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Abstract

A co-dopant bismuth oxide system with Pb?* and Y3* was developed. When Pb?* was doped as a
single dopant, a mixture of cubic and tetragonal phases was obtained, indicating that Pb?* on its
own does not stabilise 6-Bi.03. On the other hand, using 5 mol% Pb?* and 10 mol% Y3* double
dopants (5Pb10YSB, where SB represents stabilized Bi,03), we were able to stabilize a high
temperature cubic phase with a total dopant concentration as low as 15 mol%. Its total
conductivity at 500°C was 0.1185 S cm, comparable to 0.0984 S cm™ obtained from the double
doped system with 8 mol% Dy3* and 4 mol% W?®* stabilizing 6-Bi,03 (8D4WSB) and 100 times

more conductive than 10 mol% Y3* stabilized zirconia (10YSZ) at the same temperature.

Arrhenius plots of the total conductivity for the 1.5Pb25YSB (1.5 mol% Pb?* and 25 mol% Y3*
doped Bi,03) and 5Pb10YSB systems exhibited discontinuities between 500-550°C characteristic
of phase changes. Differential thermal analysis, variable temperature Raman spectroscopy and
variable temperature powder X-ray diffraction revealed that these discontinuities in conductivity
occurs in the same temperature range as the phase transitions (cubic to tetragonal phase)
observed in these materials. On the other hand, the high total dopant concentration, 1.5Pb25YSB
(i.e. 26.5 mol%) showed a single phase from ambient temperature to higher temperatures
(800°C), suggesting phase stability of material but displayed lower conductivities compared to
5Pb10YSB. This decrease in conductivity could be explained by an increase in dopant
concentration resulting with stronger association of 0% with the dopant ions (stronger bonds)

reducing mobility.
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Introduction

1.1. Fuel Cells

Fuel cells are electrochemical energy conversion devices that convert the chemical energy of
fuels, directly into usable electrical energy that can be utilised to power devices and systems. A
fuel cell single unit is subjected to a fuel oxidation reaction, normally a hydrogen reaction, and a
reduction reaction which is normally oxygen from the air. Oxidation occurs at the fuel electrode
known as the anode, and reduction occurs at the air electrode known as the cathode. While solid
oxide fuel cell (SOFC) electrolytes are being investigated as possible proton conductive materials?
oxygen ions migrate from the cathode to the anode in the 'typical' SOFC. At the cathode, oxygen

ions are formed, according to the following overall reaction:?
0, +4e~ —» 202 1.1)

The electrolyte exhibits very high electrical resistivity and ionic conductivity at the operating
temperature, so only ions can migrate to the anode. The following overall anode reaction occurs

if hydrogen is regarded as fuel:

H, + 0~ > H,0 +2e” (1.2)
The water-gas shift reaction occurs if carbon monoxide is present:

CO+ H,0 & H,+CO0, (1.3)

Since CO has no poisoning effect on the anode materials, the additional fuel for the fuel cell is
carbon monoxide. Hydrocarbons can also be reformed internally in accordance with the following

reaction:

CeHy +xH,0 > xCO + (x + %) H, (1.4)

The reaction (Egn. 1.4) typically does not occur in the anode at chemical equilibrium, so the shift

reaction (Eqn. 1.3) occurs and provides additional hydrogen. The total reaction of fuel cells is2*



1
H, + 502 - H,0 + Electrical Energy + Heat (1.5)

Carbon monoxide and hydrocarbons can be oxidized directly at the anode, but the shift reaction
(Egn. 1.3) and the reforming process (Eqn. 1.4) are much faster, depending on the catalysts.
When no current flows, the Nernst equation gives the voltage difference between the two

electrodes,

RT RT P
E=E°+ —InPy,, + == In e

1.6
AF 2F Py (1.6)

where the reversible voltage is represented by E° at standard pressure, R is the universal gas
constant, T represents the temperature, F being the Faraday constant and P representing the
partial pressure of the species. However, the value provided by the Nernst equation generally

shows a small deviation from the open circuit experimental values.?

To understand the electrochemistry taking place in the whole process, a physical description of
a typical fuel cell device is required (Fig. 1.1). An electrolyte (non-porous material) is produced
and directly sandwiched between the porous anode and cathode electrode. The two porous
electrodes are either or both electronically and ionically conducting and are in contact with the
electrolyte and constitute an external wire between the electrodes. Energy will be continuously
produced from the device as long as the fuel and oxidant supply at the respective electrodes is
constant. This makes fuel cells which are self-contained systems different and desirable

alternatives to battery technologies in this respect.?
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Fig. 1.1 The flow of electrons and oxygen anions through the outer circuit of a functional SOFC
system.®

1.2. Types of Fuel Cells

Fuel cells are classified into five main kinds. The principal distinguishing factor is the form and
nature of the electrolyte. The working temperature and the type of fuel utilised (liquid or
gaseous) are also important variations. Molten Carbonate (MCFC), Alkaline (AFC), Solid Oxide
(SOFC), Polymer Electrolyte Membrane (PEMFC) and Phosphoric Acid (PAFC) fuel cells are the
main forms. Table 1.12 summarizes the various types of fuel cells with their inherent properties

and composition of the components.



Table 1.1 Conditions, compositions and properties for five kinds of fuel cells.?

Solid Oxide | Molten Phosphoric Alkaline Fuel | Polymer
Fuel cell | Carbonate Acid Fuel Cell | Cell (AFC) Electrolyte
(SOFC) Fuel Cell | (PAFC) Fuel Cell
(MCFC) (PEFC)
Typical Solid YSZ# Molten H3PO4 KOH solution | PFS* acid
Electrolyte Li»CO3-K2CO3 membrane
Electrolyte None LiAlO; SiC Asbestos None
Support
Cathode LSM (Sr- | Li-doped NiO | PTFE**- Pt-Au PTFE-bonded
doped bonded Pt on PtonC
LaMnOs C
Anode Ni/YSZ Ni PTFE-bonded | Pt-Pd PTFE-bonded
PtonC PtonC
Interconnecting | Doped Stainless Glassy Ni Graphite
Material LaCrOs steel with Ni | carbon
Operating 1000°C 650°C 200°C 100°C 80°C
Temperature
Operating 1 atm 1-3 atm 1-8 atm 1-10 atm 1-5 atm
Pressure
Fuel (most | H,, CO H,, CO H> H2 H>
common)
Oxidant 0, 0, and CO» 0; 02 (o))
Contaminant < -10-100 | <ppmrangeS | <1-2% CO < | No CO2, CO |< 50 ppm CO
Tolerance ppm S 50 ppm S No S No S

#YSZ = Yttria stabilized zirconia

*PFS = Perfluorosulfonic

**PTFE = Polytetrafluoroethylene

1.3. Electrolytes for Intermediate Temperature-SOFCs
As with all fuel cells, SOFCs comprise two electrodes and an electrolyte. All these components

are made of ceramic materials, hence the alternative name 'ceramic fuel cell'. Both electrodes
are porous while the electrolyte needs to be gas-tight. The use of stabilized zirconia-based
materials as the electrolyte follows from experiments by Nernst in 1899. Bauer and Preis (1937)°
showed that at high temperatures (600-1000 °C) the solid solution comprising a 17:3 ratio of

zirconia:yttria produced materials with sufficient ionic conduction for SOFCs. These days the most



common SOFC is made up of an yttria-stabilized zirconia (YSZ) electrolyte, with a nickel-YSZ

cermet anode and a doped LaMnQ3s (LSM) cathode.

YSZ needs to work at a reasonably high temperature, usually greater than 700°C, in order to
achieve reasonable ionic conductivity (around 15 S/m).® In Initial design the electrolyte provided
the mechanical strength to the cell, thus it was fairly thick causing a large ohmic drop and
temperatures up to 1000 °C were required to give proper conductivity.® The Westinghouse
tubular cell used external (porous) supports but did not provide all operational requirements
either and it was more complicated to manufacture.” More recently either anode or cathode
supported cells are being used.® This allows for the reduction in the electrolyte thickness (down
to microns). This biggest benefit from this is that the cells can operate at lower temperatures
(~800 °C and lower) and still provide adequate conductivity. These kinds of SOFC are often
referred to as intermediate temperature solid oxide fuel cells (ITSOFC). The benefits of running
these cells at a lower temperature are: (i) the prospect of using stainless steel rather than costly
ceramic interconnects as the current collectors, (ii) reduced system complexity and costs, (iii)
improved chemical stability of the materials individually, (iv) reduced mismatching of single

component thermal expansions and, and (v) shorter start-up and shutdown times.®

The contemporary SOFC with thick YSZ electrolyte and LSM cathode operating lower than 800
°C, does not provide sufficient power output.®!! It is widely agreed today that to accelerate the
widespread use of SOFCs would require lower operating temperatures, around 400-800 °C. At
these low temperatures it is not only the electrolyte that has to be considered, as it has been
shown that LSM does not catalyze the oxygen reduction reaction well at those temperatures
either. Thus, research into improving the cathode material’s activity is also being investigated. 1>
14 Several review papers are more recently available on this topic, however there is less focus on
the electrolytes at the moment.>1” In this thesis, we specifically focus on advances in the

development of new electrolytes for IT-SOFCs.



1.3.1. Phases and conductivity of pure Bi,O3
At present, fluorite-type oxides, which have a face-centered cubic arrangement of cations with

anions occupying all the tetrahedral sites, are the most commonly used oxygen ion-conducting
electrolyte materials for IT-SOFCs. Certain electrolytes, such as ZrO; and CeO, require doping
with cations of lower valence to introduce oxide ion vacancies thus creating conducting pathways
for the oxygen ions. Stabilized Bi,03 inherently has oxide ion vacancies but requires doping to
stabilize the wanted phase. These defect fluorite structured materials can be used as electrolytes

for IT-SOFCs.18

Bi,O3 -based oxides electrolytes have superior conductivity at lower temperatures compared to
the doped ceria materials and are thus the focus of attention here. There are four distinct crystal
structures in the pristine Bi;Os3: The low temperature a phase is monoclinic. It transforms into
the face-centered cubic 6 phase at 729 °C, which is stable up to the melting point at 824 K. Large
thermal hysteresis occurs on cooling and it is possible to obtain the metastable tetragonal B or

body-centered cubic y form.*?

The transition to the B-phase at 650 °C or to the y-phase at 639 °C depends on the cooling
conditions. The B-phase transforms to the alpha-phase at 303 °C and the y-phase at 500 °C when
cooled, although the y-phase may persist to room temperature with slow cooling rates. The
structural data for these phases of Bi,O3 are summarized in Table 1.2. The a-monoclinic and y-
bcc phases are semiconductors while the B-tetragonal and 6-fcc forms are oxide ion conductors,

with the &-phase exhibiting the highest conductivity, making it the primary focus of our study.?°



Table 1.2 Structural data for Bi.O3 phases®

Phase 6 a Y B

Phase stability | 729-824 <729 500-639* 330-650
temperature

range (°C)

Temperature(°C) | 774 25 25 643
Structure fcc monoclinic bcc tetragonal
Space group Fm3m P2,/ c 123 P42,c
Space group | 225 14 197 114
number

a (A) 5.6595 5.8496 10.268 7.738

b (A) 8.1648

c(A) 7.5101 5.731
B(°) 112.977

* May persist to room temperature.

6-Bi>03 with a defective fluorite structure is stable between 730 and 804 °C. Oxide ions occupy
the tetrahedral sites and two of these remain unoccupied.?! The cubic structure of 5-Bi>O3 can
be stabilized at room temperature by certain dopants, such as Y3*, Pr3* and Er3*. Therefore,
certain stabilized 6-Bi,03 oxides display higher oxide conductivity than doped CeO,, and excellent
kinetics of oxygen surface exchange which facilitates migration and diffusion of oxygen at the

interface between the cathode and the electrolyte.?2?

Harwig?® systematically measured the conductivity of the B, §, y and a-phases. Typical findings
obtained during repeated heating and cooling runs are shown in Fig. 1.2. At the a—>6 transition
at 723 °C, electrical conductivity of Bi,Os3 increases by four orders of magnitude. There is a
hysteresis on cooling and a transition to the intermediate y- and B- phases is found to be 80-90
°C lower than 723 °C. The transition from the intermediate metastable phases to the stable a-

phase is not reproducible and does not take place at a finite temperature.?®
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Fig. 1.2 Conductivity as log o versus temperature for Bi,O3z.%

Electronic conduction (transference number t;,,,<0.0022’) dominates the overall conductivity of
the a-Bi,O3 phase; holes are the mobile charge carriers. The extent of electronic defects is
determined by impurities. Through the whole temperature range up to the a-> 6 transition, these
properties are found. With formation of the &-phase the concentration of oxygen vacancies
increases in the 650-729 K temperature range and contributes to an increase in ionic (oxide)
conductivity.?® The activation enthalpies as calculated from the temperature dependence of the
26

ionic conductivity are 132, 95 and 38.5 kJ/mol for the B-, y- and &-phases, respectively.

Conduction in the metastable B-and y-phases, is mainly poorly ionic.?%2’

Mobile oxide ions are the major charge carriers in 8-Bi>Os. 22 Interestingly, the &-phase
conductivity does not depend on the partial pressure of oxygen all the way down to 103 Pa.?® It
emphasizes the role of the high intrinsic disorder (and hence entropy) within 6-Bi,03 leading to
the high oxide mobility. Neutron diffraction studies at high temperatures confirmed that the
oxygen sublattice is disordered and is even described as more “liquid-like”.2® The reasons for the

high oxide ion conductivity of 8-Bi,0O3 have recently been summarized by Mairesse3: (i) In a



fluorite-type structure, one out of every four oxygen sites is empty; (ii) Bi*>* ion’s electronic
structure is distinguished by the presence of 6s? lone pair electrons, contributing to the very high
polarizability of the cation network that favors the mobility of oxide ions; (iii) Bi** ion’s ability to
tolerate highly disordered oxygen surroundings. Another benefit of electrochemical application
is the ability of Bi** to facilitate oxygen molecule dissociation. While the highest oxide ion
conductivity of the 6-Bi,O3 is known to date, its use is limited because it is only stable in the

narrow temperature range of 729-824 °C.

1.3.2. Structure of pure 6-Bi,03
The fluorite-based material, cubic bismuth oxide (6-Bi»03), has one of the highest known oxygen

conductivities, suggesting it would be a good contender as an electrolyte material in SOFCs.
Unfortunately, this phase is only stable over the limited temperature range as it melts at 825 °C3!
and transforms at 730 °C3%32 into the monoclinic phase which is an electronic conductor. Melting
is less likely to be an issue if applied in IT-SOFCs (below 650 °C) than the formation of the
monoclinic phase. Thus, the 6-Bi,0s is stabilized by doping with a range of metal ions, including
the trivalent lanthanides, in order to expand the stability range to lower temperatures.
Unfortunately, the introduction of dopants also leads to ordering of the oxygen sublattice33,
resulting in declined conductivity (Fig. 1.3). Electrolyte materials with lower conductivity,
including yttria-stabilized zirconia (YSZ) and doped ceria, also exhibit similar decays in

conductivity.34
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Fig. 1.3 Decrease in relative conductivity of 6-Bi2Os doped with different dopants (25 mol%
dopant composition). Different dopants have different decay rate. o; refers to conductivity at time

t while o, is the initial conductivity.

The ordering of the oxygen sublattice occurs when the initial randomly distributed oxygen
vacancies arrange in an ordered fashion. Using computational methods, it was demonstrated
that this reorganization leads to ordering in the <110> and <111> directions.?* In neutron-
diffraction experiments3® performed on rare-earth-doped 6-Bi,0s, identical vacancy ordering was
also observed. In order to identify the lowest energy vacancy-ordered structure of 6-Bi»0s,
comprehensive research has been carried out and <100>374°, <110> <11> or <111>* vacancy-
ordering models have also been suggested. From first-principle calculations, Dilpuneet et. al.*?

shown that <110>-<111> is the lowest energy model of either <100>, <110>, or <111>.

Another factor playing a role in the high conductivity of pure 6-Bi;03 can also partly be ascribed
to high polarizability of its lone electron pair of 6s2. Considering some of the lanthanide dopants
(such as trivalent Yb, Er, Ho, Dy) used to stabilize the 6-Bi,O3-phase, it is not surprising that a
decreased conductivity is noted since they have smaller ionic radii as well as lower polarizability

compared to the host Bi* ions.33*3 It has been shown that the relative decay rate of doped-Bi,03

10



conductivity actually has a linear dependency on both the dopant size and the polarizability,
according to experimental studies.33*3 The radii** and polarizability*® of the multiple dopants and

Bi3* are shown in Fig. 1.4.

Since there is a linear relationship between the ionic polarizability and radius, it is near impossible
to distinguish a clear causal relationship. However, based on dielectric impedance results,
Wachsman et al.** proposed that the dominant factor was polarizability. Dysprosium, which has
the largest radius and highest polarizability of all dopants, showed the lowest conductivity decay
(Fig. 1.3).33 These experiments have led to the production of electrolytes based on Bi,O3 doped
with Dy, with significantly improved performance.*® Notwithstanding this achievement, further
production of high-performance Bi,03-based electrolytes would be greatly encouraged if the
individual contributions of the ionic radius and polarizability to the decay of conductivity can be

isolated, which is impossible by experiment.

Computer simulations, however, prove optimal for such impacts to be isolated. Wachsman et
al.** demonstrated that cation polarizability appears to be the main factor in enhancing ionic
conductivity when using shell-model molecular-dynamics (MD) simulations. This allows the ionic
polarizability and ionic radius to be altered independently. 6-Bi.O3 has a defective fluorite
structure in which 25% of the oxygen sub-lattice sites are empty. The high concentration of
intrinsic defects gives this material great ionic conductivity. The 6-Bi,O3 unit cell comprise of six

anions in the eight tetrahedral positions (8c) and four cations in the fcc positions.

11
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Fig. 1.4 The ionic radii and polarizabilities of lanthanide dopants typically added to 6-Bi>Os are
considerably less than those of Bi*.°

The identity of the positioning between the two anion vacancies and the six anions has been a
controversial subject. Few different models were suggested to describe the cubic high-
temperature phase of pure §-Bi,03%7*°. While quenching Bi,03, Sillen> obtained a primitive cubic
phase, space group Pn3m. This cubic structure is associated to the structure of fluorite but has
ordered defects in the direction of the O sublattice <111> (Fig. 1.5). Each Bi3* ion has six O
neighbours organised at six cube corners; there is a lack of two O; at diagonally opposite cube

corners.

According to high-temperature X-ray powder diffraction, the analysis by Gattow and Schréder>?
into the 6- Bi»03 system revealed that the 6-phase of Bi;O3 is FCC. They dismissed the model
proposed by Sillen>® of an ordered defect O, sublattice with defects in the <111> direction and
alternatively indicated that the structure was built on the 6-CaF; structure with the Fm3m space
group, shown in Fig. 1.6. The 4a site was occupied by the cations and the 8c site was occupied by
oxygen atoms with a standard occupancy of 3/4 and a random placement of vacancies. The high
conductivity of 0% ions shown by 6-Bi»03 is consistent with a structural model in which the

statistically occupied oxide ion sites are 3/4°1>2,

12
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Fig. 1.6 The Gattow and Schréder model®?, where the blue spheres represent O, and the red spheres
represent Bi* ion.

A model where the six O; atoms are randomly dispersed along four of the <111> directions from
the normal tetrahedral sites, 8c, to the central octahedral unoccupied site, 32f, of the Fm3m
space group was also proposed by Willis>3. However, these models do not support the observed
experimental results. Studies conducted by Battle et al.>* show that oxide sublattice is a mixture
of the Gattow and Willis models (i.e. the occupancy of both 32f and 8c sites) and indicate that

vacant oxygen sites appear to be arranged around the Bi atoms in a <111> configuration, a

13



recognized component of fluorite materials deficient in anions. The fundamental structure of &-

phase>* (Fig. 1.7) contains two partly occupied oxygen sites: 32f (x,x,x) withx= 0.3 and

8¢ (Y4,%/a,/4).

D \

O 32f (x,x,x)
x~0.3
;/r-'_ _‘\1

(e

O O (0.25,0.25,0.25)

Bi (0,0,0) /

Fig. 1.7 Segment of 5-Bi,03>* unit cell displaying oxygen positions.

Doping of Bi,O3 does not always produce the 6-phase with the fcc structure. A rhombohedral
structure similar to the Bi203-SrO rhombohedral structure analysed by Sillen et al.>> or the LaOF-
rhombohedral structure®® has been established. The structure type that forms is contingent on
both the ion radius and concentration of the dopant cations. Fig. 1.8 indicates the fcc and
rhombohedral phase regions that are stable at room temperature as a function of the Ln3* ion
radius and content.>” Due to the calculation of concentration at relatively low and high Ln,0s, the
thin lines indicate the limits of accuracy. Generally, in systems doped with Ln;03, (Ln = La, Nd,
Sm, Gd), with relatively large ion radii and relatively low x in (Bi203)1x (Ln203)x results with the

formation of rhombohedral phase.
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Fig. 1.8 3-Bi»0Os formation spectrum of the fcc and rhombohedral phases in the ionic radius of
Ln3* versus composition diagram.®

Dopants with smaller cationic radii than that for Bi** which are present at comparatively high
concentrations stabilize the fcc phase of Bi20s. Verkerk et al.>>®° believed that, due to the
substituent, stabilization of the relatively loose high temperature 6-phase takes place through a
contraction of the structure. If there is a significant difference between the ionic radius of Bi3*
and the substituted ionic radius of Ln3*, a large distortion of the host lattice would result, and
only a small amount of substituent is needed to provide the energy required to stabilize the Bi,03
fcc phase. In comparison, a small difference between Bi* and Ln3*ionic radii require a significant
amount of substituent to stabilize the fcc phase, as is the case for Gd3*, for example (Fig. 1.8).

The fcc phase is unstable because the gap between the ionic radii of the ions Ln3*and Bi3* is too

large.>?

A large number of oxides based on ternary and quaternary Bi,Os were synthesized and
characterized.®%6? Instead of only one, the substitution of two different metal oxides favoured
the stabilization of the 6-phase down to room temperature at a distinctly lower oxide
concentration.®? Its cooperative effect was due to the rise in entropy. Battle et al.®> demonstrated

that the ordering of oxide ions occurs along the <111> and <110> directions in (Bi203)1x (Y203)x.
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Both neutron dispersion and X-ray diffraction studies on solid solutions of the fluorite type
(Bi203)1-x (LN203)x (Ln = Er, Yb, Y) confirmed important short-range ordering and it was clear that
this ordering increased upon increasing the Ln concentration.®® Other phases have also been
found, such as the layered structure of Bio.765 Sro.235 O1.383 displaying hexagonal symmetry in the

bismuth-rich region.

1.3.3. Process of lonic conduction

Verkerk et al.>>®0 investigated the link between the ionic radius of the dopant ion, particularly
concentrating on the lanthanide ions, Ln3*, and the smallest amount of Ln203 (called xmin) needed
to stabilize the Bi»Os fcc phase, and further, the effect on conductivity of these factors. Fig. 1.9
shows the correlation between the ionic radius and xmin. It turns out that these two factors have
contrasting effects in the way the conductivity is influenced. >° First, as the ionic radius increases,
the ionic conductivity increases (Fig. 1.10). Second, as the ionic radius increases it was seen that
Xmin also increases (Fig. 1.9), but the higher the xmin value means the oxide ion conductivity
decreases. Of the two factors, the ionic radius appears to play the lesser role and thus it is rather
sought to reduce the xmin value. Fig. 1.10 shows that stabilizing the Bi;Os fcc phase using Er,03

produced the material with the highest oxide conductivity when the lowest xmin was needed.>®
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As fully random arrangement of oxygen vacancies in a highly defective system unfortunately does
not readily occur over the entire structure, instead it only happens over short ranges. A model
suggested by Verkerk et al.®’ looking the short-range order, or order across micro-domains for
(Bi203)0.75 (Y203)0.25 is presented in Fig. 1.11. Each tetrahedron consists of three Bi** ions for this
composition and one Ln3* ion, signifying a (BisLn) tetrahedron. From the figure it is evident that
two distinct O-O distances exist and that the oxide ions are located towards the Ln3*ions. Diffuse
neutron scattering studies of oxygen done at lower temperatures (<597 °C) have clearly observed

these two O-O distances as 0.268 nm and 0.290 nm.®’
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Fig. 1.11 Schematic representation of (Bi20O3)o.7s (Ln203)o.2s ordered unit model, with a unit cell
dimension of, a = 5.529A.%

When the conductivity of solid solutions of Bi,Os, stabilized with Dy>03>°, Gd,03%!, Y,03%? or
Er,03%% was determined at about the same temperature (870 K), a knee in the Arrhenius plot was
noted. A change in the defect structure was ascribed to this anomaly. The conductivity activation
energy is determined by the Ln-O bond strength and by the energy needed for 0% ions to migrate
through the tetrahedral planes. The effect of Ln-O bond strength is more pronounced in the low-
temperature region. For the oxide ion to migrate from one (BisLn)-tetrahedron to an adjacent

empty site, the Ln-O bond must be broken, and the oxide ion must move through a tetrahedral
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plane which can consist of (Ln2Bi)-, (Bi.Ln)- or (Bi3), depending on the arrangement of the cations.
The lattice disorders around 870 K result in an increase in the Ln-O distance implying greater

mobility of the oxide ion.

At high temperatures all oxide ions are mobile and participate in the conductivity process and
there are no preferential diffusion routes. The question remains as to which factor plays the
dominant role at high temperatures, the strength of the Ln-O bond or energy required to move

oxide ions through a tetrahedral plane. Detailed calculations are necessary to answer this.®’

1.3.4. Doping with lead and yttrium
In the last three decades, the sol-gel technique has grown in popularity as a research topic. This

technique is scientifically and technologically interesting due to its reaction in the liquid phase,
room temperature, and the type of precursors that are used to create new materials. Bi;Os-based
materials with high oxygen ionic conductivity have been actively investigated for their possible
application as solid electrolytes in fuel cells over the last several decades.?® At high temperatures,
the delta face centered cubic (fcc) phase of pure Bi,Os possesses high oxide ion conduction,
although it is only stable between 730 and 825 °C (melting point). Large volume changes are
associated by phase conversion from the delta phase to the monoclinic alpha phase, which
possesses low electrical conductivity, after cooling from a high temperature. The addition of a
sufficient amount of Yttria (Y3*) or rare earth oxides to the FCC phase stabilizes it at lower

temperatures.®%7°

In our research, we developed co-doped Bi>O3 with Pb?* and Y3* (Bi203-PbO-Y,03 system). Besides
the benefits of double substitution of Bi3* (resulting in increased contribution of configuration
entropy to the free energy?®®), replacing Bi** with PbZ* creates the possibility of higher

concentrations of vacancies than in Bi,Os3, with potential benefits in electrical behaviour.

Studies conducted on Y,03; doped Bi,O3 showed that the fcc phase is stable down to room
temperature when the dopant content is between 25 and 42 mol%. Oxide migration is affected
by the presence of the large dopant content and causes an increase in the Arrhenius energy and

thus a decrease in the ionic conductivity. Battle et al.>* published on the conductivity and
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structure of Y-doped Bi»Os. Where Y,03's content was 30%, the Arrhenius energy (also known as
the activation energy which is extracted from the Arrhenius plots) increases to 0.7 eV from 0.4
eV for pure material®’. It is expected that the ionic conductivity would drop due to the high Y,03
levels, but the Y3* has no lone pair which is suggested to play a role in the high oxide conductivity
of Bi20s. On the other hand, a variety of cations depress conductivity (such as Gd, Nb, Ta, W)>’.
It is suggested that the mechanism by which oxide ion conduction occurs is independent of the
type of cations in the lattice and thus the same mechanism is expected as for 6-Bi»Os. This seems
to be true on the surface but may be more complicated when looking at the conduction pathways
which could be influenced by factors such as the strength of M-O bonds, the coordination around

the metal ion and the presence of lone pairs.

Bi3* and Pb?* are isoelectronic meaning that both possess a lone pair. With the lone pair said to
enhance the oxide conductivity, is it proposed that systems containing Pb2* would also show
improved conductivity provided the structure of the material is conducive to oxide mobility. In
general, the structures of compounds in the Bi;O03-PbO system are not very well known, but they
have been found to form the tetragonal or B-phase.”* The B-phase also has a cubic symmetry and
oxide conduction is also likely to be 3-dimensional. Not unexpectedly, the conductivity of the
Bi,03-PbO systems is comparable to that of 6-Bi»0s. In fact, the parallel between Bi,O3 and Bi-Pb-
O structures and conductivities is striking; thus, supporting the hypothesis of the link between a

lone pair on the cation and the conductivity.

In addition, Pb2* (with ionic radius 1.29 A) has very indistinguishable structural properties similar
to Bi3*, as it is also strongly polarizable because of its stereochemically active 6s? lone pair
electrons and has an ionic radius comparable to Bi** (1.17 A)3*. Studies conducted by Boivin et al.
on the Bi203-PbO system have shown that some of these solid solutions show high ionic
conductivity (9.20 X102 (Q.cm)™) at ~600 °C, but unfortunately were found to be only stable

within a narrow temperature range>.

In replacing bismuth with the subvalent Pb?*, additional oxide vacancies are introduced and if
Pb%* alone were substituted, it could give vacancy concentrations above that of pure §-Bi»0s.

Apart from the related stereochemical behaviour of the 6s2 electron pairs, Pb?* ions show several
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additional similarities to Bi**. The polarizability for the neutral atoms of Pb and Bi are very much
the same with aD = 46 and 50 a.u., respectively.”> When incorporated into oxide systems, both
ions form distorted coordination environments. Despite these obvious similarities, it is only at
elevated temperatures® that the cubic 6-phase is observed for the Bi,Os-PbO binary system.
However, it has been shown that 6-type phases can be sustained at room temperature in ternary

systems of the Bi203-MOx-PbO type (M = Ca, Y, Er and La).”>7®

1.4. Aims and Objectives

SOFCs are energy conversion systems that are gaining popularity due to their many positive
attributes. They can also be used as energy storage systems if they are designed as reversible
SOFCs, meaning that they can electrolyse the consumed fuels, preferably using renewable energy
sources. They are essentially made up of a solid ceramic electrolyte that generally conducts oxide
ions (but some proton conducting materials are also being looked at) inserted between the anode
and cathode. These cells are usually arranged in series into a fuel cell stack to supply the required

voltages.

Although SOFCs are commercially available, there are a range of aspects that can still be
improved upon. Currently the preferred solid oxide conducting electrolyte YSZ which requires
the SOFC to operate above 800 °C to ensure it is sufficiently conducting. This is due to the
thermally activated hopping mechanism of the ions through the lattice. Much research is
underway to develop electrolytes that are ionic conductors at lower temperatures (300 — 600

°C).

The reason for wanting to run SOFCs at lower temperatures is many-fold. The electrode and
electrolyte materials degrade faster at high temperatures due to high temperature oxidation,
corrosion or phase transitions. Additionally, since the electrodes and electrolytes are in good
contact with each other, chemical reactions between these components can occur or, if there is
disparity in the thermal expansion of the different materials, delamination between these
components can occur.” Also gas seals and interconnects between the cells in a fuel cell stack

have to withstand the high temperatures and are thus made from more expensive materials
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which increases the cost of the SOFCs.8° The start-up and shut down cycles for high temperature
SOFCs are also much longer. Therefore, if SOFCs are able to run efficiently at lower temperatures,

the durability can be improved while the cost is decreased.

The aim of this work is to synthesize and study various doped and co-doped bismuth oxide
materials to investigate whether the conductive 3-phase can be stabilised, and the thermal
expansion reduced. The aim is to work towards a better understanding of these materials in
terms of structure and ion conductivity so that better SOFC electrolytes can be designed to run
at lower temperatures (between 300 — 600 °C). These materials will thus be studied at elevated
temperature ranges. This work focuses on studying the Bi,03-Y>03-PbO ternary system to find
which compositions produce a single-phase solid solution and also to gauge the total dopant
percentage required to stabilize the Bi,O3 d-phase. The oxide conductivity of this double doped
system will also be studied with the aim of evaluating the effect of the presence of Pb2* which is

expected to enhance conductivity.

It is generally known that substituting yttrium for bismuth in Bi,Os produces the highly
conducting cubic &-phase for a wide range of compositions’®’” as indicated in the review by
Sammes et al.”® In contrast, substituting lead for bismuth in Bi,O3 does not yield this same &-
phase at low temperatures.’? This is despite the number of similarities between the Bi**and Pb%*
cations as described. It is only in ternary systems, such as Bi,0s—MOy—PbO (M = Ca3*, Y3*, Er®* and
La3*), where this phase is observed down to room temperature.’>’® Additional studies have
shown that Pb2* and Y3* total content greater than 20 mol%33> readily stabilizes the §-phase to

room temperature.

Bi,O3 doped and co-doped materials will be synthesised using the sol-gel method. The samples
will be analysed using differential thermal analysis (DTA) to gain insight into the initial thermal-
dependent behaviour of the materials. The samples will also be characterised by powder X-ray
diffraction (PXRD) at room temperature after sintering at different temperatures (using the DTA
data as a guide) to build an understanding of the phase behaviour of the materials. Variable
temperature (VT)-PXRD will also be done as an in-situ method to see more accurately where the

phase changes occur, as well as to determine thermal expansion coefficients. VT-Raman
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spectroscopy will be used to build a better understanding of the phase changes. VT-

electrochemical impedance spectroscopy (EIS) will be used to determine whether each material

is an ionic and/or electronic conductor and the temperature at which good conductivity is

obtained.
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Experimental methods

2.1. Synthesis of co-doped Bi,03

Selected samples in the Bi;03-Y203-PbO system were synthesised using a sol-gel method of a
stoichiometric mixture of Bi(NOs3)3.6H20, Y(NOs);.6H,0 and Pb(NOs); . Fig. 2.1 shows the
schematic representation for the synthesis of co-doped Bi,0s. The starting compounds were all
high purity (299.99 % Aldrich) powders. Stoichiometric mixtures of all nitrates were dissolved in
100 ml of glacial acetic acid (99.99%, Sigma-Aldrich) mixed with 50 ml of deionized water. In a
separate beaker citric acid (99.5%, Sigma-Aldrich, ~10 g) was dissolved in acetic acid and then
added to the mixture. The solution was continuously stirred using a magnetic stirrer for 2 hours
and then a sol formed. The sol was heated to 90 °C for 1h to form a yellowish gel. This gel was
decomposed at 160°C in oven. The gel initially started to swell and filled the beaker producing a

foamy precursor. This foam consists of homogeneous flakes of very small particle size.

The gel was then dried in a fume-hood overnight, followed by a calcination step at 450°C for 8
hours. The samples were ground manually using an agate mortar for ~30 min, transferred into
an alumina crucible then annealed at 700°C for 12 hours in air. Some samples were further
annealed at 750°C for 16 hours while others at 800°C for 16 hours. Initially Y composition was
fixed to 25 mol%. At the end of each heat treatment procedure, the annealed powders were
various (BiO15)o.75-x (PbO)x (YO1s)o2s compositions with a fixed yttrium composition were

prepared (where x = 0.015, 0.0375, 0.06, 0.075, 0.09, 0.1125, 0.15, 0.1875, 0.225).

Based on the percentage of the metal content we have adopted this naming, 1.5Pb25YSB for a
composition where x = 0.015, with 1.5% being that of Pb2*, 25% Y3* and the rest (73.5%) being
that of Bi**. The other samples are referred to as 3.75Pb25YSB, 6Pb25YSB, 7.5Pb25YSB,
9Pb25YSB, 11.3Pb25YSB, 15Pb25YSB, 18.8Pb25YSB, 22.5Pb25YSB respectively. Subsequently,
another batch of samples (with lower total dopant concentration) were prepared with different
compositions. Both lead and yttria compositions were varied and the samples were synthesized

as stated before. The following compositional series were examined:

l. (BiO1.5)0.90 (PbO)x (YO1.5)0.10x (x = 0.02, 0.03)
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Il (BiO1s)o.ss (PbO)x (YO1.5)o.12-x (x= 0.03, 0.04)
. (BiO1.)o.85s (PbO)x (YO15)0.15-x (x = 0.05, 0.075, 0.10)
IV.  (BiO15)o.80 (PbO)x (YO1.5)0.20-x (x = 0.05)

Bismuth (lll) nitrate
+

Yttrium (ll1) nitrate
+

Lead (ll) nitrate Citric acid
+
+
Acetic acid Acetic acid

dissolve

—>

mild heat, stirring

dry

calcined@450°C,

(———

annealed@700°C

/ powder sample

AT

Fig. 2.1 Schematic representation of synthetic route for lead yttrium stabilized bismuth oxide
(PbYSB) in a powder form obtained by calcining at 450°C, followed by annealing at 700°C in a
furnace.

Omari et al.! investigated the Bi,03-Y203-PbO system in 1990, incorporating the good stability of
the Bi;03-Y,03 system with high performance of the Bi,03-PbO system. This was sufficiently
accomplished within some ratios of composition. They reported the variation in the lattice
parameter with changing compositional ratios for (BiO15)o0.75x (PbO)x (YO1.5)0.25. They deduced

that the double substitution of Pb?* and Y3* for Bi** in Bi2O3 could result in stabilized high
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conductivity phases of §-Bi,0s. In this case both the variation of the cubic lattice parameter and
the Arrhenius plots for conductivity revealed nonlinear behaviour that they ascribed to two
fluorite structure changes'. From a viewpoint of solid solution range, the PbO-doped Bi,O3system
had a narrower range for fcc phase stabilization than the Y,0s3-doped Bi>O3 system. The XRD
results confirm the literature finding.! Therefore, it is expected that the Y content should be

larger than the Pb content needed to attain fcc phase in doubly doped bismuth oxide.

The first compositional series where x = 0.02 is referred to as 2Pb8YSB with 10 mol% total dopant
concentration and a ratio of 1:4 between Pb and Y. The same naming system was adopted for
other compositional series. After sample preparation, we then pressed pellets (of mass 0.7 g) for
15 minutes using isostatic pressing at 1.5 ton (750 MPa) into pellet disks of about 1 mm in

thickness using a disk-shape 5 mm diameter die for EIS measurements.

The pellets were then sintered at various temperatures using a furnace which was programmed
to start from ambient temperature to 400°C with a holding time of 4 hours and then ramp-up to
750°C for samples with low total dopant concentration (<20 mol%) as they melt beyond 750°C
while those with high total dopant concentration (220 mol%) were allowed to reach 800°C both
with a holding time of 14 hours. The furnace then switched itself off and the samples were cooled

in there (uncontrolled).

The samples were then distinguished by powder X-ray diffraction (PXRD) at room temperature
after sintering at different temperatures to build an understanding of the phase behaviour of the
materials. Variable temperature (VT)-PXRD was done as an in-situ method to see more accurately
where the phase changes, as well as to determine thermal expansion coefficients. VT-Raman
spectroscopy was used to build a better understanding of any possible amorphous phases not
detected by PXRD. Differential thermal analysis (DTA) was used to gain insight into the initial
thermal-dependent behaviour of the materials. VT-electrochemical impedance spectroscopy
(EIS) was used to establish the temperature at which ionic conductivity is good enough for usage

as an electrolyte in fuel cells.
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2.2. Materials characterization

2.2.1. Powder X-ray Diffraction (PXRD)
The sample was ground to a fine powder to minimize inducing extra strain (surface energy) that

can offset peak positions, and to randomize orientation. The sample was then placed onto the
sample surface and smeared uniformly onto a glass slide, assuring a flat upper surface pack into
a sample holder. Care was taken to create a flat upper surface and to achieve a random
distribution of lattice orientations. The intensity of diffracted X-rays was continuously recorded
as the sample and detector rotate through their respective angles. A peak in intensity occurs
when the sample contains lattice planes with d-spacings appropriate to diffract X-rays at that

value of 6.

The calcined powder lattice structure was identified through X-ray diffraction analysis using a
Bruker D2 phaser in Bragg-Brentano configuration, equipped with a primary and secondary soller
slits, secondary beam Fe Kp filter, sealed Co K, radiation tube and Bruker Lynxeye PSD detector

which was used to obtain scans for phase identification from the powders at room temperature.

To analyse phase changes as a function of temperature, variable temperature (VT)-PXRD was
used. For this, a Bruker D8 advance was used in the Bragg-Brentano setup, fitted with a sealed
Cu K, radiation tube, secondary beam Ni K filter, Bruker VANTEC detector, and primary and
secondary soller slits. Using an Anton Paar XRK900 reaction chamber, the samples were heated
and cooled at a rate of 6 °C /min from 30 °C to 780 °C and back to 30 °C. In both heating and

cooling cycles, scans were taken at 30°C intervals.

Higher resolution powder diffractograms of the powder materials were collected at beamline 28-
ID-2 (A = 0.1671 A) at the National Synchrotron Light Source Il (NSLS-11). Synchrotron X-rays are
produced by large particle accelerators where magnetic lattices like insertion devices (undulators
and wigglers) and bending magnets accelerate high-speed electrons (nearing the speed of light).!
The design of detectors is a key factor as well. The “zero-background” Pilatus detector (Dectris)
is currently commonly used. Based on the photoelectric effect, it recognises the electrical signal

converted from the incoming X-ray photons.! While maintaining high sensitivity, the Pilatus
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detector has a high dynamic range. It can even make studies down to a couple of microns with

spatial resolution.

In contrast with laboratory analogues, synchrotron X-ray powder diffraction (SXRD) is considered

to be excellent due to its special characteristics of synchrotron X-ray beams:?

a) Higher brilliance (tight and intense collimation) means(i) smaller beam angular
divergence (resulting with high-angular resolution data) and (ii) deep analysis of high-
contrast structural information (high signal to noise ratio) for small-feature detection
data.

b) As a function of 26, horizontal polarization decreases the dropping of intensity.

c) Tenable X-ray wavelength, i.e., it is possible to avoid the X-ray absorption problems of
single atoms by decreasing sample fluorescence.

d) A large instrument with various sample environments.

e) Acquisition of fast data.

A precise and accurate refinement requires, based on the statistical sentiment, a larger number
of experimental observables than refinement parameters. Severe peak overlap occurs due to
incidental effects resulting from very near lattice parameters, therefore high-resolution
diffraction data is important for high-quality structure refinement, particularly with synchrotron
X-rays. All diffractograms were indexed using DIFFRAC.EVA V4.2 Bruker AXS linked to the
crystallography open database (COD)3. Rietveld refinement of diffractograms was carried out

using Bruker AXS TOPAS-Academic V.6.*

All refinements were carried out using the fundamental parameters approach as implemented
by Cheary et al.> The initial structural refinement models for the cubic fluorite phase was based
on the &-Bi,03 structure.®8 A cubic sub-cell model was used in the space group Fm-3m with Bi, Y
and/or Pb on the ideal fluorite 4a (0,0,0) site and the O, atoms occupying the regular 8c and
interstitial 32f (x,x,x) site. A total occupancy limit was applied during refinements, allowing
refinement of occupancy between the 8c and 32f sites, with the total 0% ion content being set

at that of the stoichiometric formula.
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2.2.2. Differential Thermal Analysis/Thermal Gravimetry Analysis (DTA/TGA)
Thermal analysis includes the measurements, as a function of temperature, of a solid's

properties, making it a valuable technique for examining potential phase changes. Phase shift
generates either heat evolution or absorption. In DTA, during a programmed temperature
change, the temperature of an inert reference material is compared to that of a sample. Both
chambers are heated in a furnace at a regulated uniform rate and the temperature of the two
remains the same until the sample either takes in (endothermic) or gives out (exothermic) heat

energy and when there is a thermal event.

The Simultaneous Thermal Analyzer, STA 6000 device was used to conduct experiments
(PerkinElmer, USA). STA is a simultaneous method that calculates the weight change of a sample
(TG) and as a function of temperature and/or time, measures the change in temperature
between a sample and the reference (DTA). The high versatility of the differential analysis
function (DTA, DSC) and the validated capabilities of thermogravimetric (TG) measurement
technology are combined in the STA 6000 to provide highly accurate information on
characterization. For high quality simultaneous TG and DTA/DSC measurements, the STA 6000

features the revolutionary SaTurnA Sensor.?

Built with the reference ring directly below the sample pan holder, this advanced sensor is
optimized to achieve flat DTA baselines and high sensitivity. One can be confident of the integrity
of the analysis since both the sample and the comparison are calculated simultaneously. The pure
platinum pan holder and corrosion-resistant reference ring make the instrument ideal for a wide
range of samples and applications. In ceramic pans, samples of approximately 10mg were
inserted and the lid was placed over the sample. The experiments were carried out in an
atmosphere of dry nitrogen (flow rate of 20 mL min). The sample was heated in the air at 10

°C/min from 30 °C to 750 °C or 800 °C and then cooled down at the same rate to 30 °C.
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2.2.3. Raman Spectroscopy (RS)
Measurement of the Raman spectroscopic data were obtained using a Horiba LabRAM HR Raman

system fitted with an emission line 514, 532 nm argon-ion laser, a cooled Symphony CCD detector
using liquid nitrogen and a grating of 600 lines/mm. For the in situ variable temperature
measurements, an Olympud optical microscope attachment with a 50x LWD objective lens and a
Linkham TS1500 sample stage were used. The sample phase was purged with high purity argon
gas and the spectra were determined using a heating rate of 10 °C/min between room
temperature and 700°C or 800 °C at 100 °C increments. The overall acquisition time was 2

minutes, and the samples were analysed using the power form, pf.

2.2.4. Rapid acquisition pair distribution function (RA-PDF) technique
The key concepts outlined in Chupas, et al.l° is the most common setup for a synchrotron

experimental station or beamline for performing total scattering measurements for use with PDF
analysis. The setup uses the readily available beams of high-energy photons at modern
synchrotron sources. A flat 2D area detector which is located near to the sample is used in the
RA-PDF setup. This positioning helps the detector to collect the scattering to achieve the required
Qmax at sufficiently high angles. In transmission geometry, also referred to as Debye-Scherrer

geometry, the sample is set in place in the beam path and the experiments are conducted.

Usually, the detector is located concentric with the beam, such that the full extent of the Debye-
Scherrer cones can be obtained for optimum statistics. A beam stop that is mounted on a thin
pole in the centre of the detector blocks the direct beam. The beam stop position also determines
the Qmin as it blocks a portion of the direct dispersion opposite the x-ray beam of the incident.
The accessible Q window is defined by the detector's location in relation to the sample.'® The
range can be determined using the maximum angle of 26 that reaches the detector's outer

pixels:

T
tan20 = —
an “d 2.1

r is the distance from the middle of the beam on the detector to the outer pixel, and sd is the

distance from the sample to the detector. The geometry of scattering is shown in Fig. 2.2. As a
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trade-off for the high angular range needed for PDF data, RA-PDF measurement A8 resolution is
generally low. Since the detector is usually motorized, the A8 resolution can be enhanced to

allow measurements of high-resolution powder diffraction while reducing the Qmin -Qmax Window.

'IIIIIII-III‘IIII--

Fig. 2.2 Schematic representation of transmission geometry used on most typical RA-PDF
beamlines.°

Total scattering measurements for this work were carried out at beamline 28-ID-2 (XPD) at the
NSLS-II at Brookhaven National Laboratory. The beamline operates at wavelengths of 70 keV, in
the hard X-ray range. When the detector is positioned in its closest proximity to the sample,
about 170 mm, the high energy gives access to Qmax between 25 —30 AL, A large 2D Perkin Elmer
amorphous silicon detector with a pixel size of 200 um located orthogonally to the beam path
was used, having an array of 2048 pixels. The detector is motorized, allowing it to be pushed back
from the sample positions to distances of up to 1.5 m, enabling high-resolution powder

diffraction measurements for 0.1 A1 < Quin.

Usually, the capillaries used are low scattering Kapton capillaries, alternatively quartz or
borosilicate glass capillaries for more sensitive samples. The capillaries are placed on goniometer
heads or fixed sample holders and can be rotated for powder averaging. Some beamlines also
provide an option for using motorized sample changers to increase efficiency for multiple

capillaries. Good quality measurements can be taken in a matter of several minutes at a standard
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photon flux of a PDF beamline. The experimental stations are not limited to only capillary
measurements and can be modified to fit exotic sample holders and environments with the aid

of the beamline workers. Flow cells and advanced equipment regularly expand the setups.

2.2.5. Electrochemical Impedance Spectroscopy (EIS)
Using a Bio-Logic impedance analyser (MTZ-35) over the 10Hz- 1MHz frequency range with an AC

voltage amplitude of 0.05 V, impedance measurements were carried out on the sample. It was
equipped with an HF-1100 furnace and an HT-1100 sample holder. HTSH-1100 is a sample holder
dedicated to electrical characterization across the temperature spectrum between room
temperature and 1100 °C of solid materials. HTSH-1100 can also be used in controlled
atmospheres for heat treatment. The HTF-1100 is a horizontal laboratory tube furnace dedicated
to electrical material characterization and thermal treatment in the ambient temperature range

up to 1100 °C.

Before impedance measurements, open- and short-circuit compensations were performed using
MT-Lab!! software to eliminate stray impedances caused by HTSH-1100 cell cables and sample
holder. In MT-Lab!! software, precise temperature stabilization mode was used to stabilize the
sample temperature at each point of measurement.® Upon temperature stabilization, an
additional 30-minute soak period was set to guarantee a steady-state at each measurement
point. Current shunt was set to Auto. This allows the equipment to determine the correct current
range based on the actual current present in the cell. Impedance diagrams were collected ranging

between 300 and 750 °C at 50 °C intervals using a heating/cooling rate of 10 °C/min.

The frequency range was from 10 Hz to 1 MHz with an A.C. amplitude of 10 mV. The PbYSB
samples were sandwiched between HTSH-1100 platinum discs with a diameter of 12 mm. In the
HTF-1100 furnace, the HTSH-1100 was mounted and connected to MTZ-35 by a two-terminal
connection. MT- lab*! software was used to control the furnace and sample temperatures using
a heat-up rate of 10 °C/min. Two K-type thermocouples, integrated into HTSH-1100 and HTF-

1100, measured both temperatures. Z Fit analysis tool accessable in MT-Lab!! software was used
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to evaluate the impedance data and to model equivalent electrical circuits. Upon determination
of the electrical parameters using Z Fit, the ionic conductivities of the PbYSB samples in the air

were calculated and plotted as a function of temperature.

2.3. X-ray diffraction technique

2.3.1. Introduction to diffraction
Diffraction methods are widely utilised to analyse crystal structure.’? X-ray is a type of radiation

that can be described as having wave-like behaviour. Waves are dispersed when they meet a
barrier in their direction of propagation.'® Dispersed waves can interfere destructively or
constructively, and this pattern of interference reflects the configuration of obstacles in space.
In the case of a periodic structure in 3-dimension, where the wavelength of the radiation used is
equal to the distance between obstacles, the positive interference of the scattered waves leads

to the observation of diffraction. Periodically ordered solids are crystalline materials.

An atom or a group of atoms constitutes the fundamental repeating unit (unit cell) when it can
be translationally repeated in all directions in a 3-dimensional system and this then generates
the entire crystal.!* The unit cell of a crystal is characterized by three translations: a, b, and c,
and three angles: B, a and y (Fig. 2.3).%° Interatomic distances are of the order of 1-2 Ain crystals.
Thus, in crystallographic experiments, radiation with similar wavelengths (~1 A) such as neutrons,

X-rays and electrons are frequently used.

C\
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Crystal Lattice Unit Cell

Fig. 2.3 crystal lattice (left) and unit cell (right) in three-dimensional space.'?
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Wilhelm Conrad Roentgen (1845-1923), a professor at Wuerzburg University in Germany,
discovered X-rays in 1895.12 Working in his laboratory with a cathode-ray tube, Roentgen found
on a table near his tube a fluorescent glow of crystals. A glass bulb with encapsulated positive
and negative electrodes made up the tube that Roentgen was working with. The air in the tube
was released, and the tube created a fluorescent glow when a high voltage was applied. With
heavy black paper, Roentgen shielded the tube and noted a material located a few feet away

gave off a green, fluorescent light.

Via experimentation, he discovered that most substances could go through the mysterious light
but leave shadows of solid objects. He named them 'X' meaning 'unknown' rays, since he did not
know what the rays were. Crystallographers had postulated that crystals are made of an ordered
arrangement of atoms prior to Conrad Roentgen's discovery of X-rays in 1895 and inferred much
about the ordered arrangement by determining the angles between crystal faces. With X-rays
being discovered, crystallographers now had a valuable tool that allowed them to view “inside”

the crystal and enable crystal structures and unit cell size to be determined in detail.3

Like all electromagnetic radiation, the energy of X-rays is inversely proportional to the

wavelength, as indicated in the equation by Einstein:

E=hv=— 2.2

where E represents energy, h is plank constant, v is the frequency, c is velocity of light and A is
the wavelength. X-rays, having shorter wavelengths than visible light, have greater energy and
can thus more readily penetrate matter. The level of penetration depends on the density of the

substance. This has led to its widespread use as a medical tool.**

An example of an X-ray tube used to generate X-rays is depicted in Fig. 2.4. It has a tungsten
filament cathode at one end and a metal target anode on the other side and is housed in an
evacuated bulb. Current is passed through the cathode enabling it to emit electrons and with the
large potential difference developed between the two electrodes (of the order of kV), electrons

move toward the anode at high velocity.*

38



The inner shell electrons in the metal target are dislodged, resulting in the outer shell electrons
moving to these vacated positions. The best way to picture this is to think of the basic Bohr model
of the atom where the nucleus, comprising protons and neutrons, is surrounded by electron
shells. The inner K-shell is then encircled by the M- and L-shells. Transitions thus occur form the
M- and L-shells to the K-shell. Two types of X-ray spectra are generated as a result of these
electronic transformations. The X-rays then pass through a window in the tube and they can be

used according to their application.?®

Anode W ird aun
(Cu, Mo, Cr, x“n; 7y
— T, I 3 ays
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D ifference, kKW oty
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Fig. 2.4 X-ray tube depicting the production X-ray spectra.’3

A continuous spectrum is generated as indicated in Fig. 2.5 that has a minimum wavelength. The
intensity (in terms of counts/s) depends on the target material and the voltage applied. With an

increase in voltage, the minimum wavelength decreases, and the amplitude increases.®
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Fig. 2.5 The continuous X-ray spectrum emitted from tungsten target for four different values of
eV, the incident electron energy.*?

A second type of spectra, called the characteristic spectra, is formed at high voltage as shown in
Fig. 2.6.13 Both Ky and Kg X-ray radiation are produced where the K, radiation comes from the
transfer of electrons from the L- to the K-shell, while the Kg radiation is from the M- to the K-shell
transitions. These characteristic X-rays produce much larger intensities compare to the
continuous spectra, and the intensity of Ko > Kg. Thus, for different metal targets, these
characteristic X-rays will have different wavelengths. A filter is often used to exclude the lower
intensity Kg X-rays. Table 2.1 shows a range of commonly used metals and their corresponding X-

ray wavelengths.®
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Fig. 2.6 An electron shell showing the production of Ko and Kg when an electron is dislodged.™

The monochromatic X-ray beam generated in the X-ray tube is made up of a bundle of different
waves which interact with each other. If the waves are in-phase they undergo constructive
interference giving a resultant wave of higher amplitude. If the waves are out of phase,
destructive interference will occur thus diminishing the amplitude of the resultant wave as
demonstrated in Fig. 2.7. In a similar fashion, when the atoms in crystals interact with X-ray
waves, the diffracted waves interact. Since the atoms are arranged periodically, the diffracted
waves undergo both constructive and destructive interactions, where the former gives the

reflections observed in a diffraction pattern.t’
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Fig. 2.7 Constructive (a) and destructive (b) interferences of X-ray monochromatic beam.?
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Consider an X-ray beam entering a crystal and interacting with the atoms in their planes (with a
spacing d between the planes) positioned at an angle 6 to the incoming X-ray beam (Fig. 2.8)
illustrates X-rays. Here Ray 1 reflects off the upper atomic plane at an angle = 8. Similarly, for Ray
2 reflects off the atomic plane just below that. From the figure it can be seen that Ray 2 travels a
longer distance (equivalent to 2a) through the crystal. If the distance 2a = nA, where n is an
integer and A is the X-ray wavelength, then constructive interference will occur when the X-rays
exit the crystal. However, if 2a is not equivalent to an integral number of wavelengths, there will

be destructive interference.l’

Light rays
in phase

2d sin 0
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Fig. 2.8 Diffraction phenomena used to derive Bragg’s law.!’

Therefore, the condition for there to be constructive interference is
niA = 2a 2.3

But, from trigonometry, in terms of spacing, d, between the atomic planes, we can work out what

the distance 2a is.

a=d sinf 2.4
or 2a=2d sinf 2.5
thus,nA = 2d sin @ 2.6
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Equation 2.3 is known as Bragg's Law. It basically means that if we know the wavelength of the
X-rays entering the crystal and can measure the angle of diffracted X-rays leaving the crystal, we
can figure out how far apart the atomic planes are (referred to as d-spacing).

g nAi
~ 2sinf

2.7

It is worth noting that this diffraction will only happen if the rays are in phase when they appear,
and this will only happen if n (1, 2, 3, etc.) and 8 values are both acceptable. In principle, the
crystal could then be re-oriented to show another atomic plane, and the d-spacing between all

atomic planes in the crystal could be measured, allowing us to calculate the unit cell size.®

Powder and single-crystal XRD, both of which have distinct advantages and disadvantages, are
two different forms of X-ray diffraction. Although powder XRD has a much simpler preparation
of the sample, structural data from a powder can be difficult to obtain because the sample
molecules are randomly arranged in space; the signal-to-noise ratio is greatly diminished without
the periodicity of a crystal lattice, and it becomes impossible to distinguish reflections from the
various orientations of the molecule. The benefit of powder XRD is that it can be used to classify
a known substance easily and reliably, or to check that two unknown samples are the same

material.’

Single-crystal XRD is much more time-consuming and data-intensive, but it is important for
structural determination of small molecules and solid-state macromolecules in many fields.
Relatively small signals from individual reflections are magnified by constructive interference due
to the periodicity inherent in crystals. This can be used to determine the precise spatial positions
of atoms in molecules and can provide details about bond distances and conformation. The
problem with single-crystal XRD is that it can be difficult to synthesize single crystals, and the

instrument itself may be cost-prohibitive.'®

The following is an example of common diffraction patterns for single-crystal and powder XRD
(Fig. 2.9a and Fig. 2.9b, respectively). The dots correspond to Bragg reflections in the first picture
and together form a single vision of the reciprocal space of the molecule. Random orientation of

the crystals in powder XRD means reflections from all of them are seen at once, creating the
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diffraction rings observed that correspond to unique vectors in the reciprocal lattice of the

material.1®

(a)

Fig. 2.9 Single-crystal diffraction pattern of an enzyme. The white rod protruding from the top is
the beamstop (a). Powder X-ray diffraction spectrum of silicon (b).®

2.3.2. Powder X-ray diffraction (PXRD)
In practice, reorienting the crystal, calculating the angle, and deciding the d-spacing for all atomic

planes will be a time-consuming process. A quicker approach is to use a technique known as the
powder method. For this process, a mineral is finely ground to a powder, that contains grains
with random orientations. Different atomic planes in some of the grains can be expected to lie
parallel to the surface. Scanning through an angle of incident X-ray beams of 0 to 90°, enables
angles where diffraction has occurred to be located, and these angles have a different atomic

spacing.1®

An X-ray powder diffractometer is the method used for doing this. It consists of an X-ray tube
that can create a beam of monochromatic X-rays that can be rotated from 0 to 90°. A sample of
powdered mineral is placed on a sample stage so that the X-ray tube can irradiate it. An electronic
detector from the X-ray tube is mounted on the other side of the sample to detect the diffracted

X-rays, and it is also allowed to rotate to create angles from 0 to 90° (Fig. 2.10) A goniometer is
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referred to as the instrument used to rotate both the X-ray tube and the detector.'® The
goniometer keeps track of the angle and transfers this information to a computer, whereas the
detector tracks the rate of X-rays coming from the other side of the sample and sends this

information to the computer (in units of counts/sec).!®

Sample Powder

Fig. 2.10 Schematic representation of x-ray powder diffractometer.®

The angle (stated as 26) can be plotted against the X-ray intensity after a scan of the sample to
construct a graph, as shown in Fig. 2.11. Using the Bragg equation, the angle 26 can then be
translated to d-spacing for each diffraction peak. The crystal structure can then be calculated
using the Miller Index for that plane, and each of the diffraction peaks can be associated with a

different atomic plane (hkl). You can acquire this data as a JCPDS Powder Diffraction Format.®

Intensity (CountsrSec)

26
Fig. 2.11 Diffractogram of X-ray intensity plotted against the angle 26.®
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2.3.2.1. Laboratory X-ray sources
Electromagnetic radiation with wavelengths in the estimated range of 0.1-5 A (equivalent to an

energy range of around 125 KeV-2.5KeV) is an X-ray used for diffraction experiments.'’ X-rays are
emitted at a sealed-tube source in a typical laboratory instrument (Fig. 2.12), where, inside a
vacuum tube, electrons were accelerated by a potential difference of up to 60 kV to bombard a
metal anode. The electrons cause a cascade of electronic transitions in the atoms of the target

state.l”

Via beryllium windows in the X-ray tube, divergent X-rays escape the tunnel. There is a power
level of up to 3 kW in a standard tube.'’” To spread the higher heat load over the target, higher
power generators exploit rotating anodes. Such sources vary only in the intensity of the emitted
radiation. Anode materials must have a suitably high melting point and be good conductors of
both electricity and heat. Mo and Cu, with Fe, Cr, Co, W and Ag for specialist applications, are the

most common target components.t’
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Fig. 2.12 A schematic diagram of a sealed X-ray laboratory tube with indicated main components
(a) and a tube photograph (b).*8
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Fig. 2.13 shows a standard spectrum of X-ray emissions from a Cu anode. The electrons' loss of
energy by collision with the atoms typically occurs via several events. The effect is the generation
of a continuous X-ray spectrum referred to as white radiation.*® The maximum energy lost,
E(max), defines the shortest wavelength, A(min), which can be obtained as stated by the which

can be obtained as stated by equation 2.2 ° This equation is given a more practical form by:

1= 12.398 28
%4
Where A is in A and V is in kV. Thus, the greater the X-ray generator's accelerating voltage, the
smaller the minimum wavelength that can be achieved. The white radiation intensity peak occurs
at a wavelength of approximately 1.5 X A(min). Multiple-collision processes gain longer
wavelengths. The cumulative strength of the white radiation, I(w), is roughly proportional to the

filament current, i, the anode target's atomic number, Z, and the accelerating voltage square,
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Fig. 2.13 X-ray spectrum generated from a Cu anode by different accelerating voltages. Until the
voltage level reaches a critical value (about 8.5 kV for Cu), no radiation features are produced.
The average operating voltage is approximately 4 times the critical voltage: higher voltage levels
simply contribute to an increase in the "white" high-energy X-ray radiation intensity with a
relatively small increase in the characteristic line intensity.*8
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A second type of spectrum is obtained when the energy of the accelerated electrons is greater
than a definite threshold value (which rely on the metal anode) and is placed over the white
radiation. The energy (and wavelength) of the peaks depends entirely on the metal used for the
target and is caused by an electron being expelled from one of the metal atom's inner electron
shells. This results in an electron falling to the vacancy level from a higher atomic level with the
emission of an X-ray photon distinguished by the energy gap between the two levels. Fig. 2.14
displays the levels of electronic energy for a copper atom. Just two characteristic lines are seen
at low energy resolution in the copper X-ray range. At higher resolution, however, the K alpha
line is shown to be a doublet, whose components are labelled as K,; and K,,.'° There is very
little splitting of the 2p orbitals in Cu (0.020 KeV) and the two wavelengths K, (1.54056 A) and
K., (1.54439 A) are the same.!®
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Fig. 2.14 Diagram of energy level for a neutral Cu atom. The features of the peaks shown in Fig.
2.6 emerge from the shown electronic transitions.?

In fact, the above definition is a simplified version of reality since a high-resolution study of Cu
K, 's spectral lines shows that both alpha a; and a, peaks are clearly asymmetric.?! In implanting

the so-called fundamental parameters approach to the profile fitting of powder diffraction data

48



peaks, in which the detailed spectrum of the incident X-rays must be known, an understanding
of the origin of this asymmetry is important. In detailed investigations to describe the
continuation of the X-ray spectrum, a combination of five Lorentzian functions is widely used to

model the peak form of Cu K, radiation.>?!

For different anode targets, Table 2.1 lists the estimated wavelengths of the principal emission
lines. For most practical use in the laboratory, the heavier elements offer wavelengths too short,
although they are necessary for total scattering and PDF studies. In order to prevent fluorescence
from samples containing elements excited by Cu radiation, longer wavelength sources are used,
for example to research materials such as steels, Fe and Co tubes are preferred.?? Higher
absorption by the sample, increased air scatter and less usable Bragg reflections are the

drawbacks of such sources.??

Table 2.1 Approximate theoretical emission lines for different anode targets.??

Anode A(K,) (A)
Cu 1.5418
Mo 0.7107
Cr 2.2909
Fe 1.9373
Co 1.7902

In order to customize the features of the X-ray beam, different optical elements may be
positioned in the beam direction. Diffraction (e.g. a monochromator) crystal, reflection (e.g. a
mirror), or absorption (e.g. a filter or slits) may operate for these. To choose a specific
wavelength, a monochromator is used, a mirror can concentrate the beam or block higher

harmonics, and filters can be used to minimize unnecessary radiation.?!
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2.3.2.2. Filters
Two diffractometers, one with Cu and another with Co anode were used. Cobalt as an anode

material (equipped in a Bruker D2 Phaser) is often used to investigate ferrous samples, the iron
(Fe) fluorescence radiation would cause interference and cannot be eliminated by other
measures. Copper (equipped in a Bruker D8 advance) is suitable for most diffraction
examinations, and it is the most widely used anode material. AlImost all diffractometers will have
a method of monochromation to remove the Kg component, either a Ni filter on a Cu anode or

Fe filter on Co anode.

By introducing a Ni filter (essentially a uniform thin sheet of nickel) in the beam direction, Cu Kp
radiation can be greatly attenuated since the energy of the Cu K X-rays (with A = 1.392 A)is
marginally above the threshold energy of Ni K absorption (with A = 1.488 A) resulting in Kg
radiation being strongly absorbed.2® On the other hand, K, X-rays (with 2 = 1.542 A) have
inadequate energy and are only modestly absorbed by this filter. The filter thickness must be
optimised to allow a balance between reducing the intensity of the undesirable Cu K and
decreasing the intensity of the desired Cu K,,.%°

2.3.2.3. Monochromator

X-ray filters have traditionally been used to minimize unwanted white radiation from an X-ray
source and to remove (as much as possible) K radiation. The disadvantage of filters is that the
background radiation is still high and that the transmitted radiation is still not very
monochromatic. Single-crystal monochromators are an alternative and more selective way to
produce a beam of radiation with a narrower wavelength distribution. In practice, "single
crystals" are mosaics made up of several small crystal blocks that are roughly aligned in the same
direction.?? The so-called mosaic spread of the crystal is determined by the distribution of block
alignment. The difference in the mosaic spread of the crystals can be used to differentiate two
forms of monochromator. Pyrolytic graphite and silicon are two widely used materials for making

wide band and narrow band (AX / A\) monochromators, respectively.?3

In comparison to silicon, where the mosaic blocks are almost perfectly aligned, the mosaic spread
for pyrolytic graphite is relatively wide. The monochromator works by reflecting wavelengths that

follow Bragg's Law for the monochromator's specific d spacings.?* The highest d spacing, from
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the (111) planes, for a silicon crystal (which is cubic with a unit cell size of 5.4309 A) is 3.136 A.24
The Bragg equation (A = 2d sin 0) indicates that the diffraction condition will be satisfied for 26 =
28.442° for Cu Kas, but only 26 = 28.514° for Cu Ka;, resulting in a difference in Bragg angle of
only 0.072°. As a result, only narrow band pass monochromator crystals, such as silicon, would
be able to distinguish the Kai and Ka, wavelengths from a laboratory copper X-ray source.
Pyrolytic graphite monochromators, on the other hand, can pass all Ka wavelengths but not KB

for which the Bragg angle is significantly different due to their wide band pass.?*

2.3.3. Synchrotron X-ray powder diffraction

2.3.3.1. Synchrotron X-ray sources
For conducting high-quality powder diffraction measurements, the use of synchrotron X-ray

radiation has many advantages over laboratory sources. Synchrotron radiation is extremely
intense and highly collimated, enabling instruments with a far higher 26 resolution to be
constructed. For a specific measurement, the wavelength may be optimized, such as operating
at short wavelengths to infiltrate through absorbing samples or tuning to the absorption edge of

an element in the sample to take advantage of anomalous scattering phenomena.?>

Synchrotron radiation is released when charged particles that travel at relativistic speeds modify
velocity, such as when a magnetic field is forced to adopt a curved trajectory.?> Dedicated devices
(wigglers or undulators) are modern sources of synchrotron radiation, where electrons or
positrons are accelerated to speeds similar to that of light and propagate in ultra-high vacuum

tubes, driven by magnet arrays. The energy of an electron traveling at speed v is

E = moc? /T— 072 2.9

where m, is the rest mass of the electron [9.1093826(16) X 103! kg] and c is the speed of light

(299792458 m s1). The term 1/,/1 — v?/c? is referred to as y and is the factor by which, due to

its relativistic speed, the mass of the electron increases from its resting mass.
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The electrons are guided by magnetic fields in a storage ring. The storage ring consists of several
sections, with a straight section followed by a curved section, and so on, with bending magnets
used to steer the electrons through the curved sections (Fig. 2.15). In these curved sections,
synchrotron radiation is produced, which can thus serve as the source of X-rays for experiments.
The clusters of magnets in the straight section, typically referred to as insertion devices, can be
placed to generate alternating magnetic fields that cause the electron path to oscillate. Each
oscillation leads to synchrotron radiation emissions, and radiation can be optimized for several
different applications by selecting the number, amplitude, frequency and direction of the

oscillations.2®
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Fig. 2.15 Schematic of a synchrotron storage ring. Machines of the third generation have several
straight segments and are optimized as X-ray sources by employing undulator and wiggler
insertion systems.?

The synchrotron X-ray sources of interest for powder diffraction are bending magnets, and the
insertion devices are known as undulators and wigglers. These have their magnetic field in the

vertical position that causes the electrons in the horizontal plane to deflect.?’” Consequently, with
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the electrical component situated in the plane of the synchrotron orbit, radiation is linearly
polarized. A thin cone of angular width ~1/y radians forms the radiation released by a single
electron, contributing to the very high vertical collimation of the X-ray beam. Radiation is
released tangentially in the entire bent segment for bending magnets, resulting in the emission
of a board tangential fan of X-rays (Fig. 2.16a).%’ This then reflects one of the great benefits of
synchrotron radiation: that it is concentrated into a tiny angular fan, providing much greater

strength and collimation than can be obtained from traditional laboratory sources.

The magnetic field varies sinusoidally for insertion devices and each electron oscillation induces
tangential synchrotron radiation bursts. The oscillations are of relatively large amplitude for
wigglers, and these add incoherently together, increasing the flux proportional to the number of

magnetic periods (Fig. 2.16b).

The deflection of the electrons is relatively small for undulators and equivalent to the normal
opening angle of the released 1/y radiation.?’ In the horizontal plane, radiation from various
oscillations interferes, and the beam is collimated.?’ Thus, unlike with a bending magnet or a
wiggler where the radiation is spread out in a horizontal fan, for undulators the radiation is
focused into a central on-axis cone surrounded by additional weaker rings (Fig 2.16c). Therefore,
the flux density coming from a small sample of the central cone is very high. There are also some
other interesting properties of this radiation: it is polarized horizontally in the plane of the
electron orbit and polarized circularly above and below the orbit.?” As seen in Fig. 2.17, while
with laboratory sources the electric X-ray vector vibrates in all directions perpendicular to the X-
ray propagation; this vibration is horizontally polarized with the synchrotron. This has benefits

that can be used both in synchrotron diffraction and in spectroscopy.?’
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Fig. 2.16 Representations of (a) a bending magnet emitting a tangential radiation fan, (b) a fan of
wiggler-emitted radiation and (c) an undulator emitted collimated beam.?’
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Fig. 2.17 Schematic representation of synchrotron radiation (a) and laboratory sources (b).?’
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2.3.3.2. Filters
Attenuators such as aluminium, graphite or synthetic-diamond foils may be introduced into the

primary beam path at synchrotron sources to minimize the heat load on the optical element
thereby preventing X-ray detector saturation or to decrease the rate of radiation damage to the
sample.?®

2.3.3.3. Monochromators

To select the wavelength from the polychromatic source, monochromators for synchrotron-
based diffractometers are used. A double-crystal (“double-bounce”) structure is used to maintain
the direction of the incident beam (Fig. 2.18); this can be either a crystal cut from a tube, or two
crystals aligned separately.?’ Due to its very high degree of crystalline perfection, and its excellent
thermal properties in the extreme synchrotron beam, Si is a common choice of crystal. A frequent
option is the 111 reflections, but when higher energy resolution is needed, 220 and 311 are also
used. To maintain a stable temperature for the crystal(s) under the heat load from the source,

cooling is vital.??
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Fig. 2.18 Representation of a double-bounce monochromator used in synchrotrons. From the
polychromatic source, the first crystal chooses a wavelength, which the second crystal reflects in
the initial direction. For efficient transmission of the beam, the lattice planes of the latter have to
be precisely aligned with the first crystal.?’
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2.3.4. The Rietveld method
The Rietveld method is a structural refinement technique that requires modelling the entire

diffraction profile.3° The Rietveld refinement technique for powder-diffraction data is essentially
a multiparameter curve-fitting procedure. The model function comprises a parameterized
definition of a curve that is fitted using least squares to incorporate data points that comprise
the powder-diffraction scan. The model function includes both the contribution from a smooth
background that highlights the peaks and contributions from the crystalline component of the
sample from the sharp Bragg peaks. The peak magnitudes are derived from parameters of the
crystal structure (e.g. atom coordinates) and their shapes from parameterized functions which

are a convolution of instrumental and microcrystalline broadening effects.3°

The model also involves parameterized illustrations of the numerous systematic effects (e.g.
absorption) which change the intensity of the profile from that expected from an idealized
experiment. Subsequently, the outcome of a Rietveld refinement involves information on the
crystal structure (site fractions, lattice parameters, displacement factors and atomic coordinates)
and macroscopic sample information (crystalline phase fractions, micro-strain distribution and

crystallite size).3?

In 1969 Hugo Rietveld proposed this approach to analyse complex diffraction patterns through a
curve-fitting process.32 When calculating the intensity of a given point y; in the diffraction profile
(Egn 2.9), the calculated structure factors along with the peak shape, background and

instrumental parameters are used in the Rietveld method.
yileal) = ) 10 (26;,26;) 2.10
k

(20, ,286y) is the function describing an individual profile and I}, is the integrated intensity for
reflection k.33 The least-squares refinement is performed in the Rietveld method until the best fit
is obtained for the observed powder diffraction pattern. The least-squares refinement minimizes
the difference between the observed and calculated profiles. Probably the best way to follow

and direct a Rietveld refinement is looking at a differential profile plot. The fit of the calculated
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pattern to the observed data can also be given numerically. Typically, this is achieved in terms of
the indexes of agreement or the R-values. The weighted-profile R-value, R,,,, is defined as
1
Rup = XiWi[Yicons) — yi(zcal)]z ’ 211
XiW; [yi(obs)]

where y;(.qp) is the calculated intensity at step i, y;ops)the observed intensity, and w; the weight.
The numerator expression is the value that is reduced during a Rietveld refinement. If the
background is subtracted, y;(,ps) is the total intensity after-subtraction, but if the background is
refined, Yiops) and Yicar) Will incorporate the background input. In the latter case, a high
background would necessarily produce a low R,,,, value, since the background feature accounts
for a large proportion of the intensity. Therefore, the comparison of profile R values from
different kinds of powder diffraction experiments may be highly misleading. The final R,,,, should

ideally approach the statistically anticipated R-value, Ry,

1

N-P 2

Rexp = { N( ) 2} 2.12
Zi Wi[yi(obs)]

where P is the number of parameters and N the number of observations.®® R,,, reflects the
quality of the data (i.e. the counting statistics). Thus, the ratio between the two (goodness-of-fit)
is given as:

R
yi= 2 213

R exp

which is also quoted quite often in the literature, and should approach 1.33

2.4. Thermal Analysis

Thermogravimetry is a branch of thermal analysis that studies how a substance's weight changes
as a function of time or temperature.3* When the sample is exposed to a controlled heating or
cooling environment, the weight change profile is recorded. The term "isothermal mode" refers
to a weight change that is registered as a function of time. The weight change is registered as a

function of temperature in scanning mode. The mass change for a sample can be analysed under
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programmed conditions, which is the core concept of thermogravimetry analysis (TGA). As a
result, TGA is primarily used to comprehend thermal events such as sublimation, adsorption,

vaporization, desorption, absorption, decomposition, reduction and oxidation.3*

TGA may also be used to assess the number of volatile products lost during chemical reactions in
polymer nanocomposites, nanomaterials, polymers, fabrics, coatings, films and paints. TGA may
be used to study the kinetics of chemical reactions under different conditions in addition to
predicting thermal stability for samples. It is critical to optimize the variables or conditions that
influence the mass change for samples over the course of the experiment when investigating
kinetics. The mass shift is influenced by many factors, including (i) the volume and weight of the
sample taken for analysis, (ii) the physical form of the sample, (iii) the shape and nature of the
sample holder, (iv) the nature of the environment under which the analysis is carried out, (v) the
atmosphere pressure sustained in the sample chamber throughout the analysis, and (vi) the rate
of heating or cooling conditions. Temperature levels are well known to cause changes in sample

mass.3°

Advanced instruments for simultaneous determination of heat flow curves and TG are now
available on the market. Perkin Elmer, for example, introduced the STA 600037 (used in this
project), which use advanced analytical techniques to calculate the TG and heat flow curves
simultaneously. Heat flow data is measured using differential scanning calorimetry (DSC) and
weight loss data is measured using TGA on the STA 6000 instruments. The heat flow data from
DSC is usually expressed in mW or J/g. The STA 6000 simultaneous thermal analyser instrument
is designed with cutting-edge sensor technology to provide excellent accuracy and results. In
addition, as compared to other simultaneous TGA-DSC analysers, the STA 6000 instrument
includes a patent-pending “SaTurnA” sensor and a highly compact furnace, ensuring improved

temperature regulation, accurate measurements, and faster cool-down timing.

DTA has been used in the present research to monitor possible solid-state reactions, but more

likely phase changes in the samples during heating and cooling processes. Thermodynamics
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dictates that any occurrences, such as diffusion and nucleation of the reacting material, growth
of new crystal grains, change of state between solid and liquid, etc., are all correlated with
changes in energy. Endothermic or exothermic peaks can be seen in a heat-flow versus
temperature plot in these situations. DTA requires calculation of the temperature difference

between a sample and an inert reference under the same heating regimes.3®

Fig. 2.19a displays the time shift in the furnace temperature, the reference and the sample. Fig.
2.19b displays the increase in temperature difference (AT) with the differential thermocouple
observed with time. AT is referred to as the DTA signal. Substances which do not change in the
temperature range of the measurement (usually a-alumina) are used as the reference.3® The
static-state signal is known as baseline. For instance, when the furnace temperature is increased
and melting starts to occur in the sample, the sample temperature rise stops as shown in graph
Fig. 2.19a. However, since both the furnace and reference temperature are still increasing, the

AT changes reflecting an endothermic process as shown in graph Fig. 2.19b.3°
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Fig. 2.19 Measurement principles of DTA.3¢
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2.5. Raman Spectroscopy
Spectroscopy is the study between the interaction of matter and light. There are many types of

spectroscopy, each of which is named after either the light-matter interaction mechanism used
or the light source used. Raman spectroscopy is based on inelastic light scattering in a substance,
whereby incident light converts energy to molecular vibrations.*® A Raman spectrometer can
detect the scattered light, which reflects the substance's "chemical fingerprint." A substance can
be classified or described using spectral information. A systematic approach for translating the

Raman spectra of transition metal oxides was established by Hardcastle et al.*!

This method treats each metal-oxygen bond in a molecular species or crystalline lattice as
vibrationally independent of its surroundings, allowing for the development of a direct
relationship between the Raman stretching frequencies and the lengths of the metal-oxygen
bonds. This method clearly does not contribute to an examination of the vibrational mode as it
ignores nearest-neighbour interactions and hence external modes and wagging/bending. This
approach can't tell the difference between symmetric and antisymmetric stretching modes. This
method is validated and can be used to test metal-oxygen bond lengths from Raman stretching
frequencies within the limits of experimental error given by crystallographic bond length

determinations.??

Imposing two stages of approximation enables analysis of the Raman spectrum of a transitional
metal oxide species in solid state.*? Firstly, it is believed that the crystal's internal and external
modes are independent of one another. The internal modes of metal oxide within the unit cell of
a crystal occur in the medium and high frequency regions (>200 cm* for bismuth oxide), while
the external modes, including translation and vibrational modes, occur at lower frequencies
(<200 cm™). Secondly, by assigning a high degree of symmetry to an atom or site within the unit
cell, approximation of site-symmetry can be achieved.*® Even though the site symmetry method
predicts the Raman active modes from the crystal and the total number and types of infrared, a
detailed understanding of crystal structure is needed before performing the above mentioned

vibrational mode analysis.
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The site symmetry approach enables direct comparison of the internal modes of a metal oxide
restrained to a crystalline lattice in solution or gas phase with those of a similar molecule.
Consequently, the approach to site symmetry forms the basis for the process of fingerprinting
metal oxide. Nevertheless, the fingerprint method cannot be used reliably for metal oxides with
distorted molecular geometries because of inconsistent spectral matches due to a nearly infinite
number of potential geometric anomalies for a distorted species of metal oxide. Obviously, a
systematic method for evaluating Raman spectra of metal oxide structures is needed, that do not
depend on the subjectivity and ambiguity of the characteristic vibrational bands used in

fingerprinting.*!

In addition, the favoured systematic method would generally be applicable to enable it to provide
extensive structural details for distorted metal oxide species as well as for typical symmetrical
geometries. For many transition metal oxide systems including molybdenum?’, vanadium®,
niobium#?, tungsten*?, and titanium-oxygen*? bonds, metal-oxygen Raman stretching
frequencies and metal-oxygen bond lengths were identified to have empirical relationships. This
relationship was discovered to follow the same simple exponential sequence in each case:
v = AeBR 2.14

where B and A are fitting parameters, R is metal-oxygen bond length in angstroms and v is
Raman stretching frequency in wavenumbers. For this analysis, Eqn 2.14 was found to accurately
describe the relationship between the Raman stretching frequencies and bond lengths of
bismuth-oxygen bonds present in bismuth-oxide reference compounds. The Pauling bond
strengths of metal-oxygen bonds are important for discussing the plausibility of proposed metal
oxide structures in valence units, commonly known as bond orders or bond valences.*® The
differential distribution of accessible valence electrons over a group of metal oxide covalent

bonds is represented by the Pauling bond strength.

In addition, the valence correlated with the metal cation is maintained by the valence sum rule,
which enables the valence sum rule to be used as a bookkeeping device for the number of valence
electrons in a structure. Brown and Wu?** have established a generally applicable relationship
which relates the valence of the metal-oxygen bond to its interatomic distance R. The empirical

definition of a Bi-O bond length in angstroms explicitly refers to its bond power in valence units.
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2.6. Pair distribution function and total scattering
Comprehension of the local atomic arrangement of materials is importance in order to

understand their physical/chemical properties. These properties are generally dependent on the
structural arrangement, including short- or middle-range interactions between atoms. This
ordering can be expressed, in the case of crystals, by giving the atomic displacement parameters,
unit cell dimension, the atomic positions and the symmetry of the space group for the small set
of atoms constituting the asymmetric unit. An experiment conducted using X-rays, electrons, or
neutrons would result with diffracted energy being absorbed into Bragg reflections regardless of

the lattice periodicity.*

The locations of these reflections characterize the symmetry of the unit cell dimensions and
crystal structure. Their widths and shapes yield information about the sample microstructure,
specifically in the event of powders and their intensities can be used to acquire the asymmetric
unit atomic arrangement. The methods of crystallographic analysis at present are capable of
building the foundation for our understanding of materials in various fields of chemistry, solid-
state physics and biology, providing incomparable precision in the solution and refining of crystal

structures.*

However, not all substances are present as crystallised powders or single crystals, and
crystallographers have had to establish original methods to obtain knowledge about the
structural arrangements of liquid or amorphous materials. For nano-crystalline powders or for
compounds where the local structure varies considerably from the typical structure that can be
calculated by Bragg reflections measurements, an analysis of the pair distribution function (PDF)
can be used. Data for PDF analysis is obtained experimentally in a way that is similar to a powder

diffraction experiment as was discussed in section .4

The waves emitted by each pair of atoms in the sample will interfere, and the sum of these signals
over all pairs will produce the experimental diffraction pattern, which is then specifically linked
to the atom distribution in direct space. For the general case there can be scattering at any angle
of diffraction. The periodicity of the atomic arrangement for a crystalline material will lead to the

presence of Bragg peaks where the scattered amplitude is concentrated. In several other cases,
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examining the complete intensity distribution enables the collection of all information available

on the atomic structure, i.e. the pair distribution.*®

In direct space this function is defined as describing the likelihood of finding a pair of atoms at a
given interatomic distance r. Therefore, it can simply be calculated for any given sample atomic
arrangement model. In order to compare the model's PDF, the experimental diffraction pattern
needs to be transformed into direct space, essentially using a Fourier transformation. To provide
sufficient quality experimental PDF to tackle complex structural problems, the diffraction pattern
must satisfy criteria such as a sufficiently large Qmax value (i.e. the maximum measurement value)

and high statistics counting.*®
Q=4n sin3 2.15

Such conditions have long restricted the use of PDF applications to the study of amorphous or
liguids materials. At the same time, developing third generation synchrotrons yielding very high-
energy X-ray beams and very strong intensities, enable PDF measurements to be carried out in a
few seconds. PDF research is now being extended to a wide variety of fields from mineralogy*®

to solid state physics.*®

While PDF analysis is by no means in its infancy, experimental methods and new tools for data
analysis and reduction are still in the early stages of development.?®: 0 Both the Bragg and the
diffuse scatter are considered in the development of a pair distribution function, which is why it
is sometimes defined as a total scattering technique. The PDF provides the opportunity to explore
the local structure and is defined as “the probability of finding two distance-separated atoms,
r” >1 This enables the PDF to provide details on the average, longer-range structure and the local

structural disorder at the same time. The G(r) PDF is defined as:

G(r) = %Zizj [%d(r — rij] — 4mrp, 2.16

where the sum is distributed around the atoms in the structural model, separated by the distance
1. b; is the scattering power of the atom i (its X-ray or electron scattering factor); (b) is the

sample's average scattering power; p, is the compound's numerical density, i.e. the number of
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atoms per unit volume.>? This function will present peaks for values of r corresponding to the
model's interatomic distance, the intensity of these peaks being proportional to the product of
the atoms forming the pair's scattering factors. Within the PDF, all contributions from all pairs of

atoms add up. However, partial PDFs can be calculated considering only the selected atoms.>?

The G(r) can provide details at the fundamental level about how many atoms are located at a
spherical distance (r) from any given atom (coordination number). It can provide details on any
local disorder present in the system, and it is possible to quantify atom pair distances from the
PDF pattern. Even if the sample structure is unclear, analysis can be done simply by directly
obtaining atom-atom distances and coordination numbers from the PDF.>®> However, the
introduced error is small enough in practice to remain valid for quantitative analysis of X-ray

PDFs.

The PDF peak position is a reflection of the distance distribution in the material. For the case of
a totally random distribution of atoms, the PDF will be flat and G () would equal to O for any r.
The second term in Eqn 2.16, —4mrp,, is a normalisation term introduced to compensate for the
numerical density p, increase in the number of atomic pairs. The regular (i.e. more than average)

presence or absence of interatomic distances therefore appears as PDF fluctuations about zero.>*

In the case of short distances corresponding to near atomic neighbours, isolated peaks can be
observed. In the case of structural disorder, the width of the peaks depends on the distribution
of the distances around their average value, either due to thermal vibration or a statistical
distribution.>* For a crystalline solid, the interatomic distance distribution is determined by atom
co-ordinates, atomic displacement parameters, and unit cell periodicity.>® At each of these
distances the PDF will produce a peak and the width of the peak being related to the relative
atomic displacement parameters of the atoms forming the pair. The PDF should display these

peaks in theory up to the largest interatomic distances in the crystal.

In the case of nanoparticles, the sets of coherently scattering atoms are confined to the volume
of the individual particles and thus there will be no peak in the PDF beyond the maximum
interatomic distance within the particles. Only randomly distributed interatomic distances

between the atoms belonging to different particles will exist above this distance, and the
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PDF will disappear due to the normalization term in Eqn 2.16.%> Therefore, the PDF should provide
a precise estimate of the particle size and the distribution of interatomic distances within the
particles. With amorphous compounds the effect will be similar as the PDF will vanish with the
disorder-induced loss of structural coherence. Simple observation of the PDF can easily deduce a
particle size of ~8-9 A; a model of atomic arrangement inside the particle can be checked and
fitted to the data to provide a quantitative estimate of the interatomic distances and ultimately

the structural arrangements.>®

G(r) =4mr [p(r) —pol =

SRR

f Q[S(Q) — 1] sin(Qr)dQ 2.17
0

where p(r) is the microscopic pair density and S(Q) is the total structure function, i.e. the
normalized coherent scattered intensity. It is worth noting that the whole diffraction pattern is

used to obtain G (7), not only the Bragg peak intensities as for a classical crystallographic analysis.

The PDF, G(r) is generated from the total scattering function S(Q) through a sinus Fourier
transform. From the normalized scattering intensity, I(Q), the S(Q) is generated and is defined

as:

I — | 2
S(Q) = (Q)mcz.;l(lQﬁ)ﬁQ)l +1 2.18

The I(Q) must be adjusted for a variety of factors, such as the variety of atoms in the sample and
the experimental history, where c;i is the atomic concentration and f;(Q) is the atomic shape
factor for type i atoms based on Q.>> The PDF technique is very sensitive to background
subtractions, particularly when the sample is weakly distributed compared to the background, as
it is necessary to calculate the diffuse scattering. Usually, a background measurement requires
an empty sample container placed in the same position in the experimental set-up, but further
measurements might be required, such as only the beam without a container and the container
with some fluid transmitting pressure.® This background is then removed from the data obtained
on a sample such that the final measured scatter preserves diffuse scatter solely from the sample
material. Therefore, the extent of the disorder, defects and so on, which contribute to the pattern
through diffuse scattering outside of the Bragg peaks, will be included in G (7).
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In theory, a compound's PDF, which can act as a kind of fingerprint, can therefore be used to
classify it, as shown in the case of pharmaceutical materials.>®> It can be used to assess the
length of structural coherence or the size of nanoparticles. Since the entire PDF is the sum of the
PDFs of the individual phases weighted by their proportions within the mixture, it can be used

for quantification regardless of whether the phases are crystalline or amorphous.

2.6.1. Termination Errors

The Fourier transform includes data from Q = 0 to 0 A, but experimental limitations imply that
this data range cannot be accessed.*® This influences the PDFs generated from the total scattering
pattern. Consequently, in our experiments, it is necessary to understand the range from Q,,,;, to

Qmax that is being accessed and what effect these data ranges can have on our calculated PDFs.

2.6.1.1. Qmax

For obvious reasons Q4 = © cannot be accessed experimentally, however, high-quality PDFs
can be generated if the value of Qmax is sufficiently high. Accurate data analysis can be performed
on Qmax = 20 Al generated PDFs and this is theoretically a conservative estimation, with the
publishing of PDFs using Q,nqx < 20 AL, Data from finite Q,,4, results in termination ripples at
low r, which decrease as r increases in magnitude (Fig. 2.20). With lower Q,,,, Vvalues, these
ripples are worse and can add to the pattern at low r, making it important to ensure that this

effect is as small as possible, particularly when the atom-atom distances are short.

= Qmax=16A-1
=@ Qmax=21A-1

-Qmax=25A-1

0.0 0.5 1.0 15 20 25 3.0
r(A)

Fig. 2.20 Ni X-ray PDF gathered in a capillary generated using varying Qmax values.>®
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On the other hand, if the counting statistics become too low, the use of very high Q,,,4, values
may also introduce noise into the PDF.>® For this purpose, the entire Q range obtained does not
need to be used, thereby ensuring that statistical errors are not included in the PDF. The S(Q)
can be tested in practice to investigate at what point the scattering from the sample is lost in the
noise from the detectors and different Q,, 4, values can be used to generate the highest possible

PDF output (Fig. 2.21).
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-4.0

—a—Qmax = 27 A-1

G (r)(A?)

—a—Qmax = 17 A-1

6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4
Radial Distance, r (A)

Fig. 2.21 Comparison of X-ray PDF patterns for BaTiO3 using various Qmax values.>®

The Q,qxVvalue used for the Fourier transform would also determine the PDF's true space
resolution. The greater the Q,,, vValue, the higher the resolution in the PDF file (Fig. 2.21). Higher
peak resolutions, particularly when considering subtle changes in overlapping peaks, are clearly

advantageous for PDF analysis.>’

2.6.1.2. Qmin

Experimental factors would result in the inability to calculate the dispersion of the sample down
to Q = 0 AL, A beam stop, for example, prevents the beam from directly reaching the detector
in X-ray diffraction tests, but then the beam stop also blocks the dispersion at very low Q values.
This will introduce errors in the PDF (shortest atom-atom distance) at the first peak.>” If Qi >
0 Al then termination errors are introduced that lead to overestimation of coordination

numbers along with termination errors introduced by Q,,,, < 0. Extrapolating data to
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Qmin = 0 is feasible in the absence of experimental data at low Q, thereby minimizing

termination errors (Fig. 2.22).

Tellurium, 500 °C
X-ray diffraction

1,0
£
i
SV
0,5 —~ Integration with Q from 110 11.85 A"
— Integration with Q from 0to 11.85 A"
—o— Integration with Q from 0 to o«
0,0

r, A

Fig. 2.22 Calculated G(r) values of liquid Te using various integration limits.>®

2.6.2. Modelling of PDF

The key function of the PDF is, through the distribution of interatomic distances, to provide a
description of the structure of a compound in a range of scales, ranging from local order (< 10A
as local order) to average structure (a few tens of nm). It then constitutes a true method for
examining multi-scale structures and will be fruitfully applicable in cases where these local and
average structures differ, either because of the coherent domain/grain size (nano-crystalline and
amorphous compounds) or because of localized defects or structural disorders (static and

dynamic) that traditional crystallographic approaches cannot effectively take into account.

We have seen that from total scattering measurements, the PDF can be obtained experimentally

and can also be calculated provided some kind of atom distribution is given. As always, it is

68



important to look for the configuration that produces the best agreement between the calculated
and observed PDF in order to validate and develop the structural model. In order to model the

PDF, two main types of methods are used.

The first approach is focused on Reverse Monte Carlo style numerical minimization techniques
(e.g. when using the program RMCProfile).>® The structural model is constructed by distributing
atoms in a (large) box more or less randomly, and is optimized using a Reverse Monte Carlo
algorithm to minimize the difference between the calculated and measured PDFs.”’
Consequently, as the size of the problem increases and its likelihood of success is highly
dependent on the selection of the physico-chemical constraints applied to the model
(distance/angle limits, coordination imposed, bond valence sum), it requires large computational
resources. It needs dedicated computers to analyse the resulting structure statistically. This
approach is especially well suited to compounds and liquids that are amorphous or almost

amorphous.

The second approach consists of the refining of the experimental PDF with a periodic structural
model in the least squares profile, a kind of Rietveld refining in direct space (e.g. when employing
the program PDFGui®’). This technique is quicker and better suited to substances that are close
to a crystalline state. To compare local and average structure, symmetry constraints can be
placed on all or part of the structure and refinements can be applied to different ranges of

distances.

2.7. Electrochemical Impedance Spectroscopy (EIS)
Impedance spectroscopy (IS) is a tool for testing many of the material’s electrical properties and

interfaces, comprising of ionic, mixed and semiconducting electronic-ionic materials.
Measurements are usually made with a cylindrical pellet or rectangular block for solid specimens
to characterize the conducting action of solid electrolyte or electrode materials. In a typical two-
probe experiment, two identical electrodes are applied to the sample's parallel sides. Depending
on the requirements, measurements can be conducted under vacuum or in different

atmospheres over large temperature ranges.>?
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EIS is an effective linear electrochemical AC perturbation technique that is used in complex fuel

cell processes to investigate failure modes, reaction pathways and degradation mechanisms.%:61

In certain cases, it also helps to investigate the properties of the electrolytes of the materials. The
primary function it serves is to differentiate and distinguish the various processes such as that
exist in different timescales. EIS is used in fuel cell research to identify the ohmic, concentration
and activation polarization contributions.®® In order to access these various processes,
measurements are made within a range of frequencies. Here we will look specifically at the

application of EIS to investigate a possible electrolyte for a SOFC and how to analyze the data.

Generally, EIS data in the form of a Nyquist plot is analyzed quantitatively using equivalent circuit
modelling (ECM).®® ECM involves building electrical circuits by using circuit elements (such as
resistor, capacitors and so on) placed either in parallel and/or series to model the actual
behaviour encountered on electrochemical systems in EIS data. The method consists of
proposing a physically relevant circuit on which the model is built and fitting data using complex

non-linear squares (CNLS), combined with a stochastic error structure assessment, to make it a

consistent and provide a valid simulation process.®°

The overall approach to A.C. Impedance spectroscopy is to examine the response to an
alternating voltage by impedance (complex resistance) measurement.3> Normally it involves the
implementation in the frequency domain of a variety of single-frequency voltages and impedance
measurements. Measurements are usually performed over a wide frequency range, which was 1
Hz to 1 MHz in the present work. Electrochemical impedance is usually done by applying an AC
potential in the form of a sine wave to an electrochemical cell and then measuring the current

through the cell, especially for systems with higher resistances.®!

An AC current signal is the response to this potential. It is possible to evaluate this current signal
as a sum of sinusoidal functions (a Fourier series). Normally, electrochemical impedance is
measured using a small signal of excitation. This is done in such a way that the cell's response is

pseudo-linear. A sinusoid with the same frequency but shifted in phase will be the current
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response to a sinusoidal potential in a linear (or pseudo-linear) system (see Fig. 2.23).%1 The signal

of excitation when expressed as a function of time, has the form:

where E; is the amplitude of the signal, E; is the potential at time t, and w is the radial frequency.
The relation between the radial frequency w (expressed in radians/second) and frequency f
(expressed in hertz) is:
w = 2nf 2.20

The response signal, I;, is shifted in phase (wt + ¢) in a linear system and has a different
amplitude than I;.

I, = I sin (wt + ¢) 2.21
An equation similar to Ohm’s law enables one to measure the system impedance as:3°

E, E, sin(wt) sin(wt)
7 =-to = Zy— 2.22
I  Iysin(wt + ¢) sin(wt + ¢)

As a result, the impedance is expressed as a magnitude, Z, (surge impedance), and a phase shift,

¢ as shown in Fig. 2.23.

Fig. 2.23 Sinusoidal excitation signal (applied) and linear response signal (measured).®*
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For the plot, the applied E; in the form of a sine wave on the X-axis and the sinusoidal response
signal I; on the Y-axis, an oval shape is produces in response called a "Lissajous Figure" (Fig 2.24).
Before modern-day EIS instrumentation, oscilloscopes were used and these produced Lissajous

figures. At that stage it was the method by which impedance measurements were done.®!
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Fig. 2.24 A diagram during EIS experiments, the observed pseudo linear spectrum was depicted
by a polarization curve. The origin of Lissajous diagrams is also visible in the observed field.5!

With Eulers relationship,

exp(j¢p) = cos ¢ +jsin ¢ 2.23
Impedance can also be expressed as a complex function. The potential is defined as,
E, = E, exp(jwt) 2.24
and the current response as,
Iy = Iy exp(jwt — ¢) 2.25

Thereafter, the impedance is expressed as a complex number,

Z(w) = ?: Zyexp(jp) = Zy (cos ¢ + jsin ¢ ) 2.26
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The term for Z(w) is comprised of a real and an imaginary component.®?> When the real
component is plotted on the X-axis and the imaginary component is plotted on the Y-axis of a
graph, a "Nyquist Plot" (Fig. 2.25) is obtained. The Y-axis is generally plotted as the negative of
the imaginary impedance, and each point in the Nyquist Plot represents the impedance at a given
frequency. The low frequency data occurs on the right side and higher frequencies are on the left
side of the plot. An alternative way to look at this is to interpret the impedance as a vector (arrow)

of length |Z| and the angle between X-axis and the vector is commonly referred to as the phase

angle.5?
A
-ImZ
iy
|Z|
=00 W= 0
WA /,
RealZ

Fig. 2.25 Impedance vector Nyquist plot.®

There is one major flaw in the Nyquist Plot. You cannot tell what frequency was used to record
each data point on the plot by looking at it. In Fig. 2.25, the Nyquist Plot results from Fig. 2.26's
electrical circuit. A single' time constant' is typical of the semicircle. Several semicircles may make

up a full Nyquist Plot and at times just a part of a semicircle is often seen.5?
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Fig. 2.26 With a single time constant, a simple equivalent circuit is created.®

Three key factors to remember when measuring EIS data to allow the models to apply are:0-63

(i) stability-where the current response contains no or minimal drift or background noise, (ii)
linearity —where to have a linear output the input amplitude should be small, (iii) causality-where
the current response is triggered only by the potential disturbance. It is also necessary to test for
the validity of the data obtained to ensure the above three conditions were met when measuring
an impedance plot, and before applying circuit modelling. Then, the data can be considered
reliable and valid. The Kramers Kronig (K-K) transform is a relationship established by which the

quality and validity of the data can be checked.>®°

This is done by integrating the imaginary part of the data to obtain the real part of the impedance
data, or vice versa. It is fair to say that the K-K transform relations would hold for any EIS data if
the above three conditions are met. However, if the real part is not produced when processing the
imaginary part, or vice versa, it means the data is not valid and any further analysis of this data (for
example by using ECM) will not provide the correct information. As a result, using K-K evaluation
of impedance data is a useful tool to ensure valid data was collected before even trying to assess

the models which would apply to the data.®®

2.7.1. Equivalent Circuit Modelling (ECM)
ECM, as previously mentioned, provides both qualitative and quantitative insight into impedance

data, allowing for a better understanding of electrochemical processes and their behaviour.®° In
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this sense, ECM can be used after proper validation of the EIS data to associate physically
meaningful parameters with the system impedance. Therefore, ECM offers enough information
on process parameters such as reaction rate constant and diffusion coefficient, etc. In short, it
gives an empirical meaning to EIS information for process investigation. The circuit models are
designed using three primary elements: inductors (L), capacitors (C), and ideal resistors (R). To
account for non-ideal behaviour of real-world systems, specialized circuit elements are also used,
namely the Gerischer element (Ge), the Warburg element (W), the constant phase element (CPE),

etc.%3 These circuit elements are discussed in more details below.

2.7.1.1. Resistors
The symbol shown in Fig. 2.27a represents a perfect resistor element (R). A resistor's impedance

is frequency independent and has no imaginary part. The current remains in phase through a
resistor with the voltage across the resistor (@ = 0). Therefore, it can be associated with Ohm's
law, Zz = E/I = R, where R is the resistance.®® The Nyquist plot for a resistor is simply a single
point on the x-axis that will give the same value irrespective of the frequency, implying that it has

just a real impedance value (Fig. 2.27b).

iy MNyquist Plot
A

(a) (b)

—AWW—

R

z.l

Fig. 2.27 (a) Representation of a perfect resistor in a circuit diagram, (b) Nyquist plot for a
resistor®?,
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2.7.1.2. Capacitors
The impedance of capacitors is purely reactive. The resistance of an ideal capacitor is zero. When

an AC voltage is applied to a capacitor, the phase angle is -90° and is described as the current
leading the voltage. The impedance of a capcitor is inversely proportional to the frequency,
meaning that its impedance increases as the frequency of the signal decreases.®* The symbol
shown in Fig 2.28a is for a perfect capacitor (C). Capacitors only has an imaginary component of
impedance. The charge q stored in the capacitor plates is related to the potential around the

plate and this gives equation:®*

q=CE 2.27

The equation describing the impedance of a capacitor is:®

Ze = 1/jwC 2.28
where j is the imaginary unit, w is the radial frequency and C is the capacitance. As a result, the
Nyquist plot for a capacitor is a vertical line (Fig. 2.28b), with Z' = 0 at all frequencies. Capacitances
appear in electrochemical systems almost everywhere there is an interface. In cells containing
solutions the capacitance is due to double layer formation when the charged electrode attracts
oppositely charged ions in solution which arrange in a layer more-or-less parallel to the electrode
surface. It can also be due to the dielectric capacitance or, as is found in solids including the solid

electrolytes, at grain boundaries.®

- Nyquist Plot

low f

@ e (b

high f

z!
Fig. 2.28 (a) An ideal capacitor representation, (b) Nyquist plot for a capacitor®.
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2.7.1.3. Series R-C circuit
When the above two-phase elements have been positioned in series (as shown in Fig 2.29a), this

equivalent circuit could apply to an ideally polarizable electrode. In this circuit the total potential
drop is the sum of the capacitive and resistive impedances. As a result, the previous relationships
can be represented as a sum of real and imaginary components, resulting in a complex notation.

The impedance of the series RC circuit is therefore given as:®
Z=2Zs+ Zc =R+ 1/jwC 2.29

Fig 2.29b shows the Nyquist plot for this circuit. For all frequencies, the real impedance (Z') equals
the resistance of the resistor, and the imaginary component of the impedance (-Z”) behaves

similarly to the ideal capacitor.

By bl Nyquist Plot

low f

(a) (b)

R C Increasing w

high f

>
ZI

Fig. 2.29 (a) R-C circuit connected in series, (b) Nyquist plot for an ideal polarizable electrode.*

2.7.1.4. Parallel R-C circuit
The parallel R-C circuit (Fig. 2.30a) can be representative of a real (non-ideal) polarizable

electrode, which involves both Faradaic and capacitive currents. In actual electrochemical
systems, these Nyquist plots are most frequently observed.®> The admittances (i.e. the
reciprocals of the impedances) are additive in parallel. As a result, we can write the parallel RC

circuit expression as:
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1/Z= 1/R+jwC 2.30
If we rewrite the equation for Z (by multiplying all of the terms by R first), we get:
Z= R/(1+jwRC) 2.31

This equation shows that as the denominator of the fraction approaches infinity at high
frequencies, (as w—><<), the impedance tends to zero; the ideal circuit acts like a capacitor at
infinite frequency, with zero impedance. The denominator tends to 1 at low frequencies (w—>0),
so the total impedance of the circuit equals R, and the circuit behaves like a resistor. As shown in
Fig. 2.30b, the Nyquist plot for this circuit is a semicircle, intersecting the real (Z') axis at 0 and

R.66
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Fig. 2.30 (a) Representation of an R-C circuit connected in parallel, (b) Nyquist plot of a
polarizable electrode in real life.%®

Semicircles in the Nyquist plot are often associated with processes like charge transfer where the
two processes at the electrode surface, namely charge transfer which is met with a resistance
and the charging of the double-layer to produce a capacitance, occur in parallel and hence the
semicircle. The letter f written at the topmost point of the semicircle (see Fig. 2.30b.) implies the
relaxation frequency, and it is related to the time constant of the RC circuit. It can be seen from
Eqn. 2.31 that the semicircle's peak occurs when wRC = 1. The time constant is thus described

using the following relationship:°®
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= 1/w= 1/2nf =RC 2.32

This provides crucial information about the time frames in which various processes take place. It
is also a way to estimate the value of the capacitance, given that the resistance can be estimated
from the diameter of the semicircle. Another way to assess this is using a form of the Bode plot
(Fig. 2.31). In a log-scaled plot of the imaginary component against frequency, the peak of this

plot corresponds to the top of the semicircle.®’

2" Q

102 10" 10° 10" 10% 10° 10* 10°
f/ Hz

Fig. 2.31 Bode plot for a parallel RC circuit.5’

If there are a sequence of semicircles in a Nyquist plot, the value of the time constant (that is,
their frequency dependence) for each of these plays a role in allocating the processes responsible
for each of these RC circuits. A smaller time constant implies a higher relaxation frequency and
thus the RC circuit will appear at higher frequencies. For RC circuits having very similar or identical
time constants, it is generally impossible to separate the details of the processes occurring since

the semicircles will overlap extensively.

Using standard circuit laws for series and parallel configurations, the total impedance can be

calculated based on impedances of the individual elements. For most real electrochemical
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systems an ohmic resistance is present and this can be modelled by adding a simple resistor
element in series with the one shown in Fig. 2.32a. The Nyquist plot is moved by the value of the
ohmic resistance in the positive X-axis direction. A depiction is shown in Fig. 2.32b. Here Cy;
refers to the double layer capacitance at the electrode interface, R; is the charge transfer

resistance arising from processes and R, describes the ohmic resistance.®’

1
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Fig. 2.32 (a) Parallel R-C circuit with a series ohmic resistance, (b) the corresponding Nyquist plot
for a real-world polarizable electrode.®’

2.7.1.5. Constant Phase Element (CPE)
The CPE (symbol Q) is similar to a capacitor but represents a non-ideal capacitor, resulting in the

Nyquist plot shown in Fig. 2.33a. They are often used to model solid state systems which do not
show ideal capacitance. In a Nyquist plot, a RQ circuit is normally depicted as a depressed semi-
circle (unlike the typical semi-circle for a capacitor) which has its centre below the actual x-axis
(see Fig. 2.33b). The mathematical definition of its impedance is very similar to that of the

capacitor and is given as:%®

1

= 2.33
Q(w)"

Zq

The phase is constant (independent of frequency) and is equal to (—90 X n)° and n is a number

between 0 and 1.
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Fig. 2.33 Nyquist plot for a CPE element, on its own (a), and in the form of a depressed semi-
circle (b).%

The centre of the semi-circle is located at an angle of (1-n) x 90° a from the origin and n is thus
the parameter of depression. The case where n=1 applies to an ideal capacitive element. The
CPE component implies non-uniform current distribution, and this can be caused by factors such
as electrode surface roughness, variations in the electrode thickness or composition, or systems
with highly distributed reaction rates.®® For example, if looking at SOFCs, the electrodes are
generally porous and as a result of its manufacturing process, different regions on the catalyst

are expected to have different activation energy.®

Therefore, electrochemical oxidation or reduction reactions occur differently around the anode
or cathode surface, respectively, resulting in a CPE activity at different levels. Different "edge
effects" creep through due to different current collector materials (mesh and paste) used in a
SOFC in a home-made environment, causing current variation across the entire surface.”® As a
result of this effect, the current in the active area's center may be lower than at the edge,
increasing the device's overall surface roughness factor. Because of these factors, fuel cell stacks
which are commercially built to be more robust show more ideal capacitive behavior, while

home-made cells are less uniform and thus show CPE behaviour.”
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2.7.1.6. Warburg Element
The Warburg impedance (symbol W), models semi-infinite linear diffusion — that is, one-

dimensional diffusion bounded only by a large planar electrode on one side.”* The equation for

the Warburg impedance is relatively simple for such an element and is given as:

0.

Zy = 0w % — jow™05 2.34

where ¢ is the Warburg coefficient, with units of Qs~%>. The Warburg impedance Zy; is used to
model the low frequency regions where the relatively slow process of diffusion dominates (Fig.
2.34). At high frequencies, the reactants or ions do not have time to move or diffuse when the
applied signal is alternating very fast.”! On a Nyquist plot, the Warburg impedance should
preferably appear as a line with a slope of 0.5 or at a 45° angle to the x-axis, as shown in Fig. 2.
34b. The Warburg or diffusion impedance is a physical parameter that is derived from Fick's first
law of diffusion and the information obtained from this parameter can be used to find values of
the diffusion layer thickness and the diffusion coefficient for systems where this plays an

important role.”?

(a) (b) T

_ZII

F]OC'
‘j”

Fig. 2.34 (a) Warburg element representation, (b) representative Nyquist plot for a Warburg
element showing mass diffusion behaviour. %
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Based on the frequencies used the time scale of the experiment is too short for the system to
reach a stable state therefore diffusion tends to be semi-infinite. In some cases, diffusion is often
further restricted, either by the system or by the experimental parameters. This causes finite

diffusion behaviour, which differs from the standard Warburg impedance response.®®

Finite diffusion has two main equivalent circuit components. These are the finite space Warburg
(FSW) and finite-length Warburg (FLW), also called the "open" and "short" Warburg elements,
respectively (Fig. 2.35). For this study, we will only focus on FLW as FSW is not expressed in our
Nyquist plots as it is associated with the diffusion of ions within a storage electrode, such as in

lithium-ion batteries.”® Nyquist plot example of their responses are given in Fig. 2.35.

G < FLW
< FSW

_ZII

ZI
Fig. 2.35 Nyquist plot for finite Warburg elements.®®

Mathematically, the impedance of a FLW®? can be given as:

Zeow = Zo(jwt)™%5 tanh (jwt®>) 2.35
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The properties of the device or process that causes FLW behavior are described by Z, and t. The
impedance of the FLW approaches Z, at lower frequencies. At high frequencies, the response is
similar to Warburg impedance. As a result, the FLW shape in the Nyquist plot appears as a 45°
line at higher frequencies and transforms into a semi-circle shape at lower frequencies. It’s like a
Warburg being "shorted" by a resistor, although the same response will not be given by a parallel
W-R circuit.”* Usually, this response is correlated with diffusion (or mass transport) through a
finite-length layer. An example where this plays a critical role is in rotating disk electrodes where
the convection from the electrode reduces the diffusion layer thickness (i.e. the distance

between the electrode and the bulk solution).”>

2.7.1.7. Circuit Obscurity and Fitting Algorithms
While EIS is a powerful technique in conjunction with ECM, it does have a big downside. The

circuit models could be non-unique, where a single specific Nyquist plot could fit several models.
Therefore, as a researcher, it’s much more critical to first understand the system's physical nature
and potential reaction schemes before attempting to fit a definite model to the impedance data.
From the outset, it is a good idea to use simpler circuits to begin modelling the system after
understanding the basics of the system. Complex and specialized circuits can then be
incorporated into existing models to better simulate the behaviour, both in terms of fitting and

valid conceptual reasoning.”®

ZFit is the program that is used to fit impedance data to analogous circuit models. The program
uses the standard, complex nonlinear least squares (CNLS) method which is one of the most
common experimental data fitting techniques.®® The chi-squared (x?) algorithm was used to
increase the efficiency of the CNLS-fitting. A smaller y? value suggests a better statistical fit for
the circuit model being considered. The CNLS method can converge when a "local minimum" is
reached, as indicated by a large y?2. To reach the global minimum the initial estimated values for
the various parameters should be slightly altered and then the fitting process restarted. It is also

possible to fix the values of specific parameters while the others are being refined.”>’®
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Results and Discussion

3.1. X-ray diffraction analysis

The two batches of samples, as described based on the total dopant concentration, were
analysed by PXRD at room temperature. One batch of samples (ranged from ~25-48%) had a
higher total dopant concentration, for example, 26.5 mol% (1.5Pb25YSB) whereas the other
(ranged from 10-20%) had a lower total dopant concentration, for example, 15 mol% (5Pb10YSB).
The high total dopant composition samples were chosen in line with the findings of Omari et al.!
who published a paper on the Bi,03-PbO-Y,03 system, with the goal of integrating the high
efficiency of the Bi,03-PbO system with the better stability of the Bi,03-Y,03 system. Within some
compositional areas, this was accomplished satisfactorily. In the Bio.75(1-x)Pb0.75xY0.2501.5-0.375x
system, the authors stated the compositional variation of the lattice parameter and concluded
that double substitution of Pb?* and Y3* for Bi3* in Bi,0Os yields stabilised §-Bi,O3 type phases with
high conductivity.! Thus moving from pure Bi,O3 that exists as a a-phase (P21/c, space group) at
room temperature, the Bi,O3 doped systems with particular compositions (for example doped
with Dy,03, Y203, Er,03 and Yb;03) can stabilise the cubic 6-Bi,Os type phase (space group Fm-

3m) at ambient temperature.

The samples with lower total dopant concentration were synthesised to determine the minimum
total dopant concentration required to stabilize 6-Bi,Os and improve the conductivity by varying
the dopant ratio between Pb?* and Y3*. It has been shown that §-phase stabilization was achieved
with co-doping at a comparatively lower total dopant concentration (~12 mol%) when compared
to the single dopant method.? With the lower dopant concentrations, the resulting conductivities
were thus higher.? For example high conductivity (0.098 S/cm) was obtained from
(DyO1.5)0.08(W0O3)0.04(BiO1.5)0.88 composition (8D4WSB) with a total dopant concentration of 12
mol% at 500°C.3* Jung et al.> have developed a co-doped bismuth oxide electrolyte with a total
dopant concentration of 12 mol%, consisting of 8 mol% Dy and 4 mol% Gd (8D4GSB). Again, the

phase pure cubic crystal structure was achieved. At 600 and 500 °C, this material showed an
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oxygen ion conductivity of 0.18 and 0.1 S cm™%, respectively. In this temperature region, these are

among the highest conductivity values recorded.

In this work, by developing a different co-doping system (one isovalent Y3* dopant and one
aliovalent dopant Pb?*), PbYSB material with lower total dopant concentration, we wanted to
improve these recorded conductivity values in order to determine the effect of PbO and Y03 in
the PbYSB system. Additionally, by having the Pb?* ion present, we wanted to see if the extra O-

vacancies and the lone pair on Pb?* improved the conductivity.

3.1.1. Higher total dopant concentration

Fig. 3.1 shows the XRD patterns of the singly doped specimens, namely 25PbSb. The
diffractogram showed the coexistence of the majority of cubic and minor tetragonal phases.
Thus, this result indicates that Pb?* alone cannot stabilise the high conductivity cubic structure of
bismuth oxides. Studies conducted by Omari et al.* on the Bi,03-PbO system showed that some
solid solutions (B-BisPb3010.5 and B-BigsPbsO17) in this system show high ionic conductivity at ca.
600°C. These highly conductive tetragonal phases, however, have only been found to be stable
over avery narrow temperature range (630°C). Therefore, the fluorite 6-phase of Bi,O3 was found

to be unstable when Pb was used as a main substituent.

Laboratory X-ray diffraction information indicated that (BiO1.5)0.75-x(PbO)x(YO1.5)0.25 solid solutions
annealed at 700°C retain a fluorite structure throughout the composition range studied (0.015 <
x £ 0.225). The synthesized co-doped bismuth oxide materials were generally divided into low
(e.g., 5Pb10YSB) and high (e.g., 1.5Pb25YSB) total dopant concentration classes, with the
intention to produce and stabilize the fcc type 6-Bi,0s solid solution. Due to limitations in access
to state-of the-art techniques, such as, Synchrotron Powder X-ray Diffraction and Raman
Spectroscopy (RS), only two samples were fully characterized. These were 5Pb10YSB and
1.5Pb25YSB which represent co-doped bismuth oxide materials from the low and high total
dopant concentration range, respectively. Fig. 3.2a shows laboratory diffraction patterns for
1.5Pb25YSB, 6Pb25YSB, 9Pb25YSB and 15Pb25YSB. All the indexed peaks belong to the 6-Bi;0s
(from inorganic crystal structure data base) and no additional peaks were observed in the

diffractograms, indicating phase stability of the pure 6-Bi,O3 at room temperature. The same
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samples (containing 25% Y and from 1.5 — 15% Pb) were measured on a beamline 28-ID-2 at the
National Light Source Il at Brookhaven National Laboratory and showed the same 6-Bi,0O3 phase
(Fig. 3.2b) as the ones measured on a Bruker D2 phaser, indicating that indeed 6-Bi,03 phase was

stabilised at ambient temperature by using a high total dopant concentration (26.5 — 40%).
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Fig. 3.1 XRD pattern of 25PbSB showing a mixture of phases annealed at 700°C. Inset shows a
magnified region at the range of 20 angle from 30 to 60 degrees.
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Fig. 3.2 Laboratory XRD patterns for 1.5Pb25YSB, 6Pb25Y SB, 9Pb25YSB and 15Pb25YSB and
a magnified inset showing data between 30° to 40° (20) (a); Synchrotron diffractograms for
1.5Pb25YSB, 3.75Pb25YSB and 15Pb25YSB (b). All samples were annealed at 700°C for 12
hours.
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Two of the samples, 3.75Pb25YSB and 7.5Pb25YSB, from the high dopant concentration class
were further annealed at 800°C for 20 hours as they were the only two samples from the high
dopant concentration class that maintained the 6-phase at 750°C to see if they are stable at even
higher temperatures. However, both exhibited anisotropic peak broadening, peak splitting and
showed additional peaks which are yet to be identified in the diffractograms (Fig. 3.3) with phase
degradation taking place to form a mixture of phases. From this observation it was concluded
that to obtain a 6-phase at higher temperature it is best to anneal the samples at 700°C as this
temperature results with a single phase as it is close to a temperature which results in phase

degradation.
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Fig. 3.3 X-ray diffraction patterns for 3.75Pb25YSB and 7.5Pb25YSB annealed at 800°C for 20
hours. Blue circles and (+) on the magnified inset between 30° to 40° (20) indicate shoulders on
the side of peaks and some of the additional peaks that were observed, respectively.

The starting model (ICSD 98144) for refinements was based on the space group Fm-3m derived
for pure 6-Bi;03, with cations statistically distributed at the 4a (0, 0, 0) sites and oxygen atoms at
the standard 8c ( %, %, % ) and 32f (x, x, x) interstitial sites as shown in Fig. 3.4.2 The isotropic
temperature factors of the cation sites, and the occupancy, position and scale factors of the anion

sites were refined to achieve a good fit between the measured and observed profiles as shown
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in Fig. 3.5a and 3.5b. The high degree of disorder in this structure, shown by a decrease in peak
intensity with 26, is verified by the high thermal parameters of the cations shown in the refined
structural details provided in Table 3.1. However, compared to O-atoms in the structure, Bi-
atoms scatter X-rays very strongly. As a result, using PXPD techniques, very little data can be
derived directly about the O-atoms. The oxygen positions and occupancies listed in Table 3.1 are

therefore not very accurate.

Fig. 3.4 The structure of 1.5Pb25YSB viewed along [100], where the red spheres represent O and
the violet spheres represent Bi/Pb/Y. With oxygen atoms located at 8c ( ¥4, ¥4, ¥ ) and 32f (X, X, X)
interstitial sites.
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Fig. 3.5 Observed and calculated laboratory (a) and synchrotron(b) diffraction patterns for
1.5Pb25YSB composition. The blue circles in the figure indicate the experimental data while the
red solid line is the Rietveld fit. The orange lines represent the positions of the predicted peaks.
The lower plot (represented by a black line) is the difference curve between the observed and
calculated diffraction profiles. The fitted background has been subtracted from both the observed
and calculated intensities for clarity.

Table 3.1 Input values used during a Rietveld refinement analysis Bio.75(1-x)Pbo.75x Y 0.2501.5.0.375x.

Atom

Bi
Pb

o1
02

Site
Symmetry
4a

43

4a

8c

32f

X y

0 0

0 0

0 0
0.25 0.25
0.329 0.329

95

0.25
0.329

Thermal
parameter
1.588
0.1473
0.3799
2.989
3.000

Fractional
Occupancy
0.735

0.015

0.25

0.525

0.055



Fig. 3.5a exhibits the refined laboratory XRD pattern of composition 1.5Pb25YSB while Fig. 3.5b
shows refined synchrotron XRD diffractogram of the same sample obtained from Rietveld
analysis, using a whole profile fitting DIFFRAC.TOPAS suite. The crystallite size and strain
broadening of the experimental profiles were both carried out individually using the pseudo-
Voigt (pV) function. A polynomial function of degree five was used to match the background of
each XRD profile. The reliability index parameters, such as expected error (Rexp) and weighted

residual error (Rwp), were used to monitor the minimization.

The calculated lattice parameter (a) and the goodness of fit parameters from Rietveld analysis at
room temperature for the range of compositions are listed in Table 3.2. This table shows that
values of the lattice parameter for doped compositions are lower than that of 6-Bi,O3 (a =5.6525
A)®, which is due to the fact that the ionic radius of the major dopant, Y3* (1.019 A)? is less than
the ionic radius of Bi* (1.17 A)° regardless of the ionic radius of the minor dopant, Pb2* (1.29 A)°
being greater than that of Bi** for the octahedral arrangement.'® The lattice parameters obtained
from synchrotron data seems to be comparable to the ones obtained from the laboratory source
but the values of goodness of fit for laboratory data are more than two times higher than the
ones from synchrotron data highlighting the importance of high resolution data with less peak to

noise ratio.

Table 3.2 Refined structural parameters for the (BiO15)0.75-x(PDO)x(YOu15)0.25 System at room
temperature using the cubic model with space group Fm-3m. Rwp is the weighted pattern residual
and Rexp is the minimum achievable pattern residual, both of which are satisfactory values.
Unfortunately, we could not measure the synchrotron data for 7.5Pb25YSB and 9Pb25YSB.

Laboratory data Synchrotron data
Sample a(A) Rexp Rwp GoF | a(A) Rexp (%) | Rwp (%) | GoF
(%) (%)
1.5Pb25YSB 5.4877(8) | 5.64 6.53 1.16 | 5.4939(3) | 21.9 8.84 0.403
3.75Pb25YSB | 5.4863(4) | 5.96 7.55 1.27 | 5.4948(7) | 21.0 10.0 0.478
7.5Pb25YSB 5.4835(8) | 6.06 9.45 1.56
9Pb25YSB 5.4807(9) | 5.71 6.68 1.17
15Pb25YSB 5.4750(2) | 5.82 6.72 1.15 | 5.4854(5) | 21.8 8.83 0.405
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Vegard's law'® states that for a substitutional solid solution the unit cell parameters should vary
linearly with composition (or extent of substitution) expressed in mol percentage. This linear
relationship is seen in Fig. 3.6, but a decrease in lattice parameter was observed with an increase
in Pb?* content, for a fixed Y3* dopant concentration. This was initially not anticipated due to the
replacement of Bi3* by the larger cation Pb?*, but it is consistent with observations previously
recorded by Omari et al.> which shows a similar compositional dependence of the cubic lattice
parameter for the series Bio.75(1-x)Pbo.75xY0.2501.5-0.375x at room temperature. This contraction can
be explained by the reduction in the amount of oxide ions associated with preserving
electroneutrality. With an increase in Pb material, the highest intensity diffraction peak shifts to

higher 26 values (Fig 3.2a), suggesting changes in lattice parameters.

5.500 - -~ regression line
e Data

Lattice parameter a/A
i::

5.475 - e
5.470
5.465
5.460 | . : : | : .
2 4 6 8 10 12 14

Pb?* composition (mol%)

Fig. 3.6 Compositional modification of the (BiO1.5)0.75x(PDO)x(Y O1.:5)0.25 cubic unit cell parameter
at room temperature with Y3* composition (25 mol%) kept constant.

The substitution of Pb on the Bi-site does not change the crystal structure itself but results in a

shift in the relative atomic 0,-32f positions, which in turn affects the lattice parameters.
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Furthermore, the change in oxygen occupancy, which could not be precisely determined via XRD,

is another factor influencing the lattice parameters.

3.1.2. Lower total dopant concentration

To produce higher oxide conducting electrolytes, the dopant concentration should be decreased,
but the total concentration still needs to be high enough to stabilise the pure fluorite 6-Bi,0s
phase. To find the ideal PbYSB composition with lower total dopant concentration
(concentrations from 10 — 20 mol% were considered) and the ratio of dopant content was varied,

mainly looking at Pb:Y of 1:4, 1:2, 1:1 and 2:1.

Fig. 3.7 shows XRD patterns of different compositions of annealed PbYSB at 700°C. None of these
compositions (with a total dopant concentration from 10 — 15 mol%) produced a pure cubic
phase, instead a mixture &- and B-Bi»03 phases was obtained. This shows that the total dopant
concentration and dopant ratio affect the purity of the phase of PbYSB compositions. The
secondary phases of samples in Fig. 3.7 were analysed as mixtures of a cubic and tetragonal

phase.

® 5-Bi»03 —— 2Pb8YSB
3Pb7YSB
® B-Bi203 —— 4pp8YSB
po— —— 7.5Pb7.5YSB
S —— 10Pb5YSB
8.
> ®
=
g |
®
() °
[ ) [ J
I .
.—.-_'-—.,*»w,_-;—:——,'[.—f;‘ki é‘.\ ‘u‘lul —
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0 20 30 4 S0 60 70 8 90
26 (Co Ky)

Fig. 3.7 The XRD patterns of samples of lower total dopant concentration, displaying a mixture
of phases.
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The indexed diffraction peaks represent the two phases that have been identified. The peak at
~30 26 for all compositions corresponds to the K,; and K, response. The K,; and K, doublet
will almost always be present; however, they overlap heavily at low angles resulting in one peak
being observed but are more separated at high angles. The impurity peaks at ~36, ~55, ~64 20
in Fig. 3.7 (black dots), corresponds to the tetragonal B-phase with the P421c space group. The
10Pb5YSB sample in Fig. 3.7, the only sample with more Pb than Y dopant in it, had more

unidentified impurities than the other samples, with the cubic phase being dominant.

To achieve a single cubic phase in a Bi;Os double doped system, it appears that the Y content is
thus required to be larger than the Pb content. Based on the above findings, PbYSB electrolytes
with different Pb:Y dopant ratios were then prepared (3Pb9YSB, 5Pb10YSB, and 5Pb15YSB). The
total concentration of dopants ranged from 12 —20 mol%. The annealing temperature also played
arole as it was observed that at lower dopant concentration, high annealing temperature (750°C)

is required.

The XRD patterns of these PbYSB electrolytes are shown in Fig. 3.8. This indicates that for all
compositions the cubic fluorite structure with space group Fm-3m was stabilized. Looking at Fig.
3.8a, the width of the peaks increase as dopant concentration decreases due to different
crystallite sizes, suggesting that 12% doped composition had more of the Tetragonal phase than
the other two doped composition. Since literature indicates that lightly doped Bi,Os; based
electrolytes possess greater ionic conductivity!?, the focus was turned to the 15% doped
composition and with varied concentrations of Pb**and Y3* keeping total dopant concentration

fixed at 15%, to find out the best Pb:Y dopant ratio.
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Fig. 3.8 Laboratory XRD diffractograms for 3Pb9YSB, 5Pb10YSB and 5Pbl5YSB (a),
synchrotron diffractograms for 5Pb10YSB and 5Pb15YSB (b), we could not measure the
synchrotron data for 3Pb9YSB. All samples were annealed at 750°C for 16 hours.
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Fig. 3.9 Diffractograms showing (a) laboratory XRD patterns annealed (at 750 °C) for 3Pb9YSB,
5Pb10YSB and 5Pb15YSB material and (b) synchrotron XRD data all measured at 25 °C.

The peak below 60 in Fig. 3.9a is broader for low dopants, but still symmetrical. The peak above
60 is also broader for low dopants, but asymmetrical. The strength of having the synchrotron
data is then to show that with high resolution the asymmetric peak did not resolve into two
separate peaks, thus providing better evidence that there is probably only a single-phase present.
Although here the peak is still broader for lower dopant concentration. This highlights the
limitations of PXRD data collected at BNL as it is not a true high-resolution beamline, but it has a

better resolution than the lab instrument.
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The same Rietveld refinement analysis as before was also conducted on lower dopant samples.
Rietveld refinement of the powder X-ray diffraction data for lower dopant samples converges to
a satisfactory solution in space group Fm-3m of the cubic system (Table 3.3). The goodness of fit
values obtained are higher than the ones obtained in Table 3.2, highlighting the existence of
mixture of phases at room temperature. 3Pb9YSB sample has a higher GoF value indicating that
out of the three it is the least stable sample. The Rietveld refinement of XRD patterns was
performed using a Bruker AXS TOPAS-Academic V.6 resulting in an agreement between the
experimental and calculated patterns, which can be seen from their difference depicted in blue
line, as shown in Fig. 3.10.

Table 3.3 Structural parameters for 5Pb10YSB obtained from Rietveld refinement of powder X-

ray diffraction data at room temperature. Atomic positions (refer to table 3.1) space group Fm-
3m of the cubic system.

Laboratory data Synchrotron data
Sample a(A) Rexp (%) | Rwp (%) | GoF | a(A) Rexp (%) | Rwp (%) | GoF
3Pb9YSB 5.5236(7) | 5.95 9.32 1.57 5.5629 (3) 5.16 12.2 2.36
5Pb10YSB | 5.5199 (2) | 5.88 7.13 1.21 5.5326 (5) 5.29 9.27 1.75
5Pb15YSB | 5.5223 (5) | 5.63 7.15 1.18 5.5137 (6) 5.16 7.51 1.45
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Fig. 3.10 Rietveld refinement plots for 5Pb10YSB at room temperature for laboratory (a) and
synchrotron XRD (b) diffraction profiles. The observed (blue dots) and calculated (red solid line)
data is given as well as the difference plots. The orange symbol shows the positions of the allowed
Bragg reflections in space group Fm3m.

3.2. Variable temperature-PXRD studies

In order to analyse the phase behaviour and stability of these materials as they are heated and
cooled, two samples were looked at, namely, 5Pb10YSB and 1.5Pb25YSB, i.e. one in the low and
one in the high dopant range, due to limitations in access to state-of the-art techniques, such as,
Synchrotron Powder X-ray Diffraction and Raman Spectroscopy (RS). This was undertaken using
variable temperature (VT)-PXRD. Fig. 3.11 displays stacked diffraction patterns during the heating
cycle for VT-PXRD measurements of 1.5Pb25YSB. The stacked diffractograms showed no peak
asymmetry or peak broadening across the studied temperature range (30 -780 °C) with no major
change (peak splitting or the appearance/disappearance of peaks) being observed, indicating
that there are no structural phase transitions in this temperature range (Fig 3.12). This clearly
demonstrated the stability of the highly doped sample up to 780 °C. The main reason for peak
shift to lower angles as the sample is heated is due to increase/decrease in the crystal lattice that

is reflected by the shift of diffraction peaks.

103



.J“ |

u'u:::" 1“;wi|; N -----.‘.1,‘1 .
el

it iE:EELEﬁWMEEW‘h"':":?jl"it; o *“mw
eSS S S

20 () o Vi AMAW 100
=l 0

Fig. 3.11 Stacked diffraction patterns for VT-PXRD measurements of 1.5Pb25YSB during the
heating cycle, with the top perspective focusing on the higher angle data
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Fig. 3.12 Zoomed-in, In situ diffractograms collected for 1.5Pb25YSB material annealed at 750 °C
over the temperature range of 30-780 °C.



The VT-PXRD measurements for the 5Pb10YSB sample were done at the synchrotron. The
diffractograms during the heating cycle are shown in Fig. 3.13. It is clearly seen from the stacked
diffraction patterns that phase shift occurs upon heating. The sample appears to have a mixture
of phases from the start, hence the broader peaks, but the peaks cannot be resolved. Only around
500 °C where the 6-phase starts to dominate, there is some kind of resolution between the two.

From around 600 °C narrow peaks of the 6-phase are observed (Fig 3.14).

700

- H 500 QO
- i &
400 )
O
- QQ,
300 ,\Qf

26 (A= 0-1571)8\) 100

Fig. 3.13 Stacked diffraction patterns for VT-SCXRD diffractograms collected for the 5Pb10YSB
material during the heating cycle in the temperature range of 25-683°C.
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Fig. 3.14 Zoomed-in stacked diffractograms collected for annealed (at 750 °C) 5Pb10YSB
material over the temperature range of 25-683 °C. The top perspective, again focusing on the
higher angle data, clearly shows that there is some phase transformation occurring.

The existence of a secondary phase was confirmed with Rietveld refinement of the diffraction
pattern for 5Pb10YSB at 468°C. A poorer fit (Rwp = 11.44, GoF = 1.03) was obtained when the
defect fluorite-type 6-phase was used to fit the pattern at intermediate temperature (Fig. 3.15a).
A much better overall fit (Rwp = 10.31, GoF = 0.94) was provided by the inclusion of the secondary
B-phase for a multiphase Rietveld refinement (Fig. 3.15b), which also revealed that the B-phase
consisted of around one percent of the crystalline material at 468°C. The value is not accurate
enough as it is difficult to get an accurate value when the sample has one phase a lot lower than
the other. The same problem was encountered when trying to refine the room temperature data

using both B- and 6-phases.
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The defect fluorite-type &6-phase alone was adequate to provide an excellent fit at high

temperatures (Fig 3.15c). For some of the peaks, peak "reorientation" occurs where a shoulder

becomes the main peak and the main peak becomes a shoulder, as illustrate in Fig. 3.15d in the

temperature range of 468-548 °C where the phase change is more pronounced. Eventually, at

high temperatures (548-683 °C), all shoulders disappear. This is highly likely due to the transition

to the pure 6-phase, with no B-phase remaining at these high temperatures.

—— Calculate
(a ) —— Difference
= o Cbserve
=
=]
=} p
[
=
oy
]
=
LB}
At
£
/5 1 |
26 28 3.0 3.2 3.4 36 338 40
28(degree)
—— Calculate
(C) —— Difference
fory @ Observe
c
=]
a
[
=
=)
]
=
8}
et
£

M-

—V‘-
32 34
26(degree)

26 28 30 6 38 40

p — Calculate
(b) —— Difference
= @& Observe
5 .
=] [
s
oy
2 r a
2
E i
| - ™ |
2 IE ZIS 3.ICI 3.I2 3.I4 3.I6 3.I8 4.IU
26(degree)
Heating
8 (d) 6 5
A Al
;; B+6 B+6 B+&
Fay
E B+6 B+6 B+6
B+6
B£8 LN

?IS B\IU
26(° A= 0.1671 A)

6.5 7.0

— 468 °C

4495 °C

— 522 °C
— 548 °C

Fig. 3.15 Rietveld refinements of the diffraction patterns for 5Pb10YSB where the dots represent
observed data, the red line shows the fit and black line is the difference curve. This was done by
including (a) the d-phase only at 468°C, (b) the mixture of 8- and B-phase at 468°C and (c) the
single 6-phase at 683°C. (d) An enlarged view depicting how the shoulders transform to become

the main peaks.
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The observed change in diffraction patterns was less drastic during the VT-PXRD cooling run for
5Pb10YSB with only anisotropic peak broadening being apparent from around 468°C and an
increase in intensity to varying extents for the different peaks (Fig. 3.16). This suggests an almost
complete overlap of the peaks for the 6- and B-phase, as clearly seen in Fig. 3.15a and 3.15b
respectively. Unfortunately, the resolution of these diffractograms did not allow for the peaks to
be resolved even from measurements at the 28-ID-2 beamline at NSLSII, but it is evident from

observing the overall stacked plot that a mixture of phases form again after cooling (Fig. 3.16 and

Fig. 3.17).
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Fig. 3.16 Stacked diffraction patterns for VT-SCXRD measurements of 5Pb10YSB showing

anisotropic peak broadening from about 468 °C during the cooling cycle. Indexing only applies to

the pure 6-phase above 548 °C.
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Fig. 3.17 Zoomed-in, In situ diffractograms collected for an annealed (at 750 °C) 5Pb10YSB
material over the temperature range of 683-25 °C.

Fig. 3.18 shows the relationship between the lattice parameter and temperature for both

samples that were analysed by VT-XRD. As expected, a temperature increase is shown to result

in an increase in the a parameter, but the relationship is not linear throughout. The heating and

cooling profiles can essentially be divided into three linear regions.
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Fig. 3.18 Thermal variation of the cubic lattice parameter, a, from Rietveld analysis of (a) SCXRD
for 5Pb10YSB and (b) laboratory XRD data for 1.5Pb25YSB on heating (blue line) and cooling
(orange line).

Based on the observation from the XRD data, it is not surprising to see these three regions for
the 5Pb10YSB sample. The linear region up to ca. 350 °C reflects a mixed phase although the data

was refined as though it were a pure 6-phase, thus it is questionable what this lattice parameter

110



really represents. The second region extends up to ca. 550 °C, where the transition from a mixture
to a single phase occurs. It is only above ca. 550 °C where the pure 8-phase exists. On cooling,
the profile matches that on heating down to ca. 550 °C, but below this temperature the values
for the lattice parameter are slightly larger than those observed on heating. This is not surprising
since the diffraction patterns differ on the heating and cooling cycles and again, the data was

refined using a pure 6-phase whereas we now know this is not the case.

It was surprising to see a similar curve which could be divided into the three regions for the
1.5Pb25YSB sample (Fig 3.18b), although the change was far less pronounced. The second
steeper region is observed in the same temperature range (ca. 350 - 550 °C). This raises the
guestion as to whether the 1.5Pb25YSB sample is truly a pure phase or if it contains a very small
amount of the B-phase which is then totally converted to the pure 6-phase at higher
temperatures. Alternatively, this could be an artefact of the data refinement process. The heating
and cooling cycles give essentially the same results indicating that the process is reversible. This
needs to be further investigated. In all samples, refinement involved the sequential variation
(values of all the parameters from the Rietveld refinement of a preceding pattern are used as
starting values for the next pattern) of scale factor, background coefficients, unit-cell parameters,
specimen displacement correction, peak-width parameters, and pseudo-Voigt profile function

coefficients.

Selected annealed samples were studied in situ to determine the phase stability and
thermomechanical properties of the materials during a thermal cycle. For the 5Pb10YSB material
(Fig 3.18a) interesting features are evident. Upon heating, the starting cubic phase expands
linearly within the range of 62-360°C (Fig 3.18a and Table 3.4) however, over the range of 441-
549°C the lattice expands rapidly (abrupt peak shift accentuated in Fig. 3.18a). Over the range of
549-683°C, the rate of thermal expansion is again uniform although significantly increased. On
cooling a similar, reversed trend is observed; between 683-495 °C the thermal expansion is linear,
over the range of 495-306 °C the lattice contracts rapidly (Fig. 3.17) and between 306-27 °C the

thermal expansion is again linear and significantly reduced in magnitude (Fig. 3.18a and Table
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3.4). For the 1.5Pb25YSB material (Fig. 3.12), the rate of thermal expansion is linear for both the
heating and cooling cycles (Fig. 3.18b and Table 3.4) and there exists no abrupt changes in the
unit cell volume (Fig. 3.18b). This indicates that higher dopant percentages promote the retention
of a pure cubic sample after a thermal cycle and enable significantly more controlled thermal

expansion behavior.

Table 3.4 Thermal expansion behavior of the annealed (at 750 °C) 5Pb10YSB and 1.5Pb25YSB
materials over the temperature range of 27-706-27 °C. Values below indicate a steeper slope.

5Pb10YSB 1.5Pb25YSB

Temperature (°C) CTE (10° K?) Temperature (°C) CTE (10° K?)
62-360 70.0+ 3.1

441-549 303.2+1.2 360-780 1003+ 3.5
549-683 101+7.5

683-495 105+2.7

495-306 200.3+1.4 780-360 102.5%2.9
306-27 80.7+1.8

3.3. DTA/TG analysis
DTA was employed to trace any phase changes in the low dopant sample, 5Pb10YSB and the high

dopant sample, 1.5Pb25YSB. Heating and cooling cycles were followed in a temperature range
between 30°C and 750°C or 800°C in nitrogen atmosphere. Fig. 3.19 shows a DTA scan for both
the empty crucible and 1.5Pb25YSB sample measured from room temperature to 800°C. The
difference between the two scans is shown in Fig 3.20a indicating a sloping baseline. On the DTA
curve for 1.5Pb25YSB, any endothermic or exothermic peak was not observed in the range of
between 30 and 800 °C as shown in Fig. 3.20a. This observation illustrated that the formed 6-
phase sample is thermally stable up to 800 °C. This result was in agreement with the measured
TG curves (Fig. 3.20b) as the mass change detected was insignificant until the heating
temperature of 800 °C. A total mass loss of only about 1.2% (Fig. 3.20b) was recorded on heating

while on cooling there is less than 0.2% change observed in the mass.
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Fig. 3.19 DTA scans for an empty crucible and 1.5Pb25YSB material (annealed at 750°C) over the
temperature 30-800°C.
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Fig. 3.20 DTA (a) and TGA (b) plots for 1.5Pb25YSB. Blue and orange solid lines show heating
and cooling runs, respectively.

DTA and TGA diagrams of 5Pb10YSB are shown in Fig. 3.21 and show no gross thermal events.
Nonetheless, a close examination of the thermograms in the region 450 to 650 °C (inset Fig.
3.21a), reveals two broad endothermic events upon heating. From the 5Pb10YSB DTA study, the
temperatures for endothermic event maxima are ~480 °C and ~660°C, which tend to correspond
to the transition temperatures between the three regions shown in the cubic lattice parameter
thermal expansion. The endothermic peak at ~480 °C is caused by a phase transition from a
mixture of § + B-phase to §-phase (in line with VT-XRD) whereas a second endothermic effect at
~590 °C or 660 °C is associated with order-disorder transition according to the references data.®
19 DTA thermograms were featureless upon cooling. The TGA reveals that on heating the samples
begin to loose mass at ca. 350 °C, reaching ca. 530°C and then lose mass up to ca. 750 °C, with a
total mass loss of only about 1.4% (Fig. 3.21b). On cooling there is less than 0.2% change observed

in the mass.
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Fig. 3.21 Results for 5Pb10YSB showing the DTA thermogram (with enlarged detail of the
profiles in the inset) (a) and TGA curves (b). Blue and orange solid lines show heating and cooling
runs, respectively. The two arrows represent the two endothermic events, one at ~480 °C and
~60°C.
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3.4. Raman Spectroscopy analysis
To further investigate the structure and cause for the temperature dependant behaviour

observed for both the 1.5Pb25YSB and 5Pb10YSB samples (by VT-PXRD and DTA), variable
temperature-Raman spectroscopy (VT-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 a fluorite structure, the Fy; band from
the oxygen sublattice. Indeed, one Raman band for a defect fluorite-type structure of doped and
undoped bismuth oxide has been reported before. For example, Lee et al.*® observed a single
peak at 600 cm™ for erbium doped bismuth oxide (with Bi,O3:Er203 = 4:1) for the defect fluorite-
type 6-phase when using an excitation line of 532 nm. The stacked Raman spectra of 1.5Pb25YSB
at various temperatures (27-800°C) is shown in Fig. 3.22. All the spectra have similar features to
that of 8-Bi,03, they show sharp bands below 200 cm™ wavenumber attributed to external lattice
vibrations'® and broad peaks at 600 cm™ assigned to disorder in the structure as a result of the
number of oxygen vacancies. This suggests that the 6-phase of the 1.5Pb25YSB sample was fully
stabilized. Additionally, no change in the phase behaviour was observed upon heating. Note that
the decrease in intensity of the peaks above is correlated to the variation in the lattice
parameters. Therefore, as the number of oxygen vacancies change, the lattice expansion is

affected as a consequence of the increased temperature.

It could be that since the sampling area in Raman spectroscopy is so small, the region chosen in
the analysis was phase pure. All the other spots we looked at gave the same results but with less

intensity of the peaks.
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Fig. 3.22 Stacked Raman spectra of the 1.5Pb25Y SB sample taken during the heating cycle.

The spectra for the 5Pb10YSB exhibited Raman bands additional to that for the defect fluorite-
type 6-phase at lower temperatures as shown in Fig. 3.23. This clearly reinforces the idea that
there is a mixture of phases and that the cubic phase was not truly stabilised at intermediate
temperature. The proposed deduction that the broader peaks observed at the lower
temperatures in the XRD patterns for this sample was due to an unresolved mixed phase is thus

supported.

Hardcastle and Wachs'® observed peaks at 124 cm™, 311 cm™ and 462 cm™ for the B-phase using
the same excitation line of 514.5 nm as is used in this work. Thus, the peak at 305 cm™ for
5Pb10YSB (Fig. 3.23) seems to indicate that the B-phase is present. There is a slight shoulder on
the band below 200 cm™, most obvious on the spectra measured around 100 - 200°C which could
correspond to the low intensity peaks at ~124 cm™. The peak at ~462 cm™ for the B-phase
overlaps with the very broad Fy; band and could not be resolved here. For 5Pb10YSB spectrum
measured at 600°C (inset on Fig. 3.23), the bands reflecting the tetragonal phase had disappeared
indicating a conversion to the cubic defect fluorite phase. On cooling back to 25 °C (inset on Fig.

3.23), the reappearance of the most prominent peak for the tetragonal B-phase (at 305 cm™)
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indicated that the cubic 6-phase was not fully stabilised. This fully confirms the observation from

the DTA data. The peaks obtained relate to a phase change rather than oxide ion disordering.
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Fig. 3.23 VT-Raman spectra of 5Pb10YSB. The inset (related to cooling back to room
temperature) shows an enlarged view depicting how the band at 305 cm™ disappears at 600°C and

reappears at room temperature.

3.5. Analysing PDFs

3.5.1. Peak fitting
The structure of the 1.5Pb25YSB and 5Pb10YSB materials at room temperature was investigated

qualitatively by analysing the PDF. A PDF can be thought of as a histogram of all the atoms-atom
pair distances in a material. A given atom-atom distance corresponds to the peak positions. Each

PDF peak has a Gaussian-like shape due to atomic disorder, which results from a distribution of

118



atom-atom distances. Basic information can be revealed by fitting the individual PDF peaks.?® A
simple cubic bismuth oxide (§-Bi,03) is used as an example here in order to explain the general

understanding of PDFs. The atomic structure of the bismuth oxide is shown in Fig. 3.24a.
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Fig. 3.24 (a) PDF construction of spherical shells of thickness dr at a distance r away from the
origin. (b) A face centred cubic (fcc) structure, used in this example, contains 12 nearest
neighbours and 6 next-nearest neighbours (not visible due to the viewing angle).°

The low r range in the PDF of bismuth oxide is shown in Fig. 3.24b. §-Bi,0s has a lattice parameter
of about 5.6 A. In a PDF plot, the peak positions give the interatomic spacing. The peak at ~2.5
A, for instance, corresponds to the Bi-Bi pairs, which have an interatomic distance of ~2.5 A. In
the same way, the peaks at ~3.5 A, 4.4 A, 5 A and 5.6 A refer respectively to the pairs Bi-O, Bi-Bi,
Bi-O and Bi-Bi. The height of the peak in Fig. 3.24b, is proportional to the multiplication of the
scattering factors for the two elements of the corresponding pair of atoms. Atom-atom pairs
produce higher peaks for greater scattering factors than atoms with smaller scattering factors.
The area of each peak in Fig. 3.24b is proportional to the coordination number for the
corresponding atom-atom pair.?! The width of the peak, is correlated with the disorder in the
arrangement of atoms. Because of thermal motion at elevated temperatures or because of
inherent structural disorder, the peak widths will increase. For atom-atom pairs, wider peaks

suggest a broader distribution of interatomic distances.
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The raw PDF data for 5Pb10YSB and 1.5Pb25YSB are displayed in Fig. 3.25a and 3.25b,
respectively, in the 2.5-9.5 A selected range. No major differences are observed between the
samples in this low r region of the measured PDF curves compared to that for §-Bi,Os in Fig.
3.24b. The PDF patterns for both 5Pb10YSB and 1.5Pb25YSB were quantitatively studied using

the PDFgui software. The main objective of this study was to determine which crystal structure

better represents the PDF signal measured.

ri4)

Fig. 3.25 The PDF, G(r) vs r, of 5Pb10YSB (a) and 1.5Pb25YSB (b) data.

3.1.1. PDFgui

There are many methods to obtain structural details once the PDFs have been measured. A
"down-hill least squares" refinement is one such methodology, which is applied by the PDFfit
program.?? Like the Rietveld method implemented in the GSAS (Generalized Structure Analysis
System) software,?? the structural parameters of a proposed model are all modified to achieve
the best fit to the experimental data. More recently, a program named PDFfit2 based on the
original PDFfit program was developed.?® The original PDFfit2 engine was rewritten by the
developers, and it includes a wide range of enhancements over the original version, such as

eliminating bugs and introducing several new features.?

PDFgui is a graphical user interface based on the PDFfit2 engine, which includes all PDFfit2

features, but simplifies the various user's tasks.?* Using experimental PDF data, it allows users to
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customize different parameters. If required, it can also fit PDFs using multiple phases and can
easily generate partial PDFs from the models fitted. With the addition of a number of variables,
as seen in Fig. 3.26, the Phase Configuration method allows users to input a theoretical structural
model. The input into the phase configuration method can be set to certain values or set to be
refined by PDFgui as variables. A hypothetical fit to the experimental data will then be produced,
generating a R,, value that corresponds to how well the theoretical model matches the data

observed. The weighted R-value is calculated as follows:

?I=1W(ri) — [Gobs (1) — Geqic(1)]? 3.1

R. =
v §V=1W(ri)620bs(ri)

where N is the number of points, each data point is weighted by w(r;).

Configure Constraints Results
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Fig. 3.26 PDFgui phase configuration screen.
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A variety of parameters are also included in the software that account for correlated atomic
motion. The motion of atoms can be closely correlated at shorter distances, which contributes to
sharpening in the experimental PDF at the first few peaks.?* Similarly, the motion of two atoms

is uncorrelated at longer distances. Overall, the width of peaks is given by:

3.2

, , , , s 5
where ¢';; is the width of a peak without correlated motion, — and —

T'l] TU

are terms that are

. . .5 . .
appropriate for the correlated motion effect. The expression T—Zz determines the behaviour at
ij

s . . .
low temperatures and — describes the behaviour at high temperatures. These terms are

Tij
strongly correlated, so only one of these terms needs to be refined. The parameters rcut and
sratio (in Fig. 3.26) are used in a refinement as an alternate approach to compensate for the
effects of associated motion. Low-to-high-r PDF peak ratios are defined by the sratio parameter
and rcut determines to what r-range sratio is applied (for example, if rcut = 3.1, then sratio up to

3.1 Ais applied). The user should determine which method should be used for correlated motion

correction, and both methods should not be used at the same time.

As a consequence of the Q-resolution of the diffractometer, the final part in Eqn. 3.2,
szmadrzij, deals with the effects of peak widening and is only relevant at larger r-ranges in the
PDF. This Q resolution also results in the PDF peaks being exponentially dampened, which is
modelled by the gdamp parameter in PDFgui. As Q-resolution is the same for all data sets
gathered at any given time, gdamp should not be refined when running refinements. It was
obtained in PDFgui by refining a known baseline (LaBs was used as the reference in this work).
This parameter is one example of instances where, despite giving lower R,, values if refined, it
does not make physical sense to refine it for each PDF. Since it is highly correlated with other
parameters, such as correlated motion and thermal parameters, refining it does not provide
precise refinement results for each model. When refining models at different length scales and
in different settings, determining what to refine and what to improve is an important

consideration.
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The final parameters dealing with peak width in PDFgui are spdiameter and stepcut. The
spdiameter parameter refers to the nanoparticle diameter when dealing with nanomaterials, and
stepcut truncates the PDF to zero at r values above the value set as stepcut. Although these
various parameters deal with the modelling of peak widths, the relative peak intensities are
indicated by the scalefactor. It holds the ratio between the peak intensities the same, compared

to the overall intensity of the pattern.?*

If the parameter flag is set to zero, the refinement does not include it. Parameters may either be
fixed to set values or refined by PDFgui as an alternative. If a user has reached the necessary step
and variables, the theoretical structure can be refined to the observed data by PDFgui. The values
of the refined parameters are provided, and the refined PDF can be plotted on top of the
experimental PDF by the software (as seen in Fig 3.27). At the beginning, it was always important
to keep refinements simple and then raise the complexity as the model begins to explain the
experimental data more accurately. For instance, the scale factor and lattice parameters should
only initially be refined over a shorter range than would ultimately be used. This keeps
refinements fast and PDFGui may not be able to handle refining all the parameters at once
initially. It is also important to take care to verify the effects of refinements beyond the R, values
alone and the difference plots are extremely useful in this respect. Additionally, PDFGui may
produce a very good fit for experimental data (R,, < 10%), but it has accomplished this by altering

one parameter beyond anything that is physically rational.

The same starting model used during Rietveld refinement was used to refine the PDF data. The
model (from inorganic crystal structure database) was based on the space group Fm-3m derived
for pure 6-Biy03, as it is difficult to get an accurate refinement when the sample has one phase
(B-phase) a lot lower than the other (6-phase) with the two phases overlapping. Parameters (as
shown in Fig. 3.27) such as scale factor, lattice parameters, deltal(or delta2), atomic
displacement parameters, Qdamp (or Qbroad) were refined until a good agreement between the
refined and measured PDF data were obtained for both 5Pb10YSB and 1.5Pb25YSB samples.

Ultimately, a lot of time was spent on designing appropriate approaches to the calculated PDFs
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for refinement. Model agreements score Ry, for 1.5Pb25YSB was 14.7% while for 5Pb10YSB was

11.2%. Both of which results with better fit.
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Fig. 3. 27 A calculated fit for the experimental PDFs at room temperature of 5Pb10YSB (a) and
1.5Pb25YSB (b) using PDFgui. The red line represents the theoretical PDF, the experimental data
is represented by the blue circles, and the green line at the bottom of the plot represents the
difference between the two.
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EIS measurements

4.1. Variable Temperature EIS

Using impedance spectroscopy, the ionic transport properties of the samples were studied. The
complex impedance (Z*), a frequency dependent electrical property of the materials, can be

expressed as:!

Z'(w) = Z'(w) —jZ" (w) 4.1
where, Z' and Z" are the real and imaginary parts of impedance, respectively. In order to
investigate the influence of Pb:Y content on electrical properties of the Bi>03-PbO-Y,03
composite electrolytes, samples containing both high concentrations (3.75Pb25YSB and
6Pb25YSB sample) and low concentrations (5Pb10YSB sample) were studied to determine
whether the 6-phase obtained from XRD patterns is stable from room temperature to higher

temperature.

Electrical impedance spectroscopy (EIS) was carried out, at open circuit voltage, in the
temperature range of 300—750 °C in air atmosphere. The impedance spectra recorded changed
as the temperature is increased and required different analysis strategies for different

temperature regions and these will be discussed in turn.

4.2. Analysis of impedance spectra measured in low temperature range

The complex impedance spectra measured at 300 °C consist of two semicircular arcs and a small
ray arc as shown in the schematic representation in Fig. 4.1(a) and 4.1(b). An example showing
the experimental data with the fitted curve is shown in Fig. 4.2(a). To be brief, only one set of
fitting results are shown here, but all the other fittings were to the same level of precision. The
equivalent circuit needed to describe the various charge migrations and polarization phenomena

occurring in different frequency ranges in the sample is depicted in Fig. 4.2 (b) as a visual
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representation. This circuit consists of R1/Q1+(R2+W2)/Q2, where “/” represents circuit
elements in parallel and “+” represents elements in series. The R1/Q1 portion models processes
occurring in the bulk of the grains, and R2/Q2 represents the conduction through the grain

boundaries or the electrode/electrolyte interfacial polarization resistance (Rel).
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Fig. 4.1 Typical impedance spectra of 5Pb10YSB (a), (b) 3.75Pb25YSB and 6Pb25YSB
compositions in air at 300 °C.
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5Pb10YSB@300°C
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Fig. 4.2 EIS analysis of 5Pb10YSB measured at 300 °C with (a) Nyquist plots of experimental
(symbols) and fitted results (lines) and (b) the equivalent circuit model used.

The lower frequency intercept of the semicircle representing the grain (R1/Q1) with the real axis
(Z') gives the grain's bulk resistance (Rp) while the interception of lower frequency semicircle
(R2/Q2) provides an indicating of the grain boundaries resistance (Rg) or the
electrolyte/electrode interfacial polarization resistance (Rel). The disparity in the intercepts of the
second semicircle on the real axis (i.e. in the high and low frequency range) corresponds to the
grain boundary resistance or electrode/electrolyte interfacial polarization resistance (Rgp or Rei),
so the total resistance, Rt = Rp + Rgp (Or Rel). Both Rgp (or Rel) and Ry values decrease as temperature
increases, indicating a negative temperature coefficient of resistance. This can be explained by
an increase in charge carrier mobility and/or a decrease in the average potential barrier energies

observed by charge carriers.?
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In the low-frequency region, the sloping line refers to oxide diffusion in the electrolyte and
depends on the frequency of the perturbation. This is represented by the Warburg element
because diffusion occurs from the bulk of the electrolyte to the electrode interface.??® The
Warburg element (W) is used to fit semi-infinite diffusion of species through the diffusion layer.
The diffusion is semi-infinite when at the lowest frequency there is not enough time at each
perturbation for the charge carrier to cross the entire diffusion layer. The Warburg impedance is
small at high frequencies as diffusing reactants do not have time to travel very far. The ions

diffuse further at low frequencies, thereby increasing the Warburg impedance.

The Nyquist diagram plot depicts a semi-circle with its center below the real axis. This
characteristic occurs due to the polycrystalline nature of the electrolyte sample.? An R/Q_circuit,
rather than an R/C circuit, can be used to simulate this "depressed" semicircle where the latter
is more applicable to a perfect semicircle, and Q represents a constant phase element (CPE).
When using a Q element instead of a C element, it is useful to calculate an equivalent capacitance
known as a pseudo capacitance. This calculation is only applicable for a (R/Q) circuit and not
applicable to (R+W)/Q circuits. It refers to finding a capacitance value C at an angular frequency
(we = 2mf,) that corresponds to the maximum imaginary component on the Nyquist

plot obtained by fitting the circuit (R/Q). The following equation then applies:*

1 1
— = C = 1/a R(l/a)—l
2m(RQ)Y/e ~ 2mRC ¢ 4.2

with a being a value between 0 and 1. Egn 4.2 only applies if a is not too small (typically a > 0.7).
The values Q, a and bulk grain resistance (Rp) as determined by fitting the high frequency semi-
circle for spectra measured at several temperatures, are summarised in Table 4.1, with the

standard deviations of fitting for Ry given as it was used in further calculations.
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Table 4.1 Values of the resistance (Ry), frequency exponent (a), constant phase element (Qy) and
pseudo capacitance (Cp) for the bulk contribution of all the samples at different temperatures.

T/°C Rg/Q a Qb /F.s@D) Cb/nF
300 15617+ 2 0.814 0.306 x 107 18.6
5Pb10YSB 350 2128+ 1 0.859 0.290 x 10° 27.7
400 325+ 4 0.908 0.170 x 10° 31.6
450 334+7 0.766 2.82x10° 66.3
300 918380+1 0.911 41.5 x 1012 12.2
3.75Pb25YSB | 350 13047 + 3 0.913 59.8 x 1012 15.5
400 2355+1 0.980 36.5 x 1012 26.3
450 530+1 0.939 0.117 x 107 39.6
300 243755+ 3 0.802 0.142 x 10° 11.3
6Pb25YSB 350 39535+3 0.780 0.315x 107 13.0
400 5486 + 1 0.952 423 x 1012 194
450 1062+1 0.733 3.51x10° 36.5

4.3. Analysis of impedance spectra measured in IT- and HT- range

The data measured at 500°C (see Fig. 4.3) results with the disappearance of the high frequency
semi-circle as it is not measured to high enough frequency to obtain information on bulk, but the
bulk resistance can still be established. The shape of the impedance plots changed essentially to
one small ray arc with a long tail, where the intersection with the real axis represents the bulk
resistance (R:). The EIS response seems to consist of an intermediate frequency (R/Q) arc
followed by the diffusion impedance response which overlap in the complex impedance plane

due to their relaxation frequencies being similar.

131



500°C

50
& SPblOYSE
-

a0 4 [ ]
. L
5 (a) ’
= 30 d . ®
G 2 "
g 20 *
=4 -
] ®*”
: -

N /

0 10 20 30 40 50 B0 o BO
Lre ]l[ﬂ cm?
500°C
B00 .
e 375Pb25YSB e o oo ®
. ]
ag | ® ©PD25YSB oe®
L

-Zee jl[ﬂ cm’

L] 250 S00 150 1000 1250 1500 1750
Zre jlr Q cm?

Fig. 4.3 Typical impedance spectra of (a) 5Pb10YSB, (b) 3.75Pb25YSB and 6Pb25YSB
compositions in air at 500 °C.

Mobile charge diffusion in the electrolyte is often represented using the equivalent circuit as
shown in Fig. 4.4(b). This circuit is a modification to the Randles circuit where the charge transfer
resistance involves a Warburg diffusion (W) in series with resistance. W2 is the Warburg
impedance associated with the mass transport (by diffusion) of the oxide species; R2 and Q2
represent the grain boundaries or the electrolyte/electrode interfacial polarization resistance

and depressed capacitance, respectively; R1 is the electrolyte resistance.
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Fig. 4.4 EIS analysis of 5Pb10YSB measured at 500 °C with (a) Nyquist plots of experimental
(symbols) and fitted results (lines) and (b) the equivalent circuit model used.

At high temperatures the oxide ions are far more mobile, and it is possible that at low frequencies
the charge carriers have sufficient time to move across the entire sample thus reaching the end
of the diffusion path before the alternating signal is switched to the other direction (in the typical
sine wave fashion).> As a result, the Warburg semi-infinite diffusion model, and the
representative Warburg circuit element (W), are no longer applicable. Now the Warburg diffusion
element of finite-length type (Ws) is used instead. This is the case for the impedance data
measured at 700°C (Fig. 4.5). This form of the Warburg impedance is only valid if the diffusion

layer has an infinite thickness. Quite often this is not true. If the diffusion layer is bounded, the
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impedance at lower frequencies no longer obeys Eqn. 2.13.% Instead, it obeys Eqn.2.14. This more

general equation is called the porous bounded Warburg.*
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Fig. 4.5 Impedance spectra for (a) 5Pb10YSB, (b) 3.75Pb25YSB and 6Pb25Y SB compositions in
air at 700 °C.

To fit the impedance data shown in Fig. 4.5, the Randles circuit was used but with a finite length
Warburg (FLW) element due to a bounded diffusion layer. The expression (Eqn. 2.14) of the
impedance of the Wy is based on the Nernst model approximation: the concentration variations
of the species due to the electrochemical reaction only occurs within the diffusion layer. Outside
of the diffusion layer (i.e. in the bulk), the concentration is constant.’ The corresponding Randles

circuit is shown in Fig. 4.6(b). Common examples of a Porous Bounded Warburg are diffusion to
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a rotated disk electrode or the diffusion of oxygen through a thin coating. The FLW element can

also be used where mass transport mechanism involve both diffusion and convection.
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Fig. 4.6 Impedance spectrum of 5Pb10YSB measured at 700 °C with a) Nyquist plots of
experimental (symbols) and fitted results (lines) and (b) the equivalent circuit model used.

The typical system where both diffusion and convection play a role and where this Wy element
is often used is for a rotating disc electrode (RDE).> When rotated the solution flows to the surface
of the electrode in a direction perpendicular to the surface and then across the surface of the
electrode. This results in the diffusion layer being significantly smaller than if no rotation were
being performed. This is generally true for more ordered convection. Since we are dealing with a
solid sample where no convection can take place, the pellets that are being analysed are fairly
thin (an average 1 mm thick). At low temperatures the 0% ions can only diffuse slowly through

the lattice. As the temperature increases, mobility increases and the O% ions diffuse more rapidly
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through the lattice. At high temperatures the mobility is significantly faster and the O ions can
traverse the entire thickness of the pellet for the low frequency measurements. This is analogous
to having a thinner diffusion layer for RDE’s thus at high temperature the diffusion is bounded by
the O? ions traversing the thickness of the pellet and reaching the electrode boundary where

diffusion can no longer proceed.

ZFit, the software by BiolLogic used to analyze the impedance plots, exploits a nonlinear least
squares regression to fit the data with the function from the equivalent circuit, using the
Levenberg—Marquardt algorithm. The fitting procedure will change the values of the parameters
until the mathematical function matches the experimental data within a certain error margin.
The goodness of the fit is represented by the y? (chi-squared) value. The better the fit, the closer

to 0 will be the x? value. The formula is the following:

Nz (f) = Z(f;
X2=Zi=1 () —Z(f)

E
with Z;(f;) denoting the measured impedance and Z(f;) denoting the calculated impedance at

2

(4.3)

f; for a given set of parameter values, and N denoting the number of points. The values of y? for
the data fitted with different elements are shown in Table 4.2. The x2 values seem to be high for
measurements taken at low temperature due to a poor fit obtained between the real data and
the simulated data. This is mainly due to the poorer fit around the second semicircle represented
by R2/Q2 as well as the much higher overall impedance values. At high temperature, better fits
were obtained resulting with low y? values. )(2/\/N is a normalized expression of Y2 whose value

is independent of the number of points (N).
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Table 4.2 Chi-square values obtained while fitting real data and the simulated data at several
temperatures.

Temperature (°C) | 5Pb10YSB 3.75Ph25YSB 6Pb25YSB
XZ Xz/\/N XZ XZ/\/N XZ Xz/\/N

300 16.5 x 10° | 467.1 0.805 x 10° | 3343 431 x10° 7960
350 1.36 x 10® | 135.5 76.3 x 10° 1002 0.590 x 10° | 2843
400 7.93 x10° | 10.21 3.16 x 10° 203.7 37.4x10° |688.3
450 109 1.197 62.3 x 103 28.26 9.30 x 10° 108.5
500 14.1 0.4425 688 3.157 14.3 x 103 13.47
550 36.9 0.7424 77.5 1.101 1.93 x 103 4,969
600 4.41 0.2584 270 1.936 215 1.672
650 3.19 0.2216 85.6 1.090 74.2 1.008
700 0.621 0.09629 17.6 0.4941 | 2.67 0.1982
750 4.16 0.2549 1.69 0.1691 | 1.900 0.1658

4.4. lonic conductivities and activation energies
To calculate the activation energy (in terms of eV) of the conduction process, the bulk electrical

conductivity (oy,) is first calculated using the equation:®

_ 4e
9 = T[dZRb

(4.4)

where e is the sample thickness, ”d2/4 is the section area of the sample (as the pellet is round
disk) with d being sample diameter and R, is the bulk resistance of the sample. The conductivity
values of the bulk (03,) are summarized in Table 4.3, determined at several temperatures. When
the temperature increases, measuring to a maximum frequency of 1 MHz did not give data for
the bulk impedance as a semi-circle. The values of bulk resistance were then taken from intercept
at high frequency and determined from the equivalent circuit modelling (ECM) as the series R1
value (Fig. 4.5 and 4.6). The conductivity of the electrolyte of each composition was obtained

from measured bulk resistance and sample dimensions.
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Table 4.3 Bulk conductivity and resistance values obtained using different equivalent circuits at
different temperatures, 300-450°C values were obtained using Fig. 4.2b, Fig. 4.4b for 500-600°C
and Fig. 4.6b for 650-750°C.

5Pb10YSB 3.75Pb25YSB 6Pb25YSB
T/°C | Ry/ Q op/ Qlem?t | R/ Q o,/ Qtemt | R/ Q o,/ Qtcem?
300 15617 £ 2 2.77 x 10 91880 +1 0.5626 x 10™ | 243755+ 3 1.764 x 10°®
350 [ 2128+1 2.04 x10* 13047 £3 3.962x10% |39535+3 1.088 x 10°®
400 325+ 4 1.34x 103 2355+1 2.195 x 10 5486+ 1 7.838 x 10°
450 3317 1.3 x 1072 530.0+ 0.4 9.753 x 10* 1062 +04 4.049 x 10°
500 [6.1+0.4 0.12 1148 +0.3 5.227 x 1073 199.3+ 0.6 2.882 x103
550 |3.2+0.3 0.23 34+2 0.017 51+4 0.011
600 |2.2+0.2 0.33 15+1 0.040 18+ 0.2 0.031
650 | 1.6+0.3 0.45 8.1+0.3 0.074 75+10 0.074
700 | 13+0.3 0.55 4.8+0.3 0.12 48+0.3 0.12
750 | 1.2+0.3 0.65 3.21+04 0.19 3.2+0.3 0.18
The Arrhenius equation given by,’
E
0 = g, exp (— KbaT) (4.5)

where ¢ is the conductivity, g, is the pre-exponential factor, E, is the activation energy for
electrical conduction, K,, is the Boltzmann's constant and T is the absolute temperature. This

equation can be used to determine the activation energy (E,) through the slope obtained from

a plot of In o (where o refers to the values of g) versus (1/T).

The Arrhenius plots of the bulk conductivity of three PbYSB electrolytes (5Pb10YSB, 3.75Pb25YSB,
and 6Pb25YSB) are shown in Fig. 4.7(a). As is expected from a thermally activated conductivity
mechanism that is inherent to ionic conducting ceramics,” the conductivities were found to
increase on heating and conversely, decrease on cooling. It was noted that particularly for the
low dopant samples (5Pb10YSB in Fig. 4.7(a)), there is a ‘step function’ type behavior on both the
heating and cooling cycles, within the temperature range of 450-550 °C. This step is largely
attributed to the conversion of the initial phase mixture into a pure cubic phase and the
temperature range in which this happens corresponds to the in-situ phase transitions observed
in both Raman spectroscopy and high resolution PXRD.
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Fig. 4.7 Arrhenius plots of the bulk conductivity for 5Pb10YSB (a), 3.75Pb25YSB (b) and
6Pb25YSB (c) showing results from both the heating (blue/green lines) and the cooling cycles (red
lines). Data for the first cycle is plotted in (a) and the second cycle in (b) and (c). A comparison of
the cooling cycles of the three results is shown in (d).

For the purer samples with higher total dopant content (3.75Pb25YSB and 6Pb25YSB in Fig. 4.7(b)
and 4.7(c), respectively), this feature is essentially absent. The “knee” or bend in the curve at
around 550-600°C for 5Pb10YSB sample is attributed to the order-disorder transition as will be

discussed in detail shortly.
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It should be noted that in this work no electrodes were coated directly onto the pellet for the
conductivity measurements. The pellet was simply placed between two solid platinum disc
electrodes (with similar diameter to the pellet) on the cell holder which was spring-loaded to
apply some pressure. This appears to provide less intimate contact especially on the first heating
cycle. Better contact is established once the samples have been heated and this resulted in a
significant difference (in terms of conductivity) between heating and cooling on the first cycle,
Fig 4.7(a). On the second cycle, performed directly after the first, better contact has already been
made and the difference is minimal between heating and cooling as shown in Fig 4.7(b) and
4.7(c). So, the best way to deal with data where the second cycle was not measured (Fig 4.7(a))

is to use the cooling cycle for actual conductivities.

Of these compositions, 5Pb10YSB exhibited the highest conductivity throughout the temperature
range. The conductivity of 5Pb10YSB at 300, 500 and 700 °C, was 2.0x10>, 0.071, 0.33 S/cm.
Linear regions are seen below 450°C for both 3.75Pb25YSB and 6Pb25YSB, above 550 °C for
3.75Pb25YSB and 650 °C for 6Pb25YSB. In general, a lower total dopant concentration results in
higher conductivity as expected and is clearly shown in the Arrhenius plot of conductivity, Fig.

4.7(d).

The Arrhenius plots reveal that the compositions 3.75Pb25YSB and 6Pb25YSB show relatively
good conductivity at about 500°C (~0.002 S/cm), but this is lower than for the 25YSB parent
composition reported as 0.013 S/cm at 500 °C by Takahashi et al.® The variations in the electrical
conductivity of the studied PbYSB materials can be considered in three temperature regions as
indicated in Fig. 4.7b. The plots for all samples below ~450°C are essentially linear and above
~550-600°C another fairly linear region exists. The transition between the two regions can also
be considered as linear and therefore the system exhibit three linear regions (HT: high

temperature, IT: intermediate temperature and LT: low temperature) each with a different slope.

Clearly the increase in the conductivities with an increase in temperature is due to an increase in

mobility of the interstitial 0% ions with the increased temperature. At higher temperatures, the
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thermal vibration energy of the ions increases, resulting in increased oxygen ionic mobility.

Furthermore, the theoretical concept of oxide anionic conductivity is as follows:1%-14
op = 2ney (4.6)

wheren, u and e are the carrier density, oxide ion mobility and elementary electric charge,
respectively. The mobility and the number of charge carriers result in an improvement for the
bulk conduction. At low temperatures (such as room temperature), the thermal energy of the 0>
anions is insufficient to hop to the nearest neighbouring tetrahedral vacancy point, despite the
presence of interstitial O vacancies in the crystal structure. The fcc-type materials, therefore,
display only very poor ionic conductivity dominantly at low temperatures. Additionally, the
ordered structure of the O% vacancy sublattice tends to be dominant at low temperatures, and

there is little total random distribution of vacancies.13

The transformation from the ordered arrangements of 0% ions to the disordered positions of 0%
ions at the tetrahedral lattice points (i.e. the 0% sublattice) is expected to cause a variation in the
conduction. This transformation can be represented as 6-Bi2O3(ordered) = 0-Bi203(disordered). This
ordered structure has lower O? mobility and hence lower conductivity. At high temperatures
(HT-region), charge carrier thermal vibrations can also briefly assist the hopping process by either
shortening the hopping distances or extending the hopping conduction paths through the crystal
lattice. It is reported that cubic stabilized bismuth oxides undergo an order-disorder transition,
illustrated by a change in the conductivity and activation energy, at temperatures in the

neighbourhood of 600 °C.1°

The “knee” or slight bend (when there is no phase change) indicates that moving from ordered
to disordered O? vacancies is accompanied by a decrease in E, for 0% conduction. This is
somewhat obscured when there is a phase change taking place (as in the case of the 5Pb10YSB
sample), but there is a definite decrease in slope (i.e. a decrease in E;) when this transition occurs
at higher temperatures. On cooling, the oxygen sublattice becomes more ordered again below

the transition temperature because of the weak scattering of X-rays by oxygen ions.
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A decrease in conductivity is caused by an increase in dopant concentration, and this could be
partly due to stronger association of 0% with the dopant ions (stronger bonds) reducing mobility.
A decrease in polarizability also plays a role, as well as the ionic radius of the dopant ion. The
single dopant system of (Y203)-(Bi»03) was studied by Takahashi et al.’ and reported that for cubic
structure stabilization, the highest conductivity was obtained with the lowest dopant
concentration. In principle, the ionic conductivity of most oxide ion conductors should increase
as the concentration of oxygen vacancy increases. Many other factors also play important roles
in the ionic conductivity, such as properties of crystallography and microstructure, in particular

porosities and grain sizes.®

To calculate E, in terms of eV from the slope of the log (g3,) versus (1/T) graph:1®

—slope XIn10 X R

E =
" (1602177 x 10710/, ), *7)

The values of the activation energy (E,) obtained from the slopes in the Arrhenius plots in Fig
4.7, for each linear region as described, are listed in Table 4.4. The activation energies differed
slightly in the LT and HT regions for the various concentrations of the doping material, PbO and
Y,0s. The difference in activation energies indicates that charge carriers have to overcome
different energy barriers while conduction and relaxing. This variation in the activation energies
also emphasizes that the relaxation process are of the non-Debye type. During both the heating
and cooling cycles, the change in E;when moving from the LT region to the IT region was far
bigger for the 5Pb10YSB ceramic material as compared to other composition, indicating a big
change in the mechanism of conduction which indicates the temperature range where the phase
change is occurring and a move to a more conductive phase. Interestingly, there is a small step
change in E, for both the highly doped samples which is unexpected for a pure phased sample
as indicated by the VT-Raman spectroscopy data for 1.5Pb25YSB (Fig 3.21). However, from the
VT-PXRD data for this sample a step increase in the lattice parameter on heating (and the reverse
on cooling) was also noted in the same temperature range (Fig 3.11). The crystal structure clearly

had an impact on the ionic conductivity of the pure phased sample. The very low E, values in the
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HT region is due to a combination of factors, namely, the presence of the pure fcc phase, the
disordered oxygen sublattice and the more sharply expanding unit cell (as indicated by the higher

slope in Fig 4.7 in the HT range compared to the LT range).

Table 4.4 Derived electrical parameters for PbYSB compositions. 5Pb10YSB sample applies to
the first cycle and the rest to the second cycle data.

Ea(eV)

Heating LT IT HT
5Pb10YSB 1.21 1.52 1.07
3.75Pb25YSB 1.22 1.41 0.86
6Pb25YSB 1.30 1.42 0.69
Cooling

5Pb10YSB 1.29 1.78 0.49
3.75Pb25YSB 1.19 1.28 0.58
6Pb25YSB 1.45 1.33 0.65

Theoretically, the total activation energy for ionic conductivity is expressed by the following
formula:1617
E,=E,+ E;4 (4.8)

where E,, is the migration activation energy for interstitial 0% ions jumping to the appropriate
0% vacancy points in the lattice and E,; is the additional energy needed to break the metal-
oxygen ionic bonds in the lattice. The activation energy (E,) for the interstitial oxide anions
through the cubic Bi,O3 lattice depends on the conductive pathway through which 0% ions
migrate and the oxygen-binding energy; E, is thus the amount of energy required to break a
lattice cation-oxygen bond, as well as an energy term dependent on the mobility of oxide ions

between interstitial filled and empty O% lattice points.?’

The conductivities of 5Pb10YSB and 3.75Pb25YSB were further investigated by comparing to
related materials, namely 10YSB and 27.5YSB, which were both prepared in our laboratory by a
similar sol-gel synthesis route and the conductivities were measured in a similar way therefore

making direct comparison feasible. For the YSB samples, only a single heating and cooling cycle
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was measured, thus data using the same conditions for the PBYSB samples was used in the
comparison. This was done to see if any light could be shed on whether the lone pair of electrons
for Pb?* plays a role in enhancing the mobility of the oxide ions through the lattice. We believe
that all these conductivities are primarily ionic, while further investigation is really needed to

confirm this.

Fig 4.8a shows a comparison of the cooling cycles for 5Pb10YSB and 10YSB (phase pure material).
5Pb10YSB is more highly doped than 10YSB but with same amount of Y content, therefore it is
expected to be less conducting due to higher total dopant concentration. From Fig 4.83a,
5Pb10YSB is seen to be more conductive than 10YSB despite being highly doped, suggesting a
possible indication of Pb?* enhancing conductivity. However, more highly doped could also mean

low amount of impurity phase at lower temperature and thus higher conductivity.

Fig 4.8b shows a comparison of the cooling cycles for 3.75Pb25YSB and 27.5YSB which have a
very similar total dopant concentration and should both consist of pure 6-phase. 3.75Pb25YSB
sample has a total dopant concentration slightly higher than 27.5YSB sample but it is more
conductive. Again, this is not expected, and it highlights the possible indication of Pb?* enhancing
conductivity or a low amount of impurity phase at lower temperature and thus higher
conductivity. Due to the complex interplay of various factors affecting the conductivities in these

materials, it is difficult to come to a conclusion regarding the role of the lone pairs of Pb?*.
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Fig. 4.8 Arrhenius plot of conductivities both cooling cycles for 5Pb10YSB, 10YSB (a) and
3.75Pb10YSB, 27.5YSB (b).

145



As seen in the high conductivities observed at 700 and 750°C for 5Pb10YSB (and even at lower),
this provides a positive aspect when considering the solid electrolyte character for solid oxide
fuel cells (SOFCs). Typically, the solid electrolyte's high level of ionic conductivity will lead to an
improvement in the SOFC system’s electrochemical energy production efficiency. The problem
with the 5Pb10YSB sample is that it undergoes a phase change (tetragonal to cubic phase) which
is accompanied but a large expansion in the lattice which is not ideal for an electrolyte. The
conductivity at lower temperatures, before the phase change occurs (~450 - 500°C) are still
relatively high meaning it could possibly be used at lower temperatures. Of course, other

properties such as ageing at the temperatures also have to be looked at.
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Conclusion

In this study, double-doped (with Pb?* and Y3*) stabilized bismuth oxides were synthesized
and investigated. High total dopant concentrations (ranging from 26.5-40 mol%) samples,
according to XRD analysis stabilised &-phase. But when further annealed at 800°C for 20
hours phase degradation took place. This was confirmed by doing further VT studies (XRD
and Raman spectroscopy) on the 1.5Pb25YSB sample which is the lowest dopant
concentration in this range. For the low total dopant concentration (ranging from 10-20
mol%), samples with 10-12 mol% total did not stabilise the 6-phase, irrespective of ratio of
Pb:Y used. It appeared as if samples with Pb?* did stabilize &-phase only if the dopant
concentration of Pb%* was way less than that of Y3*. Further VT XRD studies of 5Pb10YSB
pointed to possible phase impurity, confirmed by VT-Raman spectroscopy. The phases found
were the  and 6-phases. Initial PDF analysis of the same samples showed only the §-phase,

but this data may need more careful scrutinization.

The material with a high total dopant concentration (3.75Pb25YSB) is expected to result with
the “knee” or bend in the Arrhenius curve at high temperature due to a change from ordered
to disordered O-sublattice. But a slight step was observed which indicates a possible phase
impurity which ties in with the change in the lattice parameters observed from VT-XRD. The
material with a low total dopant concentration (5Pb10YSB) showed a clear phase change
indicated by a change in slope in the Arrhenius plot (a “knee” or bend in the curve at around
550-600°C) as expected. XRD diffractograms did not reveal any changes in the oxygen
sublattice, need to use neutron diffraction to investigate this more carefully. The changes in
the oxygen sublattice were not picked up by XRD — need to use nWhat was evident from this
work was the wealth of information revealed by the variable temperature studies of the
materials, be it PXRD, DTA/TGA, 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 VT-PXRD, was then only made it obvious with the DTA
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and VT-EIS data, which resulted in more rigorous analysis of the lower temperature data
using Rietveld refinement and with phase confirmation coming from RS. This just shows
some of the issues with some techniques and why it is essential to adopt a multi-technique

approach.
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