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Abstract  

In this project, several bismuthate (Bi2O3) materials were investigated as improved solid oxide fuel cell 

(SOFC) electrolytes with the overall aim of uncovering an electrolyte that is superior to the more popular 

zirconia (ZrO2) and ceria (CeO2) varieties. Investigating materials for application as SOFC electrolytes 

involves considering several criteria which were investigated throughout this thesis. The bismuthates 

investigated were synthesized using the citrate sol-gel method and the characterization techniques 

utilized were powder X-ray diffraction (PXRD) with Rietveld refinement, Raman spectroscopy and 

electrochemical impedance spectroscopy (EIS).  

An investigation of the structural stability, ionic conductivity and in situ δ-phase formation of yttrium-

doped bismuthates showed that the transition from a phase mixture to the δ-phase occurs at ~550-600 oC. 

For dopant concentrations less than 25%, the cubic phase was found to not be fully stabilized at room 

temperature. Additionally, the thermal expansion and ionic conductivity of the δ-phase was found to 

decrease with increasing dopant content.  

An investigation of the phase stability of yttrium-doped bismuthates, with emphasis placed on stability 

criteria which are often overlooked, showed that the cubic and tetragonal polymorphs are metastable 

under ambient conditions. Additionally, the spontaneous formation of both the rhombohedral and 

subcarbonate phases was evident. The spontaneous formation of bismuth subcarbonate occurs directly 

from the reaction of the stabilized bismuthates with atmospheric carbon dioxide and this phenomenon 

was reported for the first time in this work. Pelletization and additional sintering as well as annealing 

under an inert atmosphere was found to enhance the long term phase stability characteristics of the cubic 

phase. Additionally, non-linear thermal expansion behaviour was observed for 27.5% dopant content and 

for 15% dopant content, and an abrupt increase in cubic phase unit cell volume was observed which 

indicates the presence of an unidentified phase change during the thermal cycle.  

An investigation of the thermal expansion behaviour of yttrium-doped bismuthates using in situ total 

scattering studies revealed that non-linear thermal expansion behaviour observed for 27.5% yttrium 

content was linked to changes in the state of disorder of the cation sublattice. For 10% yttrium content 

and for 10% yttrium, 1% aluminium content, abrupt changes in cubic phase unit cell volume were found 

to be due to the tetragonal-cubic phase transformation and a mechanism for this was proposed. Changes 

in the cubic phase coefficient of thermal expansion (CTE) during the thermal cycle were also observed for 

all dopant content levels and these changes were found to be linked to changes in the state of disorder of 

the cationic sublattice.  
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The rhombohedral phase of bismuth oxide has recently emerged as a promising SOFC electrolyte material 

and the phase stability window of this phase was investigated using yttrium, lanthanum and aluminium 

doping regimes. It was established that the phase stability window is dependent on both the synthetic 

method and nature of the dopant species utilized. The thermal stability and phase behaviour of the 

rhombohedral phase, which has been sparsely reported, was investigated in situ over 360-656-360 oC. 

Complex phase transformation characteristics were evident during the thermal cycle along with abrupt 

changes in the thermal expansion of both the cubic and rhombohedral phases. These changes were found 

to be indicative of the rhombohedral-cubic phase transformation and the separation of the (009) and 

(104) peaks of the rhombohedral phase were identified as an excellent visual marker for this 

transformation.  
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Chapter 1. Introduction and literature review 

1.1. Overview  

Global energy demands have been exponentially increasing since the dawn of the technological age. Fossil 

fuels have been primarily relied on to serve these demands. The use of fossil fuels has, however, severely 

damaged the environment and fossil fuel reserves are soon to be exhausted. Alternative, clean energy 

sources are emerging but are marred by material challenges and limitations which have hindered the 

green energy revolution. Bismuth oxide is an attractive energy material with application as an electrolyte 

in solid oxide fuel cells (SOFCs). The high temperature δ-polymorph is the best known oxide ion conductor, 

with a conductivity of ~1 S.cm-1 at 1000 K. This makes the conductivity of this material nearly two orders 

of magnitude higher than that of yttria stabilized zirconia, the current commercial standard electrolyte 

for SOFCs. This δ-phase is, however, only stable over a narrow and high temperature range, preventing 

its practical application. The addition of dopants allows for δ-polymorph stabilization to lower 

temperatures but at the expense of conductivity. This chapter comprises a review of the literature 

relevant to this project. This includes a look at the global energy sector and the emergence of fuel cells as 

alternative energy sources. Thereafter bismuth oxide is introduced as an energy material and as a 

promising solid oxide electrolyte for application in SOFCs. Finally, the aims and objectives of this work are 

pertinently discussed.  

1.2. The global energy sector   

Statistical reviews of world energy have been provided by the British multinational oil and gas company 

BP p.l.c on an annual basis since 1952. These reviews have consistently shown annual increases in global 

energy production and consumption. In 2018,1 a 2.9% growth of global energy consumption was 

observed, the fastest growth seen since 2010 and nearly double the 10-year average growth rate of 1.5%. 

As such, fossil fuel usage has been increasingly relied on; oil consumption grew by 1.5%, natural gas 

consumption grew by 5.3% and coal consumption grew by 1.4%. As a direct result, global carbon emissions 

grew by 2%, the greatest increase since 2012. Renewable power grew by 14.5%, predominantly due to 

significant increases in both solar and wind power generation. This growth, although below the historical 

10-year average growth rate of 16.4%, is promising and indicates continued growth in the renewable 

sector. In 2019,2 a promising shift in world energy was observed. The growth of global energy consumption 

significantly slowed year-on-year to 1.3%. Fossil fuel usage saw significant changes; oil consumption grew 

by 0.9%, natural gas consumption grew by 2% and coal consumption declined by 0.6%. As a result, global 

carbon emissions grew by 0.5% which represents a significantly reduced rate compared to that of the 
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previous year. Renewable power grew by 12.2% and saw a record increase in consumption, again 

bolstered by strong growth in wind and solar power generation. The consumption of renewable energy 

increased which resulted in renewables having a 5% share in the global energy sector – a strong increase 

of 0.5% from the previous year. These changes in world energy are promising and indicate that the world 

is slowly transitioning towards renewable energy. However, oil, gas and coal are still dominant and hold 

a combined 84.3% share in the global energy sector. 

1.2.1. The rise of renewable energy sources  

In a world characterized by an ever-increasing demand for energy and an ever-decreasing abundance of 

traditional, fossil-fuel based energy,3,4 an energy crisis is imminent. Fossil fuels are, by definition, finite 

and are soon to be depleted. Shafiee et al5 have recently calculated that oil, coal and gas have depletion 

times of 35, 107 and 37 years, respectively. These depletion limitations as well as the vast environmental 

concerns over the continued usage of fossil fuels6 have resulted in renewable, environmentally friendly 

sources of energy becoming more prevalent. Renewables are predicted to become steadily integrated 

into the global energy grid whilst fossil fuel-based sources are systematically phased out. Renewable 

energy, although abundant, has seen limited development and implementation due to the ease at which 

fossil fuels can be utilized and commercialized. Several forms of renewable energy sources are available 

however, solar and wind sources have garnered the most research, development, and implementation.1,2 

Fuel cells have more recently emerged as a promising source of renewable energy particularly due to the 

key predicted role of fuel cells in the future hydrogen economy. However, the implementation and 

commercialization of fuel cells is still in its infancy.   

1.3. Overview of fuel cells 

Fuel cells are electrochemical conversion devices and have been fundamentally in existence for almost 

two centuries.7 All fuel cells share a common design (i.e. comprise of an anode-electrolyte-cathode 

architecture) and working principle which involves the electrochemical conversion of the chemical energy 

stored in a fuel into electrical energy with fuel-specific by-products and heat emissions.8,9 Several different 

types of fuel cells exist, with key differences in the nature of the electrolyte and underlying chemistry that 

governs their operation. Brief summaries of five common types of fuel cells are detailed in Sections 

1.3.1-1.3.5 and a detailed description of solid oxide fuel cells is found in Section 1.3.6.  

1.3.1. Molten carbonate fuel cell (MCFC) 

MCFCs are characterized by employing an electrolyte that is commonly composed of a mixture of lithium 

and potassium carbonate.7 These fuel cells require oxygen (O2) and carbon dioxide (CO2) to be supplied to 
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the cathode where electrochemical reduction enables the formation of carbonate ions (CO3
2-) which are 

transported across the electrolyte to the anode. At the anode, the carbonate ions react with a fuel, such 

as hydrogen (H2), and this generates electricity along with steam and heat emissions. Key advantages of 

MCFCs include high efficiencies of between 45-50% and internal reformation capability. The latter is made 

possible by the high operating temperature range of ~650 oC, which eliminates the need for a noble metal 

catalyst and results in reduced device cost.7,9 Key disadvantages include slow start up due to the 

preheating required to reach the operating temperature (~5-7.5 h)7,9,10, high sulphur intolerance (sulphur 

content greater than 1.5 ppm significantly decreases the oxygen surface exchange ability of the cathode) 

and the handling issues resulting from the presence of a liquid electrolyte.7 MCFCs are mainly used for 

medium to large power applications; a 1000 kW MCFC power plant has been developed and tested in 

Kawagoe, Mie prefecture, Japan over an operation time of 5000 h10 whilst a 2000 kW plant has been 

similarly tested in Santa Clara, California, USA over an operation time of 4000 h11. The minimum operation 

time envisioned for a large power plant before replacement is ~40000 h (~4-5 years)7 and hence MCFC 

technology, whilst promising, is still in need of further development and improvement before reaching 

commercial viability.  

1.3.2. Alkaline fuel cell (AFC) 

AFCs are characterized by a molten alkaline electrolyte which is commonly an aqueous solution of either 

potassium hydroxide (KOH) or sodium hydroxide (NaOH). The electrolyte can be either in a mobile, liquid 

form or in an immobile, paste form applied to a porous asbestos supporting matrix.7,9 These fuel cells 

require oxygen to be supplied to the cathode where electrochemical reduction enables the formation of 

hydroxide ions (OH-) which are the mobile ion for this type of fuel cell. The hydroxide ions are transported 

across the electrolyte layer where, at the anode, these ions react with hydrogen fuel. This reaction 

generates electricity with steam emissions. Key advantages of AFCs include a low operating temperature 

range of 50-100 oC, which also enables fast start-up times,7 and high efficiencies of between ~50-70%.9 

Key disadvantages include the  intolerance of carbon dioxide (maximum concentration of 350 ppm)7 and 

carbon monoxide (CO) which cannot be present in either the oxidant or fuel gases used. These molecules 

react with hydroxide ions present in the electrolyte and hence degrade the electrolytic ability of the 

electrolyte. The corrosive nature of the electrolyte additionally results in these fuel cells having short 

lifespans. Interestingly, AFCs have been used by NASA in the Shuttle program7,9,12 and ZeTek Power, a UK-

based energy company, has used AFCs to power fleet vehicles and boats in Europe.13  
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1.3.3. Proton exchange membrane fuel cell (PEMFC) 

PEMFCs are characterized by a nafion solid polymer electrolyte that is a proton (H+) conductor.9 These 

fuel cells require hydrogen to be supplied to the anode where electrochemical oxidation of these ions 

generates electricity and produces protons which are transported across the electrolyte layer to the 

cathode. The oxygen supplied to the cathode reacts with these protons to produce water. Key advantages 

of PEMFCs include a low operating temperature range of 60-110 oC, the use of a solid and non-corrosive 

electrolyte and high CO2 tolerance (atmospheric air can be used as a source of oxygen).7 Key disadvantages 

include the need for external reformation, which increases the device cost, and low tolerance to sulphur 

and carbon monoxide.7,9 PEMFCs have seen significant commercialization; Ballard Power Systems, a 

Canadian energy company, has tested a 250 kW PEMFC power system prototype in Vancouver, Canada 

and in Crane, Indiana, USA11 and has more recently announced plans to power Fuel Cell Electric Buses 

(FCEBs) in Emmen, the Netherlands.14  

1.3.4. Phosphoric acid fuel cell (PAFC) 

PAFCs are characterized by an electrolyte comprised of liquid phosphoric acid within a matrix of silicon 

carbide.7 The chemical reaction that occurs during the operation of a PAFC is the same as that of the 

PEMFC where protons are the mobile ions transported across the electrolyte. Key advantages of PAFCs 

include high CO2 tolerance which enables the use of atmospheric air as the oxygen source and the typical 

operating temperature range of 150-200 oC enables high efficiencies of up to 85% to be attained via co-

generation methodologies.7,9 Key disadvantages include the use of a corrosive acidic liquid electrolyte 

which has various safety and handling issues, the large device size and like PEMFCs, the need for external 

reformation substantially increases the overall device cost.7 PAFCs have been successfully commercialized 

by Fuji Electric, a Japanese electrical equipment company, and over the period of 1998-2009 twenty-five 

100 kW PAFC units were delivered to diverse operating sites such as hospitals, universities, and sewerage 

treatment plants. The PAFC units displayed excellent durability and reliability with operating times 

achieved in excess of 40000 h.15 

1.3.5. Direct methanol fuel cell (DMFC) 

DMFCs share similar chemistry and operation to that of PEMFCs and also employ a proton-conducting 

polymer electrolyte. However, DMFCs use liquid methanol or other simple alcohols solutions as fuel 

instead of hydrogen gas. At the anode, hydrogen is extracted from the alcohol solution by a process of 

electro-oxidation facilitated by the anode catalyst.7,9 The extracted hydrogen is electrochemically oxidized 

which produces electricity and protons, the latter is transported across the electrolyte layer to the 
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cathode and reacts with oxygen to produce water and heat. Key advantages include that reformation of 

fuel is unnecessary which reduces device cost, operating temperatures are low at ~60-200 oC, liquid fuels 

reduce infrastructure challenges7,9 and fuel can be derived from renewable sources such as sugar cane.16 

Key disadvantages include low efficiency of around 40% and the need for large amounts of noble metal 

for the anode catalyst, the latter negates some of the cost saving achieved by reformation being 

unnecessary.7,9 DMFCs have been actively researched as an alternative power source to lithium-ion 

batteries and have found commercial application. Samsung has developed a portable DMFC for military 

use as an alternative to relatively heavy batteries17 whilst Toshiba has developed the DMFC product 

Dynario© as an external power source to power digital consumer products.18  

1.3.6. Solid oxide fuel cell (SOFC) 

Solid oxide fuel cells are the fuel cell type that are the subject of this project. SOFCs are high temperature, 

solid-state fuel cells consisting of three primary components: porous anode and cathode layers separated 

by a solid oxide electrolyte, which is most commonly yttria-stabilized zirconia (YSZ).19,20 The electrolyte 

can be either an oxygen ion or proton conductor,20,21 however only the oxide ion conducting variety was 

considered in this project.  This type of fuel cell was first demonstrated by Baur and Preis22 in 1937 using 

a yttria-stabilized zirconia electrolyte with a cell operating temperature of 1000 oC. Although this 

demonstration was successful, the high operating temperature and various material instabilities 

dampened the development of this type of fuel cell until the mid-1960s. The 1970s brought about 

renewed interest in SOFCs, primarily due to the advances in the study of ceramic materials. Subsequent 

research has shown SOFCs to be an efficient, versatile, and environmentally friendly source of energy. 

However, these fuel cells are plagued by various limitations which stem primarily from the nature of the 

electrolyte material. The operating principle and cell design of SOFCs is detailed in Section 1.3.6.1, the 

reasons behind active SOFC research is detailed in Section 1.3.6.2, a comparison of the different types of 

fuel cells is given in Section 1.3.6.3, a brief overview of the commercialization of SOFCs is given in Section 

1.3.6.4, and a critical analysis of the material challenges and device limitations of SOFCs is given in Section 

1.3.6.5.  
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1.3.6.1. Operating principle and cell design 

SOFCs, much like the various other types of fuel cells, have a fundamentally simple operating principle 

(Fig. 1.1). Air is supplied to the cathode where oxygen molecules are reduced to form oxide ions. These 

ions are then incorporated into the electrolyte lattice and thereafter migrate towards the anode by means 

of a thermally-activated hopping mechanism23. At the anode, oxide ions react with fuel molecules and this 

process of oxidation generates electricity through the external circuit. In the case of using H2 as fuel, the 

only emission is H2O whilst using hydrocarbon fuel additionally generates CO and CO2 emissions.  

Figure 1.1. Schematic diagram illustrating the operating principles of a solid oxide fuel cell running on 

hydrogen gas and employing an oxide ion conducting electrolyte. Adapted from Ref. [20]. 
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For practical applications, single SOFC cells are combined to form fuel cell stacks with useable power 

outputs.24 This modularity enables SOFC stacks to be designed based on specific power requirements 

which adds to the versatility of this type of fuel cell. Several cell designs of varying architecture have been 

investigated20,24–26 however most research has focused on planar (Fig. 1.2) and tubular (Fig. 1.3) designs.27  

Figure 1.2. (a) Schematic diagram of a planar SOFC and (b) the repeating unit found in the planar SOFC 

stack. (a) Adapted from Ref. [28] and (b) adapted from Ref. [29]. 
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Figure 1.3. (a) Schematic diagram of a tubular SOFC and (b) the typical cell stack arrangement used for 

tubular cell designs. Adapted from Refs. [28] and [29]. 
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1.3.6.2 Why are SOFCs actively researched? 

In recent decades, the need to decrease the reliance on fossil-fuel based energy has directed considerable 

research towards alternative energy sources and conversion devices.3 SOFCs have emerged as a leading 

candidate in the search for an efficient and environmentally friendly source of electrical energy4,19,30,31 

with a significant role to play in the emerging hydrogen economy.32–34 SOFCs have an array of benefits in 

comparison to both conventional power sources and other major types of fuel cells. From a device 

standpoint, these devices have attracted interest due to characteristically high specific energy (energy per 

unit mass), specific power (power per unit mass), and power density (power per unit volume) (Fig. 1.4) 

which surpass those of any other energy conversion device. These features make such devices 

immediately more attractive than competitor devices such as batteries (high specific energy but low 

specific power) and supercapacitors (high specific power and low specific energy).35 As a result, SOFCs are 

ideal for medium to large stationary, portable and transportation applications9,34 and have notably been 

touted as the technology to revolutionize the automotive sector36 by either replacing internal combustion 

engines completely37 or, in the more likely scenario, serving as a supplementary energy source in a hybrid 

powertrain. 

 

Figure 1.4. (a) Specific power as a function of power density of various energy conversion devices38 and 

(b) Ragone plot (specific energy as a function of specific power) for various energy conversion devices.36 
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1.3.6.3. Comparison of SOFCs to conventional energy sources 

In comparison to the more traditional and well-known energy generation systems (Table 1.1), fuel cell 

technologies offer significant benefits; high energy generation efficiencies, significantly reduced operation 

and maintenance costs, high degrees of fuel flexibility and reduced emissions are among the more 

prominent advantages. Key drawbacks of fuel cells are high capital costs and limited longevity.  

Table 1.1. Comparison of different energy generation systems. Adapted from Ref. [9]. 

 
Reciprocating engine: 
diesel 

Turbine 
generator 

Photo 
voltaics 

Wind 
turbine 

Fuel cells 

Capacity range (kW) 500–5000  500-25000  1-1000  10-1000  200-2000  
Efficiency (%) 35 29-42  6-19 25 40-80 
Capital cost ($/kW) 200-350 450-870 6600 1000 1500-3000 
O&M* cost ($/kW) 0.005-0.015 0.005-0.0065 0.001-0.004 0.01 0.0019-0.0153 
Emissions High Low Low Low Low 
Lifespan (years) ~2-539 ~25-5040 ~25-3041 >2042 ~0.23-0.5743 

*Operation and maintenance 

SOFCs are compared to five major types of fuel cells in Table 1.2. The high operating temperature of SOFCs 

allows for high efficiencies to be obtained; efficiencies of up to 60% are achieved using common fuels such 

as natural gas.3,44 These efficiencies can reach up to 90% when the high quality heat generated from the 

fuel cell is also used to generate electricity45,46 - this co-generation approach is commonly employed in 

SOFC devices19,47,48 and is a significant contributor to the high attainable efficiency of these fuel cells. The 

high operating temperature also enables internal reformation of fuel which results in a high degree of fuel 

flexibility and a significant reduction in device cost as no precious metals are needed for the catalytic 

reformation of fuel.7–9,20 SOFCs can function successfully using a number of different sources of fuel such 

as natural gas, hydrogen and even hydrocarbons such as ethanol3,31,44,49 and additionally show a high 

tolerance to impurities in fuel. The all solid-state nature of SOFCs additionally eliminates any chance of 

corrosion or loss of electrolyte – these problems are common in fuel cells that comprise liquid 

components.8,9 The most notable disadvantage of SOFCs is the short lifespan. This disadvantage is 

discussed, along with the additional limitations of SOFCs, in Section 1.3.6.5.  
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Table 1.2. Comparison of the six major fuel cell types. Adapted from Refs. [9] and [50]. 

Parameters 
Fuel cell type 

MCFC AFC PEMFC PAFC DMFC SOFC 

Electrolyte 

Lithium and 
potassium 
carbonate (Li2CO3 
and K2CO3) 

Aqueous 
solution of 
NaOH or 
KOH 

Solid 
polymer 
(nafion) 
membrane 

Phosphoric 
acid 
(H3PO4) 

Solid 
polymer 
membrane 

Solid oxide 
electrolyte 

Operating 
temperature 
(oC) 
 

~650 
 
 

50-10045 
 
 

70-110 
 
 

~150-200 
 
 

60-200 
 
 

800-1000 
 
 

Fuel 
 

H2, CH4 & other 
hydrocarbons 

Pure H2 

 
Pure H2 

 
Pure H2 

 
CH3OH 
 

H2,CH4 & 
other 
hydrocarbons 

Efficiency 45-60%  ~50-70% 35-60% 
40% 
 

40% >50% 

Co-
generation 
 

Yes 
 

No No 
Yes 
 

No Yes 

Reformer 
 

No 
 

Yes Yes Yes No No 

Installation 
cost ($/kW) 

~2000-3000 ~1800 <1500 2100 165051 3000 

 

1.3.6.4. Commercialization of SOFCs 

SOFC technology has seen significant commercialization efforts in recent years. In 2006 Yakabe et al52 

reported on the development and testing of a 3 kW SOFC system at the Tokyo Gas Co., Ltd. (Tokyo, Japan). 

This system used methane as fuel, was operated at a temperature of ~780 oC and achieved a maximum 

power generation efficiency of ~45% without co-generation.  

In 2012, a consortium comprising Osaka Gas Co., Ltd (Osaka, Japan), Aisin Seiki Co., Ltd (Aichi, Japan), 

Kyocera Corporation (Kyoto, Japan), Chofu Seisakusho Co., Ltd. (Yamaguchi, Japan) and Toyota Motor 

Corporation (Aichi, Japan)46,53 completed the development and commercialization of a 0.7  kW SOFC 

system for residential use (Fig. 1.5a), named the ‘ENE-FARM Type S.’ The SOFC stack was developed and 

manufactured by Kyocera Corporation (Fig. 1.5b). This fuel cell system uses municipal gas as fuel, operates 

within the temperature range of 700-750 oC and achieves a power generation efficiency of 46.5%. This 

system does, however, employ a co-generation approach on which heat generated is used for household 

heating and hot water supply. This translates into an overall energy efficiency of 90%. The system costs 

US$33 700 which translates into ~48 000 US$/kW – a significantly higher cost than that estimated from 
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laboratory scale prototypes.9 However, this residential system has been a commercial success with over 

300 000 units sold by 2019.54  

 

Figure 1.5. (a) 0.7 kW SOFC fuel cell stack developed by Kyocera Corporation,60 (b) ENE-FARM Type S SOFC 

system,53 (c) 3 kW SOFC system developed by Kyocera Corporation,61 and (d) Bloom Energy Servers at 

Apple’s Campus 2 (Apple Park) in California, USA.62 

 

In 2017, Kyocera launched a 3 kW SOFC cogeneration system (Fig. 1.5c).55 This system is suitable for 

institutional applications (such as retail establishments and restaurants) and is essentially four of the 

0.7 kW stacks that are found in the ENE-FARM Type S incorporated into one system. The SOFC stacks have 

been further developed and improved since 2012. The current 3rd generation stacks boast improved 

power generation efficiency of 55% whilst overall energy efficiency of the system remains 90%. These 

(b) (a) 
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stacks are able to achieve 90 000 hours of continuous operation and are able to withstand 360 operation 

cycles. This equates to approximately 12 years of usage without any performance deterioration.56 The 

success of Kyocera’s fuel stack technology has resulted in the Japanese Ministry of Economy (METI) setting 

residential SOFC deployment targets of 1.4 million units by 2020 and 5.3 million units by 2030.55  There is 

another company which has become somewhat synonymous with large scale, commercial SOFC systems 

- Bloom Energy (California, USA). Bloom Energy develops SOFC systems, aptly named ‘Bloom Energy 

Servers,’ which are large scale stationary power units that provide energy within the 100-200 kW range 

(Fig. 1.5d).57 These SOFCs systems typically operate using natural or bio-gas as fuel, operate at high 

temperatures of ~900 oC and achieve power generation efficiencies between 53-65%.58  Bloom Energy has 

supplied several thousand of these systems to companies such as Google, eBay, Apple, AT&T and Paypal59 

where they have been primarily used to power data centres.  

In the automotive sector recent commercialization of SOFC technology has been shown by the automotive 

manufacturer Nissan.63 Under its Intelligent Power program, Nissan has developed the world’s first SOFC-

powered vehicle (Fig. 1.6). The SOFC system used is called the e-Bio Fuel-Cell and forms an integral part 

of the car maker’s commitment to the development of zero emission electric vehicle technology. Nissan 

plans to use bio-ethanol-fuelled SOFC technology as the source of electrical energy in its electric vehicles. 

This is a unique stance taken in the electrical vehicle revolution, as the vast majority of carmakers such as 

Tesla Motors and Toyota have opted to use externally charged lithium-based batteries to power their 

electric vehicles.64 This unique approach taken by Nissan has been abundant in reward and in 2016 a 

working prototype was tested employing a hybrid powertrain comprising a 5 kW SOFC and a 24 kWh 

battery. The prototype achieved an impressive cruising range of 600 km from a mere 30 L of bio-ethanol.  

 

 

 

 

 

 

Figure 1.6. The result of the Nissan Intelligent Power program - the world’s first car powered by SOFC 

technology.63 
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1.3.6.5. SOFC device limitations 

Much like any other energy generation or conversion device, SOFCs are marred by a variety of 

limitations.3,19,65 Mahato et al20 identified complex and challenging cell and stack fabrication, safety issues 

regarding the usage of flammable fuel gases and high the operating temperature as key SOFC limitations.  

The operating temperature is a feature dictated by the electrolyte material in which high temperatures 

are required for high ionic conductivity.20,23 The present generation of SOFCs have operating temperatures 

in the range of 800 - 1000 °C3,20,21,31,32 and, although at these high temperatures the ionic conductivity of 

the electrolyte as well as catalytic activity of the electrodes are optimized, a variety of consequences are 

incurred. To reach the high operating temperature, extended start-up times are required which limits the 

application of SOFC devices. Most importantly, several material problems such as interfacial diffusion and 

reactions between electrolyte and electrode materials, thermal instability, and mechanical (or thermal) 

stresses, due to thermal expansion mismatch of the cell components, occur at these high temperatures.  

At high temperatures, the cell components show limited stability. Secondary phase formation (through 

structural interconversion or chemical reaction), diffusion of materials across component interfaces as 

well as microstructural changes occur20,66 – all of which degrade the cell performance. In addition, the 

thermally-driven expansion introduces significant mechanical stresses due to thermal expansion 

mismatch between adjacent cell components.8,32,66,67 This mismatch commonly results in the delamination 

of adjacent layers and results in device failure (Fig. 1.7). The high operating temperature hence results in 

several material challenges which severely limits the lifespan of these devices. Additionally, the usage of 

specialized cell components which can withstand these high temperatures are required - resulting in high 

device cost.8,20 These operating temperature-related effects are indeed the primary cause of the limited 

development and commercialization of SOFCs.  



15 

 

Figure 1.7. SEM image of a typical SOFC arrangement where thermal expansion mismatch and chemical 

instability during thermal cycling has resulted in layer delamination and ultimately cell failure. Adapted 

from Ref. [66]. 

 

It is clear that the majority of SOFC limitations can be overcome if the operating temperature is reduced. 

Significant research has focused on reducing the operating temperature of SOFCs without significantly 

sacrificing the benefits associated with the elevated operating temperature. This necessitates the 

investigation of various oxide ion conducting material systems such as to design an improved electrolyte. 

1.4. Electrolyte materials for SOFCs 

Several material systems exist that show promise as electrolyte materials for SOFC applications. Following 

guidelines by Basu,68 Hussain et al.69 and Ormerod,8 an electrolyte material must satisfy the following key 

requirements to function successfully and efficiently:  

(i) Pure oxide ion conductivity that is sufficiently high (at least 0.1 S.cm-1) at operating temperature 

(ii) High thermodynamic and chemical stability over the working temperature range 

(iii) Inertness to the adjacent components during manufacturing and operation 

(iv) Minimal thermal expansion mismatch with adjacent components  

(v) Stable in both oxidizing (anode side) and reducing (cathode side) atmospheres  

Anode 

Electrolyte 

Cathode 
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Several material systems have been studied for application as electrolyte materials in SOFCs. The most 

common and successful material system has been the fluorite structure type, primarily comprising of 

stabilized zirconia, doped ceria and stabilized δ-Bi2O3. The fluorite structure type has been extensively 

studied, over diverse compositions, for application as a SOFC electrolyte. Rhombohedral structures based 

on Bi2O3 have recently come into the spotlight as an attractive alternative to the popularized fluorite 

structures, especially for application in low temperature SOFCs. Several alternative structures have also 

been investigated as electrolytes, these include electrolytes based on BIMEVOX, pyrochlore, perovskite 

and related intergrowth (LaGaO3, Brownmillerites, La-MOX and apatites) structures. These alterative 

electrolyte structures have been comprehensively reviewed20,30,69–71 and are not reviewed here. The 

pertinent research done on the popular stabilized zirconia and doped ceria fluorite systems is briefly 

reviewed whilst electrolyte research done on Bi2O3-based fluorite and rhombohedral structure types is 

comprehensively reviewed.    

1.4.1. Fluorites 

Materials with the fluorite structure have the general chemical formula MO2 where M is a metal cation in 

a +4 oxidation state (M4+) and O is an oxygen anion in a -2 oxygen state (O2-) (Fig. 1.8). The ideal fluorite 

structure comprises a face centred cubic (FCC) arrangement of cations with anions occupying tetrahedral 

sites. Zirconium oxide (ZrO2) and cerium oxide (CeO2) are two well-known metal oxides that crystallize in 

the fluorite structure. The defect fluorite structure type comprises of the same FCC arrangement of 

cations. However, all the crystallographically available anion sites are not occupied. This partial anion site 

occupancy is termed as a crystallographic defect which is essentially a deviation from the ideal fluorite 

structure. Bismuth oxide (Bi2O3) is a well-known example of a metal oxide which adopts the defect fluorite 

structure under certain conditions. Stabilized zirconia and doped ceria can also adopt the defect fluorite 

structure by the addition of dopant cations.   

1.4.1.1. Stabilized zirconia 

The first and currently the only material system to fully meet the basic electrolyte requirements of pure 

and high ionic conductivity and high phase stability is the stabilized zirconia electrolyte.71 The natural 

polymorphism of pure ZrO2 comprises three polymorphs.72 A monoclinic phase is present at room 

temperature and transforms into a tetragonal phase at 1170 oC. The tetragonal phase converts to a cubic 

fluorite structure at 2370 oC. The fluorite structure is stable until its melting point of 2680 oC, and all phase 

transformations are reversible on cooling.  
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The high temperature cubic fluorite phase can be stabilized to room temperature by the addition of 

dopant cations such as Y3+ and Sc3+ which replace Zr4+ in the fluorite lattice.20,30 The addition of acceptor 

dopant cations additionally introduces oxygen vacancies, which forms a defect fluorite structure and 

greatly enhances the oxide ion conductivity.20,30,70 The most common electrolyte material used in SOFCs 

is yttria-stabilized zirconia (YSZ). Addition of approximately 8 mol% yttrium (8YSZ) has been reported to 

have highest oxide ion conductivity of the YSZ system. Conductivities of 0.052 S.cm-1 at 800 oC and 

0.178 S.cm-1 at 1000 oC have been reported,73 the latter meeting the minimum conductivity requirement 

of a SOFC electrolyte. The 8YSZ material is also phase stable and does not undergo any phase 

transformation up to 2500 oC which is ideal for application as a SOFC electrolyte.20  

Another popular stabilized zirconia that has been significantly researched for application in SOFCs is 

scandium-stabilized zirconia (ScSZ). ScSZ materials are generally more conductive than their YSZ 

counterparts over similar composition and temperature ranges.30 As an example, addition of 7.8 mol% 

scandium (7.8ScSZ) results in ionic conductivities of 0.120 S.cm-1 at 800 oC and 0.31 S.cm-1 at 1000 oC73 

which is approximately double that of 8YSZ at the same temperatures. This makes 7.8ScSZ a promising 

electrolyte at comparatively lower operating temperatures. However, ScSZ materials have been found to 

transform into a rhombohedral phase of lower conductivity at temperatures <500 oC74 and exhibit 

increased activation energy for conduction below 500 oC.30 During operation, YSZ and ScSZ experience 

conductivity aging which is essentially the decrease in measured ionic conductivity over extended periods 

of time at elevated temperatures due to local structure ordering.75 The aging is, however, significantly 

greater in magnitude for ScSZ than for YSZ.  The limited phase stability, conductivity aging behaviour, and 

the high cost of scandium,71,76 greatly detracts from the promising conductivity of ScSZ electrolytes.   

1.4.1.2. Doped ceria 

Doped ceria has recently emerged as a common electrolyte material for SOFCs.30,50,71 Ceria (CeO2) 

naturally occurs as a cubic fluorite structure and this phase is stable from room temperature until its 

melting point of ~2400 oC.20 Pure ceria does not have sufficient oxygen vacancies to enable high oxide ion 

conduction.20 Hence, much like with zirconia, ceria is doped with cations, commonly Gd3+ and Sm3+, to 

form a defect fluorite structure. This doping introduces oxygen vacancies and increases oxide ion 

conduction.30,50,71 In general, ceria electrolytes have superior ionic conductivity to zirconia electrolytes, 

particularly at lower temperatures77 and are therefore in principle ideal electrolytes for application in 

SOFCs.78 
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The most widely used ceria electrolyte materials are gadolinia-doped ceria (GDC) and samaria-doped ceria 

(SDC). GDC electrolytes show great promise for use in SOFCs due to their high ionic conductivities. 

Addition of 30 mol% gadolinia (30GDC) results in ionic conductivities of 0.093 S.cm-1 at 800 oC and 

0.25 S.cm-1 at 1000 oC73 - these conductivity values are superior to those of the industry standard 8YSZ. 

SDC electrolytes exhibit high ionic conductivities which are comparable to those of GDC. As an example, 

addition of 20 mol% samaria (20SDC) results in ionic conductivities of 0.096 S.cm-1 at 800 oC 

and  0.25 S.cm-1 at 1000 oC.73 Although ceria electrolytes exhibit high phase stability, under reducing 

conditions Ce4+ reduces to Ce3+ which introduces electronic conductivity in the electrolyte.77,79,80 Electronic 

conductivity is undesirable as it forms a short circuit pathway through the electrolyte which greatly 

reduces the efficiency of a SOFC71 and reduces the suitability of ceria electrolytes for use in SOFCs.  

1.4.2. Bismuth oxide 

Several polymorphs of bismuth oxide exist; however, the high temperature cubic fluorite polymorph of 

bismuth oxide (δ-Bi2O3) has attracted the most interest as an oxide ion conductor. δ-Bi2O3 is widely 

regarded as the best oxide ion conductor with ionic conductivity of ~ 1 S.cm-1 at ~750 oC and as such has 

attracted significant research towards its application as a SOFC electrolyte. More recently, a 

rhombohedral bismuth oxide phase has emerged as an attractive SOFC electrolyte material, particularly 

for application at lower temperatures. The study of these two bismuth oxide-based electrolyte phases is 

the focus of this thesis.  
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1.4.2.1. The polymorphism of Bi2O3 

Pure Bi2O3 exists as six natural crystallographic polymorphs.81–83 At low temperatures a monoclinic 

polymorph α-Bi2O3 exists (space group P21/c). On heating to ~730 oC, the monoclinic form converts into 

the high temperature face-centred cubic (FCC) polymorph δ-Bi2O3 (space group Fm3̅m). The δ-polymorph 

is stable from ~730 oC until its melting point at ~825 oC. The tetragonal β-Bi2O3 (space group P4̅21c) and 

body-centred cubic (BCC) γ-Bi2O3 (space group I23) polymorphs can be formed when the δ-phase is cooled 

below 639-650 oC.84  The β-phase commonly converts to the α-phase upon further cooling below 300 oC 

whereas the γ-phase can persist to room temperature with sufficiently low cooling rates.85  Additional 

metastable polymorphs orthorhombic ε-Bi2O3 (space group Pbnb) and triclinic ω-Bi2O3 (space group P1̅) 

are formed only under specific synthetic conditions.83 The ε-phase was formed from the hydrothermal 

treatment of bismuth nitrate under highly alkaline conditions at 240 oC86 whereas the ω-phase was formed 

after thermal treatment of α-Bi2O3 deposited on a beryllium oxide (BeO) substrate at 800 oC.87 The Bi2O3 

lattice can also crystallize in two non-natural rhombohedral phases of space group R3̅m and 

P61(5)/P61(5)2283,88,89 by doping of pure Bi2O3. The conductive rhombohedral phase rh-Bi2O3 (space group 

R3̅m) is commonly formed when Bi2O3 is doped with larger cations such as lanthanum88,90 and this is the 

rhombohedral phase of interest in this thesis. An illustration of the temperature domains identified for 

the six natural polymorphs of Bi2O3 is given in Figure 1.883 and a summary of the key structural data is 

given in Table 1.3.  

Figure 1.8. Temperature domains identified for the six natural polymorphs of bismuth oxide.83 
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Table 1.3. Key structural data of the six natural polymorphs of pure bismuth oxide and the rhombohedral 

phase. 

Bi2O3 
polymorph 

α-mono-
clinic91 

δ-cubic85 
β-tetra-
gonal92 

γ-cubic93 
ε-ortho-
rhombic86 

ω-triclinic94 
Rhombo-
hedral# 90 

Phase 
stability 
range (oC) 

<730 730-825 330-650 500-639* <400 <900 <80095 

Space 
group 
(number) 

P21/c (14) 
Fm3̅m 
(225) 

P4̅21c (114) I23 (197) Pbnb (56) P1̅ (2) R3̅m (166) 

a (Å) 5.8444(2) 5.644(2) 7.741(3) 10.2501(5) 4.9555(1) 7.2688(4) 4.0253(1) 
b (Å) 8.1574(3)    5.5854(2) 8.6390(6)  
c (Å) 7.5032(3)  5.634(2)  12.7299(3) 11.9698(8) 27.6004(9) 
α (o)      87.713(6)  
β (o) 112.97(1)     93.227(6)  
γ (o)      86.653(4)  

# Bi0.775La0.225O1.5 

* γ-cubic phase may persist to room temperature 

 

1.4.3. The structure of δ-Bi2O3 

The structure of δ-Bi2O3 has been a somewhat controversial topic with several varying structural models 

proposed for this phase (Fig. 1.9). Sillen96,97 reportedly obtained δ-Bi2O3 by quenching Bi2O3 and reported 

the phase to crystallize in a primitive cubic structure with space group Pn3̅m. This structure is 

crystallographically related to the fluorite structure, however, defects present in the oxygen sublattice are 

ordered in the <111> direction. Later, Gattow and Schröder98 investigated the structure of δ-Bi2O3 by high 

temperature X-ray powder diffraction experiments. The structure of δ-Bi2O3 was revealed to be similar to 

that of the ideal fluorite (CaF2) structure and the model proposed by Sillen wherein the oxygen sublattice 

is ordered was outright rejected. Instead, a structure was proposed where δ-Bi2O3 crystallizes in a defect 

fluorite structure with space group Fm3̅m. In this structure, bismuth cations occupy the FCC positions and 

oxide anions partially occupy one distinct anionic site: 8c (¼, ¼, ¼). The average occupancy of the anionic 

sites is 75% and the vacancies are distributed randomly – this disorder of the oxygen sublattice is a distinct 

feature of the Gattow model. Another structural model of δ-Bi2O3 was proposed by Harwig99 with a key 

difference in the structure of the oxygen sublattice. In this model, which was derived from neutron 

powder diffraction measurements, the oxygen atoms are randomly distributed from the tetrahedral 8c 

sites along four of the <111> directions towards the vacant octahedral site: 32f (x, x, x) where x ≈ 0.3. 

Hence the key structural difference between the Gattow and Harwig models is the occupancy of either 

the 8c or 32f sites. Neutron diffraction studies by Battle et al.97,100 and later by Wachsman et al.101 show 
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that oxygen ions partially occupy both 8c and 32f positions. Hence the structure of δ-Bi2O3  was reported 

to be a combination of both the Gattow and Harwig models. This combined model was further 

substantiated via neutron diffraction studies by Yashima et al.102,103 which revealed δ-Bi2O3 to have high 

anionic disorder. An additional interstitial anionic site 48i (0.5, x, x) has been identified and investigated 

by Wachsman et al.,101Leszczynska et al.104 and Abrahams et al.105 via neutron diffraction studies. It is well-

known that using X-ray radiation to localize partially occupied oxygen sites in close proximity to cationic 

sites with high electron density is challenging.83 X-ray radiation was exclusively used in this thesis and 

therefore the 48i site was not used in the structural model for δ-Bi2O3 as its localization was not possible 

to a sufficient degree of accuracy. The description of the oxygen sublattice by Yashima et al.103 employed 

a structural model with only 8c and 32f sites. This model was sufficient to describe the complex positional 

disorder of the oxygen sublattice. Refined atomic parameters of the δ-Bi2O3 structure as reported by 

Yashima et al.103 are given in Table 1.4 and serve as the basis for the δ-Bi2O3 structural model used in this 

thesis.  

 

Figure 1.9. Various structural models of δ-Bi2O3. (a) Sillen model with ordered oxygen sublattice of Pn3̅m, 

(b) Gattow and Schröder model with oxygen atoms occupying the 8c site of Fm3̅m, (c)  Harwig model with 

oxygen atoms occupying the 32f site of Fm3̅m and (d) Battle model with oxygen atoms occupying both 

the 8c and 3f sites. Purple and red spheres denote bismuth and oxygen atoms, respectively.  

(a) (b) 

(c) (d) 

8c 

32f 32f 

8c 
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Table 1.4. Refined atomic parameters of δ-Bi2O3 measured at 778 oC103 where g = site occupancy; U = 

isotropic atomic displacement parameter and x, y, z = fractional coordinates. Space group: Fm3̅m; 

a = 5.6549(9) Å; Rwp = 3.77%, Rp = 2.69%, Re = 1.62%, Goodness of fit, Rwp/Re = 2.33, RI = 4.56%, Rf = 4.54%. 

Atom Site g x y z U (Å2) 

Bi 4a 1 0 0 0 0.078(2) 
O1 8c 0.23(22)a 0.25 0.25 0.25 0.08(5) 
O2 32f 0.13(5)a 0.335(21) 0.335(21) 0.335(21) 0.121b 

aThe total oxygen content was fixed to be 6 in a unit cell: 8g(O1) + 32g(O2) = 6. 
bEquivalent isotropic atomic displacement parameter calculated using the refined anisotropic atomic displacement 
parameters: U11(O2) = U22(O2) = U33(O2) = 0.12(2) Å2; U12(O2) = U23(O2) = U31(O2) = 0.007(30) Å2. 

 

1.4.4. Ionic conduction in δ-Bi2O3 

1.4.4.1. Diffusion pathways in δ-Bi2O3 

The highly disordered nature of the anion sublattice in δ-Bi2O3 was investigated by Yashima and 

Ishimura103 (Fig. 1.10) and described as being a significant contributor to the high oxide ion conduction 

observed. Several studies by Yashima et al.102,103,106–108 and Zhong et al.81 investigated the diffusion 

pathway of mobile anions in several oxide ion conductors. For δ-Bi2O3 electrolytes, diffusion pathways 

were initially determined to occur along both the <100> and <111> directions.81,103 More recent 

investigations have found the diffusion pathway to only occur along the <100> directions (Fig. 1.11).102,106  

Figure 1.10. (a) Structural model and (b) the isosurface of nuclear density distribution at 0.1 fm Å-3 for δ-

Bi1.4Yb0.6O3. (a) An ideal fluorite type structure: average distribution of four cations and six oxide ions at 

the 4a and 8c sites of Fm3̅m, respectively. To describe the distribution around the (004) plane, only the 

region of 0.70 ≤ z ≤ 0.80 is drawn in (b).102 
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In work by Yashima and Ishimura,102 the conduction pathways of δ-Bi1.4Yb0.6O3 were investigated. The 

starting structure used was the ideal fluorite-type structure (Fig. 1.10). The structural disorder and 

diffusion pathways were visualized using the maximum-entropy method (MEM).109,110 A high degree of 

disorder was present in the anion sublattice (Fig. 1.10) in comparison to that of the ideal fluorite structure. 

Nuclear density distribution maps at 384 and 738 oC (Fig. 1.11) further illustrate this disorder and 

additionally indicate an increase in disorder at higher temperatures. On heating, oxide ions shift in the 

<111> directions which further increases the disorder and contributes to higher conductivity at elevated 

temperatures. This shifting of oxide ions in <111> directions is consistent with studies by Battle et al.100 

on yttrium stabilized δ-Bi1.46Y0.54O3 . Additionally, oxide ion diffusion was evident along the [001] direction 

on the (110) plane (Fig. 1.11). This establishes that oxide ions diffuse to vacant sites in either the [100], 

[010] or [001] directions in three dimensional space (Fig. 1.12). Hence the resultant diffusion pathway of 

oxide ions in δ-Bi2O3 is along the <100> directions. The diffusion pathway of δ-Bi5PbY2O11.5 was recently 

investigated by Borowska-Centkowska et al.111 via molecular dynamics (MD) simulations and the oxide ion 

motion was similarly found to occur in the <100> directions. This oxide ion diffusion pathway is further 

illustrated in a supercell representation of the nuclear-density distribution of the structure (Fig. 1.12).  

 

Figure 1.11. Nuclear-density distribution on the (110) plane of δ-Bi1.4Yb0.6O3 measured at (a) 738 °C and 

(b) at 384 °C, with black contours in the range from 0.1 to 1.0 fm Å-3 (0.1 fm Å-3 step). The white arrows 

stand for the possible oxide-ion diffusion path along the [001] direction. The small black arrows denote 

the shift of oxide-ion from the regular 8c site (¼, ¼, ¼) along the <111> directions.102 
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Figure 1.12. Equicontour surface of nuclear-density distribution at 0.1 fm Å-3 with nuclear-density 

distribution on the {400} planes of δ-Bi1.4Yb0.6O3 measured at 738 °C. Diffusion paths of oxide ions are seen 

along the <100> directions on the {400} planes. The oxide ions usually exist at the red portion around the 

4c site and migrate to the nearest-neighbour 4c site through the diffusion pathway.102  

  

1.4.4.2. Ionic conductivity of δ-Bi2O3 

The conductive nature of Bi2O3 was initially investigated by Takahashi et al.112 and the δ-polymorph was 

shown to have the highest conductivity of all known oxide ion conductors. The conductivity of δ-Bi2O3 is 

~1 S.cm-1 at ~750 oC113–115 which is one to two orders of magnitude higher than that of stabilized zirconia 

and doped ceria electrolyte materials at similar temperatures (Fig. 1.13). Conductivity occurs by means of 

a thermally-activated hopping mechanism23 wherein oxide ions migrate to vacant anion sites along various 

diffusion pathways.  

[100] 

[001] 

[010] 
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Figure 1.13. Oxide ion conductivity of selected ceramic oxides.116,117 

 

The reasons for the spectacularly high conduction of δ-Bi2O3 has been elegantly summarized by 

Mairesse:118 (i) 25% of the oxygen sites are vacant in the fluorite-type lattice, (ii) Bi3+ has an electronic 

structure characterized by the presence of a 6s2 lone pair – this leads to a high polarizability of the cation 

network119 and (iii) Bi3+ has the ability to accommodate highly disordered surroundings. The use of δ-Bi2O3 

as an electrolyte is however impractical due to the narrow phase stability range of ~730-825 oC.99,120,121 

Therefore, stabilization of this phase to lower temperatures is required for practical application as a SOFC 

electrolyte.    

1.4.5. Stabilization of δ-Bi2O3 

δ-Bi2O3 cannot be stabilized to lower temperatures in its pure form. However, addition of certain dopant 

atoms to Bi2O3 has been shown to stabilize the δ-Bi2O3 structure to lower temperatures, and in certain 

cases even to room temperature. The radius and polarizability of the dopant atom are key factors in δ-

structure stabilization. Work by Jiang et al.122 investigated the effect of dopant ionic radius on the crystal 

structure and conductivity of doped bismuth oxide - several rare earth dopants (lanthanum, neodymium, 

samarium, gadolinium, dysprosium, holmium, erbium, thulium and ytterbium) were investigated along 

with yttrium. It was found that dopants with larger ionic radii (lanthanum through gadolinium, 

r ≥ 1.053 Å123) result in rhombohedral phase formation whereas dopants with smaller ionic radii 

(dysprosium through ytterbium and yttrium, r ≤ 1.027 Å123) result in δ-structure stabilization, showing δ-
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structure stabilization is dependent on dopant ionic radius. The correlation between ionic radius and 

polarizability was also investigated for several rare earth ions by Shirao et al.124 It was established that the 

polarizability of the dopant ion was approximately proportional to the cube of the ionic radius.  

The stabilization of the δ-structure via doping results in reduced conductivity. The mismatch in ionic radii 

between dopant and host cations results in structural distortion and reduced ion mobility. The 

polarizability of the cation network is reduced with the addition of dopant atoms of varying electronic 

structure, and this additionally contributes to the reduced conductivity.  

Verkerk and Burggraaf115 investigated the relationship between the radius of the dopant cation and the 

minimum amount of dopant required (Xmin representing the mol%) to stabilize the δ-structure for several 

lanthanide elements and yttrium (Fig. 1.14a). The ionic conductivity of the stabilized δ-structures 

containing the minimum dopant content required for stabilization was additionally investigated 

(Fig. 1.14b). These results demonstrate that the minimum dopant content required for δ-structure 

stabilization is related to dopant ionic radius and that minimum dopant content is the most important 

factor in maximizing ionic conductivity of the stabilized δ-structure.  

Figure 1.14. (a) Xmin range required to stabilize the δ-structure as a function of dopant ionic radius and   

(b) ionic conductivity of δ-structures stabilized using lowest Xmin for the respective dopant species.115,125  

 

 

 

(a) 

 

(b) 
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The stabilization of the δ-structure via doping has been extensively reviewed by Azad et al.,116 Shuk et 

al.120 and Sammes et al.121 This includes the use of single dopants and in particular, the use of isovalent 

yttrium and rare earth dopants such as dysprosium, erbium and gadolinium for δ-structure stabilization 

has been widely reported.  

Verkerk and Burggraaf115 investigated the stabilization of the δ-structure by dysprosium doping and found 

that 28.5-50 mol% dysprosium stabilized the δ-structure to room temperature. Datta and Meehan126 

reported δ-structure stabilization with 25 mol% dysprosium dopant content which is below the range 

identified by Verkerk and Burggraaf. The stabilization of the δ-structure by erbium doping has been 

reported by Verkerk et al.127,128 and Keizer et al.129 and the content required was found to be in the range 

17.5-45.5 mol% Er3+. Additionally, doping with 20 mol% Er3+ was found to exhibit the highest oxide ion 

conductivity of any single doped δ-Bi2O3 system. Conductivity of ~0.023 S.cm-1 at 500 oC and 0.37 S.cm-1 

at 700 oC has been reported for this material (Fig. 14b). Datta and Meehan126 and Takahashi et al.130 

investigated the stabilization of the δ-structure by gadolinium doping. Datta and Meehan reported δ-

structure stabilization with gadolinia content of 10-50 mol%. Takahashi, however, found that the δ-

structure is unstable at low temperatures with gadolinia content of 5-30 mol%.116,130 

The use of yttrium to stabilize the δ-structure has been investigated in the most detail and several 

investigators have attempted to establish the dopant content range required to stabilize the δ-

structure.115,126,131–133 Takahashi et al.133 reported δ-structure stabilization over a range of 25-43 mol% Y3+ 

content, however, this range remains inconclusive and differs greatly from that reported by Verkerk and 

Burggraaf115 (Fig. 1.14a). Conflicting dopant content ranges required for δ-structure stabilization is 

commonly found in the literature and is largely due to the non-attainment of equilibrium conditions in 

the stabilization experiments.115,116  

The use of aliovalent dopants such as tungsten (6+), and niobium and tantalum (5+) for δ-structure 

stabilization has also been reported. Takahashi and Iwahara114 reported stabilization of the δ-structure 

with additions of 22-27 mol% tungsten, 15-26 mol% niobium and also with 20-25 mol% tantalum. The 

stabilization of the δ-structure using double dopants has also been investigated. Meng et al.134 

investigated yttrium doped Bi2O3 using niobium, gadolinium, samarium and praseodymium as co-dopants. 

The addition of co-dopants resulted in two major benefits. Firstly, less total dopant content was required 

for δ-structure stabilization which was attributed to the increase in entropy of the double doped systems. 

Secondly, the addition of co-dopants increased the ionic conductivity of the materials, especially in the 

low temperature region.  
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The success of double doping was highlighted in studies by Jiang et al.,135 Jiang et al.136 and Jung et al.137 

where double doped bismuth oxide electrolytes were developed that display higher conductivity than 

20ESB. The use of 8 mol% dysprosium and 4 mol% tungsten as double dopants (8D4WSB) resulted in ionic 

conductivities of   2.5 ×10-4 S.cm-1 at 300 oC, 0.098 S.cm-1 at 500 oC and 0.57 S.cm-1 at 700 oC.137 Comparing 

this to conductivities measured for popular single doped electrolyte materials at 500 oC, the conductivity 

of 8D4WSB is 4 times greater than that of 20ESB, 10 times greater than that of 10GDC and 100 times 

greater than that of 10YSZ (Fig. 1.15).137 As such, significant research in recent times has focused on double 

doped bismuth oxide systems due to significantly improved conductivity characteristics in comparison to 

singly doped electrolyte systems.  

Figure 1.15. Arrhenius plot of conductivities for 8D4WSB, 9D4.5WSB, 10D5WSB, 11D5.5WSB, 12D6WSB, 

14D7WSB, 20ESB and 10GDC; the dashed line represents the conductivity of 10YSZ.137 

 

1.4.5.1. Phase and structural stability of stabilized δ-Bi2O3  

Watanabe138 investigated the phase stability of the high temperature δ-structure of bismuth oxide doped 

with several trivalent rare earth dopants. It was reported that the stabilized δ-structures were in fact 

quenched high temperature δ-structures and that these phases are metastable at temperatures below 

~700 oC. Annealing these quenched phases at low temperatures resulted in the transformation of the δ-

structure into the rhombohedral phase which is reported to be the true low temperature stable phase. 
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This phase metastability was observed in rare earth and yttrium doped bismuth oxide systems by Joshi et 

al.,139 Takahashi et al.133 and in several studies by Fung et al.140–142 wherein annealing of yttrium stabilized 

δ-structures at temperatures below 700 oC resulted in phase transformation from the δ-structure to the 

rhombohedral phase.  

In addition to phase stability considerations, structural stability of the δ-structure has been investigated. 

Over extended periods of time at elevated temperatures, the ionic conductivity of stabilized δ-structures 

decays. This phenomenon was reported by Jiang et al.122 for trivalent rare earth and yttrium dopants and 

is attributed to both the transformation of the δ-structure to phases of lower conductivity and to the 

ordering of the anion sublattice within the δ-structure. This ordering phenomenon was extensively 

investigated by Boyapati et al.101,143, Wachsman et al.144 and Jiang et al.145 and was revealed to involve the 

ordering of vacancies along <111> directions together with positional ordering of oxygen anions wherein 

migration occurs from 8c to 32f sites.  

1.4.6. The structure and formation of rhombohedral bismuth oxide 

The rhombohedral phase of bismuth oxide is commonly seen when the Bi2O3 lattice is doped with large 

cations.146–148 This rhombohedral phase was initially identified in alkali earth doped bismuth oxides by 

Takahashi et al.112 and later by Iwahara et al.148 in lanthanide doped bismuth oxides. Watanabe et al.132 

identified this phase in the Bi2O3-Y2O3 system and described it as a conductive hexagonal phase 

isomorphous to rhombohedral compounds formed in alkali earth doped bismuth oxide. Additional studies 

have shown that doping Bi2O3 with lanthanides such has lanthanum, praseodymium, neodymium and 

terbium readily forms the rhombohedral phase.90,147–150 This rhombohedral phase was later studied via 

Rietveld methods by Zhang et al.151 and confirmed to crystallize in the R3̅m space group (Fig. 1.16). In this 

structure, bismuth and dopant cations jointly occupy one crystallographic site: 3a (0, 0, 0). Bismuth cations 

also occupy an additional site: 6c (0, 0, 0.2252) whilst oxygen anions occupy three distinct crystallographic 

positions: 6c (0, 0, 0.3) and 6c (0, 0, 0.091) and 6c (0, 0, 0.452). Key structural information of the 

rhombohedral phase formed by lanthanum doping is given in Table 1.3 and refined atomic parameters as 

reported by Zhang et al.151 is given in Table 1.5.  
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Figure 1.16. Structural model of rh-Bi2O3. Blue spheres denote bismuth and dopant cations in the 

3a (0, 0, 0) site. Purple spheres denote bismuth cations in the 6c (0, 0, 0.2252) site. Red spheres denote 

oxygen atoms occupying the 6c (0, 0, 0.3) site. Orange spheres denote oxygen atoms occupying the 

6c (0, 0, 0.091) site. Green spheres denote oxygen atoms occupying the 6c (0, 0, 0.452) site. 

 

Table 1.5. Refined atomic parameters of rhombohedral Bi0.8Y0.2O1.5 with space group R3̅m.151 

Atom Site Occupancy x y z 

Bi1 3a 0.4 0 0 0 
Y 3a 0.6 0 0 0 
Bi2 6c 1 0 0 0.2252 
O1 6c 1 0 0 0.3 
O2 6c 0.71 0 0 0.091 
O3 6c 0.54 0 0 0.452 

a = 3.949 Å; c = 27.261 Å; GOF = 2.2667. 



31 

1.4.6.1. Conductivity of rhombohedral bismuth oxide 

Although significantly less conductive than the δ-phase at high temperatures, the rhombohedral phase 

displays good ionic conductivity in the low temperature region of ~500 oC (Table 1.6). Jolley et al.146 

recently investigated the rhombohedral phase of bismuth oxide as a potential electrolyte material for low 

temperature SOFCs. The low dopant content rhombohedral phases proved to be good ionic conductors 

with lanthanum and yttrium co-doped samples displaying ionic conductivity of up to 3 x 10-2 S.cm-1 at 

500 oC which is nearly three times higher than that of the popular GDC electrolytes at similar 

temperatures.146 The conduction mechanism in rhombohedral bismuth oxide is similar to that of cubic 

bismuth oxide. Conductivity occurs by means of a thermally-activated hopping mechanism23 wherein 

oxide ions migrate to vacant anion sites along various diffusion pathways. The nature of the diffusion 

pathways are yet to be investigated as was done for cubic bismuth oxides.  

When cubic bismuth oxide materials are annealed at elevated temperatures for extended periods of time, 

a decay in ionic conductivity occurs as previously mentioned. Rhombohedral bismuth oxides were found 

to have significantly higher structural stability in comparison to the cubic structured oxides. This decay 

was found to be significantly reduced for niobium-doped rhombohedral Bi2O3 materials when annealed 

at 500 oC for long periods (Fig. 1.17).146 This is due to the rhombohedral structure type not experiencing 

ordering of the anion sublattice. The minor decay in conductivity seen for rhombohedral structured oxides 

is due to the formation of a secondary, less conductive tetragonal phase. 

Figure 1.17. Conductivity of multiple rhombohedral niobium doped Bi2O3 samples as a function of aging 

time at 500 oC.146 ESB and DWSB are both δ-Bi2O3 materials included as references.152 
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Table 1.6. Oxide ion conductivity at 500 oC of selected Bi2O3-based electrolytes. 

Electrolyte σ (S.cm-1) Structure Ref. 

Bi0.8Sr0.1O1.3 6.0 x 10-3  rhombohedral [114] 
Bi0.8Ba0.1O1.3 1.1 x 10-2  rhombohedral [114] 
Bi0.935La0.051Y0.014O1.5 3.2 x 10-2  rhombohedral [146] 
Bi0.80Er0.20O1.5 2.1 x 10-2 cubic [120,127,129,153] 
Bi0.75Y0.25O1.5 1.3 x 10-2  cubic [116,120] 
Bi0.715Dy0.285O1.5 7.1 x 10-3  cubic [115] 

 

1.5. Thermal expansion of δ-Bi2O3 and rh-Bi2O3 

Although minimal thermal expansion mismatch with adjacent components has been identified as a crucial 

requirement of an electrolyte material to function successfully and efficiently in a SOFC,68,69 the thermal 

expansion behaviour of bismuth oxides has been sparsely reported. Ideally, the thermal expansion of 

candidate bismuth oxide based electrolyte materials should match that of adjacent components currently 

used in SOFCs (Table 1.7). The commonly used 8YSZ electrolyte displays minor thermal expansion 

mismatch with materials used as adjacent cell components.  

The thermal expansion behaviour of pure δ-Bi2O3 was initially investigated by Gattow and Schröder.98 The 

coefficient of thermal expansion (CTE) was determined to be 43.6 x 10-6 K-1 over the temperature range 

of 675-750 oC which is significantly higher than that of 8YSZ and of adjacent cell components. Levin and 

Roth93 also investigated the thermal expansion behaviour of pure δ-Bi2O3 and reported the CTE to 

be 24.0 x 10-6 K-1 over the temperature range of 500-650 oC. Although significantly lower than that 

reported by Gattow and Schröder, the CTE derived by Levin and Roth is still far higher than that of 8YSZ 

and adjacent cell components materials.  Doped δ-Bi2O3 systems are also characterized by high degrees 

of thermal expansion. Wu et al.154 investigated the thermal expansion behaviour of δ-20YSB and 

determined CTEs of 15.4 x 10-6 K-1 over 30-500 oC and 20.3 x 10-6 K-1 over 500-800 oC. These values agree 

more with CTEs reported by Levin and Roth for pure δ-Bi2O3. The expansion behaviour of δ-20YSB is also 

significantly higher than that observed for 8YSZ and adjacent cell component materials.  

The thermal expansion behaviour of rh-Bi2O3 has been investigated by Drache et al.150 for the 

rhombohedral Bi0.775La0.225O1.5. No values for the CTEs were given and hence values reported here are 

approximations from graphical information published. Over the temperature range of ~22-700 oC, the CTE 

is approximately 58.3 x 10-6 K-1 along the a-axis and approximately 333 x 10-6 K-1 along the c-axis. No other 

studies were found that have investigated the thermal expansion behaviour of rhombohedral bismuth 
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oxides and these results by Drache et al.150 need to be corroborated. The reported CTE values are also 

significantly higher than those of 8YSZ and adjacent component materials.  

 

Table 1.7. Comparison of the CTEs determined for pure δ-Bi2O3, yttrium doped δ-Bi2O3, rhombohedral 

lanthanum doped Bi2O3 electrolyte materials to those reported for currently used SOFC components. 

Component Material CTE (10-6 K-1) Temperature range (oC) Ref. 

Electrolyte pure δ-Bi2O3 43.6 675-750 [98] 
Electrolyte pure δ-Bi2O3 24.0 730-825 [93] 
Electrolyte 20YSB 15.4 30-500 [154] 
  20.3 500-800  
Electrolyte rh-Bi0.775La0.225O1.5 ~61.8a 20-700 [150] 
  ~327.3b 20-700  
  ~40.0a 800-900  
  ~327.3b 800-900  
Electrolyte 8YSZ 10.5-10.9 30-1000 [67] 
Inter-connect Ferritic steel, X10CrAl 18 12.9-13.9 30-1000 [155] 
Cathode Perovskite, La0.65Sr0.3MnO3 12.0-12.3 30-1000 [67] 
Anode Cermet, 40 v/o Ni + 60 v/o 8YSZ 12.5-12.6 30-1000 [155] 

a CTE along the a-axis 
b CTE along the c-axis 

 

1.6. Additional stability considerations  

The inertness of bismuth oxide electrolytes during cell fabrication and operation is also an area of concern. 

Verkerk and Burggraaf,115 Takahashi et al.156 and Yaremchenko et al.157 reported the tendency of Bi2O3 

based materials to reduce to Bi metal under reducing atmospheres at elevated temperatures (which 

would be present at the anode side of a SOFC). Additionally, studies by Gil et al.158 and more recently by 

Miao et al.159  and Wang et al.160 showed that Bi2O3 has a high tendency to volatilize at elevated 

temperatures (~>900 oC). The reduction and volatilization of Bi2O3 results in the chemical degradation of 

the electrolyte material and hence severely limits the use of Bi2O3-based electrolytes in SOFCs.115 Mahato 

et al.20 reported the tendency towards reduction and volatilization as two of the main challenges facing 

Bi2O3 based electrolytes. 

1.7. Project aim and objectives 

The overall aim of this research was to explore doped bismuth oxide materials as improved SOFC 

electrolytes. The cubic (δ-Bi2O3) and rhombohedral (rh-Bi2O3) phases are known to be promising 

electrolyte materials and hence these two phases were focused on. As such, several doped bismuth oxide 

materials were synthesized via a citrate sol-gel synthetic route and investigated based on the criteria 
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established for SOFC electrolyte materials. These investigations are packaged into four objectives and are 

presented in individual thesis chapters.  

Objective 1, investigated in chapter 3  

The first study involved a detailed investigation of the structural stability, ionic conductivity and in situ δ-

phase formation of yttrium-stabilized bismuth oxide (YxBi2-xO3). This system has been extensively studied 

however the amount of yttrium content required to truly stabilize the δ-phase is questionable and this 

was investigated. The structural stability was investigated using powder X-ray diffraction (PXRD) and 

Rietveld refinement methodologies as well as variable temperature Raman spectroscopy. The in situ 

formation and thermal expansion behaviour of the δ-phase is rarely reported in the literature. These 

features were investigated by means of synchrotron-based variable temperature PXRD and Rietveld 

refinement methodologies. The ionic conductivity of these phases was investigated by means of variable 

temperature electrochemical impedance spectroscopy which additionally indicated the presence of a 

phase mixture at lower temperatures. The optimum electrolyte material, based on a compromise 

between optimum conductivity and structural stability, within the yttrium doped bismuth oxide system is 

proposed.  

Objective 2, investigated in chapter 4: 

The second study involved an investigation of several stability criteria of yttrium-stabilized bismuth oxide 

(YxBi2-xO3) using both ambient and VT-PXRD. The metastability of these ‘stabilized’ phases under ambient 

conditions for extended periods of time was investigated – a phenomenon which is often overlooked and 

has yet to be properly investigated. Under ambient conditions, the ‘stabilized’ materials were found to 

spontaneously undergo phase transformations and selected materials were found to spontaneously react 

with atmospheric carbon dioxide. This carbon sequestration by bismuthate materials was reported for the 

first time in this work. Novel methods to enhance the ambient stability of the δ-phase were also 

investigated which involved pelletization and additional sintering strategies as well as annealing under 

inert atmospheres. An in situ investigation of the phase stability and thermal expansion behaviour of 

selected δ-phase materials is also presented wherein an abrupt increase in cubic phase lattice parameter 

was evident. This anomalous thermal expansion behaviour was extensively investigated in chapter 5.  
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Objective 3, investigated in chapter 5: 

The third study involved investigating the phase stability and thermal expansion behaviour of yttrium-

stabilized bismuth oxide materials via synchrotron-based in situ total scattering studies. Unravelling the 

non-linear thermal expansion (NLTE) behaviour as well as the abrupt increase in cubic phase lattice 

parameter is crucial for the potential application of these materials as SOFC electrolytes. The contribution 

from the state of disorder of the material towards the observed NLTE behaviour was investigated and 

particular focus placed on establishing the phase change mechanism responsible for the jump in δ-phase 

unit cell volume, which has not been established yet. 

Objective 4, investigated in chapter 6: 

The final study involved an investigation of the phase stability window and the in situ phase stability 

behaviour of the rhombohedral phase of bismuth oxide using ambient and VT-PXRD and Rietveld 

refinement methodologies. The formation of the rhombohedral phase is dependent on dopant ionic 

radius and dopant content. In this study, extensive dopant ionic radii and content ranges were 

investigated to further establish the rhombohedral phase stability window. The in situ phase stability 

behaviour of the rhombohedral phase has been sparsely reported and in this work synchrotron-based VT-

PXRD was used to investigate this.  
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Chapter 2. Methods of characterization  

Determining the suitability of doped bismuth oxide materials as SOFC electrolytes is achieved by 

investigating several structure-property relationships. These relationships are investigated in this work via 

powder X-ray diffraction, the pair distribution function, Raman spectroscopy and electrochemical 

impedance spectroscopy. The use of Python programming for data visualization and curve fitting is 

additionally described along with the synthetic method used to synthesize all the materials reported in 

this thesis.  

2.1. Powder X-ray diffraction (PXRD) 

2.1.1. Historical background  

The diffraction of X-rays by a crystalline material was first reported by Max Von Laue for which he earned 

the Nobel Prize in physics in 1914.1 Around the same time, father and son duo William H. Bragg and 

William L. Bragg correlated the observed X-ray diffraction to the crystalline structure for which they 

earned the Nobel Prize in physics in 1915.2  

2.1.2. The principle of X-ray diffraction  

The phenomenon of X-ray diffraction is well documented3 and as such only a brief summary of the 

pertinent concepts will be discussed here. X-ray diffraction occurs when a beam of monochromatic 

electromagnetic radiation is scattered by the electrons of atoms present in a crystalline material. Much 

like conventional optical diffraction, X-ray diffraction only occurs if the wavelength of the incident 

radiation is comparable to the separation of the arrangement of atoms. The diffraction results in a 

characteristic interference pattern and under conditions whereby constructive interference is observed 

the diffraction is described by Bragg’s law,3 which relates the scattering angle to the incident X-ray 

wavelength and the interplanar spacing: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃         (2.1) 

where n is the diffraction order, λ is the X-ray wavelength, dhkl is the interplanar spacing between (hkl) 

planes and θ is the diffraction angle.  

The magnitude of diffraction is determined by the nature and arrangement of m atoms found in the 

diffracting <hkl> planes and this is described by the structure factor Fhkl:4–6 

𝐹ℎ𝑘𝑙 = ∑ 𝑁𝑗𝑓𝑗 exp[2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]𝑚
𝑗=1       (2.2) 
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where Nj is the fraction of every equivalent position occupied by atom j (i.e., the site occupancy factor 

(SOF)), fj is the scattering factor of atom j and xj, yj and zj are the fractional coordinates of atom j.  

The scattering factor f describes the efficiency by which X-rays are scattered by the electrons of an atom 

and is a product of several terms that describe the interaction of incident X-rays with the electrons 

surrounding an atom. This can be described by:7,8  

𝑓 = 𝑓0 exp [−
𝐵𝑒𝑞𝑠𝑖𝑛2𝜃

𝜆2 ]         (2.3) 

where fo is the atomic scattering factor, Beq is the Debye-Waller temperature factor, λ is the X-ray 

wavelength and θ is the diffraction angle.  

The scattering efficiency of an atom is reduced due to the kinetic nature of the atom and its electrons. 

Atoms in a crystalline structure are found to be vibrating about their equilibrium lattice positions and this 

vibration is quantified by the Debye-Waller (DW) temperature factor Beq:8  

Beq = 8π2Uiso
2          (2.4) 

where Uiso
2 is the isotropic mean square amplitude of the atomic vibration. 

The DW factor is also known as the temperature factor or thermal displacement parameter. If the 

vibration is anisotropic, the vibration is described by six anisotropic vibration terms Bij which denote the 

amplitude of vibration uniquely in all directions in three dimensional space. Throughout this work, 

isotropic thermal displacement parameters were exclusively used.  

2.1.3. Integration basics: from diffraction to usable diffractogram 

Several experimental setups with unique geometrical arrangements exist for the collection of PXRD data. 

The most common setups are Bragg-Brentano (reflection) and Debye-Scherrer (transmission) geometry 

(Fig. 2.1). In this work, Bragg-Brentano geometry was employed for all lab-based PXRD experiments while 

Debye-Scherrer geometry was employed for all synchrotron-based experiments.  
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Figure 2.1. Typical (a) Bragg-Brentano and (b) Debye-Scherrer experimental setups used for the collection 

of PXRD data. Adapted from Refs. [9] and [10]. 

 

Irrespective of the experimental geometry employed, when a finely ground crystalline powder is exposed 

to an incident beam of X-ray radiation, diffraction occurs from lattice planes that satisfy Bragg’s law. These 

<hkl> reflections result in the formation of coaxial cones called Debye-Scherrer cones3 (Fig. 2.2).  

 

 

 

 

 

Figure 2.2. Illustration of the scattered beams that originate from a crystalline powder when exposed to 

a beam of X-ray radiation. Some arbitrary resulting Debye-Scherrer cones are drawn. Adapted from 

Ref. [3].  

 

These Debye-Scherrer cones are integrated into 1D diffractograms which are used to investigate the 

crystal structure. The integration process differs based on the type of detector used. Detectors are 

classified as point, linear or area detectors based on whether they record the diffraction pattern in zero, 

one or two spatial dimensions, respectively. In this project, for the lab-based experiments a 1D linear 

detector was used, whereas for the synchrotron-based experiments a 2D area detector was used. In the 
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case of the 2D detector, the Debye-Scherrer cones appear as rings (i.e. Debye-Scherrer rings) as shown in 

Figure 2.3.  

 

Figure 2.3. (a) Debye-Scherrer rings from a powdered crystalline sample measured on a 2D detector. (b) 

These rings are integrated to generate 1D diffractograms which are used for subsequent structural 

analysis. 

 

The intensity around the Debye-Scherrer rings is ideally isotropic. For the more conventional lab-based 

measurements using a 1D detector, integration occurs over a 1D section of the rings. For a 2D detector, 

the entire ring or the portion of the ring that is measured is integrated and this results in greatly improved 

counting statistics. The integration of diffraction data collected using a 2D detector is further discussed in 

Section 2.2.3.1.  

2.1.4. The Rietveld method  

The Rietveld method is a technique that was developed in the late 1960s by Dutch crystallographer Hugo 

Rietveld for the analysis of powder diffractograms.11,12 As previously mentioned, a measured powder 

diffractogram arises from the integration of the Debye-Scherrer rings/cones and as such consists of a 

sequence of peaks (each representing a Debye-Scherrer cone or ring) resting on top of a smooth 

background.13 It was recognized that in a step-scanned diffractogram, there is structural information 

contained in each intensity at each step measured.6 From this, the Rietveld method was formulated which 

essentially entails a series of least-squares refinements between a measured diffractogram and that of a 

calculated diffractogram. The calculated diffractogram is derived from various models that are 

Integration 

(a) 
(b) 
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simultaneously refined. These include models describing instrumental factors, effects from diffraction 

optics, the crystal structure(s) and specimen characteristics such as lattice and thermal displacement 

parameters. The parameters that are simultaneously refinable in a Rietveld refinement are shown in Table 

2.1.  

 

Table 2.1. Parameters that are simultaneously refinable in a Rietveld refinement.6 

Parameters refinable for each phase present 

xi; yi; zi; Bi; Ni
* 

Scale factor 
Specimen-profile breath parameters 
Lattice parameters 
Overall temperature factor 
Individual anisotropic thermal parameters 
Preferred orientation 
Crystallite size and microstrain 
Extinction 

Global refinable parameters 

2θ Zero set point error 
Instrumental profile 
Profile asymmetry 
Background 
Wavelength 
Specimen displacement 
Specimen transparency 
Absorption 

*(xi, yi and zi are the position coordinates, Bi is the isotropic thermal displacement parameter and Ni is the site 
occupancy multiplier, all for the ith atom in the unit cell). 

 

The residual Sy is the variable which is minimized in the least-squared refinement:6 

𝑆𝑦 = ∑ 𝑤𝑖(𝑦𝑖 − 𝑦𝑐𝑖)2
𝑖          (2.5) 

where wi = 1/yi and yi is the observed intensity at the ith step and yci is the calculated intensity at the ith 

step.  
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The calculated intensities yci are determined from the structure factor for the kth Bragg reflection, FK, 

values calculated from the structural model by the summation of the calculated contributions from 

neighbouring Bragg reflections plus the background contribution:6 

𝑦𝑐𝑖 = 𝑠 ∑ 𝐿𝐾|𝐹𝐾|2𝜑(2𝜃𝑖 − 2𝜃𝑘)𝑃𝐾𝐴 + 𝑦𝑏𝑖𝐾       (2.6) 

where s is the scale factor, K are the various Miller indices (hkl) for a Bragg reflection, LK is the contribution 

from the Lorentz, polarization and multiplicity factors, ϕ is the reflection profile function, PK is the 

preferred orientation function, A is the absorption factor, FK is the structure factor for the Kth Bragg 

reflection and ybi is the background intensity at the ith step. 

2.1.5. The quality of a Rietveld fit  

2.1.5.1. Numerical analysis  

The Rietveld method iteratively adjusts the various refinable parameters until the residual (Equation 2.5) 

is minimized. This entails attaining the ‘best fit’ between the observed and calculated diffractograms. 

However, the convergence of the refinement and the ‘best fit’ require careful monitoring to ensure that 

the structural model remains physically and chemically reasonable and that a global minimum is reached 

as opposed to a local or false minimum. Several numerical criteria6 such as the residual profile factor Rp 

and the residual weighted profile factor Rwp, which are known as the ‘R-factors’, have been developed to 

judge the quality of the fit achieved from the refinement. From a mathematical standpoint, the most 

meaningful criteria is the Rwp factor as the numerator is the residual that is minimized (in Equation 2.5): 

𝑅𝑃 =
∑|𝑦𝑖−𝑦𝑖𝑐|

∑ 𝑦𝑖
          (2.7) 

 

𝑅𝑤𝑝 = √
∑ 𝑤𝑖(𝑦𝑖−𝑦𝑖𝑐)2

∑ 𝑤𝑖(𝑦𝑖)2          (2.8) 

Other R-factors include the R-structure factor RF and the R-Bragg factor RB which are more commonly 

reported for single crystal structure refinements:6 

𝑅𝐹 =
∑|√(𝐼𝐾(𝑜𝑏𝑠))−(𝐼𝐾√𝑐𝑎𝑙𝑐)|

∑ √(𝐼𝐾(𝑜𝑏𝑠))

        (2.9) 
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𝑅𝐵 =
∑|𝐼𝐾(𝑜𝑏𝑠)−𝐼𝐾(𝑐𝑎𝑙𝑐)|

∑ 𝐼𝐾(𝑜𝑏𝑠)
         (2.10) 

where IK is the intensity assigned to the Kth Bragg reflection at the end of the refinement cycles. Residual 

factors RF and RB are, however, non-ideal as they are based on intensities derived from the structural 

model and not from the actual observed Bragg intensities. This results in these residual factors being 

biased towards the structural model used in the refinement. Another numerically useful fit criteria is the 

‘goodness-of-fit’ GOF:6  

𝐺𝑂𝐹 =
𝑅𝑤𝑝

𝑅𝑒
           (2.11) 

where Re is the R-expected residual factor and is the best possible R-value for the measured 

diffractogram:6   

𝑅𝑒 = √[
(𝑁−𝑃)

∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠))2]         (2.12) 

where N is the number of observations (i.e. number of data points collected) and P is the number of 

refined parameters. However, the value of Re is significantly influenced by the quality of the data/counting 

statistics. Data which has been collected for a very long time will have a high number of observations and 

hence a very small Re. As such, caution is required when assessing the GOF factor for adequacy of the 

structural model. A statistic that is also commonly reported is the weighted Durbin-Watson statistic d 

which reveals serial correlation between successive yi values and should ideally be equal to two. This 

statistic is a useful indicator of the quality of fit achieved between the observed and calculated Bragg 

profiles:6 

𝑑 =  ∑
(∆𝑦𝑖−∆𝑦𝑖−1)2

∑ ∆𝑌𝑖
2𝑁

𝑖=1

𝑁
𝑖=2          (2.13) 

where: ∆𝑌𝑖 = 𝑦𝑖(𝑜𝑏𝑠) − 𝑦𝑖(𝑐𝑎𝑙𝑐)       (2.14) 
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2.1.5.2. Visual analysis 

The various numerical criteria that exist to judge the quality of a Rietveld refinement are controversial as 

it is impossible to give universally acceptable ranges for these criteria. In particular, the range reported 

for the GOF such that the refinement has converged successfully is 0.9 ≤ GOF ≤ 1.3.6 The numerical 

meaningfulness of these criteria and the concept of ‘How good is good enough?’ has been elegantly 

summarized by Toby.14 Although the numerical criteria are useful in judging the quality of a Rietveld fit, 

the most important criteria to judge the quality of a Rietveld fit is to graphically observe the quality of the 

refined fit whilst maintaining the chemical reasonableness of the refined structural model. To illustrate 

the shortcomings of the numerical criteria, the converged refinements of a diffractogram collected of NIST 

660c (LaB6)15 on two different diffractometers, both under ambient conditions, are shown in Figure 2.4.  

Figure 2.4. Diffractograms of the NIST 660c sample collected under ambient conditions having been 

analysed by means of Rietveld refinement. Data were collected on a (a) Bruker D8 Advance with Cu 

radiation and (b) a Bruker D2 Phaser with Co radiation. The observed pattern is shown in blue, the 

calculated in green and the difference in orange. 

 

(a) 

 

(b) 
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Visual analysis of the converged refined fit between the observed and calculated diffractograms collected 

on both instruments shows that the refinements have clearly converged successfully (i.e. excellent 

agreement between the observed and calculated data) whilst maintaining the chemical and physical 

reasonableness of the structural model. However, the derived GOF for each refinement (Table 2.2) might 

suggest otherwise as the GOF achieved for both refinements exceeds the upper limit proposed for this 

criteria.6 Nevertheless, this numerical indicator does not show that the refinement has converged 

unsuccessfully. Counting statistics, although sufficient in both cases, vary between the two samples in 

addition to varying complex instrumental contributions to both the observed peak profile and the overall 

background. These contributions greatly affect the derived R-factors and the GOF values. This example 

emphasizes the importance of visual analysis in assessing the quality of a Rietveld refinement fit.   

 

Table 2.2. Numerical parameters obtained from Rietveld refinement of data collected on NIST 660c using 

two different diffractometers.   

Instrument Bruker D2 Phaser Bruker D8 Advance 

R-factors  
Rwp = 4.85 
Rp = 3.70 
Rex = 3.48 

Rwp = 7.48 
Rp = 5.81 
Rex = 4.5 

GOF 1.39 1.66 

 

2.1.6. General Rietveld refinement considerations 

2.1.6.1. Data collection and sample preparation  

There exist several factors that greatly impact the quality and accuracy of a Rietveld refinement. These 

factors were considered and optimized when refining the diffractograms investigated in this thesis. The 

data collected must firstly be of a high quality. This typically involves collecting data with a high signal-to-

noise ratio (i.e. low background contribution, high peak intensity and high resolution of diffraction peaks). 

This ensures that the structural information available to the refinement process is maximized. The 

instrumental contribution to the observed diffractogram, the instrument resolution function (IRF) must 

also be accurately determined to enable this to be accounted for in the refinement process. This function 

is determined, for each of the instruments used to collect diffractograms, using a suitable standard 

reference material (SRM) as supplied by the National Institute of Standards and Technology (NIST). 

Specific details of these calibrations are described in each chapter. Lastly, the quality of the sample must 

also be considered as this has a profound effect on the observed diffractogram. Ideally the measured 
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powder sample must comprise a narrow particle size distribution of randomly oriented crystallites. To 

achieve this, careful grinding of samples prior to measurements is required. This sample preparation 

strategy ensures that the observed intensities contain minimal contributions from the preferred 

orientation of crystallites and essentially maximizes the evenness of intensity distribution over the Debye-

Scherrer cones. If this sample preparation strategy were ignored or not optimized, the diffractograms 

collected, in particular those collected on the 1D detectors employed in the lab-based diffractometers, 

would exhibit observed intensities that do not truly represent the crystal structure. This is further 

illustrated in Figure 2.5 using image processing software ImageJ.16 A line profile (which represents the 

integration achieved using a 1D detector) is taken through two different regions of the Debye-Scherrer 

rings of a cubic bismuthate material (Fig. 2.5a). The integration across these two different lines results in 

diffractograms that have varying relative peak intensities (Figs. 2.5b and 2.5c) which stem from the 

inhomogeneity in intensity of the Debye-Scherrer rings. These varying intensities are not representative 

of the average crystal structure and will negatively affect the outcome of the Rietveld refinement. The 

inhomogeneity in ring intensity is further illustrated in the surface plot shown alongside (Fig. 2.5d).  

 

Figure 2.5. (a) Selected region of the Debye-Scherrer rings of a cubic bismuthate material with line profiles 

indicated that result in the diffractograms shown in (b) and (c). (d) Surface plot of a selected region of the 

Debye-Scherrer rings further illustrating the inhomogeneity in ring intensity. 

 

 

(a) 

(b) (c) 

(d) 
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2.1.6.2. During a Rietveld refinement  

The initial values of the parameters that are refined (as was indicated in Table 2.1) must be reasonably 

close to the true values. Achieving this is oftentimes challenging, especially when novel structures and 

stoichiometries are investigated. The distinction must be made between a structure refinement process 

and a structure solution process. Rietveld refinement is not a structure solution process.6 These initial 

values are mostly taken from the results of previous refinements of similar materials published in 

literature or from the results of structure solution investigations. It is common to observe that a 

refinement converges to a local minimum when the initial refinable parameter values (in particular 

structural parameters such as lattice parameter values) are simply too far off from the true values. Also, 

during successive refinement iterations the numerical refinement criteria must be closely monitored to 

ensure that the refinement has converged to a global minimum instead of a false minimum. Additionally, 

constant visual analysis of the refinement fit as the refinement progresses is essential to similarly ensure 

successful convergence.  

2.1.7. Software programs for powder diffraction data analysis 

The proper analysis of powder diffraction data necessitates the extensive use of various computer 

software.17 A brief overview of the various software used to analyse the diffractograms reported in this 

thesis is reported here.  

2.1.7.1. Phase identification and search-match software 

The identification of the crystalline phases present in a diffractogram requires (a) a database that contains 

reference diffractograms and (b) a program that compares the measured and reference diffractograms 

and determines the quality of the match between the two diffractograms. In this thesis, phase 

identification was exclusively done using Bruker AXS DIFFRAC.EVA V4.2 linked to the crystallography open 

database (COD).18  

2.1.7.2. Rietveld refinement software 

Several different software options are available for Rietveld refinement of powder diffractograms.17 The 

more popular options include GSAS and GSAS-II,19,20 FULLPROF21 and Topas.22 The Rietveld refinement of 

all diffractograms reported in this thesis has been done using Bruker AXS TOPAS-Academic (TA) Version 

6.22,23 TA, although available only at a significant cost, offers significant advantages over the various other 

available software packages.22 Most notably, TA offers rapid refinement procedure computations and it 

can be operated in a highly customizable and robust operational mode called launch mode. Refinements 

done via launch mode involve the production of input files in an external text editor such as jEdit,24 which 
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was the editor used exclusively in this thesis. Input files essentially control and ‘tell’ TA what to do during 

the refinement process. The use of jEdit additionally enables the use of pre-defined macros which are 

openly contributed by experts in the Rietveld community. Overall, these features of TA ensure efficient, 

reproducible and scientifically legitimate Rietveld refinement analyses.  

2.1.7.3. Crystal structure visualization software 

The visualization of the crystal structure, both during refinement and after a refinement converges, is 

essential to track the progress of the refinement and to ensure the reasonableness of the final refined 

structure. TA has a built-in structural visualization module that displays a real time image of the structure 

as the refinement progresses. Additional structural visualization was done using VESTA25 and the photo 

realistic rendering of the crystal structure images found in this thesis were done using CrystalMaker.26  

2.1.8. PXRD instruments 

The diffractograms presented in this thesis were collected on two lab-based diffractometers and at two 

synchrotron beamlines. The specific details of the PXRD measurements made are included in each 

chapter. A brief overview of each instrument is presented here.   

2.1.8.1. Bruker D2 Phaser 

Lab-based diffractograms at ambient conditions were collected using a Bruker D2 Phaser desktop 

diffractometer.27 This diffractometer operates in Bragg-Brentano (reflection) geometry and was equipped 

with a sealed tube Co X-ray source, a Bruker Lynxeye position sensitive detector (PSD) and a secondary 

beam Fe filter to minimize Kβ radiation. Selected instrument parameters are summarized in Table 2.3.  

 

Table 2.3. Selected specifications of the Bruker D2 Phaser desktop diffractometer. 

Parameter Value 

Goniometer radii (primary and secondary) 70.7 mm 
Detector 2θ angular range 5o 
Soller slit width (primary and secondary) 2.5o 
X-ray tube power setting 30 kV; 10 mA 
Calibrated wavelength profile λ1 = 1.78870 Å, λ2 = 1.79253 Å and Kβ = 1.62063 Å 

 

2.1.8.2. Bruker D8 Advance 

In situ lab-based diffractograms (measured at a range of temperatures) were collected using a Bruker D8 

Advance diffractometer.28 This diffractometer operates in Bragg-Brentano (reflection) geometry and was 
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equipped with a sealed tube Cu X-ray source coupled with a Göbel mirror to provide pseudo-parallel 

radiation, a Bruker VANTEC-1 PSD and a secondary beam Ni filter to minimize Kβ radiation. In situ heating 

was achieved by using an Anton Paar XRK 900 reaction chamber29 and samples were packed into Macor30 

ceramic sample holders for these measurements. Selected instrument parameters are summarized in 

Table 2.4.  

 

Table 2.4. Selected specifications of the Bruker D8 Advance diffractometer 

Parameter Value 

Goniometer radii (primary and secondary) 250 mm 
Detector 2θ angular range  12o 
Soller slit width (primary and secondary)  2.5o 
X-ray tube power setting 40 kV; 40 mA 
Calibrated wavelength profile   λ1 = 1.54041 Å, λ2 = 1.54418 Å and Kβ = 1.47681 Å 

 

2.1.8.3. Beamline ID22 at the ESRF 

High resolution diffractograms were collected at beamline ID22 (λ = 0.3544 Å) at the European 

Synchrotron Radiation Facility (ESRF).31,32 Samples were loaded into quartz capillaries and the in situ 

heating achieved using a hot-air blower. Additionally, samples were spun during measurements and 

samples were changed using an automated robotic sample changer.  

2.1.8.4. Pair distribution function (PDF) Beamline at the NSLS-II  

In situ powder diffractograms were collected at the Pair-Distribution Function (PDF) beamline 

(λ = 0.1671 Å) at the National Synchrotron Light Source II (NSLS-II).33,34 Samples were loaded into quartz 

capillaries and in situ heating achieved using a hot air blower. The motorized 2D detector enables the 

sample-to-detector position to be changed during the experiment such as to collect 2D powder patterns 

that are optimized for both real and reciprocal space analysis in a rapid sequential manner. To collect high 

resolution powder diffractograms optimized for reciprocal space analysis, the sample-to-detector position 

was set to ~750 mm enabling data to be collected in the angular range of ~0.5 < 2θ < 15o, covering a region 

of the wave vector Q (= 4π/λ sin θ) up to Qmax ~ 10 Å-1. The collection of data optimized for real space 

analysis is discussed in Sections 2.2.5 and 2.2.8.  

2.2. The atomic pair distribution function technique 

The use of Bragg diffraction to analyse crystal structures provides a wealth of structural information. 

However, the main limitation of Bragg diffraction is that it only describes the average, long-range order 
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of the structure. Therefore the use of Bragg data to describe ‘crystallographically challenged’ materials 

such as disordered materials is unfeasible.35 The pair distribution function (PDF) technique involves the 

simultaneous analysis of both the Bragg and diffuse scattering and is therefore often described as a ‘total 

scattering’ technique.35–37 This enables both the local and average structure of a material to be 

investigated regardless of the degree of structural disorder present.35 The PDF technique has been 

comprehensively described by Egami and Billinge36 and by Billinge.37 As such, only a brief overview of the 

concepts pertinent to this work are presented here.  

2.2.1. Background and theory 

2.2.1.1. The concept of Q-space  

As detailed in Section 2.1.2, Bragg’s Law describes the measurement of the scattering intensity as a 

function of the scattering angle, expressed as 2θ, and the wavelength of the incident radiation, λ. The 

diffracted intensity of an X-ray beam can also be described as a function of momentum transfer of the 

scattering particle Q:37–39 

𝑄 = 𝑘𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑘𝑓𝑖𝑛𝑎𝑙         (2.15) 

where kinitial is the incident wavevector and kfinal is the scattered wavevector. 

Since Q describes the difference between the two wavevectors, Q is often called the diffraction vector, 

scattering vector or simply the wave vector. Q is directly related to the scattering angle according to: 

𝑄 = |𝑄| = 2𝑘𝑠𝑖𝑛𝜃 =
4𝜋

𝜆
𝑠𝑖𝑛𝜃        (2.16) 

This relationship is geometrically illustrated in Figure 2.6.  

Figure 2.6. Definition of the scattering vector Q based on a simplified geometry of the powder diffraction 

measurement. Adapted from Ref. [39].  
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In describing total scattering measurements, the diffraction vector is used to describe the extent to which 

the diffraction measurements cover reciprocal space and hence the term ‘Q-space’ is oftentimes used.37 

Consider a typical diffraction measurement covering a range of 2θmin ≤ 2θ ≤ 2θmax where 2θmin and 2θmax 

are the lowest and highest diffraction angles measured, respectively. In Q-space we define two terms Qmin 

and Qmax. Qmin, like 2θmin, represents the lowest accessible diffraction angle and Qmax, like 2θmax, represents 

the highest accessible angle.  

2.2.1.2. The concept of total scattering 

If a crystal is perfectly periodic, the entire spectrum of scattered X-rays will obey Bragg’s Law and these 

scattered X-rays are collectively known as Bragg scattering. More realistically, crystals are not perfectly 

periodic and therefore give rise to both Bragg scattering as well as diffuse scattering. Diffuse scattering is 

a direct result of structural characteristics that deviate from the average structural description and 

therefore contribute towards the aperiodicity of the crystal structure. These characteristics commonly 

include vacancies, stacking faults and disorder. ‘Total scattering’ is a term that is frequently used to 

collectively describe both the Bragg and diffuse scattering by a crystal. Several correlation functions are 

commonly used to describe total scattering,40 however, in this work the reduced pair distribution function 

G(r) is exclusively used. The pair distribution function (PDF) technique involves the simultaneous analysis 

of both the Bragg and diffuse scattering and is therefore described as a total scattering technique.  

2.2.2. What is the PDF?  

The PDF is simply defined as a probability distribution function in real-space. This function describes the 

probability of finding pairs of atoms in the material separated by a certain distance.36,41–44 In this way, the 

PDF can be seen as a weighted histogram of the interatomic separations which describes the distribution 

of atoms in a material45 according to the equation:35,37 

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0]         (2.17) 

where ρ(r) is the atomic pair density, ρ0 is the average atomic number density and r is the radial distance.  

The PDF is analogous to the more physically intuitive radial distribution function (RDF) which describes 

the number of atoms present within a spherical shell of thickness dr at a distance r away from a central 

atom/origin:37,46 

𝑅(𝑟) = 4𝜋𝑟2𝜌(𝑟)         (2.18) 

where ρ(r) is the atom-pair density of the material at a distance r. 
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The RDF peaks at radial distances that coincide with maximum atom-pair densities are illustrated in Figure 

2.7. 

Figure 2.7. (a) RDF construction of a face centred cubic (FCC) structure showing the spherical shell 

construction and (b) the first three function peaks that correspond to these regions of maximum atom-

pair densities. Adapted from Ref. [47].  

 

2.2.3. Data reduction: from 2D diffraction pattern to PDF  

The PDF is known to be an experimentally measurable function.37 There exists a Fourier relationship 

between the reciprocal space diffraction data measurable in a diffraction experiment and the 

arrangement of the pairs of atoms in a material.35 As such, the PDF can be directly accessed by Fourier 

transformation of the collected diffraction data. In this work, diffraction data suitable for PDF generation 

was collected using the rapid acquisition PDF (RA-PDF) mode.48 The stepwise data reduction process going 

from 2D diffraction image to PDF is illustrated in Figure 2.8.  

 

 

 

 

 

dr 
r 

(a) (b) 
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Figure 2.8. Schematic illustrating the workflow of the PDF data reduction process. Synchrotron 

measurements at NSLS-II (top) utilized the RA-PDF mode to capture 2D diffraction images. (a) Integration 

of these images and subsequent data reduction produces (b) the normalized scattering intensity S(Q) and 

(c) the reduced structure function F(Q). Fourier transformation of F(Q) generates (d) the reduced atomic 

PDF which is then (e) modelled to gain structural information. Adapted from Ref. [37]. 

 

I(Q) S(Q) 

F(Q)=Q(S(Q)-1) G(r) 

(b) 
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(e) 
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2.2.3.1. 2D integration  

The 2D diffraction images collected were integrated using Fit2D49 to generate 1D diffractograms. In 

addition to being able to integrate 2D images, Fit2D also enables the calibration of certain instrumental 

parameters by using a standard. In this work, the sample-to-detector distance, detector tilt and the 

position of the beam centre were calibrated using standard reference material NIST 660C (LaB6).15 Prior 

to integration, various regions of the 2D image require masking. The area blocked by the beam stop as 

well as areas containing dead pixels do not contain any useful scattering information and are therefore 

omitted from the integration process by masking (Fig. 2.9). The integrated 1D data represented in Q-space 

as I(Q) is exported in .chi format for subsequent processing.  

 

Figure 2.9. (a) 2D diffraction image of a doped bismuthate and (b) the 2D image with the mask applied 

(red areas) which omits the beam stop and regions containing dead pixels from the integration process. 

 

2.2.3.2. Normalizing the 1D diffractograms  

After azimuthal integration in Fit2D, the integrated I(Q) files are thereafter normalized using PDFgetX3.50 

The intensities measured in a total scattering experiment Im(Q) are described as:50 

𝐼𝑚(𝑄) = 𝑎(𝑄)𝐼𝑐(𝑄) + 𝑏(𝑄)        (2.19) 

where Ic(Q) is the intensity from the coherent scattering which contains all the structural information of 

the sample and a(Q), and b(Q) are corrections to the measured intensity that do not contain structural 

information.  

(a) 

 

(b) 
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a(Q) can represent scattering contributions in the form of sample self-absorption, sample multiple 

scattering and the polarization of the X-ray beam, whilst b(Q) can represent contributions from incoherent 

Compton scattering, background scattering and air scattering. Scattering that is not related to the sample 

is simply removed by subtracting a reference measurement which is typically an empty sample holder. 

This background subtraction is the first data normalization step which is followed by applying several 

corrections. In older PDF normalization programs, such as PDFgetX2,51 various known corrections are 

thereafter applied to Im(Q) in order to determine Ic(Q). These required corrections are discussed in detail 

elsewhere.52 Ic(Q) is subsequently transformed into the normalized scattering intensity S(Q) by:50 

𝑆(𝑄) =
𝐼𝑐(𝑄)−〈𝑓(𝑄)2〉+〈𝑓(𝑄)〉2

〈𝑓(𝑄)〉2         (2.20) 

where f(Q) is the atomic scattering or atomic form factor, and the angle brackets indicate an average over 

all the atom types in the sample. A significant limitation to the real-space resolution of X-ray PDF data is 

f(Q) which falls off sharply with increasing Q and results in very limited scattering in this region in the I(Q) 

data (Fig. 2.10a). To overcome this and to enhance the diffuse scattering present over this high Q range, 

F(Q)is computed (Fig. 2.10b). 

Figure 2.10. (a) I(Q) data of a doped bismuthate illustrating the effect of the atomic scattering factor in 

reducing the scattering observed at high Q. (b) F(Q) data illustrating significant diffuse scattering present 

in the high Q region. 

 

The S(Q) is Fourier transformed into the PDF G(r) by:50 

𝐺(𝑟) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1] 𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄 =

2

𝜋
∫ 𝐹(𝑄) 𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛
   (2.21) 

where Q is the magnitude of the scattering vector and Q[S(Q)-1] is the reduced structure function F(Q).46  

(a) (b) 
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The numerous corrections required to generate PDFs are computationally intensive and require significant 

user input. To overcome these limitations and to enable rapid and accurate PDF generation, PDFgetX350 

implements an ad hoc data reduction algorithm to determine a(Q) and b(Q). Via this data reduction 

algorithm, a(Q) and b(Q) are parametrized and then varied using a regression method to yield an accurate 

F(Q) function. A detailed mathematical description of this ad hoc reduction algorithm is described 

elsewhere.50  

The generation of PDF data using the ad hoc data corrections implemented in PDFgetX3 requires 

significantly less user input and is computationally optimized. As such, PDFgetX3 allows for the batch 

processing of PDF data without sacrificing the accuracy of the generated PDF data in comparison to that 

achieved by the conventional approach of explicitly calculating the various corrections.  

2.2.4. Termination errors and optimizing the PDF 

The Fourier transformation described by Equation 2.21 ideally requires data within the Q-space range of 

Qmin = 0 Å-1 to Qmax = ∞ Å-1. However, it is experimentally impossible for this range to be accessed and 

practically data is collected over a finite Q-space range from Qmin to Qmax. The Fourier transformation of 

F(Q) over this limited range of Q-space results in an oscillatory contribution to the generated PDF known 

as termination ripples or termination errors.46 These ripples are generally more pronounced in the low r 

region of the PDF and are amplified for lower Qmax values (Fig. 2.11a).  
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Figure 2.11. Comparison of the PDF patterns of a doped bismuthate. PDF data were generated using Qmax 

= 16 Å-1 (red curves) and Qmax = 24 Å-1 (red curves). 

 

The real-space resolution of a PDF is directly related to the range of Q measured during the diffraction 

experiment.46 For this, an approximation of the real-space resolution δr of a PDF has been defined as:35 

         𝛿𝑟 ≅
𝜋

𝑄𝑚𝑎𝑥
               (2.22) 

As described in Equation 2.16, the value of Q is dependent on the wavelength of the incident X-ray 

radiation according to Q = (4π/λ) sin θ. From this it is clear that to maximize the resolution of a PDF, high 

energy (small λ) X-ray radiation is required. In this work, diffraction data suitable for PDF analysis were 

obtained up to a Qmax of ~ 26 Å-1. However it was found to not be ideal to use data up to this maximum 

value and data were truncated at a Qmax = 24.0 Å-1. This truncated range of Q-space was found to be the 

optimal range of Q to avoid termination effects and to minimize statistical noise which increases with Q. 

The effect of a high Qmax on the real-space resolution of the PDF is illustrated in Figure 2.11b. The PDF 

generated with a Qmax = 16 Å-1, which is approximately the maximum range attainable on a lab 

diffractometer using Mo Kα radiation, is insufficient to resolve two closely overlapping PDF features 

present in a doped bismuthate material at elevated temperatures. This illustration emphasizes both the 

(a) (b) 
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requirement of a high Qmax for high resolution PDF data and the importance of synchrotron facilities which 

enable high Qmax to be achieved. Additionally, it is evident that obtaining high quality PDFs requires the 

careful balancing of the real space resolution and the increased statistical noise at higher angles.  

 

2.2.5. Total scattering data collection: the rapid acquisition PDF (RA-PDF) technique 

The experimental setup used to collect total scattering data in this work made use of the RA-PDF 

approach.35,48 The RA-PDF setup uses a 2D area detector that is positioned close to the sample, to measure 

diffraction data. This sample-to-detector proximity enables the detector to collect data at high angles and 

hence enables a high Qmax to be obtained. These measurements were done using a Debye-Scherrer 

(transmission) geometry setup wherein the sample was fixed in position and placed in the beam path. The 

detector was generally positioned concentric with the beam as this enables the maximum extent of the 

Debye-Scherrer cones to be collected which maximizes counting statistics. However, positioning the 

detector off centre with respect to the beam centre was also done which further increases the range of 

Q-space that is measured. A beamstop was used to block the direct beam and as such, a portion of the 

scattering is blocked at low angles which defines Qmin. Geometrically, the range of Q-space that is 

measurable is defined as:  

tan(2𝜃) =
𝑟

𝑑𝑠𝑑
           (2.23) 

where r is the distance between the beam centre and the edge of the detector and dsd is the sample-to-

detector distance. This geometrical construct is illustrated in Figure 2.12. In a RA-PDF measurement, 

measurement of high Qmax data as required for PDF measurements comes at the expense of 2θ resolution 

Δθ. To measure high Qmax data using a 2D detector, it is necessary to condense the diffraction pattern 

onto the 2D detector surface which is done by minimizing dsd of equation 2.23. The effect of this is a 

moderate Q-space resolution of ~0.05 Å-1 which is lower than the typical ~0.02 Å-1 Q-space resolution of 

a conventional PDF measurement.48 However, the main effect of this decreased resolution is the loss of 

information in the high r range of the PDF. This region of the PDF is not of particular interest for the 

materials studied in this work and therefore represents an acceptable compromise.  
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Figure 2.12. (a) Illustration of the experimental setup used for RA-PDF measurements at the PDF beamline 

at the National Synchrotron Light Source II (NSLS-II). (b) Illustration of the scattering geometry which is 

mathematically described in Equation 2.23. Adapted from Ref. [47]. 

 

 

 

dsd 

 

r 

 2θ 

 

Detector 

 

Beam stop 

 

Sample stage 

 

X-ray beam 

 

Sample 

 Mounting bracket 

 

(a) 

(b) 



72 

2.2.6. Extracting structural information from the PDF 

2.2.6.1. Model—independent analysis of the PDF 

The nature of the atomic PDF as an atom-pair correlation function enables structural information to be 

directly extracted from the PDF without any structural modelling. There are three independent pieces of 

structural information contained in a PDF peak,37,53 these features are illustrated in Figure 2.13. Firstly, 

the peak area/peak integrated intensity results in the coordination number of the corresponding atom-

atom correlation. This is essentially equivalent to the number of atoms present in that coordination shell 

at a specific distance around an origin atom. Secondly, the peak position indicates a pair of atoms present 

with that particular separation. In this way, the peak position results in the average bond length between 

a pair of atoms. Lastly, the peak width is related to the thermal or static disorder. Atomic disorder will 

generally result in the displacement of atoms from their ideal lattice sites and give rise to a distribution of 

atom-atom distances. The result of this is that the PDF peaks are broadened and form Gaussian-shaped 

peaks. Determining these three pieces of structural information is achieved via the direct analysis 

approach which involves the fitting of G(r) peaks with Gaussian functions after linear subtraction of the 

baseline. The Gaussian fitting presented in this work was done using an in-house developed Python script. 

This script was benchmarked by comparing the Gaussian fit parameters determined for several G(r) peaks 

against those determined using Fityk54 and Bruker AXS TOPAS-Academic Version 6.22  

Figure 2.13. X-ray PDF of a doped bismuthate. Structural information that can be derived without 

structural modelling is indicated. Adapted from Ref. [55].  
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2.2.6.2. Modelling the PDF 

Structural information can also be obtained from the PDF via modelling. The modelling is carried out in 

real space and essentially involves a least squares minimization process analogous to that of the 

conventional/full profile Rietveld method detailed in Section 2.1. PDF modelling is commonly referred to 

as ‘PDF analysis’ and the modelling of conventional reciprocal space powder diffractograms is referred to 

as Bragg Rietveld modelling. This formalism is adopted in this work to ensure discernment between the 

modelling of diffraction data in real space or in reciprocal space.  

The PDF can be directly calculated from a structural model. Consider a structural model with a large 

number of atoms situated at positions rv with respect to an arbitrary origin. Mathematically, this amounts 

to a series of delta functions δ(r-rv) and the PDF for the structural model can be calculated using:35 

𝐺(𝑟) + 4𝜋𝑟𝜌0 =
1

𝑟
∑ ∑

𝑓(0)𝑣𝑓(0)𝑢

〈𝑓(0)〉2 𝛿(𝑟 − 𝑟𝑣𝑢)𝑢𝑣       (2.24) 

Where the f(0)’s are the atomic form factors evaluated at Q = 0 which are reasonably approximated by 

the number of electrons on the atom. The summations are over all atoms present in the sample and 

rvu = |rv - ru| is the distance separating the vth and uth atoms  

As with the Bragg Rietveld approach, selected structural parameters such as lattice parameters, thermal 

displacement parameters and so on, are allowed to vary until the difference between the observed and 

calculated PDFs is minimized via the least-squares approach. For PDF analysis an Rw factor similar to that 

used for conventional Bragg Rietveld analysis is used to determine the quality of the achieved fit. 

However, the formula is slightly modified to account for the calculation in real space:53 

𝑅𝑤 = √
∑ ∑ 𝒘(𝒓𝒊)[𝑮𝒐𝒃𝒔(𝒓𝒊)−𝑮𝒄𝒂𝒍𝒄(𝒓𝒊)]𝟐𝑵

𝒊=𝟏

∑ ∑ 𝒘(𝒓𝒊)𝑮𝒐𝒃𝒔
𝟐 (𝒓𝒊)𝑵

𝒊=𝟏
        (2.25)  

where Gobs is the PDF extracted from the total scattering diffraction data, Gcalc is the PDF calculated from 

the structural model and w(ri) = 1/σ(ri)2 where σ(ri) is the standard deviation at a distance ri.   

2.2.7. Software programs for PDF data  

2.2.7.1. Data reduction software 

As mentioned in Section 2.2.3, data reduction beyond 2D integration was done using PDFgetX3.50 

However, this program was not used in its standalone form but via xPDFsuite (Fig. 2.14).56 xPDFsuite is a 

suite of data algorithms and software tailored for the analysis of X-ray PDF data. xPDFsuite uses PDFgetX3 

to reduce the integrated I(Q) data to produce the S(Q), F(Q) and G(r) functions, however, an easy-to-use 
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graphical user interface (GUI) is provided which makes the data reduction process significantly easier and 

widely accessible. xPDFsuite also enables interactive plotting of the reduced functions which allows for 

the effect that pertinent variables, such as Qmax, have on the generated PDF data to be observed in real 

time. This plotting feature greatly assists with optimizing data reduction and subsequent PDF generation. 

The data reduction workflow is also improved by the availability of a batch processing functionality which 

enables several hundred data files to be reduced simultaneously. PDF data can also be modelled within 

xPDFsuite via PDFGui, but in this work xPDFsuite was exclusively used for data reduction.  

 

Figure 2.14. xPDFsuite screenshot of the GUI (top) and the interactive plotting (bottom). PDF data 

reduction parameters are varied using the GUI and the effect of this on the I(Q), S(Q), F(Q) and G(r) 

functions is observed in real time.  
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2.2.7.2. PDF modelling software  

In comparison to the variety of software options available for Rietveld refinement of powder 

diffractograms, the software available for PDF data modelling is far more limited. The most commonly 

used software options are PDFGui57 and Topas.22 The modelling of PDF data reported in this thesis was 

done using Bruker AXS TOPAS-Academic (TA) Version 622,23 and refinements were done via launch mode 

using jEdit.24 As mentioned in Section 2.1.7.2, TA offers significant advantages over the alternative 

software options. Most notable for PDF modelling are the faster refinement capabilities in addition to the 

ability to use pre-defined macros which are openly contributed by experts in the Rietveld community. This 

makes accurate PDF modelling highly accessible and fast.  

2.2.8. PDF instruments 

All the total scattering measurements presented in this thesis were collected at the Pair-Distribution 

Function (PDF) beamline (λ = 0.1671 Å) at the National Synchrotron Light Source II (NSLS-II).33,34 For 

measurements collected at room temperature, samples were loaded into Kapton capillaries whereas for 

measurements collected in situ, quartz capillaries were used and in situ heating achieved using a hot air 

blower. As previously stated, data measured to higher Qmax increases the resolution of the generated 

PDFs. As such, for the total scattering measurements the detector was positioned at ~250 mm from the 

sample to maximize Qmax. Data were collected in the approximate angular range of ~0 < 2θ < 40o, covering 

a region of the wave vector Q (= (4π/λ) sin θ) up to Qmax ~26 Å-1.   
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2.3. Raman spectroscopy  

2.3.1. Background and theory 

Raman spectroscopy is defined as a non-destructive chemical analysis technique that utilizes the 

interaction of light with chemical bonds to provide information related to the chemical nature and in 

particular, the crystal structure of a material.58 The working principle of Raman spectroscopy, i.e. the 

Raman principle, is illustrated in Figure 2.15.  

 

Figure 2.15. Illustration of the Raman principle. Adapted from Ref. [58]. 

 

Raman spectroscopy relies on the scattering of high intensity laser radiation by a molecule. The vast 

majority of the scattered light is elastically scattered. This fraction of scattered light therefore has the 

same energy and wavelength as that of the incident radiation and provides no useful information for 

chemical analysis. This type of scattering is known as Rayleigh scattering. However, for a minor fraction 

of the incident radiation, a vibrational perturbation occurs which involves the transfer of energy between 

the material and the incident photons. This inelastic scattering results in the energy of this minor fraction 

of scattered radiation being different to that of the incident radiation. This type of scattering is known as 

Raman scattering.59 The transfer of energy can either be from the photon to the molecule, known as 

Stokes Raman scattering, or from the molecule to the photon which is known as anti-Stokes Raman 

scattering.59 The Raman spectrum is a plot of the intensity of Raman scattered radiation as a function of 

λlaser 

 

λscatter = λlaser 

 

Rayleigh scattering 

 

Raman scattering 
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the difference in frequency in comparison to that of the incident radiation, known as the Raman shift.59 

Raman shifts correspond to the vibrational energy levels of the molecule or crystal and are affected by 

several structural parameters and in particular the crystallographic symmetry of the material.58,59  

2.3.2. Use in discriminating between bismuthate polymorphs during in situ heating  

Raman spectroscopy enables the investigation of the crystal symmetry of a material which in turn allows 

for crystal structure and phase identification. As a result, Raman spectra are commonly referred to as 

‘chemical fingerprints’58 as the spectral features of a particular crystal system are distinct. In this thesis, 

Raman spectroscopy was used to for in situ qualitative phase analysis of yttrium doped bismuthates. This 

was necessary due to the immense similarity in the crystal structures of the tetragonal and cubic 

bismuthate polymorphs. The use of diffraction techniques were severely limited for this reason. Raman 

spectroscopy allows for the distinction between the two polymorphs based on the number of Raman-

active modes predicted for each crystal system. This was used to monitor in situ phase transformation 

behaviour as a function of temperature, as well as the room temperature stabilization of the metastable 

cubic polymorph.  

2.3.3. Measurement considerations 

The Raman spectroscopy measurements made in this thesis do have certain limitations that are 

noteworthy. Firstly, Raman spectroscopy is, by definition of the Raman effect, a local structure technique. 

The result of this is that the Raman spectra represent the crystal structure on a local scale and do not 

represent the long range average crystal structure. In this way, Raman spectra provide structural 

information that is complimentary to the average structure information which is derived from reciprocal 

space PXRD measurements. Additionally, Raman spectra were only collected over small sample areas of 

~1.7-3.1 μm2. This feature is beneficial as minor impurity phase content can be identified which would 

otherwise go unidentified in diffraction measurements. However, sample inhomogeneity can result in 

differing Raman spectra if areas of varying phase composition are measured. This was largely mitigated 

by correct sample preparation and by ensuring that the same sample area was measured during in situ 

heating. However, during the in situ measurements, thermal expansion of both the sample and sample 

holder occurs, and this makes measuring the same portion of the sample challenging. The limited optical 
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microscopy capabilities of the Raman spectroscopy instrument (Fig. 2.16) makes it quite challenging to 

ensure that the same portion of sample is measured throughout an in situ measurement.  

 

Figure 2.16. Optical microscopy image of a bismuthate sample during in situ variable-temperature Raman 

spectroscopy measurements. 

 

Lastly, a significant decrease in Raman scattering intensity is observed at elevated temperatures. As such, 

the resolution of Raman spectra is progressively worsened during in situ heating. This limits the accuracy 

of the structural information available at elevated temperatures.  

2.3.4. Raman spectroscopy instrumentation 

For all the in situ variable-temperature Raman spectra presented in this thesis, a Horiba LabRam HR 

Raman spectrograph coupled to a Lexel Argon ion laser tuned to 514.5 nm and a Linkham TS1500 sample 

stage was used. Spectra were collected at 170 oC intervals with an approximate dwell time of 10 minutes 

in the range of 19–850 oC applying a heating rate of 10 °C min-1.  
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2.4. Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique which is commonly used 

to characterize the electrical properties of materials and their interfaces using electronically conductive 

electrodes.60–62 In this work, EIS was used to measure the oxide ion conductivity of doped bismuthate 

materials which is an essential property of a candidate SOFC electrolyte material.  

2.4.1. Background and theory  

Electrical resistance is defined as the ability of a circuit element to resist the flow of electrical current. This 

is defined by Ohm’s Law:63 

𝑅 =
𝐸

𝐼
            (2.26) 

where R is the electrical resistance, E is the electrical potential and I is the current flow, all through the 

circuit element. Ohm’s Law is widely known and is strictly only applicable to an ideal resistor. By definition, 

an ideal resistor must (1) obey Ohm’s Law at all potential and current levels, (2) exhibit frequency-

independent resistance and (3) display alternating current and voltage signals that are in phase with each 

other.64  

Realistically, resistors do not display ideal behaviour and the use of Ohm’s Law is limited in this regard. To 

describe this more complex, non-ideal resistance behaviour the concept of impedance was introduced. 

Similar to resistance, impedance is defined as the ability of a circuit to resist the flow of electrical current 

and is determined by measuring the current that flows through a circuit (or an electrochemical cell) when 

an AC potential is applied.60,62,64,65  

When studying the impedance of an electrochemical cell, the applied potential is sinusoidal and small in 

magnitude such as to ensure that the cell’s response is pseudo-linear.64 This ensures that the current 

response to the sinusoid potential is also sinusoidal and at the same frequency, but shifted in phase 

(Figure 2.17). The applied potential can be expressed as:64 

𝑉𝑡 = 𝑉0𝑠𝑖𝑛𝜔𝑡          (2.27) 

where Vt is the applied potential at time t, V0 is the amplitude of the signal and ω is the radial frequency. 

The radial frequency ω (in radians/second) is related to the frequency f (in hertz) by: 

ω = 2πf           (2.28) 

In the pseudo-linear system, the current response to the applied potential can be expressed as:64 
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𝐼𝑡 = 𝐼0sin (𝜔𝑡 + 𝜃)         (2.29) 

where It is the observed current at time t, I0 is the amplitude of the signal, ω is the radial frequency and θ 

is the phase shift. 

Figure 2.17. Representation of the applied sinusoidal excitation potential and the sinusoidal current 

response in a pseudo-linear system. Adapted from Ref. [64]. 

 

The impedance Z of an electrical component can be described using an expression analogous to Ohm’s 

Law:64 

𝑍𝑡 =
𝑉𝑡

𝐼𝑡
            (2.30)  

where Zt is the impedance, Vt is the applied potential and It is the observed current, all at time t. 

 

 

 

θ 
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Combining equations 2.27 with 2.29 and 2.30 we find that: 

𝑍𝑡 =
𝑉0𝑠𝑖𝑛𝜔𝑡

𝐼0sin (𝜔𝑡+𝜃)
= 𝑍0

𝑠𝑖𝑛𝜔𝑡

sin (𝜔𝑡+𝜃)
        (2.31) 

Using Euler’s relationship:  

𝑒𝑗𝜃 = 𝑐𝑜𝑠𝜃 + 𝑗𝑠𝑖𝑛𝜃         (2.32)  

where 𝑗 = √−1, impedance can be described as a complex function64 where the potential function 

becomes: 

𝑉𝑡 = 𝑉0𝑒𝑗𝜔𝑡          (2.33)  

and the current response becomes: 

𝐼𝑡 = 𝐼0𝑒𝑗𝜔𝑡−𝜃          (2.34)  

which enables the impedance to be described as a complex number: 

𝑍(𝜔) =
𝑉

𝐼
= 𝑍0𝑒𝑗𝜃 = 𝑍0(𝑐𝑜𝑠𝜃 + 𝑗𝑠𝑖𝑛𝜃)      (2.35) 

This expression describing the impedance Z is composed of both real and imaginary components: 

Z = Z’ + jZ’’          (2.36)  

where Z’ is the real component of Z and Z’’ is the imaginary component of Z.  

The plot of Z’’ versus Z’ produces a Nyquist plot and an example of this type of plot is shown in Figure 

2.18.64,66 In a Nyquist plot, each data point represents the impedance at a particular frequency value. The 

impedance can be represented as a vector of length |Z| and the angle between this vector and the x-axis 

represents the phase shift, θ. The phase shift θ is described mathematically as: 

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑍′′

𝑍′            (2.37)  
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 Figure 2.18. Complex plane representation of impedance showing each quantity involved. 

 

2.4.2. Ionic conductivity measurements  

2.4.2.1. Pellet preparation methodology 

To measure the ionic conductivity of the doped bismuthates via EIS, the powdered samples were 

pelletized. For this, a portion of the annealed powders were mixed with a 2% polyvinyl alcohol solution 

(as a binder) and thereafter dried at 120 oC for 20 min. The resulting powder was then uniaxially pressed 

at 110 MPa into pellets using a 13 mm diameter die to produce pellets of ~1.2 mm thickness. The pellets 

were heated at 250 oC for 4 h to remove the binder and then sintered at 750 oC for 4 h to ensure maximum 

densification.  

2.4.2.2. Data collection 

Impedance of the sintered pellets was measured using a BioLogic MTZ-35 frequency response analyser 

interfaced to a computer running MT-Lab software version 1.21. This was coupled to a BioLogic HTF-1100 

furnace and a HTSH-1100 sample holder was employed. The additional system impedances were 

compensated for prior to measuring the impedance of the samples. A frequency range of 0.1 Hz to 1 MHz 

and an excitation potential amplitude of 10 mV was employed. The measurements were taken in steps of 

50 oC within the range 300–750 oC, with a 30 min dwell time per step. The sample holder contains two 

platinum discs, of a similar diameter to the sample pellet, between which the pellet is placed, and the 

spring-loaded system is tightened. No additional coatings were used on the pellet and each pellet was 

measured using two consecutive heating and cooling cycles.  

 

θ 

|Z| 

ω 

ωmax 



83 

2.4.2.3. Data analysis   

The sintered pellet is polycrystalline and can be visualized, using the ‘brickwork’ model61 (Fig. 2.19), as 

comprising of many grains that are closely packed and separated by a grain boundary.  

Figure 2.19. Brickwork model of the polycrystalline pellet showing the grain and grain boundary regions. 

Adapted from Ref. [61]. 

 

The grain and grain boundary regions of the pellet are each characterized by a resistance R and a 

capacitance C.61 The current can flow between the electrodes via two diffusion pathways: by either 

passing through the grain bulk (the bulk pathway) or by flowing along the grain boundary (the grain 

boundary pathway). The Nyquist plot of the polycrystalline pellet will therefore contain two impedance 

responses (i.e. two semi circles, one corresponding to each RC element) which in the ideal case are well 

defined.65 This allows for easy assignment of both the bulk and grain boundary resistances which are 

determined from the intercepts on the Z’ axis (Fig. 2.20).  

 

Grain Grain boundary 

- Electrode + Electrode 
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Figure 2.20. (a) Ideal Nyquist plot of a polycrystalline pellet with distinct contributions from the grain bulk 

and grain boundary. (b) Equivalent circuit illustrating the RC elements corresponding to the b = bulk and 

gb = grain boundary regions/pathways. 

 

The assignment of the resistances to the different regions of the pellet is based on the magnitudes of the 

capacitances which are calculated using the relation:61 

𝜔𝑚𝑎𝑥𝑅𝐶 = 1          (2.38)  

where ωmax is the maximum of the impedance response (on the semi-circle) as illustrated in Figure 2.18.  

Capacitances in the range of ~10-12 F indicate bulk resistance and ~10-11 - 10-8 F indicate grain boundary 

resistance.61,62 From the Nyquist plot it is therefore possible to identify and quantify the different RC 

elements and assign them to the two regions of the polycrystalline sample. It is commonplace that the 

impedance responses are not sufficiently resolved to simply assign resistances based on intercepts with 

the Z’ axis. In this work, this was evident for impedance spectra collected between 300-450 oC (Fig. 2.21a). 

In such cases, the contribution of each circuit element can be determined using an equivalent circuit 

modelling approach. In this work, EC-Lab version 11.21 was used for the equivalent circuit modelling. At 

elevated temperatures (500-750 oC), the impedance response in the high frequency region was 

insufficient to model and therefore the resistance was approximated as the real impedance at point R1 
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(Fig. 2.21b). Negligible grain boundary resistance is expected for doped bismuthates67 and therefore the 

absence of distinct grain boundary resistance for the materials investigated in this work is unsurprising.  

 

 

Figure 2.21. Impedance spectra of a doped bismuthate annealed at 750 oC in air at (a) 350 oC with the 

equivalent circuit fit shown with red markers and at (b) 750 oC indicating the point where R1 (the bulk 

resistance) was approximated when equivalent circuit modelling was not possible. (c) The equivalent 

circuit used for modelling data in the 300-450 oC range. A Warburg element was required to model the 

impedance caused by the diffusion of reactants at the electrode surface.  
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2.4.2.4. Calculating ionic conductivity and activation energy  

The bulk ionic conductivity of the material was calculated from the derived bulk resistance values using:63 

𝜎 =
1

𝜌
=

𝑙

𝑅𝐴
          (2.39)  

where σ is the ionic conductivity, ρ is the resistivity, l is the thickness of the pellet, A is the surface area of 

pellet and R is the resistance. The pellet dimensions were measured to an accuracy of 0.01 mm using a 

vernier calliper.  

The collection of variable temperature impedance spectra enables the calculation of the activation energy 

of ionic conduction from the Arrhenius relationship between conductivity and temperature:68 

𝜎 = 𝜎0𝑒−
𝐸𝑎
𝑅𝑇          (2.40) 

Which can be linearized as: 

𝑙𝑜𝑔𝜎 = 𝑙𝑜𝑔𝜎0 −
𝐸𝑎

2.303×𝑅𝑇
        (2.41) 

A plot of log σ vs. 1/T generates an Arrhenius plot (Fig. 2.22). The slope of the Arrhenius plot can thus be 

used to calculate the activation energy using: 

𝐸𝑎 = −2.303 × 𝑠𝑙𝑜𝑝𝑒 × 𝑅        (2.42) 

where R = 8.314 J.K-1.mol-1. Ea is conventionally represented in terms of electron volts (eV) where 

1 eV = 96485 kJ.mol-1.  
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Figure 2.22. Arrhenius plot of a doped bismuthate displaying conductivity behaviour in the temperature 

range of 300– 750 oC showing results from both the heating (red lines) and the cooling cycles (blue lines). 

 

2.4.3. Measurement considerations and limitations  

It is a standard procedure to apply a conductive paste to the pellet surfaces prior to an EIS measurement. 

The conductive paste ensures intimate pellet-to-electrode contact which is required for accurate 

impedance measurements. In this work, the application of conductive paste was not done for two main 

reasons. Firstly, it was evident that the paste was readily absorbed into the pellet during sintering. This is 

highly undesirable as it changes the composition of the pellet and introduces material which is 

electronically conductive. This prevents the sensible measurement of ionic conductivity. Additionally, a 

reaction between the conductive paste layer and the electrodes of the cell holder was evident. This 

reaction adds a new interfacial material to the measurement which is undesirable as this new material 

will contribute towards the measured impedance spectra. Additionally, this reaction binds the pellet to 

the electrodes which results in significant damage to the solid platinum electrodes, preventing their 

longevity. The omission of a conductive paste application to the pellet surfaces undoubtably limits the 

quality and accuracy of the ionic conductivity measurements in this work. To mitigate this, each pellet was 

measured using two consecutive heating and cooling cycles. The thermal expansion contribution from the 

first cycle ‘optimized’ the pellet-to-electrode contact. Overcoming these critical measurement limitations 

are presently under investigation to improve future measurements.  
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2.5. Python programming in the era of big data  

Python is a dynamic and general-purpose programming language that has in recent years found extensive 

use in various fields.69 This strong uptake of Python is largely due to the language being easy to learn and 

to implement whilst remaining a high-level programming language. Additionally, Python is open source 

and comes with a large standard library that supports many common programming tasks such as the 

visualization of data and curve fitting.  

2.5.1. Data visualization using Python 

The visualization of data involves the presenting of data in a graphical format, and this has become a 

prevalent need in the current era of big data.69 Data visualization is imperative as it enables the 

significance of large amounts of data to be presented in a more easy-to-understand format. Several 

Python libraries such as Pandas, Plotly and Matplotlib are available for data visualization. In this thesis the 

Matplotlib70 library was exclusively used, within the IPython71 integrated development environment (IDE), 

for all the data visualization requirements. All data visualization scripts were developed in-house with 

significant assistance and contributions from the Stack Overflow community.72 

2.5.2. Curve fitting using Python 

The fitting of bivariate data is easily achieved using the NumPy73 library which enables numerical 

computing in Python. All the linear and Gaussian curve fitting presented in this thesis was achieved using 

in-house developed Python scripts.  
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2.6. Synthetic method  

The synthesis of solid oxide electrolytes is most often achieved using the conventional solid state synthesis 

route. This route involves the mixing of precursor metal oxides in a desired stoichiometric ratio which is 

done either using a mortar and pestle or a ball mill. Thereafter repeated grinding and heating of the 

powdered material is done to ensure proper mixing of precursor oxides and to promote the solid state 

reaction, respectively. This synthetic technique is colloquially known as the ‘shake-and-bake’ technique.  

For all the materials reported in this thesis, an alternative soft chemical synthetic route known as the 

citrate sol-gel method74 was used.  

2.6.1. The citrate sol-gel method  

The citrate sol-gel method employed in this work firstly involves dissolving stoichiometric amounts of 

metal nitrates in glacial acetic acid under conditions of moderate heating and stirring. Aqueous solutions 

were avoided to prevent the hydrolysis of Bi3+. Once the nitrates are fully dissolved, excess citric acid is 

added and the resulting solution is heated at ~180 oC for ~30 minutes under moderate stirring to form a 

metal complex precursor paste. The precursor paste was thereafter calcined (at 450 oC for 18 h) and 

annealed (at 750 oC for 8 h) to produce the desired mixed metal oxide (MMO) powder.  The citrate sol-gel 

method is illustrated in Figure 2.23.  

  

 

Figure 2.23. Schematic illustrating the citrate sol-gel method utilized to synthesize the materials 

presented in this thesis. 

 

2.6.2. Why the citrate sol-gel method? 

In general, sol-gel synthetic techniques offer several advantages over the conventional solid state routes. 

These advantages include faster synthesis times and lower energy consumption, without compromising 

the atomic scale mixing of reactants. The citrate sol-gel method itself offers additional advantages 
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resulting from the homogeneity of the precursor paste. The presence of this homogeneous organic matrix 

during the calcination steps ensures that when nucleation occurs, the metal sites are evenly distributed 

and numerous. This promotes the formation of small crystallite sizes in the calcined and subsequently 

annealed powders. Additionally, the homogenous organic matrix ensures that the metal ions remain 

mixed on the atomic scale during calcination. This limits the formation of undesired side reactions which 

results in the formation of impurity phases and promotes particle size irregularity.75 Lastly, the 

homogeneity enables lower calcination temperatures as the metal sites are intimately mixed and the mass 

transport between these reactive sites is significantly less hindered in comparison to the mass transport 

between grains obtained using conventional solid state synthetic routes.76   

2.6.3. Critical analysis of the citrate sol-gel method 

Although the citrate sol-gel method offers significant advantages over the alternative synthetic routes 

available, several limitations have been identified in this work. The long term phase stability of several 

doped bismuthates under ambient conditions is investigated in Chapter 4. It is seen that two materials of 

identical composition can have varying phase composition and varying phase stability characteristics over 

prolonged periods of time under ambient conditions. This variation in phase stability is likely due to the 

formation of varying trace impurity phases, during the synthetic procedure. These impurity phases 

crystallize over time and promote the various phase transformations observed. These trace impurities 

were observed via synchrotron-based diffraction experiments and an example of this is shown in Figure 

2.24.  

Figure 2.24. Powder diffractogram of a doped bismuthate showing the presence of trace impurity phase 

peaks (black arrows). 
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These impurity phases likely form during the formation of the metal complex precursor paste and 

additionally during the calcination and annealing steps of the synthetic route. Better temperature control 

of both the metal complex paste formation and the subsequent calcination and annealing steps are sought 

to prevent, or more realistically to minimize, impurity phase formation.  
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Abstract  

The in situ δ-phase formation for a series of yttrium-doped Bi2O3 materials was studied by Raman 

spectroscopy and high resolution powder X-ray diffraction under variable temperature conditions. 

Contrary to previous reports, for dopant concentrations less than 25%, the cubic δ-phase was not fully 

stabilized at room temperature - tetragonal phase content was evident in both Raman spectra and powder 

diffractograms. The use of Arrhenius plots to confirm the extent of phase purity was also investigated. 

Both the thermal expansion and ionic conductivity of the cubic phase decreased with increasing dopant 

content.  

Keywords: Bismuth oxide; PXRD; oxide ion conductor; Impedance spectroscopy; Raman spectroscopy  
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3.1.  Introduction 

The δ-phase of Bi2O3 shows both immense promise and a multitude of limitations as a solid oxide 

electrolyte. It is the highest oxide ion conducting material known, with conductivities around 1 S.cm-1 at 

750 oC.1–3 The reasons for this spectacularly high conduction have been elegantly summarized by Boivin 

and Mairesse:4 (i) 25% of the oxygen sites are vacant in the fluorite-type lattice, (ii) Bi3+ has an electronic 

structure characterized by the presence of a 6s2 lone pair which leads to high polarizability of the cation 

network and (iii) Bi3+ has the ability to accommodate highly disordered surroundings. It has further been 

shown via neutron diffraction studies that in these Fm3̅m-structured oxides, oxide ions are disordered 

across the 8c sites and the 32f sites5,6 (as indicated in Figure 3.1). Neutron total scattering studies have 

indicated the occupancy of an additional 48i site which further adds to the highly disordered nature of 

this structure.7 Furthermore, studies by Abrahams et al.8 and Borowska-Centkowska et al.9 have shown 

distinct relationships between the local, defect structure of Bi2O3 materials and physical properties such 

as oxide ion conductivity and thermal expansion. 

Although the conductivity of the δ-phase of Bi2O3 is orders of magnitude higher than that commonly found 

for the commercial yttria stabilized zirconia (YSZ) electrolyte materials (between 0.01 – 0.1 S.cm-1 within 

the temperature range of 700–1000 oC),10–14 this phase is only stable within a narrow temperature range 

(730–824 oC) and is characterized by a large coefficient of thermal expansion (CTE) reported between 

24.0-43.6 10-6 K-1.15,16 Previous studies have focused on stabilizing the δ-phase to lower temperatures by 

the addition of lanthanide and transition metal dopants to Bi2O3.15–22 These approaches have been largely 

successful, with the δ-phase being stabilized to lower temperatures and in some cases, to room 

temperature. The presence of these dopants in the δ-phase is, however, at the expense of conductivity.15, 

18,23 Remarkably, the effect of doping on the CTE of these stabilized δ-phases is poorly reported, if at all.  

This work focuses on using Y3+ as the dopant to stabilize the δ-phase. The range of dopant content required 

to stabilize the δ-phase has been investigated in several studies, however the exact range remains 

questionable. Previous studies by Takahashi et al.24 indicated δ-phase stabilization with Y3+ content 

between 25-43 mol% whereas Kale et al.19 indicated that the δ-phase was stabilized over a broad 

composition range of 10-40 mol% Y3+. Additional studies have shown that Y3+ content greater than 

20 mol%6,25–29 readily stabilizes the δ-phase to room temperature. A more recent study by Liu et al.30 has 

shown that the δ-phase is stabilized to room temperature with Y3+ content as low as 15 mol%. There 

seems to be agreement that δ-phase stabilization occurs for Y3+ content above 20-25 mol%, but the 

question remains as to whether the δ-phase is truly stabilized with Y3+ content below 20 mol%, and 

especially as low as 10-15 mol%. This issue is raised here due to peak asymmetry noted in the diffraction 
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pattern for the sample containing 10 mol% Y3+ in the work published by Takahashi et al.24, although they 

did not comment on this. In the study by Liu et al.30 peak asymmetry for the 10 mol% Y3+ was also noted 

and at this dopant level a cubic and tetragonal phase mixture is reported. This asymmetry was not noted 

for samples containing 15-25 mol% Y3+. The pattern for the 10 mol% Y3+ composition was unfortunately 

omitted in the study by Kale et al.19  

An alternative soft chemical synthetic route was employed here since it is faster and requires less energy 

as compared to conventional solid state methods used in the previous studies, whilst ensuring atomic 

scale mixing of reactants. The amount of Y3+ used to stabilize the δ-phase was investigated with the aim 

to establish the dopant range in which the δ-phase is truly stabilized on synthesis. The relationship 

between the dopant percentage and its effect on conductivity and δ-phase thermal expansion was 

studied, along with the in situ δ-phase formation. 

3.2.  Experimental 

3.2.1.  Synthesis and sample preparation 

All samples were prepared by means of a citrate sol-gel process31. Stoichiometric amounts of bismuth 

nitrate pentahydrate (Bi(NO3)3.5H2O, 99.99% pure, Aldrich) and yttrium nitrate hexahydrate 

(Y(NO3)3.6H2O, 99.8% pure, Aldrich) were dissolved in glacial acetic acid (98% pure, MK Chemical, 99%) 

under moderate heating and stirring. Aqueous solutions were avoided to prevent the hydrolysis of Bi3+.31 

Excess citric acid monohydrate (C6H8O7.H2O, ACS reagent, Aldrich) was added and the resulting mixture 

evaporated to form a metal complex paste. Finally, the dried precursor was calcined at 450 oC for 18 h to 

obtain the YxBi2-xO3 powders and a portion of the sample was used for the in situ δ-phase formation 

studies. The other portion was ground into a fine powder using an agate mortar and pestle and then 

annealed at 750 oC for 8 h. A range of samples were prepared with varying dopant concentration, with 

samples having relatively high dopant concentrations (25 and 27.5 mol% Y3+) which are known to be δ-

phase stabilized and those with lower dopant concentrations (10-22.5 mol% Y3+) which are the samples 

of interest. For ease of referring to the various samples, a 10% Y2O3 doped Bi2O3 sample is called 10YSB 

(yttria stabilized bismuth oxide) and so on.  

Pellets were prepared for impedance studies by mixing the annealed powders with a 2% polyvinyl alcohol 

solution (as a binder) and dried at 120 oC for 20 min. This was then uniaxially pressed at 110 MPa into 

pellets using a 13 mm diameter die to produce pellets of ~1.2 mm thickness. The pellets were heated at 

250 oC for 4 h to remove the binder and then sintered at 750 oC for 4 h.  
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3.2.2.  Raman spectroscopy 

A Horiba LabRam HR Raman spectrograph coupled to a Lexel Argon ion laser tuned to 514.5 nm and a 

Linkham TS1500 sample stage were used to collect in situ variable-temperature Raman spectra. Spectra 

were collected at 170 oC intervals with an approximate dwell time of 10 minutes in the range of 19–850 oC 

applying a heating rate of 10°C min-1.  

3.2.3.  Powder X-ray diffraction 

Room temperature powder X-ray diffractograms were collected on a Bruker D2 Phaser using iron filtered 

CoKα radiation (λ = 1.788 Å). High resolution powder diffractograms of selected calcined samples were 

also collected in situ at beamline ID22 (λ = 0.3544 Å) at the European Synchrotron Radiation Facility (ESRF). 

Samples were loaded into quartz capillaries and the temperature raised using a hot-air blower. 

Diffractograms were collected at ~50 oC intervals from room temperature to 769 oC, with the set 

temperatures corrected according to the facilities temperature calibration profile. Phase identification of 

diffractograms was done using Bruker AXS DIFFRAC.EVA V4.2 linked to the crystallography open database 

(COD)32. Rietveld refinement of the diffractograms was done using Bruker AXS TOPAS-Academic Version 

6.33 In the refinements of the lab-based diffractograms collected at room temperature, the instrument 

resolution function (IRF)34 was determined using NIST 660a and was described using the fundamental 

parameters approach35 using the full axial divergence model36 to account for divergence-related 

asymmetry of the diffraction peaks. In the refinements of the synchrotron in situ diffractograms, the IRF 

was determined using NIST 640d and was described using the Thompson Cox Hastings (TCHZ) Pseudo-

Voight function37 with the divergence-related asymmetry effects described in an empirical way using the 

simple axial model.34 In each refinement, the parameters refined were the scale factors, selected 

corrections, and lattice parameters. Atomic positional parameters were fixed to those published for the 

respective crystal structures and atomic thermal parameters were fixed to reasonable values.  

3.2.4. Electrochemical impedance spectroscopy 

Impedance of the sintered pellets was measured using a BioLogic MTZ-35 frequency response analyser 

interfaced to a computer running MT-Lab software version 1.21. This was coupled to a BioLogic HTF-1100 

furnace and a HTSH-1100 sample holder was employed. The additional system impedances were 

compensated for prior to measuring the impedance of the samples. A frequency range of 0.1 Hz to 1 MHz 

and an amplitude of 10 mV was employed. The measurements were taken in steps of 50 oC within the 

range 300–750 oC, with a 30 min dwell time per step. The sample holder consists of two platinum discs, a 

similar diameter to the sample, between which the pellet is placed and the spring-loaded system is then 
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tightened. No additional coatings were used on the pellet. Thus, each pellet was measured using two 

consecutive heating and cooling cycles. The Nyquist plots were modelled via an equivalent circuit 

approach using EC-Lab version 11.21. From this process, ionic conductivities of the materials were 

calculated over the temperature range studied.  

3.3.  Results and discussion  

3.3.1.  In situ investigation of the δ-phase formation using Raman spectroscopy 

The cubic () and tetragonal () bismuth oxide structures (Fig. 3.1) have inherently different Bi-O bond 

lengths and bond strengths which leads to different sets of Raman spectral features thus allowing the 

discrimination between these two structures. This was clearly shown in the study by Hardcastle and 

Wachs.38 The tetragonal structured material produced three prominent bands corresponding to Bi-O 

stretches at 462, 311 and 124 cm-1 indicating a distorted octahedral arrangement. The cubic structure 

(obtained by doping with Nb5+ or Ta5+)38 gave two broad bands at 550 and 320 cm-1 which were similarly 

assigned to Bi-O stretches in BiO5 polyhedra. Group theory calculations, however, predict that the defect 

fluorite (Fm3̅m) structure should only have one Raman-active mode corresponding to Г = F2g for BiO6 

octahedra.39 Subsequent studies have clearly shown the presence of a single band at ~630 cm-1 for the 

cubic δ-phase.29,40 This band is generally broad due to the large extent of disorder. Prominent bands below 

200 cm-1 are assigned to external lattice vibrations and thus were not further analysed.  

Figure 3.1. Unit cells for (a) the face-centred cubic δ-phase and (b) the tetragonal β-phase of bismuth 

oxide. Purple and red spheres represent the cation and anion sites, respectively. The δ-phase, a defect 

fluorite phase, is shown with all the possible 8c and 32f oxide positions.7 

 

32f 
8c 

(a) (b) 
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The room temperature Raman spectra collected of the samples that were simply calcined at 450 oC 

(Fig. 3.2a), indicate the presence of both the tetragonal and cubic phases. The apparent absence of the 

tetragonal phase for the 22.5YSB sample at room temperature is most likely due to the small sampling 

area and indicates sample inhomogeneity typical of phase mixtures. For spectra measured at 680 oC 

(Fig. 3.2b), the bands reflecting the tetragonal phase had disappeared for all doping ranges indicating a 

conversion to the cubic defect fluorite phase. On cooling back to ~30 oC (Fig. 3.2c) for the low dopant 

samples (10-15YSB), the reappearance of the most prominent peak for the tetragonal phase (at 311 cm-1) 

indicated that the cubic phase was not fully stabilized. Figure 3.2d gives an example of an overall in situ 

heating experiment for the 17.5YSB sample demonstrating that the tetragonal phase is converted to the 

cubic phase somewhere between 510 and 680 oC.  

Figure 3.2. Raman spectra of the series YSB samples calcined at 450 oC collected at (a) room temperature 

(~23 oC) prior to undergoing any heating, (b) 680 oC during in situ heating and (c) upon cooling (~30 oC) 

after undergoing in situ heating measurements. A full variable temperature run is shown for 17.5YSB in 

(d). 
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An unexplained observation is the appearance of a low intensity diffuse band at ~500 cm-1 for all samples 

upon cooling (Fig. 3.2c) after the heating cycle. This is most likely due to the formation of an unidentified 

phase and not due to the disordering of the structure or the change in the number of oxygen vacancies.29  

3.3.2.  Ex situ and in situ investigations of the δ-phase formation using powder X-ray diffraction 

As was observed from the Raman spectra (Fig. 3.2a), the diffraction patterns of all samples calcined at 

450 oC exhibited a mixture of the tetragonal (P42/nmc, SG #137) and cubic (Fm3̅m, SG #225) phases 

(Fig. 3.3a). From this data, which gives the average structure, the tetragonal phase is clearly present for 

the 22.5YSB sample. This corroborates that the apparent missing bands for the tetragonal phase for this 

sample (Fig. 3.2a) are due to sample inhomogeneity.      

Figure 3.3. Room temperature diffractograms of the series YSB samples (a) calcined at 450 oC indicating 

mixtures of the tetragonal and cubic phases for all materials and (b) subsequently annealed at 750 oC 

showing all materials to predominantly consist of the cubic phase. 

 

Rietveld refinements of these mixtures yielded key structural information for both phases (Table 3.1). This 

showed that there were no correlations between the unit cell volume and the dopant percentage when a 

mixture of phases was present. The significant overlap of tetragonal and cubic phase peaks, coupled with 

the limited resolution of the lab diffractometer, results in a degree of uncertainty in the reported lattice 

parameter values for the mixed phase materials. Additionally, the tetragonal phase content of the mixture 

significantly decreased with increasing dopant content. This indicates that higher dopant percentages 

favour cubic phase formation at lower temperatures.  
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Table 3.1. Variation of the phase composition (weight %) and cell parameters in the series of YSB 

materials. Values are given for both the tetragonal and cubic phases for the calcined samples, and for the 

dominant cubic phase for the annealed samples.  

Sample 

Calcined at 450 oC Annealed at 750 oC 

Tetragonal phase Cubic phase Cubic phase 

a (Å) c (Å) a (Å) Phase % a (Å) Phase % 

10YSB 7.744(5) 11.270(6) 5.522(3) 30.7 5.536(5) 60.3 

12.5YSB 7.748(7) 11.249(20) 5.503(4) 34.3 5.525(5) 69.4 

15YSB 7.745(11) 11.258(26) 5.511(15) 42.9 5.522(2) 76.1 

17.5YSB 7.744(9) 11.264(18) 5.508(7) 61.8 5.518(1) 92.9 

22.5YSB 7.750(9) 11.269(7) 5.511(6) 75.4 5.512(1) 98.6 

25YSB 7.750(12) 11.261(23) 5.503(8) 78.9 5.505(1) 100 

27.5YSB 7.744(7) 11.261(15) 5.498(5) 80.8 5.500(3) 100 

 

After further annealing these mixtures at 750 oC for 8 h, it is shown that the tetragonal phase readily 

converted to the cubic phase (Fig. 3.3b). However, on more critical analysis of the diffractograms, 

significant peak asymmetry and peak broadening was observed for the 10-22.5YSB samples, as revealed 

in Figure 3.4a for 10YSB. These features are indicative of tetragonal phase content,30,41 which is in line 

with the results from the Raman spectra measured at ~30 oC upon cooling after the heating cycle 

(Fig. 3.2c). The phase content was quantified using Rietveld refinement (Table 3.1), and as expected, the 

tetragonal phase content shows a decrease with increasing dopant percentage. No tetragonal phase was 

detected above 22.5% Y3+ content as depicted in Figure 3.4b for 25YSB. This shows that significantly higher 

Y3+
 content is required to stabilize the cubic phase than previously reported.19,30 This again indicates that 

higher dopant percentages promote cubic phase purity, as was observed for the series of calcined samples 

(Table 3.1). Furthermore, for the largely phase pure samples the lattice parameter decreased linearly with 

increasing dopant percentage (Table 3.1), as predicted by Vegard’s law.42  

 

 

 

 



106 

Figure 3.4. Diffractograms showing Rietveld refinement analysis for (a) 10YSB and (b) 25YSB, both 

annealed at 750 oC. The observed pattern is shown in blue, the calculated in green and the difference in 

orange. Miller indices corresponding to the cubic and tetragonal phases are shown with red and black 

ticks, respectively. The inset in (a) accentuates the peak asymmetry contribution from the presence of the 

tetragonal phase. Kβ reflections are labelled with diamond markers. 

(a) 

 

(b) 
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Interestingly, for the 27.5YSB sample there also exists some peak asymmetry (Fig. 3.5) which is not related 

to the presence of the tetragonal phase. This could be indicative of either microstructural defects or an 

unidentified secondary phase (as was alluded to by the formation of a Raman band at ~500 cm-1 for all 

samples in Figure 3.2c). Further analysis of this anomaly is a key topic of ongoing work.   

Figure 3.5. Diffractogram of the 27.5YSB sample annealed at 750 oC having been analysed by means of 

Rietveld refinement. The colour coding is as for Fig. 3.4 and the inset highlights the mismatch between 

the observed and calculated patterns due to peak asymmetry. Kβ reflections are labelled with diamond 

markers. 

  

Spontaneous room temperature phase transformations of these materials occur which are more 

pronounced for the low dopant samples and is the topic of as yet unpublished work. Therefore, samples 

were remade to perform impedance measurements to ensure no phase aging effects contribute to the 

electrochemical measurements. In this case a bismuth sub-carbonate phase (Imm2, SG #44) was 

additionally detected in the calcined materials (Fig. 3.6a). This phase arises from the initial presence of 

citrate which is driven off during the calcination step as CO2. The incomplete calcination appears to form 

a sub-carbonate phase which is then fully converted upon annealing at 750 oC (Fig. 3.6b).  
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As before, the phase content was quantified for both the calcined and annealed samples using Rietveld 

refinement and similar trends in the lattice parameters were observed. Of interest here is the phase purity 

of the final annealed samples. For the 15-27.5YSB materials, the phase purity was reproducible between 

the first and second series of materials made. The 10YSB and 12.5YSB samples, however, showed reduced 

cubic phase purity (being 35.2 and 57.3%, respectively for this batch). This variation in cubic phase purity 

attributed to the presence of the sub-carbonate phase which is found to reduce cubic phase formation 

for low dopant content samples in yet unpublished work.  

Figure 3.6. Room temperature diffractograms of a second series YSB samples (a) calcined at 450 oC and 

(b) subsequently annealed at 750 oC. 

 

The average particle size for both batches of samples was ~185 nm, as derived from the PXRD Rietveld 

refinements. The particle size reported for powder Bi2O3 by Anilkumar et al.43 (who also used the citrate 

sol-gel synthetic process) was ~100 nm from PXRD and ~50 nm from TEM. Tsuji et al.44 (who used the 

conventional solid state synthetic method) reported a particle size of ~70 nm for yttrium doped Bi2O3 

powder from PXRD Rietveld refinements. The solid state synthetic method requires far more grinding of 

samples and hence it is not surprising that the particle size is smaller in that case. 

Calcined samples of selected compositions were again remade and studied in situ at ID-22 at the ESRF. 

The high resolution PXRD data of 17.5YSB (Fig. 3.7) and 15YSB (Fig. A1) clearly showed the predominantly 

tetragonal starting phase converting into the desired cubic phase upon heating. Throughout the heating 

cycle, impurity phases were present. Here too the bismuth sub-carbonate phase was initially present for 

15YSB and 17.5YSB until ~390 oC. This indicates that a calcination temperature of 450 oC should be 

sufficient and perhaps longer calcination time should rather be implemented. Around 550-626 oC the 
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tetragonal phase disappears. This is in line with the observations made from the in situ Raman 

spectroscopy measurements which showed the tetragonal-cubic phase conversion taking place between 

510-680 oC, but also provides a more accurate indication of the temperature range in which this 

conversion takes place and gives confidence that an annealing temperature of 750 oC is adequate. At 

higher temperatures trace quantities of unknown impurity metal oxides (likely Y2O3) were produced. 

These impurity phases largely disappeared at 769 oC and were also not prevalent in the ex situ samples 

when longer annealing times were used, however, their formation is noteworthy.  

For 22.5YSB (Fig. A2), rhombohedral bismuth oxide (R3̅m, SG #166) is initially present and no tetragonal 

phase content was detected. The rhombohedral phase was no longer detected by ~663 oC. The 

rhombohedral phase was not detected for any composition in both series of YSB materials previously 

synthesized. This rhombohedral phase is commonly formed when the Bi2O3 lattice is doped with large 

cations45–47 and is not expected to be present in 22.5YSB based on the dopant radius. However, the 

rhombohedral phase does form when these materials are annealed for extended periods of time at 

temperatures below 700 oC.48,49 This has not been reproduced in other samples of the same composition 

and hence it is suspected to be due to an inadvertent furnace failure with the set temperature program 

not necessarily being followed and annealing taking place at a lower temperature.  
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Figure 3.7. In situ diffractograms of the 17.5YSB sample calcined at 450 oC collected at ~40 oC intervals 

over the temperature range of 123-769 oC. 

 

Between 589–769 oC a predominantly cubic phase was present and lattice parameter variations, as 

determined by Rietveld refinement for the three samples analysed, were employed to the establish the 

CTEs in this temperature range (Table 3.2). Wu et al.29 found the CTE for 20YSB to vary depending on the 

temperature range studied. In the present work, all cubic phases studied exhibited a linear expansion in 

the temperature range considered. The CTEs of the YSB moieties were found to dramatically decrease 

with increasing Y3+ content. Even so, for all YSB compositions studied, the rate of thermal expansion was 

significantly higher than that for the commercially used YSZ electrolyte. This makes these materials 

unsuitable for application in a typical solid oxide fuel cell (SOFC) due to the immense thermal expansion 

mismatch with adjacent SOFC components as illustrated in Table 3.2. 
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Table 3.2.  Comparison of CTEs determined for materials annealed at 750 oC studied in this work 

(determined between 589–769 oC) and those reported for currently used SOFC components. 

Component Material CTE (10-6 K-1) Ref. 

Electrolyte 15YSB 152.4 ± 14.2 This work 

Electrolyte 17.5YSB 78.5 ± 11.9 This work 

Electrolyte 22.5YSB 27.1 ± 2.5 This work 

Electrolyte 20YSB 15.4a and 20.3b [29] 

Electrolyte 8YSZ  10.5-10.9 [50] 

Inter-connect Ferritic steel, X10CrAl 18 12.9-13.9 [51] 

Cathode Perovskite, 
La0.65Sr0.3MnO3 

12.0-12.3 [50] 

Anode Cermet, 40 v/o Ni + 60 v/o 
8YSZ 

12.5-12.6 [51] 

a CTE over the temperature range of 30-500 oC 
b CTE over the temperature range of 500-800 oC 

 

3.3.3.  Analysis of conductivity using electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS), used to determine the conductivity of these types of 

materials, has also proven to be extremely useful and sensitive in detecting phase changes when 

measurements are made as a function of temperature. Variable temperature-EIS was thus used to 

establish whether the extent of cubic phase purity obtained from the analysis of the XRD data was feasible.  

Examples of Nyquist plots, as measured using EIS of the pelletized materials (initially annealed and then 

sintered at 750 oC), are displayed in Figures 3.8a - 3.8c. In the low temperature region (300-450 oC), data 

were modelled using an appropriate equivalent circuit as indicated in Figure 3.8d. In general, the spectra 

of all materials , whether it was found to be phase pure or not, displayed a single arc in the high frequency 

region which was fitted using a Randles circuit with R1 representing the electrolyte resistance. A constant 

phase element, Q1, was used to model this region indicating that the capacitances were distributed and 

1 values ranged from ~0.7-0.8. This was required for both the mixed phase and pure cubic phased 

materials. R1 represents the total electrolyte resistance which incorporates the bulk and grain boundary 

resistance since no clear distinction could be made between these for these polycrystalline materials. Jung 

and Chung52 has shown that bismuth oxide materials generally have negligible grain boundary resistance, 

but this cannot be confirmed here. At higher temperatures (500-750 oC) the data in the high frequency 

region was insufficient to model, thus the electrolyte resistance was approximated as the real impedance 

at point R1 indicated in Figure 3.8c. Bounded diffusion was clearly evident at the high temperatures.   
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Figure 3.8. Typical impedance spectra from the second cycle of measurement for 27.5YSB annealed at 

750 oC in air at (a) 350 oC and (b) 450 oC with the equivalent circuit fit shown with red markers, and at (c) 

750 oC indicating the point where R1 was approximated when modelling was not possible. (d) The 

equivalent circuit used for modelling data in the 300-450 oC range. 
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As described in Section 3.2.4, the pelletized sample was sandwiched between two platinum discs, and two 

consecutive heating and cooling cycles were performed. The temperature dependent conductivity 

behaviour in the form of Arrhenius plots illustrated that the first cycle gave a large hysteresis between 

heating and cooling (Fig. 3.9). This was not the case for the second cycle, where the results also 

corresponded to those from the first cooling cycle, thus indicating that the pellet-to-electrode contact 

was optimized. Data from the second cycle thus served as the reported values. Even though this 

methodology may not produce the optimal conductivities, it is fully sufficient to investigate the extent to 

which phase changes occur, if at all.  

Figure 3.9. Arrhenius plots of (a) 10YSB and (b) 27.5YSB materials annealed at 750 oC in the temperature 

range of 300– 750 oC showing results from both the heating (red lines) and the cooling cycles (blue lines) 

from both measurements cycles. 

 

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. For 

the low dopant samples (10YSB, 12.5YSB and 15YSB in Figure 3.10a), it was noted that in the low 

temperature range, lower conductivities were observed which is clearly due to the presence of the 

tetragonal impurity phase still present in the annealed (at 750 oC) samples. Additionally, there is a 

prominent ‘step function’ type behaviour on both the heating and cooling cycles within the temperature 

range of 550–650 oC. 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 occurs corresponds to the in situ phase 

transitions observed in both Raman spectroscopy and high resolution PXRD. The magnitude of this step is 

also directly related to the extent of the impurity phase present. The Arrhenius plot for 27.5YSB 

(a) 
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(Fig. 3.10b), found to be a pure cubic phase, was linear until ~500 oC and the ensuing slight ‘bend’ at higher 

temperatures is attributed to the order-disorder transition. This order-disorder transition was noted for 

the low dopant samples after the phase transition step. The step in the conductivity thus confirms the 

presence of mixed cubic and tetragonal phases for 10-17.5YSB (Figs. 3.10a and 3.10b) as was also 

determined by the careful analysis of the diffraction patterns. A very small step was observed for 25YSB 

(Fig. 3.10b) even though it was found to be 100% pure from XRD refinements. This may reflect the 

presence of a less conductive phase present in the amorphous fraction of the material.  

 

Figure 3.10. Arrhenius plots of (a) 10YSB, 12.5YSB, 15YSB and (b) 17.5YSB, 25YSB and 27.5YSB materials 

(annealed and sintered at 750 oC) showing results from both the heating (red lines) and the cooling cycles 

(blue lines). 

 

A general trend of increasing activation energy of conduction with increasing dopant concentration was 

observed (Table 3.3). The ‘step function’ type behaviour results in a significant reduction in the activation 

energy at high temperature due to the formation of the highly conductive cubic phase and the occurrence 

of an order-disorder transition. However, the very low activation energies observed at high temperatures 

indicate some electronic conductivity which is unusual for cubic bismuth oxides. This phenomenon is 

currently under investigation. For the purer samples with higher Y3+ content, this feature is significantly 

less pronounced, if not absent, with only minor changes in activation energy during the heating and 

cooling cycles which are attributed to changes in the ordering of the oxygen sublattice.  
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Table 3.3. Activation energies of YSB materials annealed at 750 oC determined in regions over the 

temperature range of 300-750-300 oC. 

Sample   Ea over 300-550 oC (eV) Ea over 650-750 oC (eV) Ea over 750-600 oC (eV) Ea over 450-300 oC (eV) 

10YSB  0.493 0.0889 0.0418 0.486 
12.5YSB  0.558 0.102 0.0456 0.511 
15YSB  0.545 0.139 0.0730 0.538 
17.5YSB  0.504 0.259 0.0896 0.529 
25YSB  0.594 0.393 0.128 0.572 
27.5YSB  0.576 0.326 0.158 0.567 

 

Ionic conductivities measured for YSB materials in previous studies are compared to those measured in 

this work at 600 oC and 750 oC (Table 3.4). At 750 oC both the 25YSB and 27.5YSB samples have lower 

conductivities in comparison to those found in previous studies. This discrepancy could be attributed to 

the different synthetic techniques (with either carbonate coprecipitation26 or conventional solid state 

techniques24,25 previously used) and pellet preparation methodologies used. However, more notable is 

the application of conductive electrodes, such as Pt, to the pellet surfaces prior to measurement.24,25 As 

discussed, in the present work the pellet was sandwiched between two platinum discs of a similar 

diameter to the sample with no additional coating. Despite using data from the second heating and 

cooling cycle, this shows that these coatings clearly provide more initmate contact. A difference in 

measured conductivity is even dependent on the type of coating used, as demonstrated for 22.5YSB in 

Table 3.4, with Pt electrodes giving a higher conductivity compared to Ag electrodes.53 It was also noted 

that certain conductivity values published for doped bismuth oxides at 750 and 800 oC are questionable 

since they exceed the benchmark of ~1 S.cm-1 at 750 oC for pure Bi2O3.54  

At 600 oC, the 25YSB and 27.5YSB samples exhibited conductivities that are also lower than the literature 

values on the heating cycle. However, for the cooling cycle the values obtained here are comparable to 

the literature values. This is due to the higher disordered state maintained on cooling to 600 oC. The state 

of disorder of the materials hence also affects the measured conductivity and further hinders a 

comparison to conductivity values found in literature. Therefore, in general, the comparison of the 

absolute conductivity values is challenging. The trends in the conductivities for a series of materials 

measured in the same manner, however, reveals very useful information. 

Interestingly, markedly higher conductivities were measured at 800 oC. In the present work, 

measurements at this temperature were not possible due to the lower observed melting point of the 

materials (~780 oC). This is possibly a result of the synthetic methodology where it could be speculated 
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that features such as microstructure and crystallite size reduce the melting point of the material. Relating 

the conductivities reported in this work to that for YSZ and GDC (gadolinium-doped ceria), they were 

found to be comparable, and in some cases superior, to those at significantly lower temperatures 

(Table 3.4). 

Table 3.4. Comparison of the ionic conductivity of YSB materials annealed and sintered at 750 oC studied 

in this work to that of singly doped electrolytes studied previously. 

Composition 
σ (S.cm-1) 

Ref. 
600 oCa 600 oCb 750 oC  800 oC 1000 oC 

10YSB 0.0074   0.083   0.10 - - This work 
12.5YSB 0.034   0.072   0.088 - - This work 
15YSB  0.038   0.074   0.10 - - This work 
17.5YSB  0.019   0.065   0.096 - - This work 
25YSB  0.014   0.042   0.074 - - This work 
27.5YSB  0.016   0.039   0.080 - - This work 
20YSB 0.00525* -   0.288   0.550 - [19] 
20YSB  0.0251 - - - - [55] 
20YSB - - -   1.97 - [29] 
22.5YSB 0.0193# - - - - [53] 
22.5YSB 0.0248## - - - - [53] 
22.5YSB 0.131 -   1.59   2.92 - [25] 
24YSB 0.08 - -   0.56 - [27] 
25YSB 0.080 - - - - [24] 
25YSB  0.077 -   0.27** - - [26] 
25YSB 0.0438 -   0.398   0.631 - [25] 
27.5YSB 0.0490 -   0.380   0.661 - [25] 
30YSB 0.0391 -   0.386   0.649 - [25] 
8YSZ - - -   0.052   0.18 [56] 

20GDC - - -   0.096   0.25 [56] 
a Conductivity measured during the heating cycle 
b Conductivity measured during the cooling cycle  
* Conductivity measured at 570 oC  
** Conductivity measured at 700 oC  
# Ag electrode painted onto pellet 
## Pt electrode painted onto pellet 

 

3.4.  Conclusion 

The variable temperature measurements using various techniques shows that the transition from a phase 

mixture to the -phase occurs around ~550–600 oC. This work also clearly shows that the -phase is not 

fully stabilised for the 10-22.5YSB materials and this establishes the dopant range in which the δ-phase is 

truly stabilized on synthesis. This was confirmed by results obtained from both Raman spectroscopy and 

PXRD. The assymetry of diffraction pattern peaks that is caused by the presence of secondary phases is 
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often overlooked in laboratory-based experiments.The VT-EIS measurements of these doped YSB 

materials (which were annealed and sintered at 750 oC) also indicated a phase change in the same 

temperature range, again reinforcing the presence of a phase mixture at lower temperatures.   

By studying a series of YSB samples with varying dopant concentrations, it was seen that with increasing 

dopant concentration both the CTE and the conductivity decreased. EIS data and subsequent studies (not 

presented here) have also indicated that phase aging of the materials occur at room temperature, and is 

more pronounced for the lower dopant concentrations. This suggests that a compromise between 

optimum conductivity, minimal thermal expansion and phase degradation on aging would have to be 

considered. Based on the findings of this work, for the YSB system we predict that the optimum material 

for further investigation is 27.5YSB. 

From the wide range of conductivies measured for the same dopant concentration, both here and 

reported in the literature, it can be concluded that the sample preparation and measurement strategies 

play a significant role in the absolute conductivity value. This is an issue that the community needs to 

address and provide clearer guidelines so that the results can be more directly compared.  
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Abstract  

The phase stability of yttrium-stabilized Bi2O3 materials was investigated over prolonged periods of time 

under ambient conditions and following different thermal treatments. The cubic and tetragonal 

polymorphs that initially appeared to be stabilized were actually found to be metastable under ambient 

conditions and spontaneous formation of both the rhombohedral and subcarbonate phases was evident. 

Pelletization with additional sintering as well as annealing under an inert atmosphere were shown to 

enhance the long term cubic phase stability. The thermal expansion behaviour observed for high yttrium 

content (27.5%) material was non-linear and for lower yttrium content (15%) material an abrupt increase 

in the cubic phase unit cell volume was observed possibly indicating an unidentified phase change during 

the thermal cycle.  

Keywords: Bismuth oxide; Crystal structure; Phase stability; Thermal expansion  

 

 



123 

4.1. Introduction 

The phase stability of cubic δ-phase bismuthates have been the subject of substantial research towards 

the implementation of these materials as solid oxide fuel cell (SOFC) electrolytes. These studies effectively 

monitor the change in δ-phase purity of a sample under the typical operating conditions of a SOFC. These 

conditions typically involve extended periods of time at elevated temperatures (~500-1000 oC)1–4. It has 

been demonstrated that the δ-phase transforms into a variety of phases which are correlated to the 

dopant composition. Erbium-stabilized bismuthates (12.5-15 mol% Er2O3) show δ-phase aging into a 

mixture of various natural Bi2O3 polymorphs5 when annealed for 250 h at 625 oC.6 Similar phase mixtures 

were found for a dysprosium-stabilized bismuthate (32.5 mol% Dy2O3) when annealed for 300-422 h at 

815-819 oC.7 Terbium-stabilized bismuthates (25 mol% Tb4O7) showed δ-phase conversion into the 

rhombohedral phase8,9 when annealed for 120 h at 500 oC.2 The δ-phase yttrium-stabilized bismuthates 

are significantly less stable when annealed at lower temperatures – studies by Takahashi et al.10 showed 

that annealing an yttrium-stabilized bismuthate (20 mol% Y2O3) sample for 24 h at 500 oC produced 

significant phase transformations. Yttrium-stabilized bismuthates (25 mol% Y2O3) also underwent a 

transformation from the δ-phase to the rhombohedral phase, which occurred rapidly after annealing for 

100-150 h at 600 oC.11,12 Interestingly, when simultaneously stabilized with two dopants, the phase aging 

outcome and onset was significantly altered2,12–15 and could be inhibited for ~1000 h at 600 oC in the 

yttrium-stabilized bismuthate system (25 mol% Y2O3) with the addition of 2 mol% ZrO2.
12 In the erbium-

stabilized bismuthate system (20 mol% Er2O3), similar inhibition was achieved for ~400 h at 600 oC with 

the additional of 5 mol% ZrO2.16  

The metastability of δ-phase yttrium-stabilized bismuthates was reported by Watanabe17 and Watanabe 

and Kikuchi.18 It was postulated that stabilized δ-phases were not thermodynamically stable but rather 

quenched high temperature stable phases that are metastable at room temperature.17,18 This was 

investigated via two approaches. Firstly, solid solutions containing 21.5-23.5 mol% Y2O3 were reacted at 

650 oC for >100 h. For these materials a rhombohedral phase was formed. Secondly, ‘stabilized’ δ-phases 

within the same compositional range were synthesized by solid-state reaction at 850 oC for 20 h. These δ-

phases were thereafter annealed at 650 oC for >160 h and found to completely transform into the 

rhombohedral phase. From this, the metastability of the δ-phase at room temperature was proposed. 

However, these studies do not conclusively indicate δ-phase metastability at room temperature. The 

reaction temperature of 650 oC for solid solutions is likely to be too low to form the δ-phase and the high 

temperature annealing of the δ-phase can promote the cubic-rhombohedral phase transformation.  
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A true investigation of the metastability of the δ-phase at room temperature would involve monitoring 

phase purity changes of stabilized δ-phase materials under ambient conditions for extended periods of 

time and this is done for the first time in this work. The metastability of several δ-phase and δ+β-phase 

mixtures are investigated under ambient conditions over extended time periods and two methods to 

enhance the ambient, long term stability of the δ-phase are investigated. The phase stability and thermal 

expansion behaviour, another critical factor which is not frequently investigated, of selected δ-phase 

materials are additionally investigated during thermal cycling.   

4.2. Materials and Methods 

4.2.1.  Synthesis and sample preparation 

All samples were prepared by means of a citrate sol-gel process.19 Stoichiometric amounts of bismuth 

nitrate pentahydrate (Bi(NO3)3.5H2O, 99.99% pure, Aldrich) and yttrium nitrate hexahydrate 

(Y(NO3)3.6H2O, 99.8% pure, Aldrich) were dissolved in glacial acetic acid (98% pure, MK Chemical, 99%) 

under moderate heating and stirring. Aqueous solutions were avoided to prevent the hydrolysis of Bi3+.19 

Excess citric acid monohydrate (C6H8O7.H2O, ACS reagent, Aldrich) was added and the resulting mixture 

evaporated to form a metal complex precursor paste. Finally, the dried precursor was calcined at 450 oC 

for 18 h to obtain the YxBi2-xO3 powders. One portion was ground into a fine powder using an agate mortar 

and pestle and then annealed at 750 oC for 8 h. Another portion of the annealed sample was used for the 

non-ambient δ-phase stability studies. A range of samples were prepared with a dopant concentration of 

10 – 27.5% Y3+ and are labelled to reflect the doping concentration, with a 10% Y2O3 stabilized Bi2O3 sample 

called 10YSB (yttria stabilized bismuth oxide). Two unique batches of annealed samples of identical 

composition were made and are labelled as batch (a) and batch (b) to reflect this.  

Pellets were prepared for stability studies by mixing the annealed powders with a 2% polyvinyl alcohol 

solution (as a binder) and thereafter drying at 120 oC for 20 min. The resulting powder was then uniaxially 

pressed at 100 kPa into pellets using a 5 mm diameter die to produce pellets of ~0.85 mm thickness. The 

pellets were heated at 250 oC for 4 h to remove the binder and then sintered at 750 oC for 4 h.  

4.2.2. Powder X-ray diffraction 

Powder diffractograms of the δ and δ+β-mixed phase materials were collected at the Pair-Distribution 

Function (PDF) beamline (λ = 0.1671 Å) at the National Synchrotron Light Source II (NSLS-II). Each 2D 

diffractogram was collected for 30 seconds and then reduced into 1D diffraction data using Fit2D.20 Room 

temperature powder X-ray diffractograms of samples stored as pellets were additionally collected at room 

temperature on a Bruker D2 phaser using iron filtered CoKα radiation (λ = 1.7887 Å). A Bruker D8 Advance, 
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using a Göbel mirror to provide pseudo-parallel CuKα radiation (λ = 1.5404 Å) and a VÅNTEC detector 

equipped with an Anton Paar XRK-900 reaction chamber, was used to collect in situ variable-temperature 

powder X-ray diffraction data. Diffractograms were collected at ~30 oC intervals in the range 27-706-27 oC.  

Phase identification of diffractograms was done using Bruker AXS DIFFRAC.EVA V4.2 linked to the 

crystallography open database (COD)21. Rietveld refinement of the diffractograms was done using Bruker 

AXS TOPAS-Academic Version 6.22 For the refinements of all the diffractograms collected, the instrument 

resolution function (IRF)23 was determined using NIST 660a (LaB6). For the calibration of all instruments, 

the IRF was described using the Thompson Cox Hastings (TCHZ) Pseudo-Voight function24 with the 

divergence-related asymmetry effects described in an empirical way using the simple axial model.23 The 

set temperature range of 30-810-30 oC used for the lab-based diffractograms collected in situ was 

calibrated using standard reference material 640d (Si powder)25 and applying thermal lattice expansion 

corrections to the temperature profile26,27 resulting in a corrected temperature range of 27-706-27 oC. In 

each refinement, the parameters refined were the scale factors, selected corrections, and lattice 

parameters. Atomic positional parameters were fixed to those published for the respective crystal 

structures and atomic thermal parameters were fixed to reasonable values.  
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4.3. Results and discussion 

4.3.1. Ex situ investigation of the phase stability of calcined δ+β-mixed phase materials under 

ambient conditions using powder X-ray diffraction  

When yttrium-stabilized bismuthates with Y3+ content between 10-27.5% are calcined at 450 oC for 18 h, 

β-tetragonal (P42/nmc, SG #137) and δ-cubic (Fm3̅m, SG #225) phase mixtures were detected using a 

laboratory diffractometer.28 In this work, yttrium-stabilized bismuthates synthesized in the same manner 

were analysed via synchrotron-based measurements. The increased resolution and detection limits 

allowed the identification of two additional phases in trace quantities (for 10-25YSB) in the synthesized 

samples, namely, a rhombohedral (R3̅m, SG #166) bismuth oxide phase, and an orthorhombic (Imm2, 

SG #44) bismuth subcarbonate phase (for 10-25YSB). The crystal structure of bismuth subcarbonate 

(Bi2O2CO3), more commonly known as the mineral bismutite, was first reported by Grice.29 This structure 

comprises alternating layers of (Bi2O2)2+ and isolated (CO3)2- planar groups (Fig. 4.1).30  

Figure 4.1. Crystal structure of bismuth subcarbonate (Bi2O2CO3). Purple, bronze and red spheres 

represent bismuth, carbon and oxygen ions, respectively.29 

 

(Bi2O2)2+ layer 

(CO3)2- layer 
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When these calcined materials were stored in powder form under ambient conditions for extended 

periods of time, spontaneous phase transformations occurred (Fig. 4.2) which were quantified using 

Rietveld refinement analysis (Table 4.1). The Rietveld analysis of the calcined 10YSB material aged for a 

period of 35 months is given in Figure 4.3 as an example. 

Figure 4.2. Room temperature diffractograms of the series of YSB samples calcined at 450 oC. The 

diffractograms collected after the initial materials were synthesized are shown in blue. The diffractograms 

collected after the materials were stored in powdered form under ambient conditions for 11, 24 and 

35 months are shown in orange, green and red, respectively.  
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Table 4.1.  Variation of the phase composition (weight %) in the series of YSB materials calcined at 450 oC 

stored under ambient conditions. 

Sample 

Phase composition (weight %) 

Cubic 

(Fm3̅m) 
Tetragonal 
(P42/nmc) 

Rhombohedral 

(R3̅m) 
Orthorhombic subcarbonate 
(Imm2) 

10YSB 
As synthesized 38.0 60.3 0.9 0.8 
Aged for 11 months 32.8 59.4 2.0 5.8 
Aged for 24 months 27.1 46.2 1.6 25.2 

Aged for 35 months 19.7 51.2 2.0 27.1 

12.5YSB 
As synthesized 64.4 32.6 1.2 1.8 
Aged for 11 months 64.3 30.8 1.4 3.6 
Aged for 24 months 26.6 22.8 2.3 48.4 

Aged for 35 months 20.1 13.3 2.2 61.4 

15YSB 
As synthesized 60.5 34.1 3.4 2.0 
Aged for 11 months 48.2 26.0 1.9 23.9 
Aged for 24 months 37.9 25.7 2.3 34.1 

Aged for 35 months 22.9 14.2 2.4 60.4 

25YSB 
As synthesized 76.1 16.3 2.2 5.5 
Aged for 11 months 72.8 19.7 1.8 5.7 
Aged for 24 months 63.2 1.2 25.3 10.4 

Aged for 35 months 63.4 3.0 23.4 10.2 

27.5YSB 
As synthesized 92.4 7.6 0 0 
Aged for 11 months 58.3 2.2 1.9 10.5 
Aged for 24 months 18.6 5.5 5.5 70.4 
Aged for 35 months 15.7 4.8 5.6 73.9 

 

For the samples with low dopant content (10, 12.5 and 15YSB), over the period of 35 months similar phase 

transformations were evident (Table 4.1). Both cubic and tetragonal phase content decreased, and this 

was directly correlated to orthorhombic phase content increasing. The rhombohedral phase content 

remained largely unchanged and in minor quantities. The decrease in tetragonal phase content over the 

period of 35 months is, however, far less than that of the cubic phase which indicates that cubic-to-

orthorhombic phase transformations are more thermodynamically favourable over this low dopant 

content range. It must be clarified that the spontaneous formation of the orthorhombic subcarbonate 

phase is a chemical transformation and occurs as a result of the reaction between the calcined YSB 

materials and atmospheric CO2 according to the reaction: YxBi2-xO3 + CO2 → YxBi2-xO2CO3. The formation of 

the subcarbonate phase cannot be due to the presence of this phase in its amorphous state after the 

calcination step as bismuth subcarbonate has been shown to decompose between 300-500 oC.31 This is in 
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contrast with the phase transformations which occur between the cubic, tetragonal and rhombohedral 

phases. Therefore, for the samples of this low dopant content range it is clear that both the cubic and 

tetragonal phases are metastable, and the formation of the orthorhombic phase is favoured under 

ambient conditions.  

Figure 4.3. Diffractogram showing Rietveld refinement analysis for the 10YSB material calcined at 450 oC 

after aging under ambient conditions for a period of 35 months (Rwp = 7.7, Rex = 7.8, GoF = 1.0). The 

observed pattern is shown in blue, the calculated in green and the difference in orange. Miller indices 

corresponding to the cubic, tetragonal, orthorhombic and rhombohedral phases are shown with red, 

black, purple and grey ticks, respectively. 

 

For the higher dopant content samples (25YSB and 27.5YSB), different phase transformation behaviour is 

evident. For 25YSB, the cubic phase was significantly more stable than the tetragonal phase over the 

period of 35 months. Additionally, there was a significant increase in rhombohedral phase content but 

only minor orthorhombic subcarbonate phase formation. This tendency towards rhombohedral phase 

formation for 25YSB corroborates the findings of Watanabe17 and Watanabe and Kikuchi18 where for the 

similar dopant content range of 21.5-23.5 mol% Y2O3, the room temperature stable phase is reported to 

be the rhombohedral phase. For 27.5YSB, the cubic phase is less stable than the tetragonal phase and 
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there is a significant increase in orthorhombic subcarbonate phase content and only a minor increase in 

rhombohedral phase content. Interestingly, there is an increase in tetragonal phase content for 25YSB 

between the period 24 and 35 months and similarly for 27.5YSB between 11 and 24 months. This indicates 

that cubic-to-tetragonal phase transformations also occur for these compositions.  

Collectively, the phase transformations seen for the calcined materials investigated indicate that both the 

cubic and tetragonal phases are not truly stabilized at room temperature. For 10-15YSB and 27.5YSB, the 

phase which is stable at room temperature is the orthorhombic subcarbonate phase. For 25YSB, the 

rhombohedral phase is likely to be the room temperature stable phase although minor orthorhombic 

phase formation suggests that this phase is also stable under ambient conditions at this dopant level.  
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4.3.2. Ex situ investigation of the phase stability of annealed δ- and δ+β-phase materials under 

ambient conditions using powder X-ray diffraction  

For a portion of the sample, the calcined phase mixtures were thereafter immediately annealed at 750 oC 

for 8 h. Two batches of samples were made for comparison. For these annealed materials, it was shown 

that the tetragonal phase is readily converted into the cubic phase with phase pure samples formed when 

dopant content is greater than 15 mol% (Fig. 4.4). The phase composition of the annealed materials was 

quantified using Rietveld refinement (Tables 4.2 and 4.3 for batch A and B, respectively).  
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Figure 4.4. Room temperature diffractograms of the series of YSB samples calcined at 450 oC and then 

annealed at 750 oC. The diffractograms collected after the initial materials were annealed are shown in 

blue and diffractograms collected after the materials were stored in powdered form under ambient 

conditions are indicated. Analyses of batch A were done after 8 and 20 months (shown in orange and 

green, respectively) and batch B after 14 and 25 months (shown in purple and black, respectively). 
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Table 4.2. Variation of cubic phase purity of the series of YSB samples calcined at 450 oC and subsequently 

annealed at 750 oC from batch A measured in powder form.   

Sample 
Phase composition (weight %) 

Cubic (Fm3̅m) Tetragonal 
(P42/nmc) 

Rhombohedral (R3̅m) Orthorhombic 
subcarbonate (Imm2) 

10YSB 
As synthesized 46.6 53.4 0 0 
Aged for 8 months 37.5 62.5 0 0 
Aged for 20 months 30.0 70.0 0 0 

12.5YSB 
As synthesized 68.7 31.3 0 0 
Aged for 8 months 56.9 43.1 0 0 
Aged for 20 months 51.1 48.9 0 0 
15YSB 
As synthesized 86.0 14.0 0 0 
Aged for 8 months 73.3 21.6 4.4 0.8 
Aged for 20 months 66.0 27.8 5.1 1.1 

25YSB 
As synthesized 100 0 0 0 
Aged for 8 months 98.4 0 0.3 1.3 
Aged for 20 months 96.4 0 0.6 3.0 

27.5YSB 
As synthesized 100 0 0 0 
Aged for 8 months 96.2 0 1.3 2.6 
Aged for 20 months 94.8 0 0.9 4.3 
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Table 4.3. Variation of cubic phase purity of the series of YSB samples calcined at 450 oC and subsequently 

annealed at 750 oC from batch B measured in powder form.   

Sample 
Phase composition (weight %) 

Cubic (Fm3̅m) Tetragonal 
(P42/nmc) 

Rhombohedral (R3̅m) Orthorhombic 
subcarbonate (Imm2) 

10YSB 
As synthesized 48.9 51.1 0 0 
Aged for 14 months 37.8 61.0 1.3 0 
Aged for 25 months 29.2 68.1 2.7 0 
12.5YSB 
As synthesized 37.2 60.7 2.0 0 
Aged for 14 months 24.0 69.7 4.8 1.5 
Aged for 25 months 22.0 72.9 2.8 2.3 
15YSB 
As synthesized 86.1 13.9 0 0 
Aged for 14 months 60.5 10.4 0.6 28.5 
Aged for 25 months 53.8 16.4 0.6 29.2 

25YSB 
As synthesized 100 0 0 0 
Aged for 14 months 96.8 0 1.0 2.2 
Aged for 25 months 96.8 0 0.3 2.9 

27.5YSB 
As synthesized 100 0 0 0 
Aged for 14 months 94.7 0 1.1 4.2 
Aged for 25 months 90.6 0 4.8 4.7 

 

The δ-phase bismuthates are commonly synthesized at temperatures of around 700-800 oC.3,32–35 The 

thermal prehistory (i.e. thermal treatments already applied) of stabilized bismuthates has been shown to 

affect both optical36 and magnetic37 properties of these materials. As such, the long term phase stability 

under ambient conditions of the annealed materials will be compared to that of the calcined materials. 

The annealing of the calcined materials is done to promote cubic phase formation and stabilization and 

these higher temperatures are proposed to increase the long term stability of the δ-phase. The phase 

stability of the annealed materials were monitored for two unique batches. The purpose of this was to 

investigate the effect of incidental trace or amorphous impurity phase content on the long term phase 

transformation behaviour. After storing the annealed materials of batch A for 8 and 20 months and those 

of batch B for 14 and 25 months in powder form under ambient conditions, spontaneous phase changes 

were evident (Fig. 4.4) and are again quantified using Rietveld refinement analysis (Tables 4.2 and 4.3). 

The Rietveld analysis of the annealed 10YSB material from batch A aged for a period of 20 months is given 

in Figure 4.5 as an example.   
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Figure 4.5. Diffractogram showing Rietveld refinement analysis for the 10YSB material from batch A 

annealed at 750 oC after aging under ambient conditions for a period of 20 months (Rwp = 13.9, Rex = 5.1, 

GoF = 2.7). The observed pattern is shown in blue, the calculated in green and the difference in orange. 

Miller indices corresponding to the cubic and tetragonal phases are shown with red and black ticks, 

respectively. 

For the 10YSB and 12.5YSB samples from batch A, the conversion of the cubic phase into the tetragonal 

phase was seen which clearly indicates the metastability of the cubic phase for low dopant content 

materials. The 10YSB and 12.5YSB samples from batch B showed the same cubic to tetragonal phase 

conversion, but together with the formation of minor rhombohedral phase content. Additionally, 

formation of the orthorhombic phase also occurred for 12.5YSB from batch B along with the reduction in 

rhombohedral phase content between 14 months and 25 months. For 12.5YSB the variation in phase aging 

behaviour between the two batches is clearly related to the distinct phase composition of the initial 

synthesized samples. This varying composition is most likely due to various factors in the synthetic 

procedure which are not fully reproducible. It is presently thought that the overall temperature control in 

various steps in the synthesis of these materials, in particular during the formation of the metal complex 

precursor paste, is responsible for the irreproducibility in phase composition. The decrease in 
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rhombohedral phase content for 12.5YSB from batch B additionally indicates that the rhombohedral 

phase is also metastable under ambient conditions for this composition.  

The 15YSB sample from both batches displayed the greatest diversity in aging even though the phase 

composition of the as synthesized materials was very similar. Rhombohedral and orthorhombic phase 

formation was seen for the batch A sample along with significant cubic-to-tetragonal phase 

transformations. For the batch B sample, the cubic-to-tetragonal phase transformation was far less, and 

trace rhombohedral phase formation occurred along with significant orthorhombic phase formation. The 

latter indicates that the cubic-orthorhombic phase transformation is favourable for this particular sample.  

The contrasting aging behaviour seen for the two 15YSB samples is speculated to be due to the presence 

of varying trace impurity phases, which could be amorphous, in the as synthesized materials. These 

impurity phases crystallize over time and promote the various phase transformations observed. 

For the 25YSB and 27.5YSB samples from both batches, the phase changes noted over the 20 month 

period are gradual transformations of the cubic phase to the rhombohedral and orthorhombic phases. 

These phase transformations are significantly less than those seen for the 10-15YSB annealed materials 

and for the 10-27.5YSB calcined materials. This reveals that the both the higher dopant content and the 

annealing step promote the long term stability of the δ-phase. The Rietveld analyses reveal that for the 

27.5YSB sample from batch A and the 25YSB sample from batch B, the rhombohedral phase content 

initially increases and thereafter decreases while the orthorhombic phase content consistently increases. 

However, it must be noted that the accuracy of the phase compositions reported for these minor phases 

are limited due to the low concentration of these phases.  

Interestingly, the rate of the cubic-to-tetragonal conversion varies between the samples of near identical 

composition from the two different batches. As an example, for 10YSB A the average rate of cubic phase 

purity change over the 20 month aging period is 4.3% per month whereas for the 10YSB B sample this rate 

is significantly reduced at 2.0% per month over the 25 month period. For 12.5YSB A the average rate of 

conversion is found to be 1.0% per month whereas for 12.5YSB B the conversion rate is found to be 

significantly higher at 3.6% per month. These different rates of conversion seen for samples of apparent 

identical composition from different synthetic batches give strong evidence of possible trace or 

amorphous phases present (which could develop during the metal complex precursor formation step 

and/or during the calcination step) due to slight irreproducibility in the synthetic method. Unravelling 

these synthetic details are currently sought to enable greater control over both the formation and long-

term stability of the cubic phase.  
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The metastability of δ-phase bismuthates, as noted by Watanabe,17 is clearly evident in both the annealed 

and calcined samples reported in this work. However, the spontaneous formation of the  rhombohedral 

phase, predicted by Watanabe17 to be the true stable phase at room temperature, is not exclusive. An 

orthorhombic bismuth subcarbonate readily formed under ambient conditions for several calcined and 

annealed samples of varying dopant content levels. The subcarbonate formation is, however, more 

prevalent in the calcined materials (which is considered as an intermediate step), indicating that the 

thermal prehistory of the materials has a significant impact on the long term phase stability. Watanabe38 

also reported that the rhombohedral phase of several stabilized bismuth oxides Bi2O3-MO (M = Ca, Sr or 

Ba), which were synthesized using the conventional solid state route, have limited stability when exposed 

to a humid atmosphere at room temperature. Under these conditions, the rhombohedral phase was 

found to decompose into monoclinic α-Bi2O3 and an ‘unknown’ phase. Similarly, spontaneous formation 

of the rhombohedral phase was also noted for several YSB materials in this work. Therefore, it is clear that 

the substituted bismuth oxide system comprises several phases which are metastable at room 

temperature. The observed phase is dependent on the ambient atmosphere, dopant level and thermal 

prehistory of the materials.  

4.3.3. Investigating the effect of pelletization and additional sintering methodologies on the 

ambient phase stability of the δ-phase materials  

In SOFC devices, the electrolyte used is in the form of a densified, sintered layer39 which was approximated 

as a sintered pellet in this work. It is therefore worthwhile to investigate and compare the ambient phase 

stability of the YSB materials in powder and pelletized form. For this, annealed 10YSB and 27.5YSB 

materials were again synthesized (i.e. batch C) in powder form and a portion of this powder was used to 

make the sintered pellets. These powder and pellet samples were then stored under identical ambient 

conditions for 14 and 20 months, respectively. The samples were also kept in their powder or pelletized 

states when measured via laboratory-based PXRD.  

From the diffractograms collected (Fig. 4.6) it was noted that when the material was stored as a powder, 

the cubic phase purity significantly decreased over the period of 14 months (Table 4.4) and the average 

rate of cubic-to-tetragonal phase conversion was found to be 1.8% per month. No rhombohedral or 

orthorhombic phase content was detected which is likely due to the limited resolution of the laboratory 

instrument. When pelletized, the cubic phase purity was significantly increased in comparison to the 

powder sample and the average rate of cubic-to-tetragonal phase conversion was found to be 0.04% per 

month over the 20 month period. Again, no rhombohedral or orthorhombic phase content was detected. 
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This indicated that the pellet preparative methodology, which includes a high pressure step and a sintering 

step which causes densification and average grain size growth, promotes the formation and enhances the 

ambient long-term stability of the cubic phase. It is noteworthy that the diffractogram collected for the 

pelletized materials corresponds to the pellet surface and not the bulk material. If the phase 

transformations observed under ambient conditions are due to the interaction of the material with the 

atmosphere, it is expected that the surface would degrade at a higher rate in comparison to the powdered 

analogues. For the 27.5YSB material, there were no phase transformations evident in either powder or 

pellet form over the same time period.  

 

Figure 4.6. Laboratory-based room temperature diffractograms of 10YSB and 27.5YSB annealed at 750 oC 

showing the varying effects on phase stability under ambient conditions when materials are stored in 

powder and pelletized forms. The diffractograms collected after the initial annealed powder materials 

were synthesized are shown in blue and those after the materials were stored in powder form for 

14 months are shown in orange. The diffractograms collected after the materials were pelletized and 

sintered are shown in green and those after the pelletized materials were stored for 20 months are shown 

in red.   

 

Table 4.4. Variation of cubic phase purity of the 10YSB sample stored as an annealed powder and sintered 

pellet. The phase purity of the powder samples was monitored over a 14 month period whilst that of the 

pellet samples was monitored over a 20 month period.    

10YSB batch C Cubic phase % % change/month 

Powder as synthesized 49.1 
1.8 

Powder after 14 months 23.3 
Pellet as synthesized 98.3 

0.04 
Pellet after 20 months 97.6 

10YSB 

Powder as synthesized 

Powder 14 months 

Pellet as synthesized 

Pellet 20 months 

27.5YSB 

Pellet 20 months 

Pellet as synthesized 

Powder 14 months 

Powder as synthesized 
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4.3.4. Investigating the effect of the annealing atmosphere on the ambient phase stability of the δ-

phase materials  

The effect of the annealing atmosphere on the long term phase stability of the δ-phase under ambient 

conditions was investigated for a phase pure cubic 27.5YSB material in this work. 27.5YSB material was 

again synthesized and annealed at 750 oC (i.e. batch D). Two portions of this material were then heated 

to ~700 oC in either an air or nitrogen atmosphere and then slow cooled to room temperature. After 

storing the two portions material under ambient conditions for 11 months, the sample that was heated 

in an air atmosphere showed significant formation of the rhombohedral phase (~6.2%), whereas the 

sample that was heated under a nitrogen atmosphere showed only trace rhombohedral phase formation 

(Fig. 4.7). These differences in phase stability are seemingly attributed to the formation of either 

amorphous or trace rhombohedral phase content, which are more readily formed in an oxygen-rich 

environment at high temperatures, as was the case during the heating under an air atmosphere. This 

rhombohedral phase content was then able to either crystallize under ambient conditions (if it starts off 

as amorphous) or promote the cubic-to-rhombohedral phase transformation over the period of 

11 months. Conversely, for the same material heated under nitrogen, the absence of oxygen during 

heating inhibits the formation of rhombohedral phase content and hence only trace rhombohedral phase 

content was evident from the sluggish cubic-rhombohedral phase transformation that occurs over the 

11 month aging period under ambient conditions. This change in ambient phase stability suggests that 

additional heating under an inert atmosphere is beneficial to the long-term phase stability of cubic YSB 

materials.   

Figure 4.7. Room temperature diffractograms of 27.5YSB annealed at 750 oC showing the effect of the 

heating atmosphere on the ambient phase stability and thermochromic behaviour. The diffractograms 

collected prior to heating to ~700 oC in (a) air and (b) nitrogen are shown in blue. The diffractograms 

(b) 

As synthesized 

Post heating in N2 

After 11 months 

(a) 

Post heating in air 

As synthesized 

After 11 months 
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collected after heating are shown in orange and the diffractograms collected after the materials were 

stored under ambient conditions for 11 months are shown in green. 

Heating the 27.5YSB sample under different atmospheres was also resulted in changes to the colour of 

the material (see Figure 4.7). A recent study by Liu et al.40 investigated the thermochromic behaviour of 

yttrium-substituted bismuth oxides (Bi1-xYx)2O3 (0.05 ≤ x ≤ 0.25) which were synthesized using the 

conventional solid state route. These materials exhibited reversible colour changes in an air atmosphere 

from yellow hues at low temperatures to various brown hues at high temperatures. Similar 

thermochromic behaviour was encountered during the heating of the 27.5YSB material under different 

atmospheres (Fig. 4.7).  

When the 27.5YSB material was synthesized, where it had been calcined for 18 h at 450 oC and annealed 

for 8 h at 750 oC in air, the sample was a dark brown colour. This is contrary to the findings of Liu et al.40 

who predicted high Y3+ content bismuthates (≥25 mol% Y3+) to have a bright yellow hue at room 

temperature. After further heating in air, the colour was largely unchanged, and the phase purity of the 

material also remained unchanged (Fig. 4.7a). Conversely, after heating in a nitrogen atmosphere, the 

colour of the material changed to a bright yellow hue, more in line with that predicted by Liu et al.40 for 

this sample composition at room temperature. Interestingly this colour change was not found to coincide 

with any change in phase composition (Fig. 4.7b). Watanabe38 reported a colour change from yellow to 

brown after a Ba2+ stabilized bismuth oxide was annealed at 500 oC for ~160 h in an air atmosphere. This 

colour change was attributed to the decomposition of the rhombohedral stabilized bismuth oxide into the 

monoclinic α-Bi2O3 and an ‘unknown’ phase. If the colour change observed in this work was due to a phase 

change occurring, the additional phase content was beyond the resolution of the diffractometer or 

present in the amorphous fraction of the material. The observed colour of the materials are directly 

related to the electronic structure – lighter, yellow hues indicate a wide bandgap, whereas darker, brown 

hues indicate a narrower bandgap. Upon synthesis, having a brown-coloured 27.5YSB material at room 

temperature indicates that the bandgap is significantly narrower than that predicted by Liu et al.40 It was 

also interesting to note that a non-reversible change in electronic structure occurred when heated under 

a nitrogen atmosphere. These differences in electronic structure could most likely be assigned to the soft 

chemical synthetic route employed in this work.  
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4.3.5. In situ investigation of the phase stability of the δ-phase materials using variable 

temperature powder X-ray diffraction  

Two YSB samples, 15YSB and 27.5YSB, which were initially thought to be phase pure cubic after being 

annealed for 8 h at 750 oC, were further studied via laboratory-based in situ variable temperature 

diffraction measurements (Fig. 4.8) in an air atmosphere to determine the phase stability and thermal 

expansion properties of these materials during a thermal cycle. Upon heating the 15YSB material, the 

starting cubic phase expanded linearly within the range of 27-551 oC (Fig. 4.9a). Between 551-563 oC, 

however, the lattice expanded rapidly and minor rhombohedral phase content (~8%) became evident. 

Over the range of 563-706 oC, the rhombohedral phase seemed to disappear, and the rate of thermal 

expansion was again uniform, although significantly increased. On cooling a similar reversed trend was 

observed; between 706-523 oC the thermal expansion was linear, over the range of 523-477 oC the lattice 

contracted rapidly and between 477-27 oC the thermal expansion was again linear and significantly 

reduced in magnitude (Fig. 4.9a). In this case the minor rhombohedral phase content (~3%) formed from 

~444 oC and remained to room temperature (Fig. 4.8). In our previous study28 we reported the CTE of 

annealed (at 750 oC) 15YSB to be 152.4 ± 14.2 × 10-6 K-1 over the temperature range of 589-769 oC. In these 

in situ studies the CTE of annealed (at 750 oC) 15YSB over the similar temperature range of 563-706 oC 

was found to be similar in magnitude at 174.4 ± 11.6 × 10-6 K-1. However, the CTE of this material over the 

lower temperature range of 27-551 oC was found in this work to be significantly reduced in magnitude at 

76.3 ± 2.3 × 10-6 K-1. This vast discrepancy in CTE exhibited over different temperature ranges indicates 

the presence of unidentified structural variations which result in varying thermal expansion behaviour.  
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Figure 4.8. In situ variable temperature diffractograms collected for the annealed (at 750 oC) 15YSB (top) 

and 27.5YSB (bottom) materials in an air atmosphere over the temperature range of 27-706-27 oC. 

Figure 4.9. Lattice parameter variation of the cubic phase for the annealed (at 750 oC) 15YSB (a) and 

27.5YSB (b) materials over the temperature range of 27-706-27 oC. (a) Approximate CTE values (in terms 

of 10-6 K-1) during the heating and cooling cycles are shown in red and blue, respectively. (b) The non-

linear expansion is emphasized by fitting quadratic functions to the data. 
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For the 27.5YSB material, trace rhombohedral phase content was formed between 594-618 oC during the 

heating cycle (Fig. 4.8), but no rhombohedral phase content was detected during the cooling cycle. This 

possibly suggests that the higher dopant percentage promotes the retention of a pure cubic sample after 

a thermal cycle. The rate of thermal expansion for 27.5YSB was non-linear for both the heating and cooling 

cycles (Fig. 4.9b) and the thermal expansion behaviour was described using second order polynomial 

functions. Similar non-linear thermal expansion was more recently reported by Abrahams et al.41 for δ-

Bi3YO6 and was attributed to the increase in occupancy of the anionic 48i site during the heating cycle of 

25-800 oC. The site occupancy of this 48i site increased from 0.011(1) at 25 oC to 0.017(1) at 800 oC, an 

increase of ~55%. This increase in occupancy of the 48i site increases the local distortion of the lattice and 

results in larger lattice parameter values during the heating cycle. Unfortunately monitoring of actual 

anionic site occupancy is not possible with PXRD due to the high disparity in the scattering of X-rays by 

the lighter oxygen anions and the heavier bismuth and yttrium cations. It may also be that the thermal 

expansion behaviour of 15YSB is non-linear, but the abrupt change in lattice parameter size obscures this 

and is further complicated by the effects imposed by the additional rhombohedral phase. As such, 

elucidating the cause of this abrupt lattice parameter change is crucial to the understanding of the thermal 

expansion characteristics of YSB materials with low dopant content.  

Figure 4.10. Variation in peak position of the (200) peak collected for the annealed (at 750 oC) 15YSB (a) 

and 27.5YSB (b) materials over the temperature range of 27-706-27 oC. There exists an abrupt change in 

unit cell volume during both the heating (▼ symbol, 551-563 oC) and cooling (Δ symbol, 523-477 oC) cycles 

for the 15YSB material. This abrupt change is absent for the 27.5YSB material. 
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Figure 4.11. Diffractograms showing the Rietveld refinement analysis of the (200) peak for the annealed 

(at 750 oC) 15YSB material at 27, 551 and 618 oC with the observed pattern shown in blue, the calculated 

in green and the difference in orange. Refinements were done using a single cubic phase and the minor 

peak shoulder that forms, which is most notable where the abrupt change in unit cell volume occurs 

(551-563 oC), is indicated with a black arrow. 

 

The abrupt changes in unit cell volume seen for 15YSB upon heating and cooling (emphasized in Figure 

4.10) are likely due to one of two structural phenomena. The first being a phase transformation, not 

evident in this diffraction data. Similar abrupt thermal lattice expansion behaviour was observed in Yb-

stabilized BaCeO3,
42 Bi14YO22.5

43 and Bi14WO24
44 and was found to be related to phase changes. In these 

materials additional phases were distinctly present in the diffraction data. Our previous work28 on low 

dopant YSB materials (10-22.5 mol% Y3+) showed that a tetragonal secondary phase that was evident from 

peak asymmetries in the diffraction data collected at room temperature. For the 15YSB material studied 

here, these peak asymmetries were not evident at room temperature (Fig. 4.11) and incorporation of the 

additional tetragonal phase into the Rietveld refinement process did not improve the fit, further indicating 

the absence of this phase. However, during heating to 551 oC the formation of a minor peak shoulder was 

observed which coincided with the onset of the abrupt change in unit cell volume. This shoulder was only 

present in the region where the abrupt change in unit cell volume occurred (551-563 oC) and was no longer 

evident on further heating (Fig. 4.11). This shoulder indicates that a structural change (most likely a phase 

transition) occurred in the 551-563 oC temperature range, but the additional phase could not be resolved 

using data from the laboratory-based diffractometer. Alternatively, the volume changes could be due to 

the cubic phase undergoing a structural change that preserves the average crystallographic symmetry of 

27 oC 

551 oC 

618 oC 
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the material, such as an order-disorder transition of the oxygen sublattice. Such a transition would 

contribute to an abrupt increase in oxide ion conductivity when the material enters a more disordered 

state. In previous work28 the oxide ion conductivity of a 15YSB material abruptly increased from ~550 oC 

during the heating cycle and abruptly decreased again from ~550 oC during the cooling cycle (Fig. 4.12). 

These conductivity changes occur at near identical temperature ranges in which abrupt changes in unit 

cell volume are evident (Figs. 4.9a and 4.10a) and hence show strong correlation. To unravel this 

anomalous thermal expansion behaviour, investigations of the local structure during in situ heating and 

cooling are required and these studies are the topic of ongoing work (investigated in Chapter 5 of this 

thesis).  

Figure 4.12. Arrhenius plot of annealed (at 750 oC) 15YSB material in the temperature range of 300-750 
oC showing results from both the heating (red lines) and the cooling cycles (blue lines) corresponding to 

the second thermal cycle.28 Abrupt changes in conductivity are observed at 550 oC during both the heating 

and cooling cycles. 

 

4.4. Conclusion 

The stability studies under ambient conditions have revealed a remarkable phenomenon in which various 

yttrium substituted bismuthate ceramics undergo spontaneous phase transformations under ambient 

conditions. This was more prominent for materials only calcined at 450 oC, but also observed for those 

that were further annealed at 750 oC. The phase transformations indicate that both the cubic and 

tetragonal polymorphs are metastable at room temperature and the thermal prehistory was found to 

affect the phase stability characteristics. The spontaneous formation of both the rhombohedral and 
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orthorhombic subcarbonate phases was observed in this work. The formation of the latter phase 

presumably occurs from the reaction between the stabilized bismuth oxides and atmospheric CO2. This 

spontaneous carbon capture by stabilized bismuth oxides is reported here for the first time. Interestingly, 

varying phase fractions were formed for compositionally identical samples that were annealed at 750 oC 

for different synthetic batches, and the rate of the phase transformations also differed significantly 

between these samples. These observations indicate synthetic method irreproducibility. When pelletized, 

the cubic phase purity of an annealed 10YSB material was found to increase, likely due to the additional 

sintering process, and the overall aging reduced in comparison to the same sample stored in powder form. 

Additional heating of powdered samples in a nitrogen atmosphere was also found to significantly increase 

ambient phase stability of the cubic phase over extended periods of time.  

During a thermal cycle, the annealed 15YSB sample underwent abrupt volume changes and an impurity 

phase was formed during both heating and cooling cycles. The abrupt volume changes are thought to be 

due to either an order-disorder transition or more likely due to an unidentified phase transformation. For 

the 27.5YSB sample, the volume change, although non-linear, was significantly more gradual and although 

a rhombohedral impurity phase was formed during the heating cycle, for this higher dopant composition, 

no impurity phases were formed on cooling.  

Further work in investigating the formation of phases during the ambient phase aging process for both 

the calcined and annealed samples would provide improved insight on the mechanism responsible for 

these spontaneous transformations. Crucially, additional total scattering-based techniques are required 

to investigate amorphous phase content. Implementing multiple thermal cycles on the materials would 

enable the rhombohedral phase formation to be further studied and would enable a more comprehensive 

understanding of the phase stability of these materials during and after several thermal cycles. High 

resolution PXRD measurements would allow for the presence of a secondary phase to be investigated and 

total scattering studies are sought to unravel the structural changes that contribute to the anomalous 

thermal expansion behaviour.  
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Abstract   

The thermal expansion behaviour of yttrium-stabilized Bi2O3 materials was investigated using in situ total 

scattering. The non-linear thermal expansion behaviour observed for 27.5% yttrium content was linked to 

changes in disorder of the cationic sublattice. For 10% yttrium and for 10% yttrium, 1% aluminium content, 

the abrupt increase in cubic phase unit cell volume was found to be due to the tetragonal-cubic phase 

transformation and a mechanism for this phenomenon was proposed. Impedance measurements also 

indicated that changes in the state of disorder of the materials occur during heating.  

Keywords: Bismuth oxide; Thermal expansion; Phase stability; Total scattering 
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5.1. Introduction 

The thermal expansion behaviour of the materials used in solid oxide fuel cells (SOFCs) is critical for 

successful device function. The materials should ideally show low positive thermal expansion and the 

thermal expansion of adjacent materials should be near identical to prevent delamination leading to 

premature device failure.1 Previous studies have investigated yttrium-stabilized δ-bismuthates as SOFC 

electrolytes.2–6 These materials were found to be very promising from a conductivity standpoint with ionic 

conductivities measured to be greater than those of the commercialized yttrium-stabilized zirconia (YSZ) 

and gadolinia-doped ceria (GDC) electrolytes at comparatively lower temperatures. The thermal 

expansion behaviour of selected yttrium-stabilized bismuthates was previously investigated over 

27-706-27 oC.7 For Bi0.85Y0.15O1.5 (15YSB), which was found to be a phase pure cubic material at room 

temperature from variable temperature powder X-ray diffraction (VT-PXRD) measurements, the thermal 

expansion behaviour initially showed positive linear thermal expansion from room temperature up to 

~550 oC. Thereafter an abrupt increase in cubic unit cell parameter was observed and this was followed 

by a second region of linear thermal expansion from ~560 oC to 706 oC. The co-efficient of thermal 

expansion (CTE) in the high temperature region was larger in comparison to that observed in the low 

temperature region. For a higher yttrium content sample Bi0.725Y0.275O1.5 (27.5YSB), which was also found 

to be phase pure cubic at room temperature, non-linear thermal expansion (NLTE) behaviour was 

observed over the entire temperature range investigated and no abrupt changes in the cubic unit cell 

parameter were observed for this composition.   

Total scattering studies by Abrahams et al.8 also indicated NLTE behaviour of Bi3YO6 and reported this to 

be correlated to changes in oxide ion distribution during heating, in particular, an increase in the 48i site 

occupancy. Similar total scattering studies by Leszczynska et al.9 of Bi3YbO6 showed NLTE behaviour over 

the 350-600 oC range and was also attributed to the increase in site occupancy of the 48i site. Powder X-

ray diffraction (PXRD) and neutron studies by Leszczynska et al.10 of Bi3Y1-xYbxO6 (x = 0.25, 0.50 and 0.75) 

described thermal expansion behaviour which was divided into two approximately linear regions with the 

transition temperature at around 400-500 oC, again attributed to changes in the oxide ion distribution. 

Borowska-Centkowska et al.11 recently used total scattering studies to investigate the defect structure in 

δ-Bi5PbY2O11.5 and also found thermal expansion behaviour comprising two regions of linear thermal 

expansion above 150 oC. The transition temperature between the two regions was at around 450 oC and 

this was shown to be correlated to both changes in oxygen stoichiometry and to changes in oxide ion 

distributions. Using laboratory-based variable temperature PXRD (VT-PXRD) measurements, Holdynski et 

al.12 also reported two linear regions of thermal expansion for the Bi4Nb1-xYxO8.5-x system (0.0 ≤ x ≤ 1.0) – 
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one below ~400 oC and one above ~500 oC. This thermal expansion behaviour was attributed to changes 

in the oxide ion distribution and local vacancy ordering.  

Laboratory-based VT-PXRD measurements by Struzik et al13 investigated the thermal expansion behaviour 

of Bi14YO22.5 and showed that a large jump in unit cell volume during heating between 600-650 oC was 

associated with the tetragonal-cubic phase transition. Similarly, on cooling a similar jump was observed 

for the reverse phase transition, but over a lower temperature range (from ~550 oC). Borowska-

Centkowska et al.14 observed similar volume changes for Bi14WO24 using VT-PXRD. The jump in unit cell 

volume between 750-800 oC during heating was attributed to the same phase transition where additional 

volume is required to accommodate the disorder of the δ-phase.  

The investigation of the NLTE behaviour and the jump in δ-phase unit cell volume of stabilized bismuthates 

during a thermal cycle is crucial for the potential application of these materials as SOFC electrolytes. In 

this work, synchrotron-based total scattering measurements are used to probe the thermal expansion 

behaviour of a cubic stabilized bismuthate as well as tetragonal and cubic phase mixtures. The 

contribution from the state of disorder of the material towards the observed NLTE behaviour is 

investigated and particular focus is placed on establishing the phase change mechanism responsible for 

the rapid increase in δ-phase unit cell volume, which has not been established yet.  

5.2. Materials and Methods 

5.2.1. Sample preparation 

All samples were prepared by means of a citrate sol-gel process. Stoichiometric amounts of bismuth 

nitrate pentahydrate (Bi(NO3)3.5H2O, 99.99% pure, Aldrich) and yttrium nitrate hexahydrate 

(Y(NO3)3.6H2O, 99.8% pure, Aldrich) and additionally for the double doped sample, aluminium nitrate 

nonahydrate (Al(NO3)3.9H2O, 99.99% pure, Aldrich), were dissolved in glacial acetic acid (98% pure, MK 

Chemical, 99%) under moderate heating and stirring. Aqueous solutions were avoided to prevent the 

hydrolysis of Bi3+. Excess citric acid monohydrate (C6H8O7.H2O, ACS reagent, Aldrich) was added and the 

resulting mixture evaporated to form a metal complex paste. Finally, the dried precursor was calcined at 

450 oC for 18 h, then ground into a fine powder using an agate mortar and pestle and then annealed at 

750 oC for 8 h to obtain the AlzYxBi2-x-zO3 powders used for the in situ total scattering studies. Three samples 

were prepared with a varying dopant concentration and are labelled to reflect this. The 10% Y2O3 doped 

Bi2O3 sample is called 10YSB (yttria stabilized bismuth oxide) and similarly 27.5YSB and 10Y1AlSB are 

labelled.  
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Pellets were prepared for impedance studies by mixing the annealed powders with a 2% polyvinyl alcohol 

solution (as a binder) and dried at 120 oC for 20 min. This was then uniaxially pressed at 110 MPa into 

pellets using a 13 mm diameter die to produce pellets of ~1.2 mm thickness. The pellets were heated at 

250 oC for 4 h to remove the binder and then sintered at 750 oC for 4 h. 

5.2.2. High-energy powder X-ray diffraction experiments 

5.2.2.1. Data collection  

In situ variable temperature powder diffractograms of 10YSB, 10Y1AlSB and 27.5YSB were collected at the 

Pair-Distribution Function (PDF) beamline (λ = 0.1671 Å) at the National Synchrotron Light Source II (NSLS-

II). The nature of the synchrotron-based instrument15 allows for the data collected to be of a superior 

resolution to that measured using lab-based instruments. Each 2D diffractogram was collected for 

30 seconds and then reduced into 1D diffraction data using Fit2D.16 Samples were loaded into quartz 

capillaries and heated using a hot air blower at a ramp rate of 10 oC per minute with a dwell time of 

30 seconds prior to each measurement. The set temperature range of 60-810-60 oC was calibrated using 

standard reference material 640d (silicon powder)17 and applying thermal lattice expansion corrections 

to the temperature profile18,19 resulted in a corrected temperature range of 32-636-32 oC. 2D powder 

patterns optimized for both real and reciprocal space were collected simultaneously as near and far field 

measurements, respectively. Data optimized for reciprocal space analyses were collected in the angular 

range of ~0.5 < 2θ < 15o, covering a region of the wave vector Q = ((4π/λ) sin θ) up to Qmax ~ 10 Å-1. Data 

optimized for real space analyses were collected in the angular range of ~0.5 < 2θ < 41o, covering a region 

of the wave vector Q = ((4π/λ) sin θ) up to Qmax ~ 26 Å-1. All 2D diffraction data were integrated using 

FIT2D16 to generate intensity vs. 2θ data which was used for the subsequent analyses.   

5.2.2.2. Data analysis of the average crystallographic structure 

The average crystallographic structure was determined from the analysis of diffractograms optimized for 

reciprocal space analysis. The diffractograms were indexed using Bruker AXS DIFFRAC.EVA V4.2 and 

Rietveld refinement of the diffractograms was done using Bruker AXS TOPAS-Academic Version 6.20 

Instrumental parameters dQ, lor and alpha21 were extracted from Bragg data of standard reference 

material 660c (LaB6)22 and used to describe the instrument resolution function of both the average Bragg 

and PDF refinements. dQ is a parameter that defines the Gaussian full width at half maximum (FWHM) 

instrumental width of the Bragg data in Q. Owing to the poor approximation of Bragg peak shapes as pure 

Gaussians, the parameter lor models a Lorentzian contribution to the Bragg peak shape and since the 
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Bragg FWHM increases as a function of Q, r-dependent broadening is present. This r-dependent 

broadening is modelled with a convolution alpha.  

5.2.2.3. Data analysis of the local crystallographic structure 

The local structure was investigated through the analysis of diffractograms optimized for real space 

analysis, adopting the G(r) formalism as detailed in the sections below.   

5.2.2.3.1. The atomic PDF method 

The atomic PDF is commonly obtained from total scattering data of powder samples. The function, G(r), 

describes the probability of finding an atom at a certain distance r from another atom23–27 and essentially 

describes the distribution of atoms in a sample28 according to the equation: 

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0]         (5.1) 

where ρ(r) is the atomic pair density, ρ0 is the average number density and r is the radial distance.  

The PDF is experimentally obtained from the sine Fourier transform of the normalized scattering intensity 

S(Q)23,24 according to the equation: 

𝐺(𝑟) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1] 𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛
      (5.2) 

where Q is the magnitude of the scattering vector. For elastic scattering, Q = (4π/λ) sin θ with 2θ the 

scattering angle and λ the wavelength of the radiation used.   

5.2.2.3.2. Total scattering data processing and analysis 

The integrated data was processed using PDFGetX329 to generate S(Q) and the PDF, G(r). The PDF data 

presented here were truncated at a Qmax = 24.0 Å-1 which was found to be the optimal range of Q to 

maximize real space resolution whilst avoiding termination effects and minimizing statistical noise, which 

increase with Q. Analysis of the PDFs were done via the ‘Real Space Rietveld’ method23, using Bruker AXS 

TOPAS-Academic Version 6.20,30,31 To avoid ambiguity, Rietveld refinement in reciprocal space will be 

termed ‘Bragg Rietveld’ whereas the Rietveld-like data analysis of PDF data will be termed ‘PDF analysis.’  
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5.2.2.3.3. Criteria of fit for the Rietveld analyses 

For a typical Bragg Rietveld analysis, the degree of accuracy of the refinement is defined by the agreement 

factor:32  

𝑹𝒘 = √
∑ 𝒘𝒎(𝒚𝒐,𝒎−𝒚𝒄,𝒎)

𝟐

∑ 𝒘𝒎𝒚𝒐,𝒎
𝟐          (5.3) 

where yo,m and yc,m are the observed and calculated data at data point m, respectively, and wm is the 

weighting given to data point m where wm = 1/σ(yo,m)2 and σ(yo,m) is the standard error in yo,m.  

For a PDF analysis, a similar Rw factor is applied, however, the formula is slightly modified to account for 

the calculation in real space:33 

𝑅𝑤 = √
∑ ∑ 𝒘(𝒓𝒊)[𝑮𝒐𝒃𝒔(𝒓𝒊)−𝑮𝒄𝒂𝒍𝒄(𝒓𝒊)]𝟐𝑵

𝒊=𝟏

∑ ∑ 𝒘(𝒓𝒊)𝑮𝒐𝒃𝒔
𝟐 (𝒓𝒊)𝑵

𝒊=𝟏
        (5.4) 

where Gobs is the PDF extracted from the total scattering diffraction data, Gcalc is the PDF calculated from 

the structural model and w(ri) = 1/σ(ri)2 where σ(ri) is the standard deviation at a distance ri.  

5.2.3. Electrochemical impedance spectroscopy 

Impedance of the sintered pellets was measured using a BioLogic MTZ-35 frequency response analyser 

interfaced to a computer running MT-Lab software version 1.21. This was coupled to a BioLogic HTF-1100 

furnace and a HTSH-1100 sample holder were employed. The additional system impedances were 

compensated for prior to measuring the impedance of the samples. A frequency range of 0.1 Hz to 1 MHz 

and an amplitude of 10 mV was employed. The measurements were taken in steps of 50 oC within the 

range 300–750 oC, with a 30 min dwell time per step. The sample holder consists of two platinum discs, 

of a similar diameter to the sample, between which the pellet is placed and the spring-loaded system in 

then tightened. No additional coatings were used on the pellet. Each pellet was measured using two 

consecutive heating and cooling cycles. The Nyquist plots were modelled via an equivalent circuit 

approach using EC-Lab version 11.21. From this process, ionic conductivities of the materials were 

calculated over the temperature range studied.  

5.3. Results and discussion 

5.3.1. Analysis of the average structure evolution of 27.5YSB during in situ heating using Bragg 

scattering 

The NLTE behaviour of stabilized bismuthates has been largely attributed to changes in oxide ion 

distribution.8–12 NLTE behaviour was previously observed for 27.5YSB over the temperature range of 
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27-706-27 oC7 and speculated to be caused by changes in oxide ion distribution. Another possible cause 

for the observed NLTE behaviour are changes in the overall state of disorder of the material. The thermal 

expansion of 27.5YSB was again investigated in this work using higher resolution VT-PXRD measurements 

to investigate the contribution of metal ion lattice disorder on the observed NLTE behaviour.  

Figure 5.1. In situ VT-diffractograms collected for the 27.5YSB material over the temperature range of 

32-636-32 oC. No impurity phases or abrupt unit cell volume changes were present during either the 

heating or cooling cycles. 

 

The diffractograms collected for the 27.5YSB material display no peak asymmetries nor any phase change 

behaviour, indicating that it is a phase pure cubic material over both the heating and cooling cycles 

(Fig. 5.1). This material displayed NLTE behaviour (Table 5.1 and Fig. 5.2) over the temperature range 

investigated, as was exhibited in our previous work.7 The increased resolution and heating control enabled 

by the synchrotron-based experiment in this work allows for the thermal expansion behaviour to be 

probed in significantly increased detail.   

32 oC 

32 oC 

636 oC 

636 oC 

32 oC 

32 oC 
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Figure 5.2. Cubic phase lattice parameter variation of the 27.5YSB material over the temperature range 

of 32-636-32 oC. The heating cycle is shown with red lines and the cooling cycle with blue lines. 

Approximate linear CTEs (x 10-6 K-1) from Table 5.1 are indicated. 

 

This increased resolution enables the non-linearity in thermal expansion to be resolved into two 

approximately linear regions: a linear low-temperature region and a linear high-temperature region are 

present during both the heating and cooling cycles (Fig. 5.2 and Table 5.1). The presence of similar linear 

low- and high-temperature regions of thermal expansion has been reported by Holdynski et al.12 in the 

Bi4Nb1-xYxO8.5-x system (0.0 ≤ x ≤ 1.0) and the change in CTE magnitude was attributed to changes in oxide 

ion distribution and local vacancy ordering.10–12 An alternative explanation for the changes observed in 

the CTEs is a change in the overall state of disorder of the material, as is proposed in this work. During 

heating an order-disorder transition could occur and as such the material in its disordered state is 

postulated to have a higher CTE, and hence it is expected that a disorder-order transition would occur 

during cooling.  
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Table 5.1. Cubic phase CTE variation of the 27.5YSB material over the temperature range 32-636-32 oC 

Temp range (oC) CTE (10-6 K-1) 

32-525 52.9 ± 1.3 
525-636 110.6 ± 1.7 
636-287 107.5 ± 1.0 
287-32 64.2 ± 1.5 

 

Interestingly, the 27.5YSB material exhibited a substantial decrease in the unit cell parameter (~0.0163 Å)  

after the overall thermal cycle. Previous work by Struzik et al.13 reported a decrease in unit cell volume of 

Bi14YO22.5 after a thermal cycle and attributed this change to differing degrees of disorder after the thermal 

cycle. It was suggested that the slow cooling of the sample during the VT-PXRD measurement induced 

structural relaxation (i.e. a decrease in disorder) which would result in a decreased unit cell volume after 

the thermal cycle. The decreased unit cell volume observed for 27.5YSB in this work was likely due to 

similar structural relaxation.  

5.3.2. Analysis of the local structure evolution of 27.5YSB during in situ heating using PDF analysis 

From the in situ Bragg data for 27.5YSB  it was ascertained that the average structure of the material was 

cubic throughout the thermal cycle, but a change in the CTE magnitude was observed during both the 

heating and cooling cycles. This change was possibly due to changes in the order of the material. In situ 

real space data was used to further investigate this order-disorder transition. The PDF of a material 

generates peaks at values of r that correspond to interatomic distances between pairs of atoms in the 

material. From these peaks, various information pertaining to the local structure can be derived. The peak 

position describes the bond length distribution whereas the peak area and peak width are related to the 

coordination number and disorder, respectively.26 Figure 5.3 shows the G(r) curves for the 27.5YSB 

material in the 1.5 ≤ r ≤ 30 Å range collected in situ over the temperature range of 32-636-32 oC.  
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 Figure 5.3. In situ PDFs collected for the 27.5YSB material over the temperature range of 32-636-32 oC. 

 

Since the 27.5YSB material was phase pure throughout the thermal cycle it enabled focusing on short 

interatomic distances (i.e. distances within a single unit cell) and the assignment of several G(r) peaks to 

pairs of atoms present in the average Fm3̅m crystal structure (Fig. 5.4a).  
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Figure 5.4. (a) In situ PDF collected for 27.5YSB at 32 oC. Interatomic distances responsible for the first 

three peaks are indicated in the unit cell of Fm3̅m with only the 8c oxygen sites included for clarity. Purple 

and red spheres represent metal and oxygen ions, respectively. (b) Total and partial PDFs of the 27.5YSB 

material calculated for the average fluorite structure derived from the Bragg Rietveld analysis at 32 oC. 

 

(a) 

(b) 
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Peak A is the M-O nearest neighbour (NN) distance in the structure. This peak is noisy due to the 

prominent termination ripple contributions at low-r, and it is of low intensity and broad as it describes the 

bond length distribution of M-O NN distances to three crystallographically unique oxygen sites: M-O8c, 

M-O32f and M-O48i. These broad M-O bond length distributions present in the fluorite structure limit the 

resolution of this peak in comparison to peaks resulting from M-M pairs (Fig. 5.4b). Additional resolution 

limitation of M-O bonds is due to the immense disparity in scattering strength of X-ray radiation between 

the M and O atoms. Hence this PDF feature is not discussed further. Peak B is the M-M NN distance which 

corresponds to the distance between M atoms on the corners and M atoms on the face of the unit cell. 

This feature is referred to as the M1-M1 interaction. Peak C coincides with the Fm3̅m cell parameter and 

as such is assigned to the distance between M atoms long the corners of the unit cell. This feature is 

referred to as the M2-M2 interaction. Peaks B and C are investigated as they each correspond to unique 

M-M atomic pairs present within the cubic phase unit cell and no significant G(r) peak overlap is expected 

(Fig. 5.4b). Hence monitoring these peaks during in situ heating will provide an indication of the M-M bond 

length changes and state of disorder of the material, albeit only the state of disorder of the cation 

sublattice.   

PDF analyses were initially used to investigate the nature and correlation length of disorder present in the 

27.5YSB material. This analysis was performed using low-r vs. high-r refinements wherein the average 

Fm3̅m structure was refined against the G(r) data over varying length scales. In this work, the low-r region 

data (1.5 ≤ r ≤ 10 Å) and the high-r region data (10 ≤ r ≤ 30 Å) were fitted independently to investigate if 

the average structure model correctly describes the local structure, and if so, over what length scales. The 

same approach was applied to all the PDFs collected in situ to investigate the local structure evolution 

during the thermal cycle. The best fits achieved at selected temperature steps during the heating cycle 

over the low-r and high-r ranges are shown in Figure 5.5. 
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Figure 5.5. Selected PDF low-r and high-r refinements using PDF analysis and the average cubic Fm3̅m 

structure over both r ranges for 27.5YSB. Refinements shown are for data collected at (a) 32 oC, (b) 336 oC 

and (c) 636 oC. Observed (blue markers), calculated (green curve) and difference (orange curve) profiles 

are shown along with agreement factors. 

 

The PDF analyses for 27.5YSB showed that the average structural model had varying success in fitting the 

experimental G(r) data over different length scales and correctly interpreted the experimental G(r) data 

over the entire 1.5 ≤ r ≤ 30 Å range during the thermal cycle. The fit quality over the 1.5 ≤ r ≤ 10 Å range 

was reduced in comparison to that over the 10 ≤ r ≤ 30 Å range. The average structural model did, 

however, reasonably interpret the position, intensity and shape of the experimental G(r) peaks in the low 

r range and this decrease in fit quality was attributed to local disorder over the 1.5 ≤ r ≤ 10 Å range. This 

disorder could be viewed as defect clusters in which the interatomic bond lengths had multiple 

distributions which deviated from the average structural model. The extent of disorder present in this 

(a) Rw = 11.8% Rw = 4.5% 

(b) Rw = 11.3% Rw = 4.8% 

(c) Rw = 11.6% Rw = 4.6% 

32 oC 
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material seemed to be limited to r ≤ ~10 Å and exhibited a similar trend over the thermal cycle. In this 

work, this low r range is described as the most distorted shell, varying significantly from the average 

structure. The G(r) peaks B and C in the low r range were investigated using the so-called direct analysis 

approach. This involves the fitting of G(r) peaks with Gaussian functions after linear subtraction of the 

baseline (Figs. 5.6a, 5.6b, 5.7a and 5.7b). The Gaussian fitting was done using an in-house developed 

Python script which was benchmarked by comparing the Gaussian fit parameters determined for several 

G(r) peaks against those determined using Fityk34 and Bruker AXS TOPAS-Academic Version 6.20 Direct 

analysis enables the position and width of the peaks to be determined throughout the thermal cycle which 

provides useful insight on the local structure and disorder variation as a function of temperature.  

The position of both peaks B (Fig. 5.6c) and C (Fig. 5.7c), representing the M-M pairs within the unit cell, 

shift to higher r values with increasing temperature as expected for positive thermal expansion and this 

was also observed in the Bragg Rietveld analyses. This indicates that thermal expansion occurs on a local 

level as well. The width of peaks B and C, related to the disorder for the corresponding atomic pairs, was 

also monitored as a function of temperature (Figs. 5.6d and 5.7d, respectively) and appears to increase 

linearly with increasing temperature. This is expected for this system as higher temperatures would 

increase disorder due to the increased thermal motion of atoms. However, there was no abrupt increase 

in peak width which is expected for the abrupt order-disorder transition. The increase in the width of peak 

B (Fig. 5.6d) with increasing temperature is more correlated than that observed for peak C (Fig. 5.7d). This 

possibly indicates the presence of multiple bond length distributions present that contribute to peak C 

and hence the fitting achieved with a single Gaussian function is not optimal. For peak B, a single Gaussian 

function successfully represented the peak profile and hence indicated one bond length distribution 

corresponding to this G(r) peak. This emphasizes the need to monitor more than a single G(r) peak when 

applying a direct analysis. Interestingly, the width of peak B observed during the cooling cycle was larger 

than that observed during the heating cycle. This trend is similar to that observed for the change in unit 

cell volume from the Bragg Rietveld analyses (Fig. 5.2) and indicates that a more ordered state was 

achieved on cooling.  
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Figure 5.6. Gaussian fits (red lines) of PDF peak B (blue markers) for 27.5YSB at selected temperatures 

during the (a) heating and (b) cooling cycles. The black dotted line in (a) indicates the first peak position 

(at 32 oC) for comparison and similarly the black dotted line in (b) indicates the peak position at 636 oC. 

Variation of the (c) peak position and (d) peak width during both the heating (red markers) and cooling 

(blue markers) cycles are shown. Standard errors associated with peak position and FWHM are ~0.0001 Å 

and ~0.003 Å, respectively.  
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Figure 5.7. Gaussian fits (red lines) of PDF peak C (blue markers) for 27.5YSB at selected temperatures 

during the (a) heating and (b) cooling cycles. The black dotted line in (a) indicates the first peak position 

(at 32 oC) for comparison and similarly the black dotted line in (b) indicates the peak position at 636 oC. 

Variation of the (c) peak position and (d) peak width during both the heating (red markers) and cooling 

(blue markers) cycles are shown. Standard errors associated with peak position and FWHM are ~0.003 Å 

and ~0.009 Å, respectively. 

 

Ideally the structural disorder of the material during the thermal cycle should be determined by 

monitoring the variation of the thermal displacement parameters of both the metal cations and oxygen 

anions. Unfortunately the use of X-ray scattering experiments to probe the nature and structure of the 

oxygen sublattice is not possible, as discussed. Therefore, only the thermal displacement parameters of 

the metal cations were monitored via both the Bragg Rietveld and PDF analyses (Fig. 5.8). Systematic 

increases in the cationic thermal displacement parameter are expected due to increased thermal motion 

during heating. This is visualized in the same way as a linear CTE wherein heating of the material results 

in a linear increase in unit cell parameter. A deviation from a regular increase in thermal motion serves as 

an indicator of an abrupt change in the state of disorder of the material which represents the order-

disorder transition. For both the Rietveld and PDF analyses, to avoid over-parameterization and 

consequent parameter correlations, only the cell parameter and one thermal displacement parameter for 
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all cationic sites were allowed to vary. Both analyses show an increase in the cationic thermal 

displacement parameters with heating as expected, however, the magnitude of the thermal displacement 

parameters derived is questionable. In general, δ-bismuthates are known to be highly disordered, and this 

disorder is accentuated by elevated temperatures, however, for metal oxides the realistic range for this 

parameter is reported to be between ~0.013-0.038 Å2.35 It must also be noted that in the PDF analysis 

approach taken in this work (i.e. small-box modelling in Topas) the only parameter that is varied to 

account for peak broadening is Uiso and this results in the unrealistic inflation of this value during the 

refinements. Since the Uiso values derived here for the YSB materials surpass the reported realistic range, 

the emphasis is rather placed on the trends observed in the changes in Uiso with increasing temperature. 

Changes in Uiso during heating derived from the Bragg Rietveld analysis (Fig. 5.8a) are approximately linear 

until ~500 oC, thereafter a sharp increase in Uiso is observed which indicates an abrupt increase in disorder. 

From the PDF analysis (Fig. 5.8b) the increase in Uiso is approximately linear until ~384 oC, followed by a 

similar sharp increase in Uiso. This transition is visualized as an abrupt transition to a state of increased 

disorder – significantly more disorder than that which is gained via thermal motion during heating or that 

which is inherently present in this disordered material system.  

Figure 5.8. Variation of the cationic thermal displacement parameter (Uiso) of annealed δ-27.5YSB derived 

from the (a) in situ Bragg Rietveld and (b) in situ PDF analyses. Standard errors associated with Uiso derived 

from Bragg Rietveld and PDF analyses are ~0.0005 Å2 and ~0.0003 Å2, respectively. 

 

 

(a) (b) 
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The discrepancy in transition temperature between the average and local structural analyses is 

noteworthy. The lower transition temperature observed for the local structure indicates that the order-

disorder transition is initially confined to the local structure. This is consistent with the results from the 

low-r vs. high-r PDF analyses (Fig. 5.5) which indicated that high disorder is initially present in the defect 

cluster. This is expected to lower the activation energy of the order-disorder transition on the local scale 

as a whole and this is what was observed. The average, long range structure experiences the similar 

transition at a higher temperature which indicates that the activation energy for this transition is higher 

over extended length scales. Interestingly, the average long range structure exhibits structural relaxation 

(i.e. less disorder) after the thermal cycle (Fig. 5.8a) whereas the average local structure remains 

unchanged (Fig. 5.8b). These abrupt increases in disorder coincide with the abrupt changes in the CTE 

derived from both the Bragg and PDF analyses (Fig. 5.9), where the latter was determined over the 

1.5 ≤ r ≤ 30 Å range. This indicates that these changes in disorder contribute to the observed increase in 

the CTE magnitude. A more disordered material is therefore proposed to have an increased rate of 

thermal expansion and the order-disorder transition can be monitored by investigating changes to the 

rate of thermal expansion of the material. Interestingly, the lattice parameter variation derived from both 

analyses follow the same trend (Fig. 5.9). This indicates that the thermal expansion behaviour of the 

average long-range and average local structure is similar.  

Figure 5.9. Cubic phase lattice parameter variation of the 27.5YSB material over the temperature range 

of 32-636-32 oC derived from in situ Bragg Rietveld (circle markers, same as Fig. 5.2) and PDF (triangle 

markers) analyses. The heating cycle is shown with red lines and the cooling cycle with blue lines.  

Standard errors associated with lattice parameters derived from Bragg Rietveld and PDF analyses are 

~0.0007 Å and ~0.0001 Å, respectively. 
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5.3.3. Analysis of the average structure evolution of 10YSB and 10Y1AlSB during in situ heating 

using Bragg scattering  

The in situ thermal stability of 15YSB has been previously investigated using lab-based PXRD over the 

temperature range of 27-706-27 oC.7 During initial heating (in the temperature range of ~27-551 oC) the 

thermal expansion was linear. However, upon further heating a very abrupt increase in the lattice 

parameter was noted over 551-563 oC and was then followed by a second region of linear thermal 

expansion of increased magnitude (in the temperature range of 563-706 oC). On cooling, similar behaviour 

was seen with an abrupt change in lattice parameter occurring over a lower temperature range of 

523-477 oC and the rate of thermal expansion returning to a magnitude similar to that which was initially 

observed. The abrupt changes in lattice parameter for 15YSB are possibly due to a phase 

transformation13,14 although no additional phases were detected which could be attributed to the limited 

resolution of the lab diffractometer used. In this work, the in situ variable temperature phase stability of 

10YSB and 10Y1AlSB, both comprised of cubic (Fm3̅m, SG #225) and tetragonal (P42/nmc, SG #137) phase 

mixtures, are investigated using synchrotron-based PXRD over the temperature range of 32-636-32 oC. 

Previous work by Struzik et al.13 and Borowska-Centkowska et al.14 showed that the tetragonal-cubic 

phase transformation of doped bismuthates occurs above 500oC and this was also observed in our 

previous work on YSB materials.6 Therefore, the in situ variable temperature investigation employed 

serves to elucidate the effect of this phase transformation on the changes observed in the cubic phase 

lattice parameter.  
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For sample 10YSB, a starting cubic and tetragonal phase mixture was identified by the prominent peak 

asymmetry which is primarily caused by the tetragonal phase content.6 This asymmetry is present during 

heating over the temperature range of 32-547 oC and again during cooling over the range of 432-32 oC, 

indicating the presence of a phase pure cubic material over the temperature range of 570-636-455 oC 

(Fig. 5.10).  

Figure 5.10. In situ diffractograms collected for the 10YSB material over the temperature range of 

32-636-32 oC. Tetragonal phase content (evident as peak asymmetries in the inset) is present during the 

heating cycle (orange ▼, 32-547 oC) and reappears during the cooling cycle (orange ▼, 432-32 oC). An 

abrupt change in unit cell volume of the cubic phase is also evident during both the heating (green ▼, 

479-525 oC) and cooling cycles (green ▼, 455-360 oC). 

 

The fit from a Rietveld analysis of the 10YSB material at ~32oC during the heating cycle is given in Figure 

5.11 as an example and the phase content for the phase mixture during both the heating and cooling 

cycles was determined by multiphase Rietveld refinement. Due to the prominent overlap of diffraction 

peaks for the cubic and tetragonal phases, fitting of peak asymmetries is problematic (as shown in the 

inset of Figure 5.11). This leads to some uncertainty in the refined parameters as illustrated by the 
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fluctuation in the refined cubic phase content during the thermal cycle (Fig. 5.12a). Although this 

fluctuation could in principle reflect a dynamic phase equilibrium between the tetragonal and cubic 

phases, it is not expected for this material system and rather emphasizes the limitation of the Rietveld 

analyses to resolve phase fractions of a multiphase system where significant peak overlap exists.  

 

Figure 5.11. In situ diffractogram of the 10YSB material collected at ~32 oC analysed by means of Rietveld 

refinement. The observed pattern is shown in blue, the calculated in green and the difference in orange. 

Miller indices corresponding to the cubic and tetragonal phases are shown with red and black ticks, 

respectively. The inset in (a) accentuates the peak asymmetry contribution from the presence of the 

tetragonal phase. 

 

The thermal expansion behaviour of the cubic phase fraction of 10YSB was investigated by monitoring the 

variation in lattice parameter over the thermal cycle (Fig. 5.12b and Table 5.2). The rate of thermal 

expansion observed for 10YSB over 525-636 oC during the heating cycle (120.8 x 10-6 K-1) is lower compared 

to that for δ-15YSB6 over 589-769 oC (152.4 x 10-6 K-1) which is unexpected since higher Y3+ content was 

found to decrease the CTE. An abrupt unit cell volume change was observed for the cubic phase during 

heating over the range 479-525 oC (Fig. 5.12b) and an increased CTE over the remaining heating cycle 

range of 525-636 oC is evident. This increased magnitude of thermal expansion is maintained during the 

initial section of the cooling cycle over the range of 636-455 oC. With further cooling a similar abrupt 

change in unit cell volume occurs, however, over a slightly lower and wider temperature range of 
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455-384 oC and between 384-32 oC the thermal expansion behaviour returns to the magnitude that was 

measured over the initial heating temperature range.   

 

Figure 5.12. (a) Cubic phase purity and (b) cubic phase lattice parameter variation of the 10YSB material 

over the temperature range of 32-636-32 oC. The heating cycles are shown with red markers and the 

cooling cycle with blue markers. Approximate linear CTEs (x 10-6 K-1) from Table 5.2 are indicated in (b). 

 

Table 5.2. Cubic phase CTE variation of the 10YSB material over the temperature range 32-636-32 oC. 

Temp range (oC) CTE (10-6 K-1) 

32-479 90.9 ± 2.5 
479-525 ~400.2 
525-636 120.8 ± 5.1 
636-455 111.4 ± 4.4 
455-384 ~260.5 
384-32 89.9 ± 2.5 

 

The abrupt changes in cubic phase lattice parameter during both the heating and cooling cycles coincide 

with the temperature range at which abrupt changes in phase purity are observed (Fig. 5.12). As such, it 

was predicted that higher tetragonal phase content would amplify the abrupt lattice parameter changes. 

The in situ variable temperature phase stability of the 10Y1AlSB material was similarly investigated 

(Fig. 5.13). Jolley et al.36 recently demonstrated that the phase observed in the doped bismuth oxide 

system is dependent on both the average dopant ionic radius and the total dopant concentration. As such 

the incorporation of Al3+ in the 10YAlSB material reduces the average dopant ionic radius by ~4.3% 

(Al3+ = 0.535 Å, Y3+ = 1.019 Å37) in comparison to that of 10YSB and this promotes tetragonal phase 

formation. The tetragonal phase content of 10Y1AlSB prior to the in situ measurement is ~70% (Fig. 5.14a) 

which is significantly greater than the ~50% tetragonal phase content observed for 10YSB (Fig. 5.12a). The 
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cubic phase content of 10Y1AlSB was also found to fluctuate during the thermal cycle and an apparent 

slight decrease in cubic phase content was seen with increasing temperature (Fig. 5.14a) – these features 

are attributed to the same reasons described for 10YSB.   

Figure 5.13. In situ diffractograms collected for the 10Y1AlSB material over the temperature range of 

32-636-32 oC. The tetragonal phase (evident as peak asymmetries in the inset) was present during the 

heating cycle (orange ▼ symbol, 32-525 oC) and during the cooling cycle (orange ▼ symbol, 432-32 oC) 

whilst an additional, unidentified impurity phase is also present during the heating cycle (blue ▼ symbol, 

32-111 oC). An abrupt change in unit cell volume of the major cubic phase is also evident in both the 

heating (green ▼ symbol, 479-502 oC) and cooling cycles (green ▼ symbol, 432-384 oC). 

 

Since the tetragonal phase content is significantly higher for 10Y1AlSB, the peak asymmetry is more 

resolved. There is also an additional peak asymmetry feature (a small peak shoulder) that indicates the 

presence of an unidentified impurity phase between 32-111 oC. On heating the overall material becomes 

phase pure (Fig. 5.14a) over a narrower temperature range than for 10YSB. The cubic phase expands 

uniformly between 32-479 oC (Fig. 5.14b and Table 5.3), then between 479-502 oC the cubic phase also 
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experiences an abrupt, dramatic unit cell expansion, however, for 10Y1AlSB this occurs at a significantly 

higher rate and is more pronounced as expected due to the higher tetragonal phase content. Thereafter, 

the cubic phase also has an increased rate of thermal expansion which is maintained on cooling until the 

second abrupt unit cell volume change occurs between 432-384 oC. This change is also more rapid than 

that observed for 10YSB. The final cooling segment (384-32 oC) shows a similar rate of thermal expansion 

to the initial heating segment, much like that shown for the 10YSB sample and the unknown impurity is 

no longer present. Importantly, these changes in the CTE magnitude observed for both 10YSB and 

10Y1AlSB during the thermal cycle indicate changes in the state of disorder of the material as was 

described for 27.5YSB. The increase in the rates observed for the abrupt changes in lattice parameter of 

10Y1AlSB (Fig. 5.14b) in comparison to that of 10YSB (Fig. 5.12b) clearly indicates that the tetragonal-cubic 

phase transition contributes to this abrupt cubic lattice parameter expansion.    

 

Figure 5.14. (a) Cubic phase purity and (b) cubic phase lattice parameter variation of the 10Y1AlSB 
material over the temperature range of 32-636-32 oC. The heating cycles are shown with red markers and 
the cooling cycle with blue markers. Approximate linear CTEs (x 10-6 K-1) from Table 5.3 are indicated in 
(b). 

 

Table 5.3. Cubic phase CTE variation of the 10Y1AlSB material over the temperature range 32-636-32  oC 

Temp range (oC) CTE (10-6 K-1) 

32-479 89.7 ± 3.1 
479-502 ~597.9  

502-636 120.9 ± 7.1 
636-432 114.2 ± 3.4 
432-384 ~338.8 
384-32 89.9 ± 2.5 
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Interestingly, the rate of thermal expansion for both 10YSB and 10Y1AlSB materials measured after the 

respective changes in the initial rates of thermal expansion (i.e. in the high temperature regions) are 

similar to that of the 27.5YSB material in the high temperature region. For both the 10YSB and 10Y1AlSB 

materials, the unit cell volume at 32 oC is nearly unchanged after the thermal cycle indicating that 

negligible structural relaxation is exhibited after the thermal cycle. The abrupt changes in thermal 

expansion of 10YSB and 10Y1AlSB clearly coincide with the observed changes in cubic phase purity of the 

respective materials. As such a phase change mechanism is proposed to account for this thermal 

expansion behaviour (Fig. 5.15). It is postulated that the tetragonal and cubic phase fractions initially 

present undergo somewhat independent phase transformations during heating. The initially present cubic 

phase (δ1) is structurally maintained during heating and expands linearly during heating (δ1
*). The initially 

present tetragonal phase (β) transforms into a second cubic phase (δ2
*), of the same crystal system as δ1

*
, 

during heating. The lattice parameter of δ2
* is, however, greater than that of δ1

*. The presence of two 

crystallographically similar phases would not be evident in the PXRD data, and the lattice parameter 

derived from Rietveld analysis using a single cubic phase would represent the average lattice parameter 

of the two similar cubic phases. This average lattice parameter is greater than that of the originally present 

cubic phase owing to the contribution of the large lattice parameter of δ2
*. Hence during in situ heating 

where the tetragonal-cubic phase transition occurs, an abrupt increase in cubic phase lattice parameter 

is observed.  
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Figure 5.15. Proposed phase change mechanism for the cubic and tetragonal phase mixture of 10YSB and 

10Y1AlSB over the studied temperature range. Initially present cubic δ1 and tetragonal β phases undergo 

independent phase transformations into high temperature δ-phases δ1
* and δ2

*, respectfully. Only the 8c 

and 32f oxygen sites are included in the cubic phases for clarity. Details pertinent to the proposed 

mechanism are discussed in the text. 

 

During cooling, the δ1
* phase is again maintained and exhibits linear thermal expansion. The δ2

* phase, 

however, largely transforms back to the same β tetragonal phase but with a small amount also forming 

the δ1 phase. The latter accounts for the increased cubic phase content observed after the in situ 

measurement for both 10YSB and 10Y1AlSB. A portion of the δ2
* phase could also remain during cooling 

which would account for the slightly larger average lattice parameter observed at room temperature. 

Although the proposed phase change mechanism accounts for the abrupt changes in cubic phase lattice 

parameter, the changes observed in CTE magnitude over the low and high temperature linear regions are 

not ascribed to these in situ phase transformations. The structural models obtained from the Bragg 

Rietveld analyses are biased towards the average long-range structure since only Bragg scattering is 

used.38 The PDF analyses use total scattering (i.e. Bragg and diffuse scattering) and hence emphasize the 

local structure and are sensitive to the chemical short range order.27 Therefore, these two Rietveld 

analyses are complementary and when used in conjunction give a more complete representation of the 

overall structure of the materials. In particular, the in situ heating PDF analysis enables the structural 

evolution or changes on a local scale to be investigated and this allows for the proposed phase change 

mechanism to be further probed.  
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5.3.4. Analysis of the local structure evolution of 10YSB and 10Y1AlSB during in situ heating using 

PDF analysis 

The in situ PDF analysis of the 27.5YSB material showed that the change in magnitude of the CTE can be 

linked to the increasing disorder of the material and the occurrence of the order-disorder transition. The 

PDF analysis of 10YSB and 10Y1AlSB is not as straightforward since during heating the phase mixtures 

convert to phase pure cubic materials. This conversion coincided with a jump in the lattice parameter of 

the cubic phase fraction leading to the proposed phase change mechanism (Fig. 5.15). In addition, the CTE 

of the pure cubic phase in the high temperature region exhibited an increase in magnitude and was similar 

to that observed in the phase pure cubic 27.5YSB material over a similar temperature range. Figure 5.16 

shows the G(r) curves for the 10YSB material in the 1.5 ≤ r ≤ 30 Å range collected in situ over the 

temperature range of 32-636-32 oC. From visual analysis it is evident that the profile of the G(r) peaks 

change over the entire r range during the thermal cycle, however, over the high temperature region where 

the material was found to be phase pure cubic from the Bragg data (⧫ symbol in Figure 5.16) there are 

vast changes seen in the profile of the G(r) peaks. These changes were further investigated here to support 

the proposed phase change mechanism as well as the occurrence of the order-disorder transition.  

Figure 5.16. In situ PDFs collected for the 10YSB material over the temperature range of 32-636-32 oC. 

The region in which the material was found to be phase pure cubic from the Bragg data is indicated (⧫ 

symbol, 570-636-455 oC). 
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The tetragonal and cubic polymorphs have been shown to have a high degree of structural similarity.39,40 

This was observed in the Bragg data, which provides information pertaining to the average long range 

structure, wherein significant overlapping of diffraction peaks from these two polymorphs was evident. 

The tetragonal phase content results in the formation of asymmetric diffraction peaks that differ from the 

shape expected based on the instrument resolution function (IRF). As such, the two polymorphs were able 

to be discerned with reasonable accuracy. In the corresponding PDF data, which provides information of 

the local, short range structure, it is more challenging to discern between the two polymorphs owing to 

the high degree of local structure similarity. Calculated PDFs for the cubic and tetragonal phases are 

compared to that of the observed PDF for 10YSB at 32 oC in Figure 5.17. It is apparent that the local 

structure of both phases are similar to that for the mixed phase material which emphasizes the challenges 

in resolving the contribution of each phase to the observed local structure. 

Figure 5.17. Observed PDF of annealed 10YSB collected at 32 oC (blue) in comparison with calculated 

PDFs of cubic (red) and tetragonal (black) 10YSB structures derived from the Bragg Rietveld analyses. 

 

This local structure similarity between the two phases was further investigated using the low-r vs. high-r 

refinement approach. The observed G(r) data for 10YSB at 32 oC is used to illustrate the structural 

similarity on the local scale (Fig. 5.18) between the average cubic and tetragonal structures when 
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individually refined against the G(r) data over varying length scales as described for 27.5YSB. Additionally, 

both structures are then simultaneously refined against the G(r) data.  

 

Figure 5.18. Selected PDF refinements over the low-r and high-r ranges for 10YSB. Refinements shown are 

for data collected at 32 oC fitted using (a) a single cubic phase, (b) a single tetragonal phase or (c) both 

cubic and tetragonal phases simultaneously. Observed (blue markers), calculated (green curve) and 

difference (orange curve) profiles are shown along with agreement factors. 

 

From the refinements for 10YSB (Fig. 5.18), several interesting features are evident. Over the 1.5 ≤ r ≤ 10 Å 

range, the cubic phase reasonably interprets the experimental G(r) data (Fig. 5.18a), whereas the same 

fitting achieved using the tetragonal phase (Fig. 5.18b) resulted in a worsened fit. The fit incorporating 

both the cubic and tetragonal phases (Fig. 5.18c) – the biphasic model – unsurprisingly resulted in a similar 

Rw = 13.2% Rw = 10.8% (a) 

Rw = 18.7% Rw = 11.4% (b) 

Rw = 12.8% Rw = 8.4% (c) 
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quality of fit to that achieved using the cubic phase in this low-r range. This indicates that the local 

structure of the mixed phase material over the 1.5 ≤ r ≤ 10 Å range is significantly more cubic in structure. 

Over the 10 ≤ r ≤ 30 Å range, the quality of the fits attained by cubic phase (Fig. 5.18a) and the tetragonal 

phase (Fig. 5.18b) were comparable. The biphasic model, however, resulted in an improved fit quality over 

the high-r range, which was evident from both the agreement factors and the interpretation of G(r) 

features. This indicates that the local structure over the high-r range contains both cubic and tetragonal 

phase features.   

The extreme G(r) peak overlap seen for the cubic and tetragonal phases limits the use of the in situ PDF 

analyses to monitor changes to the phase purity of the material during heating. As such, the phase purity 

range established from the Bragg Rietveld analyses was used to determine the temperature range in 

which the biphasic structural model was used for the PDF analysis refinements.  

Looking at the cationic thermal displacement parameter for 10YSB (Fig. 5.19) derived from both the PDF 

and Bragg Rietveld analyses, abrupt changes during both the heating and cooling cycles were observed. 

For the Bragg Rietveld analyses (Fig. 5.19a) a jump in Uiso occurred from ~502 oC during heating and from 

~432 oC during cooling. For the PDF analyses over the 10 ≤ r ≤ 30 Å range (Fig. 5.19b), similar jumps in Uiso 

were observed from ~520 oC and ~470 oC during heating and cooling, respectively. These jumps in Uiso 

derived from both sets of Rietveld analyses coincide with the abrupt changes in the cubic phase lattice 

parameter and cubic phase CTE (Fig. 5.12 and Table 5.2).  
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Figure 5.19. Variation of the cationic thermal displacement parameters of annealed 10YSB derived from 

in situ (a) Bragg Rietveld and (b) PDF analyses. Heating cycle shown with red markers and the cooling cycle 

shown with blue markers. The onset of abrupt changes in Uiso during heating (red arrows) and cooling 

(blue arrows) are indicated. Standard errors associated with Uiso derived from Bragg and PDF analyses are 

~0.001 Å2 and ~0.002 Å2, respectively. 

 

The proposed phase change mechanism (Fig. 5.15) of 10YSB predicts the presence of two 

crystallographically similar cubic phases at elevated temperatures. These two phases are only 

distinguished by their distinct lattice parameter values which are too similar to be distinguished in the 

Bragg Rietveld analyses. However, evidence for the presence of these two phases can be sought from the 

direct analysis of the in situ PDF data. The difference in lattice parameter is expected to result in differing 

M1-M1 and M2-M2 bond lengths which would result in the broadening or splitting of peaks B and C owing 

to the peaks now corresponding to two (or multiple) bond length distributions. As such, for 10YSB the 

evolution of G(r) peaks B and C were monitored during the heating and cooling cycles (Fig. 5.20).  

  

 

 

 

 

(a) (b) 
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Figure 5.20. Gaussian fits (red lines) to peak B of 10YSB at selected temperatures during the (a) heating 

and (b) cooling cycles. The black dotted line in (a) indicates the first peak position (at 32 oC) for comparison 

and similarly the black dotted line in (b) indicates the peak position at 636 oC. Peak C is fitted with (c) a 

single Gaussian (red line) and (d) two Gaussians at selected temperatures in the heating cycle. The 

variation in (e) position and (f) width of peak B vs. temperature derived from the single Gaussian fitting 

are plotted. The onset of abrupt changes in peak FWHM during heating (red arrow) and cooling (blue 

arrow) are indicated. Standard errors associated with peak position and FWHM are ~0.0002 Å and ~0.03 Å, 

respectively.  
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The evolution of peak B during in situ heating was investigated by direct analysis and from this, several 

structural inferences were made. The fitting of a Gaussian function to the peak (Fig. 5.20a and 5.20b) 

results in a good representation of the peak throughout the thermal cycle. As such, the peak position (Fig. 

5.20e) and peak width (Fig. 5.20f) can be accurately derived from the Gaussian fitting. The peak position 

is found to shift to higher r values during heating as expected based on the positive thermal expansion of 

the material. The non-linearity seen in the increase in peak position is likely due to the tetragonal-cubic 

phase transition that occurs which would affect the derived peak position due to the overlap of tetragonal 

and cubic G(r) peaks at this r range. The increase in peak width seen during heating is initially 

approximately linear as expected from the increased thermal motion of atoms during heating. The abrupt 

increase in peak width seen from ~450 oC indicates a corresponding increase in the disorder present in 

the material and/or the presence of two similar bond length distributions. This further indicates the 

occurrence of the order-disorder transition and possibly the presence of a second M1-M1 bond length 

distribution. The latter supports the proposed phase change mechanism. A similar investigation of the 

evolution of peak C during in situ heating is shown in Figure 5.20. Fitting the peak using a single Gaussian 

function (Fig. 5.20c) clearly decreases in quality during heating. At elevated temperatures, the fitting of 

peak C is achieved using two Gaussian functions (Fig. 5.20d) and this indicates that two unique bond length 

distributions are increasingly present during heating and fully discernible over the temperature range in 

which two unique cubic phases are predicted to coexist based on the proposed phase change mechanism 

(Fig. 5.15).  

The in situ PDF analysis of 10Y1AlSB is largely similar to that of 10YSB. Both materials were determined to 

be tetragonal and cubic phase mixtures, with the 10Y1AlSB material having higher tetragonal phase 

content in comparison. Hence during in situ heating, 10Y1AlSB is also predicted to follow the proposed 

phase change mechanism (Fig. 5.15). In this way, the investigation of 10Y1AlSB substantiates the findings 

of the analogous investigation of 10YSB.  
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Figure 5.21 shows the G(r) curves for the annealed 10Y1AlSB material in the 1.5 ≤ r ≤ 30 Å range collected 

in situ over the temperature range of 32-636-32 oC. Similar to that observed for the 10YSB material, for 

the 10Y1AlSB material over the high temperature region in which the average structure is phase pure 

cubic (⧫ in Figure 5.21) there are marked changes seen to the profile of the G(r) peaks. These changes 

were investigated and found to substantiate the proposed phase change mechanism as well as the 

occurrence of the order-disorder transition.  

Figure 5.21. In situ PDFs collected for an annealed (at 750 oC) 10Y1AlSB material over the temperature 

range of 32-636-32 oC. The region in which the material was found to be phase pure cubic from the Bragg 

data is indicated (⧫, 547-636-455 oC). 
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The local structure similarity of the cubic and tetragonal phases are investigated using the low-r vs. high-

r refinement approach as was done for 10YSB and 27.5YSB. The observed G(r) data for 10Y1AlSB at 32 oC 

is again used and the average cubic and tetragonal structures are individually refined against the G(r) data 

over varying length scales, as well as both structures are simultaneously refined against the G(r) data.  

Figure 5.22. Selected PDF refinements over the low-r and high-r ranges for 10Y1AlSB. Refinements shown 

are for data collected in situ at 32 oC and fitting is achieved by either a (a) single cubic phase, (b) single 

tetragonal phase or (c) both cubic and tetragonal phases simultaneously. Observed (blue markers), 

calculated (green curve) and difference (orange curve) profiles are shown along with agreement factors. 
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The low-r vs. high-r refinements of 10Y1AlSB (Fig. 5.22) show contrasting results to that obtained for 

10YSB (Fig. 5.18). Over the 1.5 ≤ r ≤ 10 Å range, both the cubic and tetragonal phases successfully interpret 

the experimental G(r) data (Figs. 5.22a and 5.22b) and little improvement to the fit is achieved by using 

the biphasic model (Fig. 5.22c). Over the 10 ≤ r ≤ 30 Å range, the tetragonal phase interprets the 

experimental G(r) data well and the quality of fit achieved is markedly higher than that achieved using the 

cubic phase. This indicates that over the higher r range the local structure more closely resembles that of 

the tetragonal phase. This was not observed for the 10YSB material. The quality of fit achieved using the 

biphasic model results in an improved fit quality over the entire 1.5 ≤ r ≤ 30 Å range and as before, the 

biphasic model is required to accurately model the G(r) data. As before, the phase purity range established 

from the Bragg Rietveld analyses was used to determine the temperature range in which the biphasic 

structural model was used for the PDF analysis refinements over the 10 ≤ r ≤ 30 Å range. From these 

refinements, the variation in cationic Uiso were monitored during the thermal cycle (Fig. 5.23).   

Figure 5.23. Variation of the cationic thermal displacement parameters of annealed 10Y1AlSB derived 

from (a) in situ Bragg Rietveld and (b) PDF analyses. The onset of abrupt changes in Uiso during heating 

(red arrows) and cooling (blue arrows) are indicated. Standard errors associated with Uiso derived from 

Bragg and PDF analyses are ~0.005 Å2 and ~0.003 Å2, respectively. 

 

The observed changes in the cationic thermal displacement parameter for 10Y1AlSB derived from both 

the Bragg Rietveld and PDF analyses show abrupt changes during both the heating and cooling cycles. 

These changes are more pronounced than that observed for 10YSB (Fig. 5.19). These abrupt changes in 

Uiso occur at nearly identical temperatures for both types of analyses,  indicating that the order-disorder 

(a) (b) 
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transition occurs over the similar temperature ranges over both local and long range length scales. These 

changes in Uiso also correlate with the abrupt changes in the cubic phase lattice parameter and cubic phase 

CTE changes (Fig. 5.14 and Table 5.3), as was observed for 10YSB.  

The proposed phase change mechanism (Fig. 5.15) was also investigated for 10Y1AlSB via direct analysis 

by monitoring the evolution of G(r) peaks B and C (Fig. 5.24) during in situ heating. The fitting of a Gaussian 

function to peak B (Fig. 5.24a and 5.24b) results in a good representation of the peak throughout the 

heating cycle and the peak position (Fig. 5.24e) and peak width (Fig. 5.24f) can be accurately derived from 

the Gaussian fitting. The peak position shifts reflects the same behaviour as that seen for 10YSB. The 

increase in peak width upon heating is initially linear due to increased thermal motion of atoms. The 

abrupt increase in peak width is seen at ~479 oC and demonstrates an abrupt increase in the disorder or 

the presence of two similar bond length distributions as before.  
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Figure 5.24. Gaussian fits (red lines) to peak B of 10Y1AlSB at selected temperatures during the (a) heating 

and (b) cooling cycles. The black dotted line in (a) indicates the first peak position (at 32 oC) for comparison 

and similarly the black dotted line in (b) indicates the peak position at 636 oC. (c) Fits of a single Gaussian 

(red line) and (d) two Gaussians to peak C of 10Y1AlSB at selected temperatures during the heating cycle. 

(e) Position and (f) width of peak B vs. temperature derived from the Gaussian fitting. The onset of abrupt 

changes in peak FWHM during heating (red arrow) and cooling (blue arrow) are indicated. Standard errors 

associated with peak position and FWHM are ~0.0001 Å and ~0.009 Å, respectively. 
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Similar investigation of the evolution of peak C during in situ heating in Figure 5.24 again shows fitting can 

be achieved using a single Gaussian function (Fig. 5.24c) in the lower temperature range, but at elevated 

temperatures two Gaussian functions (Fig. 5.24d) have to be used which indicates that two unique bond 

length distributions are increasingly present during heating and fully discernible over the temperature 

range in which two unique cubic phases are predicted to coexist. This further substantiates the proposed 

phase change mechanism (Fig. 5.15).  

5.3.5. The effect of local structure changes on ionic conductivity  

The ionic conductivity of 10YSB and 27.5YSB was investigated and found correlate with the phase change 

behaviour of the materials (Fig. 5.25). It was not possible to measure the ionic conductivity of 10Y1AlSB 

due to instrument unavailability. For 10YSB (Fig. 5.25a) abrupt changes in conductivity were observed 

during both the heating and cooling cycles. During the heating cycle, these changes occurred over 

550-650 oC whereas during cooling, similar changes were observed over 550-500 oC. These temperature 

ranges show strong correlation to the tetragonal-cubic phase transformation (Fig. 5.12 and Table 5.2) and 

changes in the state of disorder of the material (Figs. 5.19 and 5.20). The abrupt increase in conductivity 

is primarily due to the formation of a more conductive phase pure cubic material along with the 

contribution from the order-disorder transition. The order-disorder transition that commonly is 

associated with changes in ionic conductivity pertain to a transition of the anionic sublattice41 which 

differs from the cationic sublattice transition which was investigated in this work.  

 

Figure 5.25. (a) Arrhenius plot of 10YSB and (b) 27.5YSB in the temperature range of 300-750 oC showing 
results from both the heating (red lines) and the cooling cycles (blue lines). 

(a) (b) 
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Conversely, for 27.5YSB the conductivity behaviour (Fig. 5.25b) was more consistent with the thermally-

activated hopping mechanism of ionic conduction42 and also reflects the in situ phase studies which 

showed no abrupt unit cell volume changes to the average structure (Figs. 5.1 and 5.2). However, the 

changes observed in the CTE of the material (Fig. 5.2 and Table 5.1), particularly during heating, coincides 

with the non-linear conductivity change at ~550 oC which represents a change in the activation energy of 

oxide ion conduction. The correlations between the ionic conductivity behaviour and the in situ structural 

investigations strongly indicates that the state of cationic disorder additionally affects the ionic 

conductivity behaviour.  

5.4. Conclusion 

The thermal expansion behaviour of three stabilized bismuthates was investigated in this work using in 

situ total scattering measurements. Bragg scattering measurements were used to probe the NLTE 

behaviour of a phase pure cubic 27.5YSB material. The thermal expansion behaviour was resolved into 

two regions of approximate linear thermal expansion, for both the heating and cooling cycles, with the 

larger CTE occurring in the higher temperature range. It was postulated that the change in the CTE is due 

to the order-disorder transition of the cationic sublattice. This was supported by monitoring changes in 

thermal displacement parameters of the cations during the thermal cycle using direct analysis of PDF 

features. 

From in situ Bragg scattering measurements of 10YSB and 10Y1ALSB, which were both found to be cubic 

and tetragonal phase mixtures, a change in the CTE of the cubic phase was observed over the thermal 

cycle. An abrupt increase in the cubic phase lattice parameter was evident which coincided with the 

tetragonal-cubic phase transformation. To account for the abrupt lattice parameter increase, a phase 

change mechanism was proposed and substantiated by local structure analysis and by monitoring the 

changes in disorder of the material. Direct analysis of PDF features and monitoring changes in thermal 

displacement parameters of the cations showed that changes in disorder coincide with the observed 

tetragonal-cubic phase transformation and changes in the CTE. Direct analysis additionally showed the 

presence of a second cubic phase over the temperature range in which a phase pure cubic material was 

observed from Bragg scattering measurements. These results substantiate the proposed phase change 

mechanism and additionally indicate the contribution from the state of disorder of the material to the 

CTE. Lastly, ionic conductivity measurements of 10YSB show abrupt increases in ionic conductivity which 

coincide with both the tetragonal-cubic phase transformation and changes in the state of disorder. Similar 

measurements of the 27.5YSB material show changes in conductivity which coincide with changes in the 
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CTE of the material. This indicates that changes in the disorder of the cationic sublattice, which are clearly 

evident in the EIS data, contribute towards the changes observed in the CTE.  
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Abstract 

Rhombohedral bismuth oxide has recently emerged as a promising SOFC electrolyte material. The 

compositional range of stability of this phase has been sparsely reported and was extensively explored in 

this work using yttrium, lanthanum and aluminium doping regimes. The phase behaviour of 

rhombohedral-rich materials was also investigated in situ over 360-656 oC and found to exhibit complex 

characteristics. Abrupt changes in thermal expansion of both the cubic and rhombohedral phases are 

consistent with the phase transformations observed. Separation of the (009) and (104) peaks of the 

rhombohedral phase during the thermal cycle was identified as an excellent visual marker of the 

rhombohedral to cubic phase transformation. 

Keywords: Bismuth oxide; Crystal structure; Phase stability; Thermal expansion 
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6.1. Introduction 

Bismuth oxide-based materials are known to crystallize in several phases, as depicted in Figure 6.1, with 

both composition and thermal history playing a role in determining which is dominant under specific 

conditions.1–5 The high oxide ionic conductivity of the δ-cubic polymorph has caused this phase to be 

extensively studied, in particular for application as a solid oxide fuel cell (SOFC) electrolyte.1–3 The use of 

yttrium doping to stabilize the δ-cubic phase of Bi2O3 has been successful, with minimal loss of ionic 

conductivity.6–13 Bi2O3 can also crystallize in a rhombohedral phase that also exhibits ionic conductivity 

and this phase is commonly formed when the Bi2O3 lattice is doped with large cations.14–16 The existence 

of the rhombohedral phase was initially identified in the Bi2O3-Y2O3 system by Watanabe et al.17 as an 

ionically conductive hexagonal phase isomorphous to rhombohedral compounds formed in alkali earth 

doped bismuth oxides. This rhombohedral phase was later studied via Rietveld methods by Zhang et al.12 

and confirmed to crystallize in the R3̅m space group. Additional studies have shown that doping Bi2O3 with 

lanthanum readily forms the rhombohedral phase.15,16,18–20  

The use of aluminium as a dopant with Bi2O3 has not been explored extensively. Studies of the Bi2O3-Al2O3 

system have shown the presence of both a perovskite BiAlO3 phase21 and an orthorhombic Bi2Al4O9 

phase.22 The latter phase, being structurally similar to an Aurivillius type structure, has been shown to 

exhibit mixed (i.e. ionic and electronic) conductivity. The structure and ionic conductivity of bismuth 

aluminates was investigated by Bloom et al.23 where neither the cubic nor rhombohedral phase was 

formed, but instead a Bi2Al4O9-perovskite type structure formed that exhibited high ionic conductivity.  

Yttrium and lanthanum co-doping has been investigated by Jolley et al.14 with the aim of optimizing 

rhombohedral phase conductivity and establishing the rhombohedral phase stability window with cation 

substitution levels of less than 10%. It was shown that the average dopant ionic radius and total dopant 

percentage determines the rhombohedral phase stability window and by careful dopant regimes, the 

rhombohedral (R3̅m, SG #166), cubic (Fm3̅m, SG #225), tetragonal (P42/nmc, SG #137), or monoclinic 

(P21/c, SG #14) phases (Fig. 6.1) can be formed either individually or as phase mixtures.   

Rhombohedral bismuth oxide has been shown to have high ionic conductivity, at lower temperatures in 

comparison to the conducting δ-phase. Pioneering work by Takahashi et al.15 investigated the ionic 

conductivity of several rhombohedral bismuth oxides doped with strontium, calcium or lanthanum. 

Notably, the conductivity of (Bi2O3)0.8(SrO)0.2 was found to be 0.22 S.cm-1 at 700 oC. Additional work by 

Iwahara et al.16 identified rhombohedral (Bi2O3)0.9(Nd2O3)0.9 and (Bi2O3)0.7(Sm2O3)0.3 as excellent ionic 

conductors with conductivities approaching 1 S.cm-1 at 700 oC.  More recently, Drache et al.20 found 
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rhombohedral Bi0.775La0.225O1.5 to have ionic conductivity of 0.001 S.cm-1 at 400 oC and Jolley et al.14 found 

rhombohedral Bi0.935La0.051Y0.014O1.5 to have ionic conductivity of 0.03 S.cm-1 at 500 oC. These conductivity 

properties have made the rhombohedral phase increasingly attractive as a SOFC electrolyte material.  

In this work, the rhombohedral phase stability compositional ranges established by Jolley et al.,14 

Mercurio et al.,24 Iwahara et al.16 and Takahashi et al.15 were further investigated by lanthanum, 

aluminium and yttrium co-doping. Specifically, the average dopant ionic radii and total dopant percentage 

are investigated over wider ranges to explore the rhombohedral phase stability range for this material 

system in greater detail. This serves to bridge the gap between the ranges established by Jolley et al.,14 

Mercurio et al.,24 Iwahara et al.16 and Takahashi et al.15 Additionally, the thermal stability and phase 

behaviour of the rhombohedral phase, which has not been precisely reported, was also investigated.  

Figure 6.1. Unit cells for the (a) face-centred cubic δ-phase, (b) tetragonal β-phase, (c) rhombohedral  

phase and (d) monoclinic α-phase of bismuth oxide where purple spheres represent the cation sites. 

Rhombohedral bismuth oxide exhibits a layered packing arrangement consisting of two unique bismuth 

polyhedra. 

 

(b) 

(a) 
(d) (c) 
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6.2. Materials and methods 

6.2.1. Synthesis and sample preparation 

All samples were prepared by means of a citrate sol-gel process.25 Stoichiometric amounts of bismuth 

nitrate pentahydrate (Bi(NO3)3.5H2O, 99.99% pure Aldrich), yttrium nitrate hexahydrate (Y(NO3)3.6H2O, 

99.8% pure, Aldrich) and lanthanum nitrate hexahydrate (La(NO3)3.6H2O, 99.99% pure, Aldrich) or 

aluminium nitrate nonahydrate (Al(NO3)3.9H2O, 99.99% pure, Aldrich) were dissolved in glacial acetic acid 

(98% pure, MK Chemical, 99%) under moderate heating and stirring. Aqueous solutions were avoided to 

prevent the hydrolysis of Bi3+. Excess citric acid monohydrate (C6H8O7.H2O, ACS reagent, Aldrich) was 

added and the resulting mixture evaporated to form a metal complex paste. Finally, the dried precursor 

was calcined at 450 oC for 18 h, then ground into a fine powder using an agate mortar and pestle and then 

annealed at 750 oC for 8 h to obtain the mixed metal oxide powders. Samples were prepared with varying 

dopant concentration and are labelled to reflect this. As an example, the 6% Y2O3, 9% La2O3 doped Bi2O3 

sample is called 6Y9LSB and the 17% Y2O3, 3% Al2O3 sample is called 17Y3ASB.  

6.2.2. Powder X-ray diffraction 

Room temperature powder X-ray diffractograms were collected on a Bruker D2 Phaser using iron filtered 

CoKα radiation (λ = 1.788 Å). In situ powder diffractograms of selected samples were collected at the Pair-

Distribution Function (PDF) beamline (λ = 0.1671 Å) at the National Synchrotron Light Source II (NSLS-II). 

The nature of the synchrotron-based instrument26 allows for the data collected to be of a superior 

resolution to that measured using lab-based instruments with significantly improved signal-to-noise ratio 

and collection limits. Each 2D diffractogram was collected for 30 seconds and then reduced into 1D 

diffraction data using Fit2D.27  Samples were loaded into quartz capillaries and heated using a hot air 

blower at a ramp rate of 10 oC per minute with a dwell time of 30 seconds prior to each measurement. 

The set temperature range of 450-850-450 oC was calibrated using standard reference material 640d (Si 

powder)28 and applying thermal lattice expansion corrections to the temperature profile29,30 resulted in a 

corrected temperature range of 360-656-360 oC. Diffractograms were qualitatively assessed using Bruker 

AXS DIFFRAC.EVA V4.2 and Rietveld refinement of the diffractograms was done using Bruker AXS TOPAS-

Academic Version 6.31 In the refinements of the lab-based diffractograms collected at room temperature, 

the instrument resolution function (IRF)32 was determined using NIST 660a (LaB6) and was described using 

the fundamental parameters approach33 using the full axial divergence model34 to account for divergence-

related asymmetry of the diffraction peaks. In the refinements of the synchrotron in situ diffractograms, 

the IRF was determined using NIST 640d and was described using the Thompson Cox Hastings (TCHZ) 
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Pseudo-Voight function35 with the divergence-related asymmetry effects described in an empirical way 

using the simple axial model.32 In each refinement, the parameters refined included the scale factors, 

selected corrections, and lattice parameters. Atomic positional parameters were fixed to those published 

for the respective crystal structures and atomic thermal parameters were fixed to reasonable values.  

6.3. Results and discussion 

6.3.1. Investigation of the rhombohedral phase boundary using powder X-ray diffraction 

The phase stability window of the rhombohedral phase has been previously investigated and is described 

as the range of dopant content and dopant ionic radius wherein pure rhombohedral phase forms. The 

work by Jolley et al.14 was the first study in which the dopant content and ionic radius was nuanced to 

accurately establish this phase stability window. Jolley et al.14 investigated sample compositions, doped 

using La, Y, Er, Nd, Sm, Gd, Ca and Sr, with a total dopant content between 6-10% resulting in a variation 

of the average dopant ionic radius over 1.06-1.15 Å. The average dopant ionic radius is the weighted 

average of the two dopants’ ionic radii. Similarly, Mercurio et al.24 roughly investigated the rhombohedral 

phase stability window over a significantly higher dopant content range. Several members of the Bi2O3-

Ln2O3-TeO2 (Ln = La, Sm or Gd) system were found to form the rhombohedral phase over a total dopant 

content range of 25-50% which reflects a variation in the average dopant ionic radius range of 

1.012-1.097 Å. Work by Takahashi et al.15 investigated the rhombohedral phase formation in the Bi2O3-

SrO system and found that the rhombohedral phase forms for 20-40% SrO content (ionic radius of 

Sr2+ = 1.260 Å). Additionally, Iwahara et al.16 investigated the Bi2O3-Ln2O3 (Ln = La, Nd or Sm) system and 

found that the rhombohedral phase forms for 12-28% La2O3, 10-30% Nd2O3 and 30% Sm2O3 which reflects 

a variation in the average dopant ionic radius range of 1.079-1.160 Å. In this work, the phase stability 

window established for rhombohedral Bi2O3 was significantly expanded utilizing a double doping scheme 

to investigate the phase stability over a wide range of dopant content (7.5-25% total dopant) and average 

dopant ionic radius (0.907-1.154 Å) (Figs. 6.2 and 6.3).   
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Figure 6.2. Room temperature diffractograms of doped bismuthates annealed at 750 oC with (a) 7.5%, (b) 

10%, (c) 11-13% and (d) 15% total dopant content. 
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Figure 6.3. Room temperature diffractograms of doped bismuthates annealed at 750 oC with (a) 17.5%, 

(b) 20%, (c) 22.5% and (d) 25% total dopant content. 

  

Lanthanum and yttrium as well as aluminium and yttrium were selected as co-dopant combinations based 

on their ionic radii. La and Bi have similar ionic radii (La3+ = 1.16 Å, Bi3+ = 1.17 Å)36 while Y and Al have 

smaller ionic radii (Y3+ = 1.019 Å, Al3+ = 0.535 Å).36 The high disparity in ionic radii enables the ratios of Y 

to La and Y to Al to be varied such as to explore a wide range of relative dopant ionic radii (Table 6.1).  
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Table 6.1. Bi2O3 compositions, relative ionic radius and quantitative phase content based on Rietveld 

refinement. 

Name Composition Dopant ionic radius (Å) 
Phase content (weight %) 

Cubic Tetragonal Rhombohedral 

7.5% dopant concentration 

6.5Y1ASB Bi0.925Y0.065Al0.01O1.5 0.954 0 100 0 

7.2Y0.3ASB Bi0.925Y0.072Al0.003O1.5 1.000 0 100 0 
5.5Y2LSB Bi0.925Y0.055La0.02O1.5 1.057 30.6 69.4 0 
3.4Y4.1LSB Bi0.925Y0.034La0.041O1.5 1.096 3.0 2.2 94.8 
2Y5.5LSB Bi0.925Y0.02La0.055O1.5 1.122 1.6 4.4 94.1 
10% dopant concentration 
8.5Y1.5ASB Bi0.9Y0.085Al0.015O1.5 0.946 26.7 73.3 0 
9.5Y0.5ASB Bi0.9Y0.095Al0.005O1.5 0.995 18.8 81.2 0 
8.1Y1.9LSB Bi0.9Y0.081La0.019O1.5 1.046 14.7 85.3 0 
4Y6LSB Bi0.9Y0.04La0.06O1.5 1.104 3.7 2.5 93.8 
2.5Y7.5LSB Bi0.9Y0.025La0.075O1.5 1.125 3.3 8.9 87.8 
11-13% dopant concentration 
10Y3ASB Bi0.87Y0.1Al0.03O1.5 0.907 28.7 71.3 0 
10Y2ASB Bi0.88Y0.1Al0.02O1.5 0.938 35.4 64.6 0 
10Y1ASB Bi0.89Y0.1Al0.01O1.5 0.975 50.9 49.1 0 
10Y1LSB Bi0.89Y0.1La0.01O1.5 1.032 81.8 10.8 7.4 
10Y2LSB Bi0.88Y0.1La0.02O1.5 1.043 42.6 0 57.4 
10Y3LSB Bi0.87Y0.1La0.03O1.5 1.052 16.3 0 83.7 
15% dopant concentration 
13Y2ASB Bi0.85Y0.13Al0.02O1.5 0.955 73.2 26.8 0 
15YSB Bi0.85Y0.15O1.5 1.019 69.6 31.4 0 
6Y9LSB Bi0.85Y0.06La0.09O1.5 1.104 6.4 2.8 90.8 
1Y14LSB Bi0.85Y0.01La0.14O1.5  1.151 0 2.4 97.6 
17.5% dopant concentration 
15Y2.5ASB Bi0.825Y0.15Al0.025O1.5 0.950 84.4 15.6 0 
17.5YSB Bi0.825Y0.175O1.5 1.019 86.7 13.3 0 
13.5Y4LSB Bi0.825Y0.135La0.04O1.5 1.051 7.7 1.0 91.3 
7.5Y10LSB Bi0.825Y0.075La0.1O1.5 1.100 3.9 3.2 92.9 
1.5Y16LSB Bi0.825Y0.015La0.16O1.5 1.148 0 0 100 
20% dopant concentration 
17Y3ASB Bi0.8Y0.17Al0.03O1.5 0.946 94.6 5.4 0 
19Y1ASB Bi0.8Y0.19Al0.01O1.5 0.995 97.3 2.7 0 
16Y4LSB Bi0.8Y0.16La0.04O1.5 1.047 8.2 2.0 89.8 
8Y12LSB Bi0.8Y0.08La0.12O1.5 1.104 0 4.5 95.5 
1Y19LSB Bi0.8Y0.01La0.19O1.5 1.153 0 0 100 
22.5% dopant concentration 
19.5Y3ASB Bi0.775Y0.195Al0.03O1.5 0.954 90.4 9.6 0 
21.5Y1ASB Bi0.775Y0.215Al0.01O1.5 0.997 92.1 7.9 0 
17.5Y5LSB Bi0.775Y0.175La0.05O1.5 1.050 9.7 0 90.3 
10Y12.5LSB Bi0.775Y0.1La0.125O1.5 1.097 3.5 0 96.5 
1.5Y21LSB Bi0.775Y0.015La0.21O1.5 1.151 0 0 100 
25% dopant concentration 
20Y5ASB Bi0.75Y0.2Al0.05O1.5 0.922 100 0 0 
21Y4ASB Bi0.75Y0.21Al0.04O1.5 0.942 100 0 0 
22Y3ASB Bi0.75Y0.22Al0.03O1.5 0.961 100 0 0 
23Y2ASB Bi0.75Y0.23Al0.02O1.5 0.980 100 0 0 
24Y1ASB Bi0.75Y0.24Al0.01O1.5 1.000 100 0 0 
24Y1LSB Bi0.75Y0.24La0.01O1.5 1.025 100 0 0 
23Y2LSB Bi0.75Y0.23La0.02O1.5 1.030 89.5 0 10.5 
22Y3LSB Bi0.75Y0.22La0.03O1.5 1.036 63.0 0 37.0 
21Y4LSB Bi0.75Y0.21La0.04O1.5 1.042 21.2 0 78.8 
20Y5LSB Bi0.75Y0.2La0.05O1.5 1.047 18.0 0 82.0 
10Y15LSB Bi0.75Y0.1La0.15O1.5 1.104 0 0 100 
1Y24LSB Bi0.75Y0.01La0.24O1.5 1.154 0 0 100 
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When the total dopant content was 7.5% and the relative dopant ionic radius was varied by altering the 

ratio of Y to La and Y to Al (Fig. 6.2a). Jolley et al.14 predicted pure rhombohedral Bi2O3 to be present over 

an average dopant ionic radius range of ~1.10-1.14 Å at a total dopant content of 7.5%. In this work, pure 

rhombohedral Bi2O3 was not formed over the 0.954-1.122 Å average dopant ionic radius range 

investigated at the same total dopant level of 7.5%. Over the average dopant ionic radius range of 

0.954-1.000 Å pure tetragonal Bi2O3 was present and the Rietveld analysis of the 7.2Y0.3ASB sample is 

given in Figure 6.4 as an example. At an average dopant ionic radius of 1.057 Å, a cubic and tetragonal 

phase mixture was present. Over the range of 1.096-1.122 Å, rhombohedral-rich phase mixtures 

comprising both cubic and tetragonal phases in minor quantities were evident and the Rietveld analysis 

of the 2Y5.5LSB sample is given in Figure 6.5 as an example. 

Figure 6.4. Diffractogram showing Rietveld refinement analysis for the 7.2Y0.3ASB material. The observed 

pattern is shown in blue, the calculated in green and the difference in orange. Miller indices corresponding 

to the tetragonal phase is shown with black ticks. Kβ reflections are labelled with diamond markers. 
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Figure 6.5. Diffractogram showing Rietveld refinement analysis for the 2Y5.5LSB. The observed pattern is 

shown in blue, the calculated in green and the difference in orange. Miller indices corresponding to the 

cubic, tetragonal and rhombohedral phases are shown with red, black and grey ticks, respectively.   

 

The rhombohedral phase stability window was similarly investigated at a significantly higher dopant 

content of 25%.  Over an average dopant ionic radius range of 0.922-1.025 Å, pure cubic Bi2O3 was present, 

and the Rietveld analysis of the 20Y5ASB sample is given in Figure 6.6 as an example. Between 

1.030-1.047 Å, cubic and rhombohedral Bi2O3 phase mixtures were present and rhombohedral phase 

content was found to increase with increasing average dopant ionic radius at this dopant content level. 

The Rietveld analysis of the 22Y3LSB sample is given in Figure 6.7 as an example.  Between 1.104-1.154 Å, 

pure rhombohedral Bi2O3 was present and the Rietveld analysis of the 1Y24LSB sample is given in Figure 

6.8 as an example. The rhombohedral phase presence over this range coincides with the rhombohedral 

phase stability window established by Iwahara et al.16  
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Figure 6.6. Diffractogram showing Rietveld refinement analysis for the 20Y5ASB. The observed pattern is 

shown in blue, the calculated in green and the difference in orange. Miller indices corresponding to the 

cubic phase are shown with red ticks. Kβ reflections are labelled with diamond markers.     

 

Figure 6.7. Diffractogram showing Rietveld refinement analysis for the 22Y3LSB material. The observed 

pattern is shown in blue, the calculated in green and the difference in orange. Miller indices corresponding 

to the cubic and rhombohedral phases are shown with red and grey ticks, respectively.  

 



206 

Figure 6.8. Diffractogram showing Rietveld refinement analysis for the 1Y24LSB material. The observed 

pattern is shown in blue, the calculated in green and the difference in orange. Miller indices corresponding 

to the rhombohedral phase are shown with grey ticks. 

Figure 6.9. Diffractogram showing Rietveld refinement analysis for the 2.5Y7.5LSB material annealed at 

750 oC. The observed pattern is shown in blue, the calculated in green and the difference in orange. Miller 

indices corresponding to the cubic, tetragonal and rhombohedral phases are shown with red, black and 

grey ticks, respectively. 
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The compositional range over which the rhombohedral phase exists was further investigated between 

10-25% total dopant content over an average dopant ionic radius range of 0.909-1.153 Å. Over this wide 

range, phase mixtures were almost entirely present. The pure rhombohedral phase was present at an 

average dopant ionic radii of approximately 1.15 Å over a total dopant content range of 17.5-22.5%. 

Notably, at 10% total dopant content Jolley et al.14 predicted the pure rhombohedral phase to be present 

over an average dopant ionic radius range of ~1.065-1.14 Å. In this work phase mixtures were evident 

over the same range. The Rietveld analysis of the 2.5Y7.5LSB sample is given in Figure 6.9 as an example. 

Overall, the rhombohedral phase stability window has been expanded which coincides with that which 

was established by Iwahara et al.16 as shown in Figure 6.10.  

Figure 6.10. Approximate phase stability window of rhombohedral Bi2O3 determined in this work (green 

area) given as a function of total dopant content and average dopant ionic radius. Circles indicate 

compositions that are entirely rhombohedral and comprise data from this work and from literature as 

colour coded according to the legend. Additionally from this work, (⧍) indicate Bi2O3 compositions that 

are entirely tetragonal while (□) indicate pure cubic compositions. (+) indicate tetragonal/cubic phase 

mixtures, (☆) indicate tetragonal/rhombohedral phase mixtures, (◊) indicate cubic/rhombohedral phase 

mixtures and (⬠) indicate cubic/tetragonal/rhombohedral phase mixtures.   
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The investigation of the rhombohedral phase stability window in this work significantly expands on the 

previous investigations by a wider dopant radius region, in particular over the low average radius region, 

having been investigated. However, the phase stability window established in this work only coincides 

with that established by Iwahara et al.16 The phase stability window established by Takahashi et al.15 

cannot be compared as the ranges of average dopant ionic radius and dopant concentration do not 

coincide with that which was investigated in this work. The phase stability window established by 

Mercurio et al.24 occurs over a significantly higher total dopant content range in comparison to that 

investigated in this work. However, Mercurio et al.24 reported pure rhombohedral Bi2O3 at a dopant 

content level of 25% and average dopant ionic radius of ~1.05 Å. This point on the phase stability window 

is not in agreement with the findings in this work where phase mixtures were evident at the same dopant 

level and average dopant ionic radius. As previously mentioned, the phase stability window of 

rhombohedral Bi2O3 established by Jolley et al.14 also does not coincide with the phase stability findings 

in this work over similar ranges of total dopant content and average dopant ionic radii. These 

discrepancies in the rhombohedral phase stability window are likely due to the varying synthetic 

methodologies applied, in addition to the different dopants used. In this work, a soft chemical citrate gel 

technique is used to synthesize material precursors which are calcined at 450 oC and then annealed at 

750 oC in air to yield the final material. Jolley et al.14 employed a standard solid state synthesis route with 

both annealing and subsequent sintering done at 800 oC in air. Takahashi et al.15 also employed a standard 

solid state synthesis technique, however, annealing was done at 700~800 oC and subsequent sintering 

between 800-1000 oC in air (compositionally-dependent sintering temperature). Iwahara et al.16 also 

employed a standard solid state synthesis technique, however, annealing was done at 800-1100 oC and 

subsequent sintering between 850-1150 oC in air (compositionally-dependent sintering temperature). 

Mercurio et al.24 also employed a standard solid state synthesis technique, however, key differences are 

noted with the other studies mentioned above. The metal oxides were initially annealed for 24 hours 

under a pure nitrogen atmosphere at 800-900 oC. Thereafter, powders were annealed for 24 hours at 

800 oC and then either air quenched or allowed to slowly cool to room temperature. These variations in 

the synthetic route are likely responsible, at least in part, for the observed differences in the phase 

stability window of rhombohedral Bi2O3 (Fig. 6.10).  
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6.3.2. In situ investigation of the phase stability of 2Y5.5LSB and 2.5Y7.5LSB using variable 

temperature powder X-ray diffraction 

Rhombohedral Bi2O3 has been shown to have excellent ionic conductivity14,16,24,37,38 at comparatively lower 

temperatures than that of the cubic phase, which makes these materials attractive as electrolytes for 

application in low temperature SOFCs. However for such application these materials must exhibit high 

structural stability during thermal cycling as well as a low rate of thermal expansion. These stability criteria 

are investigated in this work over the temperature range of 32-656-32 oC for 2Y5.5LSB and 2.5Y7.5LSB. 

These materials are initially predominantly rhombohedral (94% and 88%, respectively) and contain the 

lowest total dopant content which is advantageous for maximizing ionic conductivity.14 Both of these 

materials have been shown to contain minor cubic and tetragonal phase content and although this mixed 

phase characteristic is not ideal, it serves to elucidate the various phase transitions that occur during 

thermal cycling which has not been investigated before. 

Figure 6.11.  In situ diffractograms of the 2Y5.5LSB sample annealed at 750 oC collected at ~7 oC intervals 

over the temperature range of 360-656 oC. 
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For 2Y5.5LSB, several phase transitions are evident during the thermal cycle. During heating between 

32-656 oC (Figs. 6.11 and 6.12a), the rhombohedral/tetragonal/cubic phase mixture was maintained until 

~440 oC. Thereafter, a monoclinic phase additionally formed, and the rhombohedral phase content began 

to decrease. On further heating to ~525 oC, the monoclinic phase exhibited a sharp increase in phase 

content which coincided with a sharp decrease in rhombohedral phase content and a minor increase in 

cubic phase content. The monoclinic phase content peaked at ~540 oC and thereafter decreased on 

further heating and was no longer present by ~625 oC. At ~550 oC, there was a sharp decrease in the 

rhombohedral phase content and a corresponding sharp increase in cubic phase content. Additionally, 

above ~550 oC there was no longer tetragonal phase content detected and by 656 oC, the material was 

predominantly cubic with trace rhombohedral phase content.   

Figure 6.12.  In situ phase content variation of the 2Y5.5LSB sample annealed at 750 oC over the 

temperature range of (a) 360-656 oC and (b) 656-360 oC. 

  

During cooling between 656-360 oC (Figs. 6.12b and 6.13), the predominantly cubic material was 

maintained until ~460 oC. Thereafter, a sharp decrease in cubic phase content was observed which 

coincided with a sharp increase in rhombohedral phase content and the additional formation of the 

tetragonal and monoclinic polymorphs. The monoclinic polymorph was still present at 360 oC, however, 

the phase content was found to decrease between ~390-360 oC. Hence it is predicted that the monoclinic-

rhombohedral phase transformation is sluggish during the cooling cycle and further cooling is expected 

to promote this transformation to completion.   

 

 

(a) (b) 
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Figure 6.13. In situ diffractograms of the 2Y5.5LSB sample annealed at 750 oC collected at ~7 oC intervals 

over the temperature range of 656-360 oC. 

 

For 2.5Y7.5LSB, similar phase transitions were evident during thermal cycle. During heating between 

32-656 oC (Figs. 6.14 and 6.15a), the rhombohedral/tetragonal/cubic phase mixture was largely 

maintained until ~420 oC. Further heating resulted in minor tetragonal phase formation and a minor 

decrease in rhombohedral phase content, the latter continuing to gradually decrease until ~550 oC. At 

~450 oC, a sharp decrease in tetragonal phase content was evident and by ~560 oC the tetragonal phase 

was no longer present. These changes coincided with the formation of the monoclinic phase at ~450 oC, 

which exhibited significantly increased phase content during further heating to ~550 oC. At 550 oC, the 

monoclinic phase content decreased sharply and was reduced to a trace quantity level at 656 oC 

(Fig. 6.15a). Additionally at ~550 oC there is an abrupt increase in cubic phase content and an abrupt 

decrease in rhombohedral phase content which represented the onset of the rhombohedral-cubic phase 

360 oC 
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transformation. Additionally, at the end of the heating cycle cubic, rhombohedral and monoclinic phase 

content was detected. This contrasts to the phase change behaviour exhibited by 2Y5.5LSB.  

Figure 6.14. In situ diffractograms of the 2.5Y7.5LSB sample annealed at 750 oC collected at ~7 oC intervals 

over the temperature range of 360-656 oC. 

Figure 6.15. In situ phase content variation of the 2.5Y7.5LSB sample annealed at 750 oC over the 

temperature range of (a) 360-656 oC and (b) 656-360 oC. 
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During cooling between 656-360 oC (Figs. 6.15b and 6.16), the mixed phase nature of the 2.5Y7.5LSB 

material was maintained until ~460 oC with only a gradual changes in rhombohedral and cubic phase 

content between ~656-460 oC. Thereafter, a sharp decrease in cubic phase content was observed which 

coincided with a sharp increase in rhombohedral phase content and the additional formation of the 

tetragonal and monoclinic polymorphs. This phase change behaviour mirrors that which was observed for 

the 2Y5.5LSB material. However, for 2.5Y7.5LSB the monoclinic polymorph was still present at 360 oC and 

the phase content was stable. Hence it is predicted that the monoclinic-rhombohedral phase 

transformation is even more sluggish for 2.5Y7.5LSB in comparison to that exhibited for 2Y5.5LSB.  

Figure 6.16.  In situ diffractograms of the 2.5Y7.5LSB sample annealed at 750 oC collected at ~7 oC intervals 

over the temperature range of 656-360 oC. 
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6.3.3. Thermal expansion behaviour of 2Y5.5LSB and 2.5Y7.5LSB investigated using variable 

temperature powder X-ray diffraction 

The thermal expansion behaviour of the cubic phase component in both the 2Y5.5LSB and 2.5Y7.5LSB 

compositions was monitored in situ during the thermal cycle (Fig. 6.17) over the temperature range of 

531-656-427 oC where the cubic phase content present for both compositions was sufficient to allow for 

accurate lattice parameter refinements. The thermal expansion of the cubic phase fraction in both 

samples was nearly identical, with only a noteworthy discrepancy at temperatures above ~580 oC 

(Fig. 6.17 inset).   

Figure 6.17.  Cubic phase lattice parameter variation of 2Y5.5LSB (circle markers) and 2.5Y7.5LSB 

(diamond markers) materials over the temperature range of 531-656-427 oC. The inset accentuates the 

increased variation in lattice parameter values in the upper segment of the thermal cycle. 

 

In our previous work we have shown that the total dopant content influences the observed coefficient of 

thermal expansion (CTE) of the cubic phase.39–41 Higher dopant content resulted in decreased CTEs over 

similar temperature ranges to that investigated in this work (Table 6.2).41 The CTEs derived for 2Y5.5LSB 

and 2.5Y7.5LSB are essentially equivalent within the calculated uncertainty (standard error) in the 
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measurements due to their similar the total dopant content. However, the CTEs for 2.5Y7.5LSB are greater 

than those for 10YSB even though the total dopant content is equivalent. This indicates that the nature 

of the dopant and the identity of the phases present in the phase mixture additionally influences the 

thermal expansion. The magnitude of the CTEs for the cubic phase reported in this work are significantly 

greater than those for components presently used in SOFCs.39 

Table 6.2. Cubic phase CTE variation of 2Y5.5LSB and 2.5Y7.5LSB over the temperature range of 

531-656-427 oC. CTEs determined for the cubic phase of various compositions are included for 

comparison.  

Sample composition Temperature range (oC) CTE (10-6 K-1)  Ref.  

2Y5.5LSB 531-656 130.8 ± 4.3 This work 

656-427 138.2 ± 1.3 This work 

2.5Y7.5LSB 531-656 131.7 ± 4.5 This work 

656-427 139.0 ± 1.4 This work 

10YSB 525-636 120.8 ± 5.1 [41] 

636-455 111.4 ± 4.4 [41] 

10Y1AlSB 502-636 120.9 ± 7.1 [41] 

636-432 114.2 ± 3.4 [41] 

27.5YSB 525-636 110.6 ± 1.7 [41] 

636-287 107.5 ± 1.0 [41] 

 

The thermal expansion behaviour of the rhombohedral phase component of both the 2Y5.5LSB and 

2.5Y7.5LSB compositions were also monitored in situ during the thermal cycle. For 2Y5.5LSB, the thermal 

expansion behaviour is reported over the 360-575 oC temperature range during heating and over the 

457-360 temperature range during cooling. For 2.5Y7.5LSB the entire 360-656-360 oC temperature range 

was investigated. This was again due to the requirement of sufficient rhombohedral phase content over 

these temperature ranges to allow for accurate lattice parameter refinements. Due to the crystal structure 

of the rhombohedral phase, the thermal expansion behaviour was investigated by monitoring the change 

in the unit cell volume during the thermal cycle. For 2Y5.5LSB, the expansion of the rhombohedral lattice 

is uniform over ~360-450 oC during heating (Fig. 6.18a), with an abrupt increase in rhombohedral unit cell 

volume occurring at ~450 oC. Thereafter over ~460-575 oC the thermal expansion was again uniform. 

During the cooling cycle, an abrupt decrease in the unit cell volume was evident at ~440 oC. The correlation 



216 

between phase transformations and abrupt changes in unit cell parameters has been reported by Thrall 

et al.42 for BiFeO3, by Struzik et al.43 for Bi14YO22.5, by Struzik et al.43 for Bi14YO22.5 and by Borowska-

Centkowska et al.44 for Bi14WO24. This is reinforced here for 2Y5.5LSB where the temperature ranges 

during which the abrupt changes in the rhombohedral phase unit cell volume occurred coincided with the 

temperature ranges wherein significant phase changes occurred during the heating (Figs. 6.11 and 6.12a) 

and cooling (Figs. 6.12b and 6.13) cycles. Interestingly, during heating the rhombohedral phase lattice 

volume expansion results in the separation of the (009) and (104) peaks (Fig. 6.18b). This separation was 

prominent over the temperature range preceding the onset of the rhombohedral-cubic phase 

transformation and serves as an excellent visual marker for this process. During cooling the peak 

separation was less prominent, likely due to both the lower temperature range during which the cubic-

rhombohedral transformation occurred and the decreased rhombohedral phase (Fig. 6.18c).  
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Figure 6.18.  (a) Rhombohedral phase unit cell volume variation of the annealed 2Y5.5LSB material. Abrupt 

changes in unit cell volume during (b) heating and (c) cooling coincide with various phase changes 

observed and are highlighted by the separation of the rhombohedral phase (009) and (104) peaks. 
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A similar trend for 2.5Y7.5LSB was observed (Fig. 6.19a), where the expansion of the rhombohedral lattice 

was uniform over ~360-470 oC during heating. An abrupt increase in the unit cell volume occurred 

between ~470-550 oC, i.e. at a higher temperature range than that for 2Y5.5LSB. Thereafter (~550-656 oC) 

the rate of thermal expansion was again uniform. During the cooling cycle, a similar abrupt change in 

rhombohedral unit cell volume was evident over ~525-480 oC. As before, the temperature ranges during 

which these abrupt changes occurred coincided with that wherein significant phase changes occurred 

during the heating (Figs. 6.14 and 6.15a) and cooling (Figs. 6.15b and 6.16) cycles. Once again, the 

separation of the (009) and (104) peaks of the rhombohedral phase was evident and was prominent over 

the temperature range preceding the abrupt onset of the rhombohedral-cubic phase transformation 

during heating (Fig. 6.19b). Similarly, during cooling the peak separation was again less prominent but 

coincides with the onset of the cubic-rhombohedral phase transformation (Fig. 6.19c). The changes in 

rhombohedral unit cell volume during both the heating and cooling cycles for the 2.5Y7.5LSB material are 

less pronounced in comparison to that which was seen for the 2Y5.5LSB material. This is not surprising 

given that the rhombohedral-cubic transformation was almost driven to completion at 656 oC for the 

2Y5.5LSB material whereas this was not the case for the 2.5Y7.5LSB material. This was also evident in the 

reduced separation of the (009) and (104) peaks for the rhombohedral phase in the temperature range in 

which significant phase transformation were observed (Figs. 6.19b and 6.19c).  
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Figure 6.19. (a) Rhombohedral phase unit cell volume variation of the annealed 2.5Y7.5LSB material. 

Abrupt changes in unit cell volume during (b) heating and (c) cooling coincide with various phase changes 

observed and are highlighted by the separation of the rhombohedral phase (009) and (104) peaks.  
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6.4. Conclusion 

Investigating the phase stability window of rhombohedral Bi2O3 is crucial to the optimization of this 

conductive phase for application as a SOFC electrolyte. The phase stability window of rhombohedral Bi2O3 

was investigated in this work over a wide range of total dopant content and average dopant ionic radii. 

The phase stability window identified on this basis, although in agreement with previous results published 

by Iwahara et al.16 was found to otherwise conflict the results published in literature.14,24 This indicates 

that the nature of the dopant cation in addition to the synthetic methodology used also contribute 

significantly towards the stabilization of rhombohedral Bi2O3. The investigation of the in situ phase 

transformation behaviour illustrated for the first time the complex phase transformations that occur for 

rhombohedral-rich phase mixtures. Although these transformations are undesirable in materials for SOFC 

applications, the two compositions studied in this work provided insight into the rhombohedral-cubic 

phase transformation in addition to the formation of the monoclinic polymorph. The variation in both the 

cubic phase lattice parameter and rhombohedral phase unit cell volume proved to be indicative of the 

phase transformations observed. Additionally, the separation of the (009) and (104) peaks of the 

rhombohedral phase during the thermal cycle was identified as an excellent visual marker of the 

rhombohedral-cubic phase transformation.  

6.5. Future work 

To investigate the phase transformations in greater detail would be advantageous to enable more 

accurate quantitative phase analysis and thermal expansion behaviour investigations. For this, high 

resolution synchrotron X-ray diffraction measurements are sought. The effect of these phase 

transformations on the ionic conductivity are required to further probe the suitability of these materials 

as SOFC electrolytes. Additionally, measurements of both the thermal expansion behaviour and ionic 

conductivity of pure rhombohedral phase materials are sought to further determine if these materials are 

suitable for SOFC applications.  
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Chapter 7. General conclusions and future work 

Bismuthate materials have immense potential as improved SOFC electrolytes due to their high ionic 

conductivity at lower operating temperatures, however, there are several issues due to the characteristics 

of these materials which make them unsuitable for this application at this stage. Investigating these 

characteristics in more detail, which was the focus of this thesis, is essential to build a better 

understanding of bismuthate materials in order to improve their characteristics or use them in 

combination with other materials, and hence eventually compete with the more popularized ceria and 

zirconia electrolytes. Throughout this thesis, several bismuthate materials were synthesized using the 

citrate-gel method and investigated using powder X-ray diffraction, Raman spectroscopy and impedance 

spectroscopy techniques, all as a function of temperature.  

The δ-phase is the most studied phase of Bi2O3, and yttrium doping has been previously reported to 

stabilize this phase. However, the results across several publications were found to be inconsistent. To 

investigate these inconsistencies and to further explore the characteristics of yttrium-doped bismuthates, 

the structural stability, ionic conductivity and in situ δ-phase formation of several yttrium-doped 

bismuthates was explored. The δ-phase was found to be fully stabilized only with yttrium dopant content 

≥ 25 mol%, whereas stabilization has been previously reported for yttrium content as low as 10 mol%. 

This emphasizes the need to identify subtle diffraction peak asymmetries, which are often overlooked in 

lab-based experiments, to correctly identify mixed phase bismuthates. Higher dopant content resulted in 

decreased CTEs observed for the δ-phase and decreased ionic conductivity. Sample preparation and 

measurement strategies were found to play a role in the measured conductivity values, thus values 

determined within this work are comparable, but comparisons become a bit more tenuous when 

extending this to similar work by others.   

The phase stability of several yttrium-stabilized Bi2O3 materials was investigated over prolonged periods 

of time under ambient conditions. The ‘stabilized’ cubic and tetragonal phases were found to be 

metastable under these conditions and the spontaneous formation of both the rhombohedral and 

subcarbonate phases was observed. The formation of the latter is particularly remarkable as this was the 

first time that the sequestration of atmospheric carbon dioxide has been observed for bismuth oxide. 

Additionally, the thermal prehistory of the ‘stabilized’ materials was found to have a distinct effect on the 

long-term phase stability characteristics.  
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In attempts to enhance the ambient, long term stability of the δ-phase, pelletization and additional 

sintering as well as annealing under an inert atmosphere was found to significantly increase the phase 

stability. The annealing in a nitrogen atmosphere additionally resulted in a thermochromic response 

characterized by a colour change from brown to yellow, indicating a non-reversible change in the 

electronic structure of the material.  

During a thermal cycle, a 15YSB material displayed abrupt changes in cubic unit cell volume which are 

thought to be due to an unidentified phase change and/or the order-disorder transition. Similarly, a 

27.5YSB material exhibited non-linear thermal expansion during the thermal cycle, likely indicating the 

occurrence of changes in disorder and/or oxygen occupancy occurred during the thermal cycle. This 

behaviour was resolved, using synchrotron-based in situ total scattering, into two regions of approximate 

linear thermal expansion (i.e., a low temperature and a high temperature region). Over the high 

temperature region, the CTE was found to be increased in comparison to that observed over the low 

temperature region. By direct analysis and by monitoring changes in the cationic thermal displacement 

parameters, abrupt changes in disorder of the 27.5YSB material were observed during the thermal cycle. 

These changes coincided with the change observed in the CTE, indicating that the order-disorder 

transition contributed to the non-linear thermal expansion behaviour.   

For 10YSB and 10Y1AlSB, abrupt changes in the cubic phase unit cell volume were observed during the 

thermal cycle, which coincided with the tetragonal-cubic phase transformation. A phase change 

mechanism was proposed to account for the abrupt change in unit cell volume and to substantiate the 

phase change mechanism, evidence was sought from local structure analysis. This showed that abrupt 

changes in disorder during the thermal cycle coincided with the phase transformation and with changes 

observed in the CTE. Importantly, direct analysis of selected PDF features showed the presence of a 

second cubic phase at elevated temperatures which substantiates the proposed phase change 

mechanism. Impedance measurements for 10YSB showed that abrupt increases in ionic conductivity 

coincide with the tetragonal-cubic phase transformation. Similar measurements for 27.5YSB showed that 

changes in conductivity occur, which coincide with changes in the CTE of the material. This indicates that 

changes in the disorder of the material, which are evident in the EIS data, contribute towards the changes 

observed in the CTE which substantiates the findings from the total scattering analyses.   

The rhombohedral phase of Bi2O3 has recently emerged as a promising SOFC electrolyte material due to 

its high ionic conductivity. The phase stability window of the rhombohedral phase of Bi2O3 was found to 

differ somewhat from that reported in literature. This discrepancy highlights that the phase stability at a 
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particular dopant level and average dopant ionic radius is dependent on the synthetic method used and 

the nature of the dopant atoms. In situ phase stability investigations of rhombohedral-rich phase mixtures 

2Y5.5LSB and 2.5Y7.5LSB exhibited complex phase transformations involving the reversible 

rhombohedral-cubic phase transformation along with the formation of the monoclinic and tetragonal 

phases. The CTEs derived for the cubic phase content of 2.5Y7.5LSB are larger than those derived for 

10YSB although the total dopant content is equivalent. This indicates that the nature of the dopant and 

the identity of the phases present in the phase mixture additionally influences the observed thermal 

expansion behaviour. Abrupt changes in thermal expansion were observed for the rhombohedral phase 

of both 2Y5.5LSB and 2.5Y7.5LSB during the heating and cooling cycles, indicating the reversible 

rhombohedral-cubic phase transformation and the separation of the (009) and (104) peaks of the 

rhombohedral phase during the thermal cycle was identified as an excellent visual marker of the 

transformation.  

The research undertaken in this thesis demonstrates both the immense potential and pitfalls of 

bismuthates as SOFC electrolytes. Future work is required to further unravel these complex materials 

further, the most critical of which would be: 

• Variable temperature high resolution powder diffraction measurements are required to better 

resolve phase content to provide more confidence in the claim of a ‘phase pure’ material. 

Throughout this thesis, prominent diffraction peak overlap was identified, and this limited the 

accuracy to which phase compositions were determined.   

• Variable temperature neutron powder diffraction (NPD) measurements are required to aid 

structure elucidation and to probe changes in the oxygen sublattice during the thermal cycle. 

These measurements are required to investigate the contribution from the oxygen sublattice to 

the non-linear thermal expansion behaviour exhibited for the stabilized bismuthates and to 

identify changes in the order of the anion sublattice. 
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Appendix A 

A1. VT-PXRD collected at ID22 of the ESRF 

 

 

Figure A1. VT-PXRD data collected for 15YSB (calcined at 450 oC) over the temperature range of 

123-769 oC. 
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Figure A2. VT-PXRD data collected for 22.5YSB (calcined at 450 oC) over the temperature range of 

123-769 oC.  

 

 

 

 

 

 

 

 

 

 

 

 

 


