiation Light Source (SSRL) was used to collect the
Bragg data. The source is a 1.3 T bending magnet, and the diffractometer is equipped with a Huber
2-circle goniometer. The radiation was monochromatized by using a Si (111) crystal in standard
configuration. The wavelength was 0.72929 A and the measurements were performed in
transmission mode using a Kapton capillary. The wavelength used was chosen so that all the
absorption edges of the elements (Bi, Dy, Er, Nb and W) in the samples were avoided to increase
data quality. The diffractometer employs a Pilatus 100K small area detector that was mounted at
an ~700 mm distance downfield of the sample. A diamond powder was mixed with the sample to
act as an internal standard to account for sample displacement. 2-D images were calibrated and

integrated into a typical powder diffraction pattern.

6.2.3 Total scattering and the PDF technique
Data for total scattering was collected at the beamline 28-ID-1 at NSLS II at Brookhaven National
Laboratory. The X-ray source is a damping wiggler, and the beam is focused horizontally and
vertically by a side bounce monochromator (SBM) and a vertically focusing mirror (VFM)
respectively. A monochromatic wavelength of 0.1671 A in Debye-Scherrer geometry was used.
The diffractometer employs a PerkinElmer area detector (200 X 200 pum pixel size) which was
mounted at a direct distance of ~241 mm for measuring total scattering data. Kapton capillaries
with an outside diameter of 0.9 mm were used to hold the sample. LaB¢ (NIST SRM 660c) and Si

(NIST SRM 640d) were used as external calibrants for the measurements. Total scattering data
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were reduced using xPDFsuite [34]. The reduced PDFs were obtained by the sine Fourier

transform of the Q weighted and reduced total scattering structure function S(Q), i.e.,

Qmax

6) = (%) [ ars@ - 11sincer do
Qmin
where G (r) is the reduced PDF, Q = 4msin 8 / A is the magnitude of the scattering vector and r
is the radial distance. Q,;,, and Q,, 4, values were 0.1 and 25.1 A! respectively. The reduced PDFs

were analysed using small box modelling as implemented in TOPAS Academic [35, 36].

6.2.4 X-ray Absorption Spectroscopy
BL2-2 at the SSRL was used to perform the X-ray absorption spectroscopy (XAS) measurements.
The source is a bending magnet and can perform measurements in the energy range of 4.5-37 keV.
The energy of the unfocused radiation was tuned by using a double crystal Si (220) monochromator
to scan across the L3-edges of Dy, Er, and W. The measurements were done in fluorescence mode
and the samples were pelletized. Spectra were processed by using the Demeter package [37] to
obtain the first and second derivative spectra. Only the X-ray absorption near edge structure

(XANES) part of the spectra were considered in this work.
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6.3 Results and Discussion

6.3.1 Average Structure Analysis

In all four of the synthesised systems, the d—phase was stabilised to ambient temperature (Fig. 6.1).

No extra peaks were observed, suggesting that the materials consisted of a single crystalline phase.
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Figure 6.1. Bragg data showing that the average structure of the solid solutions belong to the same space group
type (Fm-3m) as that of 6—Bi»Os. The inset highlights significant variations in the peak positions of the second
peak, but all the peaks were shifted. Diamond powder was used as an internal standard.

Interestingly, a peak shift to lower 20 for all the systems where Er** was substituted partially or
totally with W®" and/or Nb>" (Fig. 6.1 inset) was noted. This implied an expansion in the unit cell
occurred which is counterintuitive because the larger Er** (0.89 A) cations were being replaced by
smaller cations, W®" (0.60 A) and Nb>* (0.64 A), so a reduction in the unit cell would be expected.
The ionic radii given in brackets are for the octahedrally coordinated metal ions to oxygen [38], as

would be expected in the cubic d—phase.

The use of the diamond internal standard allowed the direct inference from the Bragg data of the
change in the unit cell with changing identity of the substituent cation by revealing the effects of

capillary displacement and beam optics on the peak positions.

184




Rietveld refinement results (Fig. 6.2(a), Table S6.1-S6.8 and Fig. S6.1-S6.3) confirmed the
average structure to be that of the 6—phase and an increase in lattice cell parameter, @, as the
concentration of Er** was being reduced (Fig. 6.2(b)). As noted by Borowska-Centkowska e al.
[28] and Leszczynska et al. [39], since W and Nb>" are smaller than Er**, they favour a tetrahedral

geometry in the structure (even when tetrahedrally coordinated W®" (0.42 A) and Nb>* (0.48 A)
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Figure 6.2. (a) Rietveld refinement fit of the 10D5ESB composition (Rwp =1.62). Green hkl’s are for the
diamond internal standard. (b) The correlation between the unit cell parameter a and the number of oxygens
(no) in the 8c site per unit cell as the concentration of Er is reduced. (¢) and (d) show the position of the O ions
in the 48i and the 32f and 8c sites, respectively, relative to the cations. Purple spheres represent cations, red
fractions represent oxide ions and white fractions represent oxide ion vacancies.

are smaller than Er’** [38]). This results in oxygens occupying more 32f and/or 48i sites rather
than the 8c sites around these metal ions as compared to that for Er**. This leads to an expansion
in the unit cell due to the position of the 48i and 32f sites relative to the cations (Fig. 6.2(c) &
6.2(d)), counteracting possible contraction due to the reduced average radius of the W and Nb>*
cations. The decrease in the occupancy of the 8c sites as Er*" is replaced by W®" and/or Nb*>" was

observed despite the reduced sensitivity of X-rays to oxide ions in the midst of heavy metals like
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Bi (see Fig. 6.2(b)). A similar trend in the occupancy of the 8c sites was also observed from

neutron diffraction data in a similar system [39].

6.3.2 Total scattering and the PDF Technique
Information such as average bond lengths obtained from peak positions and disorder inferred from
peak broadness can be extracted in a model-independent way (i.e., without a structural model)
from a PDF because of its definition as the measure of the probability of finding an atom at a
distance r from a reference atom [40]. Qualitative analysis of the reduced PDFs of all the systems
explored in this work showed that the observed PDFs are similar to the simulated reduced PDF of
25ESB which has been reported to have the d—phase with space group type Fm-3m (Fig. 6.3) [41].
This confirmed the results obtained from the Rietveld refinement. The modal M—O bond length
obtained from fitting the first peak using xPDFsuite (shown by a black arrow in Fig. 6.3) varied
between 2.15 — 2.16 A for the systems synthesised (Table 6.1). These are in the same range as the
modal bond lengths reported by Hull et al. [21] and Norberg et al. [42] for the pure o—, f— and 6—
Bi2,03 polymorphs. The M—-O peak is also highly asymmetric for the synthesised samples,
reflecting a non-Gaussian distribution of M—O bond lengths in the structure. Comparison of these
bond distances with those obtained from Rietveld refinement of Bragg data (Table 6.1) of the

synthesised samples when the oxygens are predominantly placed in the 8¢ site (which should give
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Figure 6.3. Simulated and experimental reduced total PDFs of 25ESB and 10D5ESB, respectively.
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modal M—-O distances) shows some discrepancy and this indicates a difference between the

average and local structures as explained in greater detail by Norberg et al. [42].

Table 6.1. Modal bond lengths obtained from both PDF peak fitting and Rietveld refinement of Bragg data for a

given composition.

System Modal M—O bond length (A) Modal M—O bond length (A)
from PDF from Rietveld
10DSESB 2.15 2.39
10D3.75E1.25WSB 2.15 2.40
10D3.75E1.25NSB 2.16 2.39
10D3.75N2.5WSB 2.16 2.40

Small box modelling of the PDF data of 10D5SESB using the Fm-3m model produced a very good

fit in the r-range 5-50 A (Fig. 6.4). This means that the model describes the average structure of

the system very well and agrees with the Rietveld refinements results discussed earlier. However,

a closer look at the first M—M peak at around 3.9 A, reveals a poor fit (Fig. 6.4 inset) which is due

to the presence of a pronounced shoulder and indicates that there really are at least two distinct

M-M distances. Furthermore, the shoulder occurs at higher » than the main peak, which cannot be

explained by a shorter weighted average M—M distance expected from the shorter radii of the

substituents. The shorter weighted average M—M distance due to the substituents should cause an

asymmetry to appear at lower » than the main peak if the substituents were occupying the 4a site

in Fm-3m as observed by Gateshki ef al. [43]. There was also no observed evidence of phase

separation in the high-resolution synchrotron Bragg data (see Fig. 6.1). This suggested a shift in
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Figure 6.4. Small-box modelling of the reduced total PDF data of 10D5SESB. The inset and arrows highlight
the misfit and asymmetry on the second peak dominated by the shortest M—M distances.
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the metal cations to different positions in the local structure — an observation that cannot be easily

captured by a Rietveld refinement.

The peak asymmetry and shoulder were amplified with the increase in total substituent
concentration (TSC), suggesting that the peak asymmetry was induced by the substituents (Fig.
6.5). All the PDF were produced by using the same parameters (such as Qi and Qpax)-
Interestingly, in the system without the cation Er’" i.e., DNWSB, the peak asymmetry is very
subtle, but the peak is still broad and is just flatter at the top (Fig. 6.5). This suggested that the Er**
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Figure 6.5. Reduced experimental total PDFs of the four specified systems as well as that simulated for 25ESB
are shown. Evolution of the PDFs as a function of TSC is also shown. The insets and arrows highlight the
shoulders on the second peak dominated by the shortest M—M distances.

cations contribute more to the asymmetry. In the simulated data for 25ESB, there is no peak

asymmetry because both the Bi and Er cations were distributed in one site (4a) in this structure.

It has been reported that the cations can be displaced along the <100>, <110> and <111> directions
which correspond to the displacement of cations from 4a to the 24e, 484 and 32fsites, respectively

[21, 41, 44]. In this work, when some of the Bi*" (50% maximum) and the substituent cations (50%
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maximum) were placed on these sites while the rest remained at the 4a sites in the structure and
the models were refined against the data of the 10DSESB composition, there were no
improvements in the fits (Fig. S6.4-S6.6). This was observed in all the substituted systems
explored. The positions of the main peak (at ~3.81 A) in the first M-M peak (see Fig. 6.5 inset)
and that of the shoulder (at~4.10 A) are not at the position (~3.91 A) you would expect for the
cell size obtained from Rietveld refinement of the 10DSESB composition, hence the mismatch in
the fit (see Fig. 6.4 inset). The intensity of the shoulder is also more than halfway above that of the
main peak (Fig. 6.5 insets, green arrows). The total substituents concentration and the X-ray atomic
form factors are less than those of Bi for all the substituents, therefore a displacement of
substituents alone away from 4a site is not enough to cause the shoulder. The Bi** cations should

be involved in forming the shoulder and/or asymmetry.

The model for the B~Bi»O3 phase (P-421c) was also tested at the local length scale (r <4.5 A, Fig.
6.6) in 10DSESB since the cation sublattice of this phase is essentially similar to that of the 6—
Bi2,0Os phase. The P-421c model fitted the data better than the Fm-3m model (see Fig. 6.4 and
compare with Fig. 6.6) in the range » < 4.5 A but does not give a shoulder. Therefore, both these
models are not satisfactory in describing the overall local structure of the metal sublattice and the

first M—O peak on their own for all the substituted systems explored.
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Figure 6.6. Small-box modelling of the reduced total PDF data of 10DSESB illustrating how the P-42;c
model reproduces the asymmetry on the first M—M peak.
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A plot of the simulated PDFs of the four main unsubstituted polymorphs of Bi»O3 revealed that
the model structures with space group types Fm-3m and P-421c do not exhibit any shouldering in
the second peaks (Fig. 6.7 inset), and that second peaks are at a slightly higher » position than that
obtained from the observed data of the substituted systems. The model of the y-Bi2O3 phase (/23)
has its first M—M peak at a similar position to that of the first M—M peak in the observed data of
10D5ESB but does not display any asymmetry or a shoulder. The P21/c model of the monoclinic
0—B120O3 phase show some similarity to the observed data of 10DSESB (Fig. 6.8 inset). The
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Figure 6.7. Simulated reduced total PDFs of the different polymorphs of Bi»Os.

shoulder and asymmetry of the first M—M peak and the direction of tailing are similar. However,
the peak positions are not closely matched to that for the substituted sample. The highly
asymmetric first peak at ~2.15 A (predominantly from the M—O correlations) for the a—Bi,Os
polymorph also reflects that seen for the substituted systems. A similar situation was reported by
Gateshki et al. [45] for zirconium oxide involving the monoclinic (P21/c) and cubic (Fm-3m)

phase.

Small-box modelling using P21/c at the local level (up to 4.5 A) produced a very good fit (Fig. 6.8
inset). This is a very short range and thus the parameters are highly correlated, but this does suggest
that the substituents induced some local level monoclinic-like distortions to stabilize the 6—Bi2Os-
like phase to ambient temperature; a phenomenon common in materials with the fluorite structure
[43, 46]. This is also a common strategy for fitting and showing local level distortions in PDF [43,
47-49]. It should be noted that the average structure of the a—Bi2O3 phase is different from both
the observed data of the substituted systems and the §—Bi>O3 phase (see Fig. 6.7 beyond 4.5 A).

These results demonstrate the inadequacy of traditional crystallographic methods in fully
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describing the structure of some functional materials and reinforce the idea of using both the local

and average structure to describe the structure of such materials more comprehensively.
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Figure 6.8. Small-box modelling of the reduced fotal PD® data of 10DSESB ﬁlustrating how the P2,/c model
fits the data at low .

6.3.3 The L3-edge XANES analyses of Dy, Er and W dopants
Total atomic X-ray PDF can have some limitations as a local structure probe. Peaks from different
atomic pairs with comparable interatomic distances can overlap and make it hard to obtain an
accurate picture of the local environment around a particular type of atom. This limitation is
amplified when the weighted X-ray atomic form factors of the atomic pairs with overlapping peaks
are comparable (e.g. Dy—O and Er—O). When lighter atoms are in the midst of heavier ones, the
signals from the heavier atoms dominate and sensitivity of the technique to the lighter atoms is
significantly reduced as is the case of O in the presence of Bi, Dy and W in this work. To probe
the local environment of a particular substituent, an element-specific technique such as XAS can
provide insights into the electronic structure, oxidation state and geometry of the site occupied by
a specific absorber. In this work, XANES data of Dy, Er, and W were used to provide some insights

into the geometry of the sites occupied by the substituent in the materials.

The normalized spectra of the Dy Ls-edge XANES in all four systems and the pure Dy>03 oxide
are shown in Fig. 6.9. The white line (intense peak) feature in the Dy L3-edge XANES spectra (as
well as the Er Li-edge XANES spectrum in Fig. S6.7(a)) is attributed predominantly to the
promotion of an electron from 2p3. to 5d orbitals and all the spectra showed similar characteristics.
The Dy»0; powder was included as a reference to probe the oxidation state of Dy in the bismuth
oxide solid solutions. The peak at approximately 7810 eV indicated with an arrow in Fig. 6.9 is

characteristic of Dy,03; and is associated with a well-ordered average structure [50]. It was
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virtually absent in the spectra of the d—phases, suggesting that the Dy cations were successfully

incorporated into the disordered Bi»O3 average structure.
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Figure 6.9. Normalized spectra of the Dy Ls-edge. The arrow indicates the peak characteristic of the C-type
({a-3) structure of Dy,03.

The first derivative normalized spectra showed virtually the same edge position — taken as the
position of the highest point in the plot (Fig. 6.10(a), dashed line). The edge position is heavily
dependent on the oxidation state of the absorber and the local environment around it. This
unsurprisingly suggests that the Dy has a similar oxidation state across all compositions including
in Dy>03 [51]. To better understand the electronic structure of Dy, the second derivative of the
white lines of the substituted systems were considered as it is commonly done for most rare earth
elements [52, 53] and were compared with those of the parent oxide (Dy203). Dy2O3 showed two
distinct minima in the second derivative spectrum (Fig. 6.10(b)) indicating that there are at least
two different electronic transitions giving rise to the observed white line. With Dy>O3 having the
space group type la-3 (Fig. S6.8), the Dy cations occupy two sites; viz: the 8b site which has Cs;
site symmetry and the 244 site with a site symmetry of C, (Fig. S6.8 inset). The 5d states will be
split differently in these sites. Therefore, the overall XAS spectrum of Dy20s should at least reflect
the weighted average from the two sites occupied by the cations. From the crystallographic
information file for Dy>Os; (ICSD# 66736), each site has a full occupancy of one, therefore, at
most, the ratio of the contribution to the spectra of the 85 and 24d sites is expected to be 1:3.
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It has been reported that for the Dy and Er cations in a pure O environment, essentially, a single
minimum is obtained from the second derivative of the spectra [52]. This would be expected from
the spectra of Dy** and Er’* at the 4a sites in the average structure of §—Bi>O3 which has Oy, site
symmetry. However, the overall shape of the second derivatives of the spectra obtained from the
compositions with Dy** (Fig. 6.10(b)) and Er’* (Fig. S6.7(b)) resembles that of Dy*" in Dy,0s.
This is an indication that at least some of the Dy*" and Er*" cations are not occupying the 4a sites
in the Fm-3m. This is more pronounced for the Nb containing compositions. The smaller peak
minima on the left side of the second derivatives were not prominent in the substituted bismuth
oxide compositions compared to the parent oxide (Dy203), probably due to a lower ligand field
splitting energy of the 5d orbitals in the structure and the slight changes in the site symmetries of
Dy** and Er*" in the substituted compositions compared to the environments of Dy** and Er*" in

the pure oxides (Fig. 6.10(b) and Fig. S6.7(b)).
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Figure 6.10. Normalized first (a) and second (b) derivative Dy Ls-edge XANES spectra of the Dy containing
compositions.

The study of the W Ls-edge XANES was conducted to gain insight into the coordination
environment and oxidation state in W-doped bismuth oxide solid solutions. These spectra
correspond to the electronic transition from the 2ps/; to the empty 5d orbitals of W. The normalized

XANES spectra are provided in Fig. 6.11.
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Figure 6.11. The Normalized W Ls-edge XANES spectra of WO;, 10D3.75E1.25WSB and
10D3.75N2.5WSB.

The WOs3 spectrum is consistent with that from literature [54]; the broad feature in the white line
of octahedrally coordinated W is attributed to the relatively large crystal field splitting of the d-
orbitals and is large enough to produce two distinct peaks, each corresponding to the t> and e set
of orbitals, respectively. However, in the 10D3.75E1.25WSB and 10D3.75N2.5WSB
compositions, the white line peaks were more asymmetric and narrower, showing no clear
distinction of the 5d orbitals splitting. These results suggest that in these formulations W might be
tetrahedrally coordinated, since the crystal field splitting between the e and t> sets of orbitals in
tetrahedrally coordinated W is relatively smaller which would lead to narrower white lines for

these compositions. From the normalized first derivative spectra (Fig. 6.12(a)) it was seen that
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Figure 6.12. Normalized first (a) and second (b) derivative W Ls-edge XANES spectra of
10D3.75E1.25WSB, 10D3.75N2.5WSB and WOs. The arrow indicates an inflection point characteristic of 6-
coordinated W species.

the relatively smaller ligand field splitting in tetrahedrally coordinated W results in derivate spectra
that have peaks from transitions to e and t, that cannot be deconvoluted hence the absence of a
pronounced inflection point and a sharper white line. The small inflection at approximately 10211
eV shown by the green arrow in Fig. 6.12 (a) is an indicator of octahedral coordination around W
for the WO; powder (Fig. 6.12(a)) as measured in this work and is also reported by Wind et al.
[55]. For the 10D3.75E1.25WSB and 10D3.75N2.5WSB compositions, the small inflection is
undiscernible at 10212 eV. This further suggests that these compositions might contain
predominantly tetrahedral W environments as observed by Wind et al. [55] and also alluded to by

the expansion of the unit cell in the Bragg data without a change in average structure.

The second derivative of the XANES spectrum of WO3 shows well resolved minima (Fig. 6.12(b))
and WOs3 has distorted octahedra units as shown in the inset of Fig. S6.9. However, for the
10D3.75E1.25WSB and 10D3.75N2.5WSB formulations, the second minimum at higher energy
are far less pronounced, with only significant asymmetry discernible. This has been attributed to
the presence of the mixture of octahedral coordination and a predominantly tetrahedral
coordination environment in W containing materials [54]. To the authors knowledge, this is the
first spectroscopic evidence showing that W in some d—phases occupy predominantly tetrahedrally
coordinated environments. This is further evidence that the average structure is not a

comprehensive description of the structure of these materials.
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6.4 Conclusions
In this work high resolution synchrotron Bragg and PDF data were used to confirm the stabilization
of 6—phases to ambient temperature using a minimum total substituent concentration in the range
15-16.25 mol% in ternary and quaternary oxides of Bi»Os. It was observed that when Er’*
substituent cations were replaced with W¢" and/or Nb>*, the lattice parameter a counterintuitively
expanded and this was correlated to a decrease in the occupancy of the oxide ions in the 8c sites.
It was also observed from total scattering and XAS data that the substituent cations are not all
replacing Bi at the 4a site in the stabilised d—phases, but instead they seem to induce local
monoclinic-like distortions in the metal sublattice. This effect was more pronounced in the system
with Er and Dy cations only and seemed to increase with increase in Er concentration. X-ray
absorption spectroscopy showed that the local structure around the Dy** cations in the substituted
systems was similar to that of Dy** in Dy,O; which is different from the site geometry of metal
cations in the average structure of 6—Bi,O3. X-ray absorption spectroscopy also indicated that the
W cations are predominantly tetrahedrally coordinated in the stabilised d—phases (therefore
predominantly not in the 4a site), which is likely a contributing factor to the lattice expansion of
compositions where W cations were replacing Er and pushing more oxide ions into interstitial
(48i) or interstitial-like (32f) sites. This highlights the role of the substituents cations in
influencing the local structure of the metal sublattice of the host and warrants further investigation

using advanced methods such as Big-box modelling.
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Table S6.1. Crystallographic data and refinement parameters for the Bij;Dyo2Er 103 composition at ambient
temperatures.

Composition Bii7Dyo2Er0.103
Ruyp (%) 1.61
Formular weight 906.210
Space group Fm-3m
al/A 5.522934(3)
Cell volume /A? 169.358
4 2
Crystal density /g.cm™ 8.92030

Table S6.2. Refined structural parameters for the Bi; 7Dyo2Er.103 composition at ambient temperatures.

Atom Site X y z Occ Biso (A?)
Bi 4a 0 0 0 0.85 2.660(7)
Dy 4a 0 0 0 0.10 2.660(7)
Er 4a 0 0 0 0.05 2.660(7)
o(1) 8¢ 0.25 0.25 0.25 0.56(3) 6.48(17)
0(2) 32f 0.350(7) 0.350(7) 0.350(7) 0.046(7) 6.48(17)
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Figure S$6.1. Rietveld refinement for the Bi; 7Dyo2Er0075Wo.012503 composition at ambient temperatures. Green
and black hkls are for the diamond internal standard and d-phase, respectively, with the model modified from Hull
et al. [1] and Leszczynska et al. [2].

Table S6.3. Crystallographic data and refinement parameters for the Bij7Dyo2Er007sWo.012503 composition at
ambient temperatures.

Composition Bii 7Dy0.2Er0.07sWo.012503
Rup (%) 2.74

Formular weight 906.210
Space group Fm-3m

a/A 5.532680(5)

Cell volume /A3 169.359(4)

Z 2
Crystal density /g.cm™ 8.88529(3)

Table S6.4. Refined structural parameters for the Bi; 7Dyo.2Er0.07s Wo.012503 composition at ambient temperatures.

Atom Site X y z Occ Biso (82)
Bi 4a 0 0 0 0.8556 2.63(1)
Dy 4a 0 0 0 0.1007 2.63(1)
Er 4a 0 0 0 0.0378 2.63(1)
W 4a 0 0 0 0.0062 2.63(1)
o(1) 8¢ 0.25 0.25 0.25 0.40(3) 427(77)
0Q2) 32f 0.350(4) 0.350(4) 0.350(4) 0.087(6) 427(77)
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Figure S$6.2. Rietveld refinement for the Bi;7Dyo2Er0.075Nbg.02503.025 composition at ambient temperatures.
Green and black hkls are for the diamond internal standard and d-phase, respectively, with the model modified
from Hull ef al. [1] and Leszczynska et al. [2].

Table S6.5. Crystallographic data and refinement parameters for the Bi;7Dyo2Er0.075Nbo.02503.025 composition at
ambient temperatures.

Composition Bi 7Dy0.2E10.075Nb0.02503.025
Rup (%) 1.70
Formular weight 902.064
Space group Fm-3m
a/A 5.527446(3)
Cell volume /A3 168.878
Z 2
Crystal density /g.cm™ 8.86979

Table S6.6. Refined structural parameters for the Bii 7Dy .2Er0.07sNb0.02503.025s composition at ambient temperatures.

Atom Site X y z Occ Biso (82)
Bi 4a 0 0 0 0.85 2.47(1)
Dy 4a 0 0 0 0.10 2.47(1)
Er 4a 0 0 0 0.0375 2.47(1)
Nb 4a 0 0 0 0.0125 2.47(1)
o(1) 8¢ 0.25 0.25 0.25 0.50(3) 5.75(64)
0Q2) 32f 0.35(1) 0.35(1) 0.35(1) 0.034(8) 5.75(64)
0(3) 48i 0.5 0.195(20) 0.195(20) 0.019(6) 5.75(64)
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Figure $6.3. Rietveld refinement for the Bi; 7Dy0o.2Nbo.o75Wo.02503.07s composition at ambient temperatures. Green
and black hkls are for the diamond internal standard and &-phase, respectively, with the 6-phase model modified
from Hull et al. [1] and Leszczynska et al. [2].

Table S6.7. Crystallographic data and refinement parameters for the Bi;7Dyo2Nbg.07sWo.02503.075 composition at
ambient temperatures.

Composition Bi 7Dy0.2Nbo.075W0.02503.075
Rup (%) 155
Formular weight 898.258
Space group Fm-3m
a/A 5.538943(3)
Cell volume /A3 169.934
Z 2
Crystal density /g.cm™ 8.77747

Table S6.8. Refined structural parameters for the Bij 7Dyo2Nbo.07sW0.02503.075s composition at ambient temperatures.

Atom Site X y z Occ Biso (82)
Bi 4a 0 0 0 0.85 2.430(7)
Dy 4a 0 0 0 0.10 2.430(7)
Nb 4a 0 0 0 0.0375 2.430(7)
W 4a 0 0 0 0.0125 2.430(7)
o(1) 8¢ 0.25 0.25 0.25 0.23(4) 4.91(26)
0Q2) 32f 0.318(3) 0.318(3) 0.318(3) 0.137(8) 4.91(26)
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Figure S6.4. Small-box modelling of the PDF data collected for the Bi; 7Dy,Er 103 composition at ambient
temperature. This shows how moving half of each type of the metal cations to 24e does not improve the fit on the

first M-M peak.
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Figure S$6.5. Small-box modelling of the PDF data collected for the Bi; ;Dyo2Er.103 composition at ambient

temperature. This shows how moving half of each type of the metal cations to 48h does not improve the fit on the
first M-M peak.
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Figure S6.6. Small-box modelling of the PDF data collected for the Bi; 7Dyy..Ero103 composition at ambient
temperature. This shows how moving half of each type of the metal cations to 32f does not improve the fit on the
first M-M peak.
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Figure S6.7. (a) Normalized Er Ls-edge XANES and (b) second derivative of the normalized XANES spectrum
of Er*" in the Bi1 7Dyo2Er0.07sWo.012503 composition at ambient temperature.
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Figure S6.8. Rietveld refinement of the Dy,Os3 sample at ambient temperatures. Purple hkl ticks are for the
Dy,0s phase (Ia-3) obtained from the Antic et al. model [3]. The inset show the two different sites of the Dy*"
cations found in the Ia-3 model.
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Table S$6.9. Crystallographic data of Dy,O; at ambient temperature. Ry, = 9.29% and goodness of fit

(GOF) =1.44.

Phases Bixbyite ( 1a-3)
Weight % 100
Space group la-3

a/A 10.6743(3)
Cell volume /A* 31216.2(1)
/Cglji::;l density 8.1481(7)

Table $6.10. Refined structural parameters for the Dy,O3 at ambient temperatures.

Atom Site X y z Occ Bis (82)
Dy(1) 8b 0.25 0.25 0.25 1.00 16(2)
Dy(2) 24d 0.02642) 0 0.25 1.00 1.6 (2)
o(1) 48e 0.484(2) 0.181(1) 0.254(1) 1.00 5.0(7)
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Figure S6.9. Rietveld refinement of the WOs3 sample at ambient temperatures. Purple and green hkl ticks are for the
WO3 (P121/n1) and WOj3 phases (P-1) obtained from the Vogt et al. and Diehl et al. models respectively [4,5]. The
inset shows the distorted octahedra of WOj3 found in some of the sites in these models.

Table S6.11. Crystallographic data of WO3 composition at ambient temperature. Ry, =10.46% and GOF =
1.54.

Phases Monoclinic ( P12i/n1) Triclinic( P-1)
Weight % 50(4) 50(4)
Space group P12,/nl P-1

a/A 7.301(1) 7.305(1)
b/A 7.5347(9) 7.5317(8)
c/A 7.692(1) 7.692(1)

o 90 89.770(8)

B 90.13(1) 90.677(6)

Y 90 89.98(1)
Cell volume /A* 423.1(1) 423.15(9)

Crystal densit
v Y 7.278(1) 7.278(1)
/g.cm™
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Table S6.12. Refined structural parameters for the WOs (P121/n1) at ambient temperatures.

Atom Site x y z Occ Bisw (A%)
w() 4e 0.255(5) 0.009(4) 0.2672) 1.00 4903)
w(Q2) de 0.259(5) 0.010(5) 0.749(3) 1.00 4.9(3)
o(1) de -0.05(2) 0.07(2) 0.25(7) 1.00 0.003
0(2) de 0.01(4) 0.51(3) 0.25 (7) 1.00 0.003
0(3) de 0.50(3) -0.01(3) 0.25(4) 1.00 0.003
0(4) 4e 0.25(5) 0.26(4) 0.75(3) 1.00 0.003
0(5) 4e 0.25(4) -0.04(4) 0.05(1) 1.00 0.003
0(6) de 0.26(3) 0.54(4) -0.03(1) 1.00 0.003

Table S6.13. Refined structural parameters for the WO3 (P-1) at ambient temperatures.

Atom Site X y z Occ Biso (A?)
w(l) 2 0.253(6) 0.038(5) 0.293(6) 1.00 0.001
W(2) 2 0.255(6) 0.538(5) 0.212(6) 1.00 0.001
W(3) 2 0.254(6) 0.039(5) 0.795(7) 1.00 0.001
W(4) 2 0.253 (6) 0.535(5) 0.710(6) 1.00 0.001
o(1) 2 0.23(4) 0.01(5) -0.01(5) 1.00 0.001
0(2) 2 0.58(2) 0.40(2) 0.20(2) 1.00 0.001
0(3) 2 -0.15(2) 0.35(2) 0.42(2) 1.00 0.001
0(4) 2 0.54(2) 0.94(3) 0.25(2) 1.00 0.001
0(5) 2 0.24(4) 0.25(2) 0.31(3) 1.00 0.001
0(6) 2 0.20(4) 0.75(3) 0.22(3) 1.00 0.001
0(7) 2 0.16(3) 0.31(3) 0.74(3) 1.00 0.001
0(8) 2 0.27(4) 0.74(3) 0.76(4) 1.00 0.001
0(9) 2 0.23(4) 0.233) 1.18(3) 1.00 0.001
0(10) 2 0.56(2) 0.55(2) 0.34(2) 1.00 0.001
o(11) 2 0.24(3) 0.51(3) 1.00(3) 1.00 0.001
0(12) 2 0.23 (4) 1.02(5) 0.51(5) 1.00 0.001
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Abstract:

The contribution to phase and local structural stability by Dy, Er, W and Nb substituents in
stabilized Bi2O3 have been systematically investigated. The combination of Er and W has been
confirmed to improve phase stability in the (Dy203)x(Er203)y(WO3)ABi203)1-x-y-- (DEWSB) and
(Er203)x(Nb203)y(WO3)2/Bi203)1-x-y-2. (ENWSB) systems. Dy has been found to be detrimental
to the phase stability upon annealing at ~500 °C for over 300 h in the DEWSB system. Nb was
found to promote the disorder-order of the local structure in (Dy203)x(Er203)y(Nb205)(B1203)1-x-
y-z (DENSB) but mildly suppresses the transformation of the 6-phase to the rhombohedral phase
upon annealing at ~500 °C for ~100 h. Photoluminescence spectroscopy, extended X-ray
absorption fine structure and total scattering data revealed that some of the Er cations are not
replacing Bi®" cations at the 4a sites as expected for an ideally stabilized 5-phase with the defect

fluorite average structure.
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7.1 Introduction
Fast solid oxide ion conductors as functional materials have played a big role in the advancement
of technology in the last 50 years. They are instrumental in the function of many devices of
technological importance such as oxygen sensors, memristors, catalytic converters and solid oxide
fuel cells (SOFCs) [1-4]. SOFCs have shown incredible fuel flexibility and reduced greenhouse
gas emissions [5]. From their use of H» gas, fossil fuels and NH3 gas as fuel to their reported
efficiencies of over 80% when operated in combined heat and power mode, SOFCs have garnered

considerable research interest in the last half-century [6-10].

The major challenge facing SOFCs is the high operation temperatures (800 — 1000 °C) which is
determined primarily by the solid oxide electrolyte used. The state-of-the-art solid oxide
electrolyte used is yttria-stabilized zirconia (ZrO2)1x(Y203)x (YSZ) [11]. YSZ has appreciable
conductivity (0.01 — 0.1 S cm™) only at high temperatures (800 — 1000 °C) [11]. These high
temperatures lead to reduced cell life due to cell component degradation, use of expensive
materials with high melting points as interconnects and high capital costs [12]. These prevent large
scale commercialization of SOFCs. Fast solid oxide ion conductors that show chemical stability at
intermediate temperatures (500-800 °C) are imperative for pushing SOFCs towards large scale

commercialization.

Ceria and Bi,03 based solid solutions have appreciable conductivities at intermediate temperatures
(IT). However, ceria based solid solutions show appreciable electronic conductivity when exposed

to low po, pressures which leads to low open-circuit voltages [13]. Bi2Os in its pure 6-Bi2O3 phase

has ionic conductivities of about 1 S cm™! at 730 °C [14]. However, upon cooling to temperatures
below 730 °C, Bi;0; can transform into three different major polymorphs, (the monoclinic a-,
tetragonal B-, and cubic y-polymorph) that have oxide conductivities orders of magnitude lower
than the 6-Bi2O3 phase [14, 15]. 6-Bi2O3 like phases can be stabilized to ambient temperatures—
albeit with slightly reduced conductivity—by substituting the Bi*" cation with some isovalent and
aliovalent cations [16-18]. The major problems with solid solutions of Bi2Oj3 are their structural

degradation after prolonged annealing at temperatures < 600 °C and their low chemical stability
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under reducing environments [19]. These are the target temperatures at which SOFCs need to

operate to achieve widespread commercialization.

Bi** in solid solutions of Bi»Os is reduced to metallic Bi under reducing conditions which prevents
direct use of BiO3 in SOFCs [19, 20]. Forming a bilayer of Bi»O3 and ceria based solid solutions
has been shown to produce electrolytes that prevent the reduction of Bi** to metallic Bi and the
short circuiting exhibited by ceria due to electronic conduction as discussed in Ref. [13]. However,
the structural and phase degradations exhibited by solid solutions of Bi»Os after prolonged
annealing at < 600 °C for over 100 h are still a major concern. Various solid solutions of Bi,O3
show phase degradation from the d-phase to a rhombohedral phase after prolonged annealing at <
600 °C [21, 22]. At this temperature range, the O? sublattice in the stabilized 8-phase is also
reported to undergo a disorder—order transition without a change in the average structure measured
by powder X-ray diffraction (PXRD) [23-26]. These structural changes reduce the conductivity by
more than an order of magnitude [24]. Evidence of the ordering phenomenon is provided by an
endothermic displacement at ~600 °C in differential thermal analysis thermograms for a PXRD

pure o-phase sample [24].

Various studies have been done to eliminate both the phase degradation and ordering of the O
sublattice in the o-phase after prolonged annealing [27-29]. Watanabe and Sekita [29] showed that
the composition (Er203)0.245(W0O3)0.05(B1203)0.705 (24.5SESWSB) is both phase stable and resistant
to the O sublattice ordering. Jung et al. [30] fabricated the (DyO1.5)0.08(WO3)0.04(BiO1.5)0ss
composition which had the highest conductivity for any substituted Bi»O3 system but exhibited
significant phase degradation upon prolonged annealing. Inspired by these developments, in our
earlier work, (Dy203)0.08 (E1203)0.03(WO3)0.01(Bi1203)0.88 (8D3E1WSB) was designed and it showed
significant improvement in phase stability after prolonged annealing [31]. In our earlier work [31],
it was shown that the addition of Er and reduction of the concentration of W is important for the
phase stability of the DEWSB system compared to DWSB. However, the ordering of the O*
sublattice and the role of each impurity cation to the phase stability was not investigated in that
work. This work seeks to address these gaps. The (Dy203)x(Er203)y(WO3)Bi203)ix-y-
(100xD100yE100zWSB), (Er203)y(Nb203).(B1203)1x-y-2 (100xD100yE100zNSB),
(Er203)x(Nb203)y(WO3)2/Bi203)1-x-y-22 (100xE100yN200zWSB),
(Dy203)x(Nb203)y(WO3)24Bi203)1-x-y-2  (100xD100yN200zWSB), (Dy203)x(Er203)y(Bi203)1-x-y
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(100xD100yESB) and (Dy203)x(WO3)y(Bi203)1xy (100xD100yWSB) systems were fabricated
and characterised. The average and local structures were probed using complementary techniques
such as total scattering and X-ray absorption spectroscopy. A correlation between the local

structure and the ageing phenomenon was established.

Experimental Methods
7.1.1 Synthetic method

The citrate gel synthetic method used in this work was the same as the one used in our earlier work
[31]. The CsHsNNbO9-H>O (99.99% pure, Aldrich) was dissolved in the same way as
(NH4)6H2W12040-H20 (Sigma-Aldrich) [31]. The prepared powders were pressed into pellets using
a uniaxial cold press at a constant pressure of 400 MPa and an 8 mm die. The green bodies were
put in an alumina boat and were sintered in air using a tube furnace at 850 °C for 24 h. The sintered
pellets were quenched in air from 850 °C to ambient temperature by quickly removing them from
the furnace. PXRD measurements were taken before the quenched pellets were annealed again at
500 °C for 50 and 100 h. The pellets were quenched again from 500 °C to ambient temperature
before further characterization. In this work, the total substituent concentration (TSC) is with
respect to the oxides for the DWSB, DEWSB, DESB and DENSB to be consistent with those from
Ref. [31]. The TSC was with respect to the cations for ENWSB and DNWSB so that they can be
similar to those that were synthesised by Ref. [28].

7.1.2 Powder X-ray diffraction
7.1.2.1 In-house powder X-ray diffraction
Ambient temperature scans were taken using a Bruker D2 Phaser in Bragg-Brentano geometry.
The radiation source was a sealed Co tube with Fe Kp secondary beam filter. Primary and
secondary Soller slits were used to reduce axial divergence. This system was equipped with a
Lynxeye position sensitive detector. Phase identification was done using DIFFRAC.SUITE EVA
linked to the crystallography open database (COD) [32] and Rietveld refinements were done using
TOPAS Academic (v.6) [33].

7.1.2.2 Total Scattering
The PDF beamline 28-ID-1 at NSLS II at Brookhaven National Laboratory (BNL) was used to
collect the total scattering data. The X-ray source is a damping wiggler and the beam is focused

horizontally and vertically by a side bounce monochromator (SBM) and a vertically focusing
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mirror (VFM), respectively. A monochromatic wavelength of 0.1665 A in Debye-Scherrer
geometry was used. The diffractometer employs a PerkinElmer area detector (200 X 200 pum pixel
size) which was positioned at 222 and 1236 mm direct distance to collect data suitable for total
scattering analysis and Bragg data, respectively. Kapton capillaries with an outside diameter (OD)
of 0.9 mm were used for ambient temperature data collection. Si, LaBs and CeO> were used as

external calibrants for the ambient temperature measurements.

Total scattering data were reduced by using PDFgetX2 [34]. The total scattering structure function
S(Q) obtained was first rebinned (dQ = 0.02, Q,in = 0.2, Qax = 21-24) to a uniform Q binning.
Q is the magnitude of the scattering vector (Q = 4msin 8 /A ) where A is the wavelength of the
radiation used and 6 is the scattering angle. S(Q) was then transformed into F(Q) as defined by
Keen [35, 36]. Reverse Monte Carlo methods as implemented in the RMCProfile package v 6.7.9.2
[37, 38] was used to analyse the total scattering data. The Bragg data, reciprocal space data (F(Q))
and real space data (D(r)) were fitted simultaneously. An automatic weight optimization algorithm
was used for data and constraints weighting [38]. A 10 X 10 X 10 supercell was constructed by
using the lattice parameters from Rietveld refinement results and the initial atomic positions were
obtained from the Gattow and Schroder model of 6-Bi2O3 [39]. A series of constraints were
implemented to provide some physical guidance for the RMC modelling. This included the
distance window constraint which provided control over the minimum and maximum distances
between different atomic pairs and the bond valence sum to guarantee reasonable chemical
bonding environments. Atom swapping was allowed between different types of atoms occupying
the same crystallographic site and contributed 10% of the total moves generated for the given site.
A maximum move distance of 0.05 A was allowed for a given atom type in each random move.
Ten different configurations were used for each composition to improve statistics on the extracted

parameters.

7.1.3 Differential thermal analysis
Differential thermal analysis (DTA) was conducted using a Perkin Elmer STA 6000 with alumina
crucibles. Temperature calibration was performed by melting an indium standard in an alumina
crucible. The instrument was operated in the simultaneous thermogravimetric analysis (TGA)-

DTA mode. The measurements were done between 30 and 800°C for both heating and cooling
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cycles at a heating/cooling rate of 10°C min™'. Nitrogen was used as the purging gas at a flow rate

of 20 ml min™.

7.1.4 Electrochemical Impedance Spectroscopy (EIS)
The powders were pressed into pellets using a uniaxial cold press at a constant pressure of 500
MPa and a 13 mm die. The pellets were sintered in air at 850 °C and quenched to ambient
temperature by quickly removing them from the furnace. The pellets had a thickness of about 1
mm after sintering. Variable temperature (VT)-EIS was done using an MTZ-35 frequency response
analyser from BioLogic, the same instrument as in Ref. [31]. The measurements were done in air,
using a heating/cooling rate of 10 °C min™'. Initial measurements were done at 700 °C to establish
intimacy between the electrodes and electrolyte, and then the pellet was cooled down to 500 °C to
start the ageing process. The system was allowed to soak for about 90 minutes at 500 °C before
each measurement during the whole experiment. The whole measurement process took about 100

h at 500 °C. The frequency range was from 10 Hz to 30 MHz with an A.C. amplitude of 10 mV.

7.1.5 Photoluminescence Spectroscopy (PL)
Photoluminescence emission spectra were obtained using a Horiba QM8000 spectrofluorometer
equipped with double excitation and emission monochromators with 1200 lines/mm gratings and
a Xe lamp source. The detector was a Horiba PPD-850. The emission spectra intensities were
corrected for the throughput of the emission monochromator and the detector efficiency. For the
Er containing samples, an excitation line (4,,.) of 520 nm was used. Powdered samples were
prepared by grinding the sintered pellets (as described in section 7.2.1). The powders were loaded

into a cuvette and PL measured in air and at ambient temperature.

7.1.6 X-ray Absorption Fine Structure (XAFS)
The 6-BM beamline at the NSLS II was used to perform the XAFS measurements. A Si (111)
double-crystal monochromator was used to tune the energy of the incident radiation to the energy
required to scan across the threshold energy of the absorber. Calibration was done prior to
performing the measurements by determining the angular position of the monochromator for K-
and Ls-edges of ten transition metals (Fe, Co, Ni, Cu, Zn, Pt, Au, Pb, Nb, Mo). The Bragg equation
was then used to determine the offsets by using standardized values [40]. For the Bi L3-edge, the
data were collected in transmission mode using an unfocused beam with a slit size of I mm X 5

mm. For the Er Ls-edge, the data were collected in fluorescence mode with the detector positioned
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at 90° to the incident beam. The samples were pelletized powders, diluted with cellulose (Avicel®
PH-101, Sigma-Aldrich). The pellets were sandwiched between two Kapton tape strips which were

mounted over 3 mm X 14 mm rectangular holes on a rotating polycarbonate plastic wheel.

XAFS spectra were prepared for analysis by averaging 3-5 individual spectra for a given edge and
composition in Demeter suite of software packages v0.9.26 [41]. Larch v0.9.55 [42] was used to
perform data reduction. A straight-line function was used to fit the pre-edge region and a spline
function was used to fit the post edge region to reduce the data. A parameter (Ryke) for adjusting
the spline function to accommodate the slowly varying features in the post edge region was used
and it ranged between 1.1 and 1.3. The edge position was chosen to correspond to the maximum
of the first derivative of the spectra. The EXAFS spectra (y(k)) were normalized by using the

edge-jump, and Fourie transformed to real space using k?-weighted data. The EXAFS equation:

S2 N.f. (ke 2Ri/A0) -2k?a}
X(k) = Z 0 ]f}( )e © Sil’l[ZkR]' + SJ(k)]

2
- kR;
was used to model the data. S3 represents intrinsic losses and was obtained from fitting standards
(a-Bi203 and Er,03). f;(k), A(k), and 6;(k) represent the scattering amplitude function, mean free
path, and phase shifts in j* shell, respectively, and were calculated by the FEFF 8.0 code as

implemented in Larch v0.9.55 for each crystalline model used. N;, ajz, and R; are the number of

atoms in the j shell, the mean-square displacement in the bond distance and the bond distance,

respectively, and they are fitted parameters.

7.2 Results and Discussion

7.2.1 Phase Stability and Ageing in the DEWSB System
In the DEWSB system, the 8D3E1WSB composition explored in our earlier work exhibited no
discernible new phases in the ambient temperature diffraction patterns after annealing at 500 °C
in air for 100 h [31]. The annealing process (isothermal annealing at 500 °C for 100h) was repeated
in this work and the results were reproduced (Fig. 7.1(a)). However, DTA results of the annealed
sample show an endothermic displacement with an onset at ~606.6 °C during the heating cycle
for the 12 mol% TSC composition (Fig. 7.1(b)). This endothermic peak is ascribed to an order-
disorder transition of the O-sublattice exhibited by numerous solid solutions of Bi,Os3 after

prolonged annealing at temperatures < 600 °C [24]. It was impossible to do a second cycle for the
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8D3E1WSB composition because the d-phase could only be stabilized through prolonged
annealing and then quenching for this composition [31]. An increase in TSC within the solubility
range for the impurity cations used, has been reported to stabilize the disordered state of the O-
sublattice in selected systems [21]. The TSC was therefore increased from 12 mol% to18 and 24
mol% keeping the ratio (8:3:1) between substituents constant. These compositions were still within
the solubility range as no new phases were observed by PXRD even after 100 h of annealing at
500 °C (Fig. 7.1(a)). DTA of the 18 mol% composition exhibited a small endotherm with an onset
at ~584.1 °C characteristic of the order-disorder transition and this was virtually undiscernible in
the 24 mol% (Fig. 7.1(b)). This reinforces the idea that an increase in TSC reduces the extent of

the order-disorder transition of the O-sublattice.

No significant changes in the broadness of the peaks in the PDF of the aged compared to the as-
sintered material were observed in the 8D3E1WSB composition (Fig. 7.1(c)). This suggested that

the metal sublattice remained virtually unperturbed despite the large endothermic displacement
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Figure 7.1. (a) PXRD data of the pellets of the DEWSB system before and after annealing at 500 °C for 100 h
showing phase stability. Plots are stacked for clarity. (b) DTA curves showing how an increase in substituent
concentration reduces the endothermic displacement characteristic of the order-disorder transition. Plots are
stacked for clarity. (¢) The reduced total PDFs from powders of from ground pellets showing how the SD3E1WSB
composition exhibited very little change on the metal sublattice upon annealing.
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observed in the DTA data. The DEWSB system was designed to improve the phase stability of the
DWSB system (based on result by Jung et al. [30]) by adding the Er** cation while keeping the
TSC low. This was inspired by the stability of the EWSB system reported by Watanabe and Sekita
[29]. The role of the various cation components in the performance of the DEWSB system was not
extensively investigated in our earlier work [31] - this is attempted here by studying the range of

systems with different cation substituents.

7.2.2 Phase Stability in the DWSB System—A Comparison with the DEWSB System
To illustrate the effects of Er** on phase stability, Er** was completely removed from the DEWSB
system to form the DWSB while keeping the TSC constant [31]. However, only the 8D4WSB
composition was used to illustrate how the addition of Er** improve phase stability in our earlier
work [31]. In this work the TSC was increased from 12 mol% to 18 and 24 mol% for the DWSB
system as it was done for DEWSB. In contrast to DEWSB, the DWSB system exhibited phase
degradation throughout the 12-24 mol% range as illustrated by Fig. 7.2. The 12 mol% composition
upon annealing in air for 100 h at 500 °C and quenched showed phase degradation from the 6-
phase to a mixture of 36% d-phase, 49% 7B1203.2WO; phase (/41) and 15% 7Bi1,03-WO3 phase
(14/m) as obtained through Rietveld refinements of synchrotron X-ray diffraction data (Fig. S7.1
and Table S7.1). Jung et al. [30] made similar observations in their DWSB system for all the
compositions explored. The 18 mol% composition exhibited subtle anisotropic peak broadening
and the 24 mol% composition showed significant peak splitting upon annealing in the same
annealing conditions. There seems to be no correlation on the extent of phase degradation and the

TSC in this system, also similar to the results obtained by Jung et al. [30].
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These results suggested that the presence of Er*' and a corresponding reduction in the
concentration of W®" is important in stabilizing the -phase in the DEWSB system even at higher
TSC. It can be argued that the reduced number of impurity cations in the DWSB system also played
a role by reducing the stabilizing effect of configurational entropy, but Watanabe and Sekita [29]
achieved the stable system EWSB with the same number of impurity elements and comparable
TSC. The EWSB system was investigated at 600 °C, a temperature where DWSB was again
reported to exhibit phase degradation [29, 30]. The contrast in phase stability between the DWSB
and EWSB systems could suggest that Dy*" might be playing a role in the poor phase stability
exhibited by DWSB which is ameliorated by the combination of Er*" and W in DEWSB.
Increasing the Er** content while decreasing the Dy** concentration and keeping the TSC constant

in the DEWSB system produced an even more phase stable composition after annealing for over

300 h (illustrated in Fig. S7.2 by comparing 16D6E2WSB and 16E6D2WSB). The 16D6E2WSB
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Figure 7.2. PXRD data of the pellets of the DWSB system before and after annealing at 500 °C for 100 h of the pellets
showing phase separation across the composition range from 12-24 mol% TSC. Plots are stacked for clarity.
composition decomposed into a mixture of the d- and rhombohedral phases while the
16E6D2WSB composition did not. This further reinforced the idea that Dy** is detrimental in the

stability of the 5-phase compared to Er’*.

7.2.3 Phase stability of the ENWSB and DNWSB Systems
From the previous section, the question then is why add Dy at all. To further understand the effects

of the Dy** cation on the performance of the materials and the significance of the configurational

entropy on phase stability in triple doped systems, a new DNWSB system was fabricated. This is
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analogous to the Ero.15Nbo.02sWo.025B10.8001.525 (15E2.5N2.5WSB) system reported by Shitara et
al. [28] that did not exhibit any phase degradation nor order-disorder transition after annealing at
500 °C for 100 h. In this work, the ENWSB system (cation ratio Er:Nb:W = 8:3:1) was also
fabricated—albeit with a different ratio for the cations to those of Shitara et al. [28] (cation ratio
Er:Nb:W = 6:1:1) to match the oxide ratio used in this work for the triply substituted systems.
Therefore, the TSC for these systems (ENWSB and DNWSB) is with respect to the cations. The
objective was to verify the reported resistance to both phase degradation and ordering of the O

sublattice in the ENWSB system and demonstrate the effect of the Dy*" cations.

The 12 mol% TSC of ENWSB showed minor phase separation which was observed through
anisotropic peak broadening (Fig. 7.3(a)). However, the 18 and 24 mol% compositions exhibited
the resistance to phase separation expected from the ENWSB system after prolonged annealing.
The DTA curve of the 18 mol% ENWSB system exhibited an endothermic peak, characteristic of
the order-disorder transition (Fig. 7.3(b)). At 24 mol% the endothermic peak in the DTA curve
was not observed as expected for compositions with more than 20 mol% TSC in the ENWSB

system as reported by Ref. [28].
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Figure 7.3. (a) PXRD data of the pellets of the ENWSB system before and after annealing at 500 °C for 100 h
showing phase stability across the composition range explored. (b) DTA curves showing how the 12E4.75N2.25WSB
exhibit an endothermic displacement characteristic of the order-disorder transition yet the 16E6N4WSB does not.
Plots are stacked for clarity.

In contrast, DNWSB showed significant anisotropic peak broadening and peak splitting indicative
of phase separation after annealing in conditions virtually identical to those of ENWSB throughout
the 12-24 mol% range of TSC (Fig. 7.4(a)). The 12 mol% composition decomposed into a mixture
of the o-phase (Fm-3m) and y-phase (/23) and cation-ordered C-type like phase (/213) while the
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18 mol% composition decomposed into a mixture of d-phase and the cation-ordered C-type like
phase. These results further highlight the influence of the identity of the substituent on phase
stability compared to the number of substituents used, emphasising that it is not only the number
of constituents that are important, but their identities too. As observed in the DWSB [30] and
EWSB [28] systems, the bigger Dy>" (0.912 A) cation seems to offer less resistance to phase
separation than the smaller Er** (0.89 A) cation after prolonged annealing. Jiang and Wachsman
[43] made similar observations when they compared the phase stabilities of different solid

solutions of B1»oO3 made from rare earths.

Interestingly, the DTA curve of 24 mol% DNWSB did not exhibit any endothermic peaks, nor the
endothermic peaks ascribed to the order-disorder transition despite evidence of anisotropic peak
broadening characteristic of a mixture of phases [31]. This means that either the DTA was not
sensitive enough to subtle changes and/or this composition does not exhibit any DTA detectable
phase changes in the temperature range probed and the d-phase showed no observable ordering of

the local structure.
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Figure 7.4. (a) PXRD data of the pellets of the DNWSB system before and after annealing at 500 °C for 100 h
showing phase separation across the composition range explored. Plots are stacked for clarity. (b) DTA curves
showing how the 12D4.75N2.25WSB exhibit an endothermic displacement characteristic of the order-disorder
transition yet the 16D6N4WSB does not. No extra displacements were observed despite a mixture of phases forming
upon annealing. Plots are stacked for clarity.
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7.2.4 Phase stability in the DESB System—A Comparison with the DEWSB System
To investigate the influence of W¢" in the phase stability exhibited by DEWSB, the DESB system
was fabricated without any W, The DESB system (ratio of Dy2Os: Er,0s = 8:4) was also annealed
in air at 500 °C for 100 h. It exhibited phase degradation from the d-phase to a mixture of
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Figure 7.5. PXRD data of the pellets of the DESB system before and after annealing at 500 °C for 100 h showing
phase separation from the 6-phase to a rhombohedral phase across the composition range from 12-24 mol% TSC.
Plots are stacked for clarity.

rhombohedral (R-3m) and d-phases throughout the explored range of 12-24 mol% (Fig. 7.5). These
results highlighted the importance of the W impurity cation in stabilizing the §-phase in the
DEWSB system.

7.2.5 The DENSB System—the Role of Nb** in the Order—Disorder Transition
Yun et al. [27] reported that the addition of some transition metal cations into Bi2O3 solid solutions
substituted with some rare earths prevents the ordering of the O sublattice. Shitara et al. [28]
explored the ENWSB system to illustrate how the transition metal cations W and Nb>*
substituted into ESB eliminates the ordering phenomenon. However, using two transition metals
simultaneously made it difficult to explore the influence of each impurity cation. In this work,
DEWSB and DENSB systems were used to investigate the influence of Nb>" compared to W' on

the ordering of the local structure when substituted separately into different but analogous systems.
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The DENSB system (ratio of substituents is 8:3:1 with respect to oxides) was subjected to virtually
identical annealing conditions to those of DEWSB (ratio of substituents is 8:3:1 with respect to
oxides). For the 12 mol% TSC composition in DENSB, an unknown impurity phase was observed
after quenching the sample in air from 850 °C which remained even after annealing at 500 °C for
100 h. For the 18 and 24 mol% compositions, there was no observable phase degradation of the -
phase (Fig. 7.6(a)). However, DTA curves from both the 18 and 24 mol% TSC compositions in
the DENSB system exhibited endothermic peaks characteristic of the order-disorder transition—
albeit very subtle for the 24 mol% TSC composition (Fig. 7.6(b)). A second cycle of heating and
cooling (cycle II) exhibited no endothermic peak on the DTA signal of the 24 mol% TSC
composition (Fig. 7.6 (b)). This means that the disordered state was recovered after heating beyond
600 °C and the kinetics of ordering are slow on cooling. This behaviour is common among aged

solid solutions of Bi,03 [27].
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Figure 7.6. (a) PXRD data of the pellets of the DENSB system after annealing at 500 °C for 100 h showing phase
stability across the composition range explored. Plots are stacked for clarity. (b) shows DTA curves of 18 and 24
mol% TSC compositions exhibiting the endothermic displacement characteristic of the order-disorder transition.
This was absent after cycle Il in the 24 mol% TSC composition indicating that the process is reversible. Plots are
stacked for clarity.

These results mean that the addition of the Nb>* cation was, to a certain extent, able to suppress
the phase degradation observed in the DESB system. These results agree with those from Joshi et
al. [44] and Tung et al. [45]. However, Nb>* without W®" present could not prevent the ordering
of the local structure during annealing for the DENSB system, even at 24 mol% TSC. The DTA
results of 24 mol% TSC of the DESB system did not exhibit the characteristic endothermic peak
for the order-disorder transition (Fig. S7.3). This suggests that without W®", the Nb>" cation might

actually be promoting the ordering of the local structure to a small extent.
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7.2.6 Electrochemical Impedance Spectroscopy
To check ageing on the systems for compositions that did not exhibit any phase degradation after
300 h of annealing (see section 7.2.2 and Fig. S7.2), VT-EIS was conducted as described in section
7.2.4. The compositions 16E6D2WSB and 16E6N4WSB were probed since they were the most
stable after 300 h of annealing. The sample with composition 12E4.5SN3WSB was used as a

reference of a composition that exhibited only local structure ordering and no phase transitions.

The 16E6N4WSB composition did not exhibit any observable ageing in the EIS results (Fig. 7.7).
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Figure 7.7. (a) Relative conductivity and (b) log of the conductivity at 500 °C showing ageing for the
12E4.75N2.5WSB, and 16E6DWSB compositions and resistance to ageing for 16E6N4WSB composition for up to
100 h.

The 16E6D2WSB and 12E4.5N3WSB showed ~50 and 80% decrease in relative conductivity
after 100 h of isothermal annealing at 500 °C, respectively (Fig. 7.7(a)). No changes in the PXRD
patterns were detected after the EIS data were collected. No discolouration of the electrolyte-
electrode interface was observed to suggest reaction between electrodes and electrolyte. No
additional semi-circle was detected in the EIS results (Fig. S7.4) to suggest changes at the grain
boundary resistance. This suggests that the ageing could be primarily and predominantly as a result
of changes in the local structure of these compositions as widely reported [23-26]. Interestingly,
after 100 h of isothermal annealing, the conductivity of 12E4.5N3WSB was similar to that of
16E6N4WSB (Fig. 7.7 (b)).
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7.2.7 Photoluminescence Spectroscopy
Photoluminescence (PL) of the lanthanides has been used extensively to probe the local
environment around these elements in crystalline materials and glasses [46-50]. It has been
reported that PL from the lanthanides is predominantly as a result of the Laporte forbidden intra
4N-4/ dipole transitions [51, 52]. The selection rules for the intra 4/N-4/" dipole transitions are
described by the Judd-Ofelt theorem [53, 54]. When the lanthanide ion is in a strictly
centrosymmetric environment, the intra 4/N-4/" electric dipole transitions are parity forbidden
unless the centrosymmetry is broken by vibrations. In this case, broad PL peaks of low intensity
are barely observed if at all. For an ideal crystalline material of 6-phase (space group Fm-3m)
Bi,0;, Bi*" occupies the 4a site which has octahedral (On) site symmetry, ie., it is a
centrosymmetric site. When Er is substituted in this Bi,Os system, it is expected to replace Bi** in
the 4a site. Therefore, PL signals for the Er** cations should, at most, be weak and broad. However,
as evident in Fig. 7.8, the Er** cations exhibit a very strong, sharp PL signal in the compositions

probed.

This suggests that not all the Er*" cations are substituting for the Bi** cations at exactly the 4a site.
This supports the total scattering measurements reported previously [55]. It can be observed that
after quenching the material from 850 °C, the PL signal is more intense compared to that of the
same material which was subsequently annealed isothermally at a lower temperature (500 °C) and
then also quenched. This suggests that quenching from the higher temperature leaves more Er**
cations in a non-centrosymmetric environment compared to those in the same sample, but

isothermally annealed at 500 °C for 50 hrs and also quenched. Upon further isothermal annealing,
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even for a material that exhibited ageing beyond the 50-hour mark in EIS (Fig. 7.7), the PL signal
does not change significantly (Fig. 7.8).
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Figure 7.8. PL spectra of (a) 12E4.5N3WSB, and (b) 16E6D2WSB measured at ambient temperature after
quenching from 850 °C, and after annealing at 500 °C for 50 and 100 h. The peak with an asterisk (*) at ~ 782 nm
represents an instrument contribution.

Most importantly, isothermal annealing at 500 °C and ageing do not seem to move the Er** cations
to centrosymmetric environments. The consequence of this observation is that it brings into
question the validity of the model that suggests that upon ageing, in a simple cubic system formed
by the oxide ions and vacancies around the metal cations, the vacancies order along the <111>
direction in the stabilized 6-phases [23]. This is the first evidence from PL to suggest that, at least
around some of the Er dopants, the environment remains non-centrosymmetric after isothermal
annealing at 500 °C in the range 50-100 h for both an aged sample and a sample that did not exhibit
ageing (Fig. S7.5).

7.2.8 X-ray Absorption Fine Structure
To further study the effects of ageing on the local structure of the materials that exhibited ageing,
XAFS was used to probe the local environment around some of the metal cations in samples where
PL and VT-EIS were done. This technique shows incredible element specificity and can be very
sensitive to the local structural changes around a specific cation. In this study, XAFS
measurements were conducted around the Bi and Er Ls-edges as described in section 7.2.6 and
provide local structural insights into the ageing process. The k’-weighted EXAFS spectra and the
magnitude of their Fourier transforms for both Bi- and Er-L3 edges show no major differences
between samples annealed for 100 h at 500 °C (henceforth, referred to as annealed) and those
quenched from 850 °C, henceforth, referred to as sintered (Fig. 7.9 and Fig. S7.6). This was

observed across all the compositions that were tested for ageing using EIS and PL.
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Figure 7.9. (a) k?-weighted Bi Li;-edge EXAFS spectra and (b) the magnitude of their Fourier transforms without
phase correction before and after annealing at 500 °C for 100 h for the 12E4.5N3WSB, 16E6N4WSB and
16E6D2WSB compositions. Plots are stacked for clarity.

The first peaks at around 1.61 and 1.86 A in the magnitude of the Fourier transforms of the k°-
weighted EXAFS spectra without phase corrections for the Bi (Fig. 7.9 (b)) and Er Ls-edges (Fig.
S7.6), respectively, are mainly attributed to the backscattering from the nearest neighbours of the
absorber (i.e., oxide ions). Changes in the coordination number and/or order of the oxygen
sublattice around the absorber is normally reflected by an increase or decrease in the amplitude of
this peak [56, 57]. Changes in bond length are normally reflected by a shift in peak position for a
given sample [56]. However, no significant peak shifts or changes in the amplitude of the first
peaks in the Fourier transforms of the k’-weighted EXAFS spectra were observed in all the
annealed samples compared to the as sintered samples for a given edge and composition (Fig. 7.9

and Fig. S7.6).

A combination of different models were used to fit the first peaks in the EXAFS data for both the
Bi and Er Ls-edges in all the compositions to ascertain the extent of ordering in the local structure.
For the Bi Ls-edge, the model where all 6 oxygens around the Bi** cation (8-polymorph, Fm-3m)
have the same bond length did not fit the data well (Fig. S7.7). However, the model adapted from
both the P21/c (monoclinic a-polymorph) and Fm-3m models where an average of ~3.12 oxygens
with average bond length of ~2.09 A and 2 oxygens with average bond length of ~2.58 A,

respectively, fitted the data well across all compositions as shown in Fig. 7.10 and Fig. S7.8. This
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agrees with the observation made by Battle ef al. [58] that the Bi cations have an asymmetric

bonding environment and upon doping the Bi cations can be displaced away from the 4a site.

For the Er Li-edge the model (path from 8b site of /a-3) where all oxygens around the Er** cation
have the same bond length fitted the first peak well (Fig. S7.9 and S7.10), giving an average Er—
O bond length of ~ 2.31 A and coordination number ranging between 5.24 and 5.92 for all samples
fitted (Table S7.4). These values agree well with those obtained by Mignotte [5S9] where Er rich
domains suspected to be those of Er.O3 were reported. No significant changes in the bond lengths
or coordination numbers were observed between as sintered and aged samples. This intimated that
the ageing process does not involve a significant change in the average bond length or coordination
number around the probed absorbers for these sample compositions. These observations do not
explain the significant decrease in conductivity and the observed endothermic peak in DTA

characteristic of the order-disorder transition in aged samples.
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Figure 7.10. A fit to the magnitude of the Fourier transform and its real component of Bi L;-edge k?-weighted
EXAFS spectra: (a) before and (b) after annealing at 500 °C for 100 h of the 16E6D2WSB composition. (¢) A fit to
the k?-weighted Bi Ls;-edge EXAFS spectrum (fitting range was from 3.000 to ~12.500 A™"). Backscattering paths
from both Fm-3m and P2;/c models were used for the fitting. Plots are stacked for clarity.

Fitting the peaks that are predominantly emanating from the backscattering from the next nearest
neighbours (NNNs) is always a challenge in EXAFS. This is because in addition to the high

correlation between parameters and contributions from multiple scattering, thermal displacement
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and static disorder effects are dominant in this region. As a result, the data is reduced to the noise
level. Therefore, the accuracy of the results in this region is low. Nevertheless, different models

were used to fit the data to obtain obvious trends in the cation sublattice of Bi and Er absorbers.

In the Fm-3m space group type, the metals in the 4a (0 0 0) site should be surrounded by 12 NNNs
with a degeneracy of 12. However, in the Bi Ls-edge, this model failed to produce a reasonable fit
in any of the modelled compositions. This was also observed by Battle et al. [58] and Gambino et
al. [60] from EXAFS data of stabilized 6-phases. When a combination of the Fm-3m and P2i/c
models was used [55, 61], the fit improved significantly (Fig. 7.10). In all explored systems and
for the Bi Ls-edge, there were three different types of Bi-NNN(M) distances (where M = metal).
In the 16E6D2WSB composition for instance, the first NNN distance was for Bi—Er observed at
~3.61 A with a degeneracy of about 2. The second and third Bi—Bi distances were found at ~3.78
and ~3.91 A with degeneracies of 6 and 4, respectively. This trend was observed in all explored

systems and the results are summarized in Table 7.1.
Table 7.1. Summary of the fitted parameters from EXAFS for the 12E4.5N3WSB, 16E6N4WSB and 16E6D2WSB

compositions at the Bi Li-edge. N is coordination number, R is bond length, 6? is mean-square displacement of R.
Backscattering paths from both Fm-3m and P2,;/c models were used for the fitting.

Sample 12E4.5N3WSB 12E4.5N3WSB 16E6N4WSB 16E6N4WSB 16E6D2WSB 16E6D2WSB
As sintered Annealed As sintered Annealed As sintered Annealed

Bi—O N 1.56 + 0.04 1.64 +0.07 1.5240.1 1.63 +0.03 1.56 + 0.04 1.59 + 0.04

R(A) 2.08+0.01 2.08 + 0.009 2.08 + 0.006 2.08 £ 0.005 2.08+ 0.007 2.08 + 0.006

6*(A%)  0.0034 £ 0.0006 0.0034 £ 0.0006 0.0025 £+ 0.0003 0.0031 £ 0.0003 0.0026 £ 0.0003 0.0022 £ 0.0003
Bi—O N 1.56 £ 0.04 1.64 + 0.07 1.524+0.1 1.63+£0.03 1.56 £ 0.04 1.59 £ 0.04

R(A) 2.12+0.1 2.12+0.1 2.09+0.1 2.09+0.1 2.09+0.1 2.09+£0.1

c*(A?  0.019 £0.006 0.0192 + 0.006 0.0830 + 0.04 0.0828 £ 0.04 0.0600 £ 0.02 0.0828 £+ 0.04
Bi—O N 2.00 2.00 2.00 2.00 2.00 2.00

R(A) 2.55+0.02 2.55+0.02 2.59+0.02 2591001 2.60 £+ 0.02 2.59£0.02

6*(A%)  0.013 £0.004 0.013 £ 0.003 0.011 + 0.002 0.012 + 0.002 0.012 + 0.002 0.011 £ 0.002
Bi—Bi N 6.00 6.00 6.00 6.00 6.00 6.00

R(A) 3.68 £ 0.05 3.70 £ 0.08 3.73+0.04 3.71 £ 0.02 3.78£0.2 3.78£0.2

c*(A%)  0.021 4 0.005 0.020 £ 0.01 0.015 + 0.005 0.017 + 0.004 0.029 + 0.02 0.029 + 0.03
Bi—Bi N 4.00 4.00 4.00 4.00 4.00 4.00

R(A) 3.87 £ 0.04 3.88 £ 0.09 3.9140.03 3.89 +0.02 3.91 391+0.1

oA 0.018 £ 0.004 0.017 £ 0.008 0.013 + 0.003 0.015 +£0.004 0.021 £ 0.01 0.022 + 0.01
Bi—Er N 2.00 2.00 2.00 2.00 2.00 2.00

R(A) 3.56+£0.03 3.56+£0.08 3.58+0.04 3.58+0.04 3.61 £ 0.09 3.61 £0.05

oA 0.015+0.004 0.0178 + 0.01 0.0125 + 0.005 0.0119 £ 0.003 0.0164 £ 0.007 0.0162 £ 0.007
Bi—O N 24.00 24.00 24.00 24.00 24.00 24.00

R(A) 4.20+0.03 424+0.14 4.23+0.04 4.23+0.04 4.29+0.08 4.29 +0.06

o*(A%)  0.040 £ 0.007 0.045 £ 0.02 0.035 + 0.007 0.015 + 0.004 0.040 + 0.01 0.040 £ 0.01

233




The 12 degenerate NNN distances from the Fm-3m model also failed to fit the magnitude of the
Fourier transform data in the Er-L3 edge in all systems. Battle et al. [61] had indicated that Er has
a tendency to keep a similar environment in the substituted systems to that in the pure Er,O3 (space
group /a-3). Comparing the magnitude of the Fourier transform of the EXAFS data of Er2O; to
those from the substituted systems revealed some similarities between the Er,Os and the
substituted systems (Figs. 7.11 and S7.11). This suggested the possible aggregation of Er ions into
Er203-like domains. The magnitude of the Fourier transforms of the EXAFS data from the
substituted systems also show similar behaviour and features on the intensity of the NNN peaks to
the data obtained from nanoparticles of Lu>O3 (space group /a-3) when compared to the bulk as
observed by Ref. [62]. Thus the decrease in the amplitudes of the peaks attributed predominantly
to the backscattering from NNNs in the magnitude of the Fourier transform of the EXAFS data
could be attributed to disorder in the metal sublattice due to doping and/or the formation of Er>Os-
like nanodomains in the substituted systems rather than a complete phase separation. The
formation of nanodomains is a common occurrence for rare earth (RE) cations in fluorite structures

[63-65].
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Figure 7.11. The magnitude of the Fourier transforms of the k?-weighted Er L;-edge EXAFS data for the Er,O; and
16E6D2WSB compositions. The plots are stacked for clarity.

A model incorporating the Er in both /a-3 and Fm-3m phases was used to fit the EXAFS data. The
fits improved significantly across all systems (Fig. S7.9 and S7.10) and the data is summarized in
Table S7.4. The results provide evidence of clustering of Er cations in all the explored systems.
The M-M distances obtained are slightly different from those in the /a-3 model but consistent with
those reported by Refs. [64, 65] for similar systems where clustering was observed, hinting at some
distortions caused by the presence of Bi cations and reorientation of oxide ion vacancies. Since

there were no significant changes between the EXAFS of aged and as-sintered material, consistent
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with the PL results, the nanodomains were not growing in size to form a separate phase with
ageing. This is also consistent with the results from Bragg data since no discernible Er,0O3 (/a-3)

phases were detected after ageing in the Bragg data.

The second derivative of XANES data of some lanthanides have been used to study the local
geometry of the cations in substituted crystalline and amorphous systems [66-68]. The most
intense peak (the white line) results predominantly from the dipole transition from the core 2p3.
to the empty 5d states in the Er-Ls edge. The degeneracy and density of the 5d states depends on
the site symmetry of the Er cations in the host material. Therefore, the white line can be used to
deduce the possible site symmetry of the cations. However, the white line needs high resolution to
resolve contributions from non-degenerate compact electronic states, and the second derivative of

the white line is normally preferred.

The EXAFS results indicated clustering and a tendency for some of the Er to maintain a similar
environment to that found in Er>O3 in all the systems explored using XAFS in this work. In Fig.
S7.12 there is a strong character of the Er>Os in the XAFS spectra. The strong Er,O3 character is
also evident on the second derivatives of the white lines of the substituted systems in both annealed
and as sintered material (Fig. 7.12). There is a quasi-doublet in the second derivative data from the
as sintered samples for the ENWSB system (Figs. 7.12(a) and 7.12 (b)) and a singlet in the second
derivative data from the as sintered sample for the DEWSB system (Fig. 7.12 (¢)) in addition to
the doublet from the Er,Os like character. This suggests that there are at least three different

electronic transitions from the Er absorbers.
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Figure 7.12. Second derivative spectra of commercial Er,Os, as sintered and annealed (a) 12E4.5N3WSB (b)
16E6N4WSB and (¢) 16E6D2WSB. Some plots are stacked for clarity.
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In Er2O3 (SG Ia-3), the Er occupies two crystallographically independent sites, viz: 85 (0.25, 0.25,
0.25) and 24d (x, 0, 0.25) in the ratio 1:3 which give an overall doublet in the second derivative
data. In the substituted systems, there are distorted versions of these sites as evident from the Er—
O bond lengths and M-—M distances obtained from EXAFS (see Table S7.4). However, the
complexity of the Bi rich domains makes it hard to ascertain the additional sites of the Er cation

in this phase.

Comparison of the second derivatives of aged and as sintered material show that when a material
has undergone ageing, the electronic structure of the Er changes, suggesting a change in the electric
field around it due to a change in site geometry (see Figs. 7.12(a) and 7.12 (c¢)). This affects the
splitting of the empty 5d orbitals. In the 12E4.5N3WSB composition, there is a narrowing of the
gap between the quasi-doublet peaks, and a decrease in intensity of these minima after ageing (see
Fig. 7.12(a)). The second derivative spectrum of the aged material exhibits an increased Er>Os-
like character, suggesting that the domains are becoming more Er,Os-like. In the 16E6D2WSB
composition, the singlet splits into a quasi-doublet upon ageing, showing a strong contribution

from Er20s-like nanodomains (Fig. 7.12 (b)).

The major changes in the second derivative are in the features that are attributed to the Er located
in the Bi rich domains. This can be ascribed to the fact that in Er>Os, the vacancies are already
ordered, so no major changes are expected during the ageing phenomenon, but Er cations from Bi
rich domains are assuming the Er,Os-like environments upon ageing. The increase in Er;Os-like
character around the Er in the aged material can be correlated with the decrease in conductivity
observed in the 12E4.5N3WSB and 16E6D2WSB samples (see Fig. 7.7). In the 16E6N4WSB
composition, no significant ageing was observed in the EIS, PL and DTA results and there were
no changes observed in the second derivative of the white line and the EXAFS data (see Fig.
7.12(b)). This reinforces the idea that factors inducing the changes in the second derivatives of

12E4.5N3WSB and 16E6D2WSB are caused by the ageing phenomenon.

7.2.9 Total scattering Analysis
Total scattering data comprise Bragg and diffuse scattering components. The diffuse scattering
data emanates from the short-range ion-ion correlations and appear as broad undulations in the
reduced total scattering structure function F(Q). The Fourier transform of F(Q) can give the

differential pair correlation function D(r). D(r) is a weighted sum of the individual ion-ion pair
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correlation functions dij(r). These are related to gij() as explained by Keen [35, 36] and the
RMCProfile code calculates the individual gjj(r) functions which provide insights into the short-
range order in the different sublattices. Only results from the annealed materials are considered
here since there were no notable differences between the annealed and as-sintered material from
the D(r) functions. Fitting of G(r) which is related to D(r) [35, 36] using small-box modelling
revealed the inadequacy of the average structure in describing the local structure in these materials,
as discussed at length by Ref. [55], therefore big-box modelling was used. The fitted F(Q), D(r)
and some of the gj(r) functions from the 16E6D2WSB system are plotted in Figs. 7.13 and 7.14.
These results are complementary to the EXAFS results and only results from one composition will
be shown. The gjj(r) functions for the ions with mol% > 10 were plotted. The fit for the Bragg data

is shown in Figure S7.13.
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Figure 7.13. (a) Big-box fits of the reduced total scattering function and (b) the differential pair correlation
function of the 16E6D2WSB composition.

The Bi—Bi modal distance was found at ~3.78 A, with a shoulder appearing at ~4.09 A and the
Bi—Bi coordination number of ~10.22 was obtained by integrating ggigi(7) up to the first minimum.
A summary of the results is provided in Table S7.6 These values are comparable to those obtained
from EXAFS in Table 7.1. The Bi-Bi distances and the shape of the first M—M peak as plotted for
D(r) (Fig. 7.13 (b)) provide evidence that most of the Bi cations are displaced from the 4a site in
the F'm-3m and are consistent with the distribution of the metal cations in a distorted P21/c model

of the pure a-Bi2Os at local level.

The modal Bi—O distance is ~2.15 A and the coordination number was ~4.86. These values are
comparable to those obtained from neutron diffraction by Refs [72, 73]. The results also show that
the gpio(7) in this substituted system is similar to those of the ordered a-Bi>O3 (SG P21/c) and -
Bi120;3 (SG P-42c) polymorphs (Fig. S7.14). This was also observed by Mohn et al. [69], Norberg

237




et al. [70] and Hull et al. [71] from both theoretical calculations and RMC modelling results. The
average Bi~O distance obtained from the RMC modelling in this work was ~2.35 A which is
similar to the weighted average Bi-O distance of ~2.33 A obtained from the Bragg data of

6] (a — erEr 6 5} oo
3 Er-O
i: 41 f.; 41 — Bi-O
- = 3
X =
52/ 52
11 A L -
0 r T r r 0 T r T r r
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Figure 7.14. lon-ion pair correlation functions for selected (a) M—M pairs and (b) M—O and O-O pairs of the
annealed 16E6D2WSB composition.

16E6D2WSB. These results are comparable to those reported by Ref. [71] for pure 6-Bi2O3. The
weighted average Bi—O distances significantly differ from the modal Bi—O distances as a

consequence of the differences between local and average structure.

For the Er—Er pair, the M—M distances were observed at ~3.66 and ~4.00 A (Fig. 7.15). These
Er—FEr distances are comparable to those obtained by Refs. [64, 65, 74] and from EXAFS in this
work (see Table S7.4). The coordination number was ~3.02 which is comparable to the ~3
observed from EXAFS (see Table S7.4). However, this coordination number is too high for a
statistically distributed substituent with 16 mol% nominal Er concentration in a fluorite structure.

This provides further evidence of clustering of the Er cations observed from the XAFS results.

Figure 7.15. Representation of the distorted 8b and 24d-like environments around Er** cations in the 16E6D2WSB
compositions obtained from both EXAFS and RMC modelling. The distances between the Er** cations were obtained
from RMC and comparable to those obtained by Refs. [64, 65, 74]. The small solid cubes represent oxide ion vacancies.
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The modal Er-O distance was ~2.13 A. This is shorter than the shortest Er—O distance in pure
Er0; and points to distortions of the Er—O bonds in the substituted system. This has been observed
for other rare earth (RE) and RE-like cations such as Yb*>" and Y** in Bi,Os substituted systems
from neutron diffraction data [72, 73]. The average Er—O distance and coordination number
obtained from RMC modelling was ~2.31 A and 6.25 respectively. These values are comparable
to the average Er—O distance and coordination number of ~2.32 A and 5.92 observed from EXAFS

in this work.

7.3 Conclusions
In this work the contribution to phase and local structural stability by Dy, Er, W and Nb in
stabilized Bi2O3 have been systematically investigated. It was found that the combination of Er
and W in the DEWSB system improves phase stability, but that Dy is more detrimental to phase
stability when annealing at 500 °C for over 300 h in this system. Nb was found to promote the
disorder-order phenomenon in DENSB but suppresses the transformation of the d-phase to
rhombohedral phase upon annealing at ~500 °C for over 100 h. A 24 mol% TSC was found to
stabilize the local structure and prevent the ageing phenomenon in the ENWSB system compared

to 18 mol% TSC with respect to the cations TSC.

PL, EXAFS and total scattering data revealed that some of the Er cations are not replacing Bi**

cations at the 4a sites as expected for an ideally stabilized 6-phase with the defect fluorite average
structure. Both EXAFS and total scattering data revealed that most of the Bi** cations were
displaced away from the ideal 4a sites and a clustering of Er cations were also observed in the
ENWSB and DEWSB systems. These were all observed in the local structure, indicating that Er
cations assumed a local environment similar to that in its parent oxide (Er.O3) within Bi,O3, more
representative of nano-domains rather than complete phase separation. In the aged materials, the
resemblance of the Er local structure to that of the parent oxide was more pronounced. This partly
explain why the conductivity decreases with ageing since Er2Os has an ordered oxygen sublattice

and is a poor ionic conductor, so oxide ions will be partly blocked in the regions resembling Er2Os.
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Figure S7.1. Rietveld refinement of the 8D4WSB composition at ambient temperature after annealing for 100
hours at 500 °C.

Table S7.1. Crystallographic data and Rietveld refinement parameters for the 8D4WSB composition at ambient
temperatures after annealing for 100 hours at 500 °C. Ry, (%) = 10.07

Phases d-phase 7B1,03-2WO0; 7Bi,03-WOs
Weight % 36(1) 49(1) 15(1)
Space group Fm-3m 14, 14/m
al/A 5.5379(3) 12.3169(5) 8.675(1)
c/A - 11.1654(7) 16.870(4)
Cell volume /A3 169.84(3) 1693.9(1) 1269.6(6)
Crystal density /g.cm™ 8.839(1) 9.1306(9) 9.139(4)
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Figure S7.2. PXRD data of the DEWSB and ENWSB systems after annealing at 500 °C for 300 hours showing
phase separation in 16D6E2WSB (mixture of the 6- and rhombohedral phases) but none in 16E6D2WSB and
16E6N4WSB. Plots are stacked for clarity.
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Figure S7.3. DTA curves showing how the 16D8ESB system exhibits no observable endothermic displacement
characteristic of the order-disorder transition.
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Figure S7.4. Complex impedance plots for data measured in situ at 500 °C for the 16E6D2WSB composition
after ~1.5 and 100.5 hours of annealing. Solid lines represent the fit from the given equivalent circuit model.

Table S7.2. EIS data for the 16E6D2WSB composition from ~1.5-100.5 hours obtained after modelling the data
using an equivalent circuit. The meaning of the parameters used were described in Refs. [1, 2]. R2 represent the bulk
resistance and was used to calculate the conductivities.

Time (h) R1(Q) Q2(F.s @) a R2(Q) Q3(F.s - 1) a3 R3(Q)
1.5 17.7 80.48 x 10 0.575 84.63 125 x 10°® 0.524 3507
3 17.7 70x10°® 0.540 84.36 143 x 10°® 0.503 4737
4.5 17.7 70x10°® 0.550 85.41 143 x 10°® 0.503 4737
6 17.7 40 x 10°® 0.550 84.12 143 x 10°® 0.501 4629
7.5 17.7 40 x 10°® 0.550 84.12 143 x 10°® 0.501 4629
9 17.7 40 x 10°® 0.550 84.12 143 x 10°® 0.501 4629
10.5 17.7 40 x 10°® 0.550  85.42 141 x 10°® 0.502 4417
12 17.7 95x10°® 0.550  85.95 141 x 10°® 0.502 4377
13.5 17.7 40 x 10°® 0.550 87.6 141 x 10°® 0.501 4381
15 17.7 40 x 10°® 0.550 87.6 141 x 10°® 0.501 4381
16.5 17.7 40 x 10°® 0.550 87.6 141 x 10°® 0.501 4381
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70.5 17.7 30x 10°® 0.57 112 140 x 10°® 0.493 3673

72 17.7 30x 108 0.57 113.3 141 x 10 0.492 3600
73.5 17.7 30x 108 0.57 113.3 141 x 10 0.492 3600
75 17.7 30x 108 0.57 117.9 139 x 10 0.492 3528
76.5 17.7 30x 108 0.57 119.7 139 x 10 0.492 3540
78 17.7 30x10% 0.57 123 139 x 10°® 0.490 3598
79.5 17.7 30x10% 0.57 123 139 x 10°® 0.490 3598
81 17.7 30x 108 0.57 124.7 142 x 10°® 0.487 3639
82.5 17.7 30x10% 0.57 127.7 139 x 10°® 0.489 3595
84 17.7 30x 108 0.57 134.4 138 x 10 0.487 3699
85.5 17.7 30x10% 0.57 134.4 138 x 10 0.487 3699
87 17.7 30x 108 0.57 134.4 138 x 10 0.487 3699
88.5 17.7 30x10°% 0.57 134.4 138 x 10 0.487 3699
90 17.7 30x10% 0.57 140.4 138 x 10 0.486 3577
91.5 17.7 30x10% 0.57 140.4 138 x 10 0.486 3577
93 17.7 30x10°% 0.57 144.3 138 x 10 0.485 3543
94.5 17.7 30x10°% 0.600 148.1 138 x 10 0.484 3595
96 17.7 30x10°% 0.600 151.2 137 x 10 0.484 3542
97.5 17.7 30x10°% 0.600 150.6 139 x 10° 0.482 3546
99 17.7 30x10°% 0.600 155.9 138 x 10 0.481 3643
100.5 17.7 30x10°% 0.600 158.1 138 x 10 0.481 3647
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Figure S7.5. PL spectra of 16E6N4WSB measured at ambient temperature after quenching from 850 °C, annealing
at 500 °C for 50 and 100 hours. The peak with an asterisk (*) at ~ 782 nm represent an instrument contribution.
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Figure S7.6. (a) k2-weighted Er L;-edge EXAFS spectra and (b) the magnitude of their Fourier transforms before
and after annealing at 500 °C for 100 hours for the 12E4.75N2.5WSB, 16E6N4WSB and 16E6D2WSB compositions.

Plots are stacked for clarity.
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Figure S7.7. Magnitude of the Fourier transformed EXAFS data on the Bi Li-edge of as sintered and annealed
material for the I6E6D2WSB composition. The Fm-3m model gives a poor fit on both the Bi—O and Bi—Bi peaks.
The fitting range in R-space was from 1.200 to ~6.000 A. Plots are stacked for clarity.
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The Bi—O bond length was found to be 2.104+0.04 A with a coordination number of 6 and the Bi—
Bi distance was found to be 4.0+0.1 A with a degeneracy of 12 when using only the Fm-3m model.

The fits were poor (k-factor =0.35) and these values have no physical meaning.
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Figure S7.8. (a) k°-weighted EXAFS data at the Bi L;-edge for the 16E6N4WSB and 12E4.5N3WSB compositions (fitting
range was from 3.000 to ~12.500 A-). Magnitude of the Fourier transformed EXAFS data and real component on the Bi
Ls-edge of: (b) as sintered and (c) annealed material for the 12E4.5N3WSB composition. Magnitude of the Fourier
transformed EXAFS data and real component on the Bi Ls-edge of: (d) as sintered and (e) annealed materials for the
16E6N4WSB composition. The fitting range in R-space was from 1.200 to ~6.000 A. The Fm-3m and P2,/c models were

used for fitting the data. Plots are stacked for clarity.

Table §7.3. A summary of some parameters used for the EXAFS fitting for the 12E4.5N3WSB, 16E6N4WSB and
16E6D2WSB compositions at the Bi Li-edge. So? is the amplitude reduction factor obtained from fitting Bi»O; and
fixed. Nigp is the number of independent points, P is the number of variables fitted, AE, is the difference between
threshold energy from theory and experiment, Ak is the fitting range in k-space, AR is the fitting range in real space
and the r-factor measures the closeness of the model to the experimental data.

Parameter ~ 12E4.5N3WSB 12E4.5N3WSB 16E6N4WSB 16E6N4WSB 16E6D2WSB 16E6D2WSB
As sintered Annealed As sintered Annealed As sintered Annealed

So? 0.799 0.799 0.799 0.799 0.799 0.799

k-weight 2 2 2 2 2 2

Nidp 29 29 29 31 31 29

P 16 16 16 16 16 16

AEo(eV) -8+ 6 816 -9.1£ 0.3 -8.81+0.2 712 -7.9402

Ak(A) 3.000-12.370 3.000-12.370 3.000-12.450 3.000-12.878 3.000-12.878 3.000-12.675

AR(A) 1.200-6.000 1.200-6.000 1.300-6.000 1.200-6.000 1.200-6.000 1.200-6.000

r-factor 0.019 0.028 0.019 0.015 0.013 0.014
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Figure S7.9. A fit to the magnitude of the Fourier transform and its real component of Er Ls-edge EXAFS spectra: (a)
before and (b) after annealing at 500 °C for 100 hours of the 16E6D2WSB composition. The fitting range in R-space
was from 1.300 to ~6.000 A. (c) A fit to the k?-weighted Er Li-edge EXAFS spectrum (fitting range was from 2.500 to
~10.000 A"). The Fm-3m and Ia-3 models were used for fitting the data. Plots are stacked for clarity.

Table S§7.4. Summary of the fitted parameters from EXAFS for the 12E4.5N3WSB, 16E6N4WSB and 16E6D2WSB
compositions at the Er L3-edge. Backscattering paths from both Fm-3m and la-3 models were used for fitting.

Sample 12E4.5N3WSB 12E4.5N3WSB 16E6N4WSB 16E6N4WSB 16E6D2WSB 16E6D2WSB
As sintered Annealed As sintered Annealed As sintered Annealed
Er—O N 5.84+0.36 5.73+0.46 5.24+0.38 5.51+0.31 5.53+0.16 5.92+£0.62
R(A) 2.313 £ 0.005 2.306 £ 0.006 2.319 £ 0.006 2.315 £ 0.004 2.314 £ 0.009 2.315 + 0.009
6*(A%)  0.0083 + 0.0009 0.008 £ 0.001 0.007 £ 0.001 0.0078 + 0.0008 0.009 +0.001 0.009 + 0.001
Er—Bi N 9.00 9.00 9.00 9.00 9.00 9.00
R(A) 3.73£0.03 3.79 £ 0.06 3.78 £ 0.06 3.78 £ 0.07 3.81 £0.04 3.93 £0.07
6*(A?)  0.023 £ 0.005 0.026 £ 0.001 0.04 £ 0.01 0.03 £ 0.01 0.0184 £ 0.005 0.03 £ 0.01
Er—Er N 2.00 2.00 2.00 2.00 2.00 2.00
R(A) 3.66 £+ 0.02 3.73£0.03 3.67+0.01 3.70 £ 0.02 3.68 +0.02 3.73 £ 0.02
oA 0.006 + 0.002 0.008 + 0.002 0.006 £ 0.002 0.007 £ 0.002 0.00166 £ 0.003 0.004 + 0.002
Er—Er N 1.00 1.00 1.00 1.00 1.00 1.00
R(A) 3.86 £ 0.07 4.12+£0.04 3.83+0.04 3.86+04 3.83+£0.03 3.96 £ 0.1
c*(A%)  0.01+0.01 0.006 £ 0.005 0.008 £ 0.006 0.03 + 0.08 0.003 0.01 £ 0.01
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Figure S7.10. (a) Fitted k’-weighted EXAFS data at the Er Ls;-edge for the 16E6N4WSB and 12E4.5N3WSB
compositions (fitting range was from 2.500 to ~10.000 A™"). Fitted magnitude of the Fourier transformed EXAFS data
and its real component at the Er Ls-edge of: (b) as sintered and (c) annealed material for the 12E4.5N3WSB
composition. Fitted magnitude of the Fourier transformed EXAFS data and its real component at the Er L3-edge of:
(d) as sintered and (e) annealed materials for the 16E6N4WSB composition. The fitting range in R-space was from
1.300 to ~6.000 A. Plots are stacked for clarity.

Table §7.5. A summary of some parameters used for the EXAFS fitting for the 12E4.5N3WSB, 16E6N4WSB and
16E6D2WSB compositions at the Er Li-edge. So? is the amplitude reduction factor obtained from fitting Er,O; and
fixed. Niqp is the number of independent points, P is the number of variables fitted, AE, is difference between threshold
energy from theory and experiment, Ak is the fitting range in k-space, AR is the fitting range in real space and the r-
factor measures the closeness of the model to the experimental data.

Parameter ~ 12E4.5N3WSB 12E4.5N3WSB 16E6N4WSB 16E6N4WSB 16E6D2WSB 16E6D2WSB
As sintered Annealed As sintered Annealed As sintered Annealed

So? 1.00 £ 0.07 1.00+0.07 1.00+0.07 1.00£0.07 1.00£0.07 1.0010.07

k-weight 2 2 2 2 2 2

Nidp 27 27 27 27 27 27

P 12 12 12 12 12 12

AEo(eV) 6.410.5 62107 741 0.2 7.0+ 04 7.1+0.8 7.0+02

Ak(A) 2.500-11.220 2.500-11.220 2.500-11.220 2.500-11.200 2.500-10.191 2.500-10.191

AR(A) 1.240-6.000 1.240-6.000 1.270-6.000 1.270-6.000 1.300-6.000 1.300-6.000

r-factor 0.012 0.020 0.009 0.010 0.019 0.014
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Figure S7.11. The magnitude of the Fourier transforms of the k?-weighted Er L;-edge EXAFS data for the Er,0s,
EDWSB and ENWSB systems. Plots are stacked for clarity.
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Figure S7.12. XAFS spectra at the Er Ls-edge of commercial Er,Os;, EDWSB and ENWSB systems. Plots are stacked
for clarity.
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Table S7.6. Summary of the fitted parameters for the 16E6D2WSB composition obtained from RMC modelling as
implemented in the RMCProfile code [3, 4]. Mode distance value was taken from the highest point of the first peak
of the partial PDFs(g;(r)) after fitting gaussians. The mean distance is a weighted mean calculated by using the
centroids and area of the different gaussians used for integrating the first peak.

Distance type Length (A) N Distance type  Length (A) N
Bi—Bi mode 3.78 - Bi—O mode 2.154+0.01 -
Bi-Bi mean 3.94 4+ 0.01 10.22 + 0.17 Bi—O mean 2.354+0.003 4.86 £ 0.19
Bi—Er mode 3.72 - Er—O mode 2.13 + 0.009 -
Bi—Er mean 3.89+ 0.01 2.30+0.04 Er—O mean 2.31 £ 0.007 6.24 +0.12
Er—Er mode 3.66+ 0.02 - - - -
Er—Er mean 3.83 + 0.01 3.02+0.24 - - -
] ® Observed
= RMCProfile
—— Difference
£ ]
% hd _; T T T
2 a 6 8 10

20 (°)

Figure S7.13. Bragg data of the 16E6D2WSB system after annealing at 500 °C for 100 hours fitted using RMC modelling
as implemented in the RMCProfile code [3, 4].
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Figure $7.14. Ion-ion pair correlation functions of Bi-O pairs for the a-Bi,Os, B-Bi>O3 and stabilized &-phases
obtained from Big-box modelling as implemented in the RMCProfile code [3, 4]. These pair correlation functions
show how the Bi—~O environment is similar for the three phases at less than 4 A but differ at long r-range. Plots are
stacked for clarity.
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Chapter 8: General Conclusions and Recommendations

A range of different substituted bismuth oxide systems were fabricated and characterised using
different but complementary techniques. These techniques included in-house powder X-ray
diffraction, synchrotron powder X-ray diffraction, the pair distribution function, Raman
spectroscopy, X-ray absorption spectroscopy, photoluminescence, differential thermal analysis
and electrochemical impedance spectroscopy. The structures of the systems were probed at
different length scales (long and short range) and changes in structure were correlated with the
physical property, namely, conductivity. The trends across the various systems and the structure-
property correlations established in this work have been summarized here. This work has also

raised some questions that can be probed in further studies.

8.1 The effects of W, Dy and/or Er on phase stability

This work confirmed the observations made by Nespolo et al. [1] and Watanabe and Ono [2] that
W on its own in the Bi,03-WOs3 system did not stabilize the d-phase. It was found in this work
that, a mixture of two tetragonal phases (7B1203-2WO0Os; and 7Bi,03-WO3) are the true equilibrium
phases for the Bi203-WO;3 system in the composition range 22-27 mol% of WOs;. The
7B1,03-2WO3 composition has a structure related to that of the 6-phase as discussed in Chapter 1
and was reported to have high conductivity [3]. Therefore, it is easy to erroneously determine its
structure to be that of the d-phase, especially when using in-house x-ray diffraction methods where
the superlattice reflections are not clearly visible. It was also observed in this work that the phase
fractions of the 7B1203-2WO3 and 7B1,03- WO3 phases depends on both annealing temperature and
content of WOs. High annealing temperature (> 650 °C) and high WO3 content favours the highly
conductive 7Bi203-2WOs phase. The conductivity of the mixture of the two phases in the
composition with 22 mol% WOs3 was found to be higher than that of YSZ but slightly lower than
the phase that was reported by Takahashi and Iwahara to be the pure 6-phase [4].

Addition of Dy>03 on the Bi2O3-WO3 system led to the Bi2O3-Dy203-WOs3 system, hence forth
referred to as DWSB (Dy, and W stabilised bismuth oxide). Stabilization of the 6-phase was
achieved when the Dy>O3 and WO3 contents were in the 2:1 ratio. The minimum total substituent
concentration (TSC) with respect to the oxides needed to stabilise the d-phase was found to be 15

mol% when the material was annealed for about 70 hours and slow cooled to ambient temperatures.
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However, when the material annealed for 70 hours was pelletized and annealed for 24 more hours,
the d-phase was stabilised at 12 mol% in this system. This was significant because WO3 on its own
did not stabilise the d-phase in the Bi2O3-WOj3 system and 28.5 mol% of Dy,03 was needed to
stabilise the d-phase in the Bi2O3-Dy»0s system as discussed in Chapter 1. Codoping was
confirmed to help stabilise the 6-phase at reduced total substituent concentrations compared to the
singly substituted systems. However, isothermal annealing at ~500 °C for 100 hrs resulted in phase
degradation for all compositions explored in the DWSB system as reported in Chapters 4 and 7.
The inability of WO3 to stabilise the 6-phase on its own and the phase degradation exhibited by
the DWSB system had been observed before [1, 2, 5]. This was repeated in this work to verify the
findings and use this as a basis for finding materials which exhibit the high conductivities shown
by the DWSB systems while maintaining phase stability even after isothermal annealing at ~500

°C for a prolonged period.

Er when combined with W was found by Watanabe and Sekita [6] to create a system Bi,03-Er>O3-
WO; (EWSB) that was resistant to the phase degradation exhibited by DWSB after isothermal
annealing for a prolonged period and was resistant to the ageing phenomenon. This led to the
design of the novel quaternary oxide Bi>2O3-Dy>03-Er203-WO3 (DEWSB) explored in this work
and found to possess both the high conductivity shown by DWSB and improved stability exhibited
by EWSB. The newly designed system did not show the phase degradation experienced by DWSB
after isothermal annealing at virtually identical conditions as those used in DWSB and maintained
the high conductivity exhibited by DWSB at ~700 °C. This means that the addition of Er into the
DWSB system did introduce the stability observed in EWSB and had very little impact on the

conductivity as well.

The addition of Er into DWSB also had an impact on the phase evolution observed during heating
in DEWSB where the total substituent concentration was 12 mol% (8D3E1WSB). When slow
cooled, the 8D3E1WSB composition was found to have a mixture of the B-Bi2O; like tetragonal
(B-) and d-phases at ambient temperature which transformed to the pure d-phase at high
temperature. This is in contrast to the 8D4WSB composition which was found to have a mixture
of 6-, 7B1203-:2WOs3 and 7Bi203-WOs3 phases at ambient temperatures and transformed to the d-
phase at high temperature. This highlighted the impact of adding Er and reducing the WO3 content
not only on phase stability, but also on the pathway taken to obtain the d-phase. It should be noted
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that the presence of 7Bi,03-2WOs3 and B-phase, since they have a structure similar to that of the o-
phase, it was difficult to discern them at ambient temperature. It only took the use of VT-PXRD
and Raman spectroscopy to detect and identify them (see discussion in Chapter 4). This highlighted
the need to use complementary techniques to probe the structure of the material to confirm the

actual phases present.

8.2 The Bi203-Dy203-Er:03 (DESB) system compared to DWSB and DEWSB

When comparing the two general systems, DWSB and DEWSB, the role of W in stabilising the 6-
phase during the isothermal annealing at ~500 °C for 100 hrs was not apparent, but it was clear
that the addition of Er to DWSB helped improve the stability. To investigate the effects of W on
the stability observed in the DEWSB system upon prolonged isothermal annealing, the DESB
system was created, where W was removed completely and replaced with Er while keeping the
TSC constant. The prolonged isothermal annealing was done under virtually identical conditions
to those used in the DWSB and DEWSB systems. It was observed that the DESB system suffered
from phase degradation (where the pure o-phase transformed to a mixture of the 6- and
rhombohedral phases). This highlighted the importance of WO3 in stabilising the 6-phase in the
DEWSB system when combined with Er. It can be argued that the number of impurity cations, via
the configurational entropy stabilization, plays a role in stabilising the d-phase in DEWSB than
the role played by Er and W, but EWSB was also shown to be resistant to phase degradation at
similar TSC and has the same number of impurity cations as DWSB and DESB [6].

Interestingly, the 8D4ESB composition also showed an apparent pure o-phase at ambient
temperature when slow-cooled (as was also done for the 8D4WSB and 8D3E1WSB compositions).
It was only after using VT-SXRD, VT-PDF, VT-EIS and the advanced symmetry mode-based
Rietveld refinement analysis technique that the phase present at ambient temperature was found
not to be the pure d-phase, but a distorted version of this phase with tetragonal symmetry (see
discussion in Chapter 5). This again, highlighted the need to use advanced analysis techniques to
unravel the complexities inherent in analysing structural details in phases with close symmetry

relationships.

It is also noteworthy that the initial phase/s present at ambient temperature in 8D4ESB is slightly
different to those present in 8D3E1WSB, but significantly different than those in 8D4WSB.

Consequently, the phase evolution as a function of temperature in 8D4ESB is also slightly different
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to that in 8D3EIWSB and significantly different to that in 8D4WSB (see Chapters 4 and 5).
However, the final product at high temperature in all three compositions is the pure d-phase and
consequently, the conductivities of these three compositions follow the same behaviour as the
phase evolution, i.e., different at low temperatures but very similar at high temperatures (see
Chapters 4 and 5). This highlights the correlation between conductivity and the structure of a

material, which is linked to the identity of the elements present and their concentration.

8.3 The Effects of the Dy and Nb Cations on Phase Stability and the Ageing
Phenomenon

The composition 15Er2.5Nb2.5WSB in the ENWSB system (ratio Er:Nb:W is 6:1:1) was shown
to resist phase separation and the ageing phenomenon by Shitara et al. [7]. In this work, a similar
system was created with a ratio of Er:Nb:W of 8:3:1 and the 16E6N2WSB (where the ratio is with
respect to cations) composition was shown to resist both phase separation and the ageing

phenomenon during isothermal annealing at ~500 °C for 100 hours.

An analogous, novel system DNWSB was also fabricated to observe the effects of Dy on phase
stability and/or its effect on the ageing phenomenon. The diffraction pattern of 16D6N2WSB after
isothermal annealing at ~500 °C for 100 hours showed anisotropic peak broadening, evidence of
phase degradation (see Chapter 7). This indicated that the Dy cations, when mixed with Nb and W
in the given ratio and total substituent concentration do not prevent the phase degradation as much
as Er does. This was further confirmed when the compositions 16D6E2WSB and 6D16E2WSB
(here the ratio is with respect to the metal oxides in both compositions) were isothermally annealed
at ~500 °C for 300 hours and compared. The 16D6E2WSB composition, with higher Dy content,
finally exhibited phase separation into a mixture of a rhombohedral phase and the d-phase while
the 6D16E2WSB composition, with lower Dy content, maintained the pure -phase under virtually
identical conditions. The reduced phase stability upon introducing more Dy compared to Er is not
fully understood. Whether it is purely the differences in ionic radii or the effects of the different
number of 4f electrons between Dy and Er that causes the difference in phase stability is not fully
understood and was not explored in this work. This question falls under the realm of electronic
structure calculations such as density functional theory and ab initio molecular dynamics and needs

to be probed further.
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The role of the Nb cation on both phase stability and the ageing phenomenon was not explored in
Ref. [7]. In this work, a novel system DENSB was fabricated to investigate this. It was found that
the introduction of Nb improved the phase stability on the DESB system, i.e., DENSB showed no
observable phase degradation while DESB, as discussed earlier and in Chapter 7, exhibited phase
separation after annealing for 100 hours at 500 °C. However, the 16D6E2NSB composition, after
annealing for 100 hours at 500 °C, exhibited an endothermic displacement characteristic of the
ordering of the local structure in the DTA curve. This meant that at the given concentration, Nb
was able to prevent the phase separation, but could not prevent the ordering of the local structure

in this composition.

8.4 The Effects of the Substituents on the Metal Sublattice in the o-phase

Most studies assume that the substituent cations in the stabilised pure d-phases are distributed
randomly in the 4a site in the defect fluorite structure and they focus more on the oxygen sublattice
since it is the mobile ion [8-10]. However, some studies have suggested that Er and Yb do exhibit
some ordering phenomenon at the local level, and sometimes are displaced away from the 4a site
[11, 12]. Some authors have warned about treating the metal sublattice as a rigid framework
through which the oxide ions diffuse [11] and have shown that the cations (including the host) can
be displaced away from the 4a sites and that the cation sublattice is also dynamic. In this work, X-
ray PDF, XAS and PL were used as local probes to study the metal sublattice and the oxide ion

distribution around the host cation and some of the substituents.

The X-ray PDF revealed (for the first time in Bi2O3 solid solutions) that in the DESB, DEWSB
and DENSB systems (Chapter 6), the Bi cations are displaced slightly from the 4a site and
resemble the local arrangements of Bi cations in the a-Bi,Os; phase. Both the X-ray PDF and
EXAFS indicated that the distribution of the oxygens around the Bi cations is similar to that found
in a-B1203 and B-B120; as reported by Hull ef al. [13] and Norberg ef al. [14] (see Chapters 6 and
7). The average structure of these materials is still the defect fluorite structure. It was also shown
through big-box modelling of total scattering data, EXAFS and XANES analysis that some of the
Er and Dy cations and the oxide ions around them assume a similar but distorted arrangement as
in their parent oxides (space group /a-3). It is as though the Er and Dy cations cluster in very small
droplet-like domains that extend over only about 4 — 5 A. This means that the vacancies at the

local level are slightly ordered and could be one of the reasons why upon substituting with Er
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and/or Dy the material experience a decrease in conductivity compared to the pure 8-Bi»O3 phase
at high temperatures. This needs to be probed further by using ab initio molecular dynamics and

theoretical XANES.

After the ageing phenomenon, XANES indicated that some of the environments around the Er
cations resembled more those found in its pure oxide. This means that the intrinsic oxygen
vacancies order along the <110> and <111> directions (see Chapter 7). So if domains resembling
more the arrangement of oxygens and vacancies in Er>O3 exist within the 6-phases, the oxide ions
moving through the material might be partly blocked in these regions and conductivity would
decrease significantly as observed in rare earth doped ceria [15]. It was also shown through
photoluminescence that indeed some of the Er cations in the substituted materials are not
occupying centrosymmetric sites. This was also the case for material which exhibited ageing. This
suggested that as the material ages, the Er cations maintain a non-centrosymmetric environment.
This contradicts the models used to describe ageing in solid solutions of bismuth oxide where the
vacancies are said to only order along the <111> direction where the oxygens and vacancies form
a simple cubic system arrangement around the cations. More work still needs to be done to
understand the ageing phenomenon. Neutron total scattering data of aged and as sintered materials
needs to be collected and analysed using big-box modelling that also incorporates X-ray total
scattering and EXAFS data simultaneously. High resolution transmission electron microscopy
would also help in revealing any extra superlattice reflections during the ordering of the local

structure should the ordering lead to superstructure formation.

XANES analysis of the oxygen arrangement around the W was also found not to strictly form an
octahedral coordination, it had a mixture of both octahedral and tetrahedral coordination. This
means that some of the W cations will not occupy the 4a site (strictly Oyn), and as a consequence
of this, occupancy of interstitial sites such as 48i and interstitial-like sites such as 32f was found
to increase with increase in W concentration. If the W is replacing a bigger cation that favours the
occupation of the regular 8c site for its bonded oxygens, it results in unit cell expansion. This was
noted by Refs. [9, 16] and is observed here using XANES for the first time, to the author’s
knowledge, and explains the unit cell expansion observed from Rietveld analysis in systems where

Er was replaced by either W and/or Nb (see Chapter 6).
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In this work, it was shown that each element has an effect on phase stability on the substituted
systems of bismuth oxide. Changes in both the average and local structure were shown to impact
the conductivity of the material and confirm a correlation between the structure and the physical
property of conductivity. This work has demonstrated the possibility of using rational design to
fabricate novel materials with improved stability which has the potential for use in SOFCs. The
systematic study of the contribution of each substituent to phase stability demonstrated the need
to carefully study the effects of the components that make up the material. This study also
demonstrated that the average structure on its own is not enough to describe the true structure of
the material, but the local structure is also a vital component of the puzzle and the two are not
always the same. Most importantly, complementary techniques are vital in trying to solve a
complex problem such as designing complex functional materials with the desired physical

properties.
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