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Abstract 

Ceramic materials such as pyrochlore- and zirconolite-type oxides have been studied for several 

decades due to their applications in catalysis, ferromagnetism, luminescence, ionic conductivity, 

and radioactive waste sequestration. The studies presented in this thesis investigated the effects of 

solution-based synthesis methods (coprecipitation and sol-gel) on the long- and short-range 

structures of pyrochlore- and zirconolite-type oxides annealed at various temperatures and the 

structural stability of these materials upon irradiation. Powder X-ray diffraction (XRD) was used 

to confirm the formation of the desired phases at all temperatures studied (pyrochlore: 700 to 1400 

°C; zirconolite: 700 to 1400 °C). Changes in the long-range structure of the materials were 

evaluated by Rietveld refinement of the diffraction patterns. Scanning electron microscopy (SEM) 

showed an increase in grain size with annealing temperature. X-ray absorption near edge 

spectroscopy (XANES) was used to probe the local structure of Ti and Zr within the materials. 

Examination of the Ti K- and Zr K-edge XANES spectra showed no significant change in the 

structure of the pyrochlore- and zirconolite-type materials annealed at temperatures as low as 800 

and 900 °C, respectively. Pellets of pyrochlore- and zirconolite-type materials prepared by the 

three synthesis methods (ceramic, coprecipitation, and sol-gel) were implanted with high energy 

Au- ions to simulate radiation-induced structural damage. Ti K-edge glancing angle XANES 

showed no change in the radiation resistance of zirconolite prepared by any of the synthesis 

methods. The pyrochlore-type materials exhibited reduced radiation resistance when the synthesis 

method was changed from ceramic or coprecipitation to sol-gel. This effect could be due to an 

increase in the porosity of the material. Therefore, it has been shown that pyrochlore- and 

zirconolite-type materials can be synthesized at temperatures as low as 800 and 900 °C, 

respectively, by using a coprecipitation or sol-gel method, due to the atomic scale mixing of 

reactants which occurs in solution. However, use of these synthesis methods could decrease the 

ability of the materials to withstand radiation-induced structural damage. The reduction of the 

annealing temperatures required to form pyrochlore- and zirconolite-type materials results in more 

cost-efficient processing which is ideal for industrial scaling.   
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Chapter 1 

Introduction 

1.1 Nuclear power and radioactive waste 

Nuclear power is a major source of electricity worldwide.1,2 As of 2017, there were 446 operable 

reactors which were responsible for generating 11.5% of the world’s electricity.2 With 60 reactors 

under construction, 168 ordered, and 345 proposed, the global nuclear industry is expanding.2 

Nuclear power is the second largest source of electricity in Canada and contributes more than 

60,000 jobs and $6 billion to the economy per year.2 Canada is also the second largest uranium 

producer in the world (after Kazakhstan), with the world’s highest-grade uranium deposits located 

in Saskatchewan.2  

In 2008, the International Energy Agency (IEA) projected that world energy requirements 

will nearly double by 2030.3 Various “green” energy sources such as wind, solar, and nuclear have 

been proposed to meet these energy demands while combatting the prospect of climate change by 

producing little to no CO2 emissions.1,4 These energy sources can result in additional health 

benefits to communities as there are no SOx, NOx, or particulate emissions from these processes, 

which are responsible for smog in large urban areas.3 Intermittent sources of energy, like solar and 

wind energy, would rely on backup sources approximately 80% of the time, whereas nuclear power 

is available on a consistent basis.2 Reliance on nuclear power provides energy security as the fuel 

is available from many politically stable countries, and the high energy density of uranium allows 

for easier storage of large energy reserves when compared to fossil fuels.3 The major disadvantage 

of nuclear power is the generation of nuclear (radioactive) waste. 

Radioactive waste in Canada is generated from: uranium mining, milling, and refining; 

nuclear fuel fabrication; nuclear reactors; nuclear research; and radioisotope manufacturing and 

use.2,5 This waste is categorized depending on the level of radioactivity detected and/or the heat 
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emitted by the material.6 Low-level radioactive waste (LLW) are those materials that are used in 

the workplace surrounding the use of radioactive materials (e.g. gloves, cloths, protective 

clothing), and this category accounts for about 98% of all Canadian radioactive waste.5,6 

Intermediate-level radioactive waste (ILW) has had more direct contact with radioactive materials, 

such as ion-exchange resins and reactor components.6,7 High-level radioactive waste (HLW) is 

defined as spent fuel and other materials emitting >2 kW/m3 of heat.6,8 Table 1-1 shows the 

inventory of radioactive waste in Canada as of 2015, and the projected quantities of waste to 

2050.2,5 Additionally, approximately 300,000 L of liquid HLW is currently in storage from the 

production of medical isotopes and Cold War-era experiments.5  

 

Table 1-1 Inventory of LLW, ILW, and HLW nuclear waste produced in Canada to the end of 

2013 and projected to the end of 2050.5 

 

Waste Category 

 

Waste Inventory 

to the End of 2013 (m3) 

Projected 

Waste Inventory  

to the End of 2050 (m3) 

High-Level Waste 10,021 20,000 

Intermediate-Level Waste 34,770 67,000 

Low-Level Waste 2,353,000 2,594,000 

 

There are currently three disposal routes proposed for the various types of radioactive 

wastes: landfill, near-surface, and deep geological disposal.6 The landfill type of disposal has been 

implemented in several countries (e.g. Czech Republic, Finland, France, Japan, Spain, Sweden, 

the United Kingdom, and the United States) for the storage of LLW at or above ground level.6 

Near-surface storage occurs at depths of a few tens to hundreds of metres and has been 

implemented in Finland and Sweden for LLW and short-lived ILW.6,9 Most countries with HLW 

have investigated storing this waste in deep geological repositories several hundred to thousands 

of metres below ground.6,7,9,10 The plan for the long-term care of Canada’s nuclear waste is to 

isolate the waste in a deep geological repository.6,10 Sites for this repository are currently being 

evaluated.6,10  
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1.2 Nuclear wasteforms 

A wasteform is defined as “waste in its physical and chemical form after treatment and/or 

conditioning (resulting in a solid product) prior to packaging”.11,12 The ultimate purpose of 

radioactive waste management is to immobilize radioactive elements in wasteforms to prevent the 

release of those radionuclides into the environment.13–19 Groundwater leaching has been identified 

as the most likely mechanism by which release of radionuclides may occur.4,17,20–22 Therefore, the 

most important requirement for a wasteform is to be chemically durable.11,12,14,16–18,20–25 

Additionally, an ideal wasteform should be resistant to damage caused by radioactive decay 

processes, incorporate a wide range of elements with high loading, and be easy to fabricate with 

reasonable synthesis conditions.11,13,15,18,20,23–26 Several types of wasteforms have been studied to 

date including glasses, ceramics, and glass-ceramic composites.  

1.2.1 Glass wasteforms 

Vitrification of HLW is currently the most common route of radioactive waste immobilization in 

many countries around the world, such as France, Japan, Russia, the United Kingdom, and the 

United States.3,6 This is due to several reasons, including the simple processing to form glass 

wasteforms and the wide range of elements that can be incorporated into a glass.18,20,23,27–32 The 

most commonly used compositions of nuclear waste glasses are borosilicate and phosphate glasses, 

but the exact composition of the glass is adjusted for each waste stream to prevent phase separation 

and crystallization.12,18,20,28,30,31,33–35 The waste loading in these wasteforms ranges between 25 and 

35 wt%, however, most actinides are incorporated at much lower loadings (3 to 10 wt%).18,30,32 

Waste elements can be contained in the glass by chemical incorporation into the glass structure as 

network formers or modifiers, or by physical encapsulation.20,28 Glass wasteforms generally show 

lower thermal stability and chemical durability than other types of wasteforms, such as ceramics, 

which has led to an interest in developing more sophisticated wasteforms.25,28,30,36,37 

1.2.2 Ceramic wasteforms 

Ceramic oxide materials have attracted a substantial amount of interest as nuclear wasteforms, 

with many different compositions being proposed, including brannerite- (Ce2Ti2O6), hollandite- 

(BaAl2Ti6O16), perovskite- (ABO3), zircon- (ZrSiO4), pyrochlore- (A2B2O7), and zirconolite-type 
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(CaZrTi2O7) oxides.13,15,18,25,27,28,33,38–40 This is because of the existence of naturally occurring 

analogues which have been shown to contain radionuclides and withstand radiation damage over 

geological timescales.13,18,23,27–29,37–39,41–44 Ceramics can demonstrate superior physical properties 

to glasses such as increased loading of waste elements, higher thermal stability, and higher 

chemical durability.25,27,28,34–37,39,45,46 In ceramic materials, radionuclides occupy specific sites 

within a crystal structure.12,15,18,23,27,28,35,37,40,47,48 This contributes to the improvement in physical 

properties relative to glass wasteforms; however, only specific elements (depending on the ionic 

radius and oxidation state) can substitute into these sites.28,37 This problem can be solved by 

combining different crystalline materials into multi-phase ceramic wasteforms.13,15,25,45,49 The 

most commonly known multi-phase ceramic for nuclear waste sequestration is SYNROC 

(“synthetic rock”) which is a mixture of hollandite, perovskite, rutile (TiO2), and zirconolite.13,18,25–

27,37–39,45,49,50 Multi-phase ceramics may be implemented in the future for nuclear waste 

sequestration, but before that can occur, the important properties of each ceramic phase as pertains 

to waste sequestration must be fully understood. The two ceramic phases that have been 

investigated in this thesis work are pyrochlore- and zirconolite-type oxides. These materials show 

significantly improved resistance to leaching, as shown in Figure 1-1, as well as other properties 

that are beneficial to the implementation of these materials as nuclear wasteforms.13,18,38,39,41,50  

 

Figure 1-1 Comparison of the U leach rate from glass, brannerite, pyrochlore, and zirconolite 

materials, demonstrating the increased chemical durability of ceramic materials relative to glass. 

Figure reproduced with permission from Cambridge University Press.28 
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1.2.2.1 Pyrochlore-type oxides 

Pyrochlore-type oxides are a family of oxides with the general formula A2B2O7.
1,13,14,22,33,46,50–67 

The structure is cubic with the space group 𝐹𝑑3̅𝑚, where the A-site is 8-coordinate in a distorted 

cubic environment and the B-site is 6-coordinate in a distorted octahedral environment, as shown 

in Figure 1-2(a).1,13,14,19,22,33,38,39,46,50,53,56–60,62–64,66–70 The pyrochlore structure is related to the 

fluorite structure, MO2, where 1/8th of the fluorite anion sites (the 8a crystallographic site) are 

unoccupied, which results in two distinct cation coordination environments (A and B), rather than 

a single cation site (M) within the fluorite structure as shown in Figure 1-2(b).1,13,19,22,33,46,52–54,58–

60,63,67,68,70,71 The formation of the pyrochlore structure, rather than the disordered defect fluorite 

structure, depends on the radius ratio of the cations.22,33,53,54,56,60,63,64,66–68,70,72,73 If the ratio of the 

ionic radius of the A-site cation (rA) to the radius of the B-site cation (rB) is between 1.46 and 1.78, 

the pyrochlore structure is formed. However, if the ratio rA/rB is less than 1.46, then the disordered 

fluorite structure is formed.13,22,33,53,54,56,60,63,64,66–68,70,73 This is because as the ionic radii of the two 

cations become more similar, the amount of disorder in the structure increases.13,22,60,63,67,68,73 More 

than 500 compositions are known to form the pyrochlore structure due to the structural flexibility 

of this type of ceramic.1,13,22,33,39,40,54,63,68 The A- and B-sites can incorporate combinations of 

elements with 3+ and 4+ oxidation states, 2+ and 5+ oxidation states, as well as mixtures of the 

two.1,13,22,26,38,50,54,63–65 The compositions with A3+ and B4+ cations are most relevant to nuclear 

waste applications due to their ability to incorporate trivalent rare-earth elements and tri- and 

tetravalent actinides.22,54,63,74 The titanate (A2Ti2O7) and zirconate (A2Zr2O7) variants of the 

pyrochlore structure are of particular interest as nuclear wasteforms due to their resistance to 

radiation damage and chemical durability relative to borosilicate glass.31,33,39,46,47,52–54,59,67–70,73,74 

Natural pyrochlore analogues can contain up to 30 wt% UO2, 9 wt% ThO2, and 16 wt% RE2O3 

(rare-earth oxide) while retaining their structural integrity over geological timescales.22,38,75  
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Figure 1-2 (a) The pyrochlore-type structure. The 8-coordinate A-site is shown in blue, and the 6-

coordinate B-site is shown in red. The O atoms occupy tetrahedral interstitial sites. The structure 

was generated using the VESTA software program. (b) A comparison of the fluorite and 

pyrochlore-type structures. Figure adapted from Ewing, R. C.; Weber, W. J.; Lian, J. Nuclear 

Waste Disposal-Pyrochlore (A2B2O7): Nuclear Waste Form for the Immobilization of Plutonium 

and “Minor” Actinides. J. Appl. Phys. 2004, 95, 5949–5971.22 

 

1.2.2.2 Zirconolite-type oxides 

Zirconolite-type oxides are related to the pyrochlore structure by compression along the [111] 

direction, resulting in the lower symmetry monoclinic space group 𝐶2/𝑐.19,38,49 The ideal mineral 

formula of zirconolite is CaZrTi2O7.
25,32,38,39,41,49,50,76 The structure consists of two different cation 

layers, one composed of 8-coordinate Ca2+ and 7-coordinate Zr4+ polyhedra and the other of corner 

sharing 6-coordinate and 5-coordinate Ti4+ polyhedra in a 2:1 ratio, shown in Figure 1-

3.19,25,32,40,41,49 Several zirconolite polytypes exist (e.g. 2M, 3T, 3O, 4M, and 6T) that vary 

according to the layer stacking pattern.19,25,39,40,49,50 The 2M polytype forms for compositions of 

CaZrxTi3-xO7 where x ranges from 0.7 to 1.3.19,49 Zirconolite-type oxides have been investigated 

for nuclear waste sequestration applications for several decades. Actinides and rare-earth elements 

may substitute into both the Ca and Zr sites, with charge balance maintained by substitution of 

Mg, Al, Fe, Nb, Ta, or W for Ti.18,25,38–40,48–50,75,76 Zirconolite is generally more resistant to 

radiation-induced damage and is more chemically durable than pyrochlore-type materials.33,38,75  
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Figure 1-3 The 2M zirconolite-type structure (CaZrTi2O7). The 8-coordinate Ca-site is shown in 

blue. The 7-coordinate Zr-site is shown in green. The 6- and 5- coordinate Ti-sites are shown in 

red. The structure was generated using the VESTA software program. 

 

1.2.3 Glass-ceramic composite wasteforms 

Glass-ceramic wasteforms combine the benefits of both glasses and ceramics into one 

wasteform.14,16,28,30–32,36,42,77 Both the glass and ceramic phases can incorporate actinides and 

fission products, which makes these wasteforms ideal for waste streams that are difficult to 

process.14,17,18,20,35 For example, the immobilization of 137Cs and 90Sr in Mo-rich waste streams is 

difficult as these elements tend to be present in concentrations higher than would be soluble in 

borosilicate glass and can cause the melt to phase separate.17,23,42 By adding additional alkaline 

earth metals, alkaline-earth molybdates will crystallize within the glass to form one continuous 

wasteform.17,23,42 There is also the potential benefit of the glass phase acting as a secondary barrier 

for the leaching of radionuclides from the ceramic phase upon radiation damage.14,17,27,32,35,77 

Research into glass-ceramic composites is ongoing due to the need to understand the crystallization 

mechanisms within the melt and the effect of the glass-ceramic interface on the properties of the 

composites which are pertinent to radioactive waste sequestration.14,17,30,32,35,78 
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1.3 Synthesis methods 

A wide variety of synthesis methods can be used to prepare ceramic materials. The most commonly 

used method is the ceramic method, but interest in alternative methods to prepare materials with 

desirable physical properties is growing.79–82 The work presented in this thesis utilized three 

synthesis methods (ceramic, coprecipitation, and sol-gel) to prepare pyrochlore- and zirconolite-

type oxides. 

1.3.1 Ceramic 

The ceramic (high-temperature solid-state) method is the most widely used method for the 

synthesis of bulk metal oxides.46,48,64,77,79,82 This technique involves the direct reaction of metal 

oxide powders which are mechanically mixed to form the product. The powder mixture tends to 

be well mixed at the particle (μm) scale, but is inhomogeneous at the atomic scale.46,49,59,80,82–85 

Because of this, high temperatures are usually required to ensure that diffusing ions have sufficient 

thermal energy to migrate through the material.59,64,79,80,82,83,85,86 Intermediate grinding stages are 

also frequently required to break up reactant/product interfaces and form new reactant/reactant 

interfaces to allow for faster reaction times.49,59,64,77,80,82,83,85,86 A range of solution-based synthesis 

methods have been investigated to mitigate the limitations of solid-state diffusion, such as 

coprecipitation, sol-gel, and other methods.45,46,48,59,64,74,77,79–81,83–88 A chemically homogeneous 

precursor can be obtained by mixing reactants in a solution phase, which should result in lower 

annealing temperatures and shorter annealing times to form ternary or quaternary 

oxides.22,46,64,74,84–88 

1.3.2 Coprecipitation 

The coprecipitation method involves the dissolution of metal-containing reagents followed by the 

precipitation of all metal ions, typically as hydroxides or oxalates.46,80,81 A homogeneous mixture 

of powders is obtained if all species precipitate at the same pH.46,81 Some materials cannot be 

easily synthesized by this method. Alkali or alkaline earth metals tend to be highly soluble, even 

at high pH, and some transition metals are known to form soluble hydroxide complexes.45,80 Thus, 

pH control is very important when using coprecipitation methods.46,81 Complexing agents, such as 

oxalic acid, can sometimes be used to avoid these solubility issues.  
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1.3.3 Sol-gel 

Sol-gel can be considered as a broad classification of solution-based synthesis methods, which 

result in the formation of a semi-solid gel.79,85 Traditionally, sol-gel methods are defined as the 

transformation of molecular precursors from a solution to a sol (a colloidal suspension of particles 

< 1 μm in size) to a gel (a three-dimensional solid network containing a liquid).79,82,85 The gel can 

then be dried to obtain the final solid material, either an aerogel or a xerogel depending on whether 

the structure of the network is retained.79,82,85 Gels can be classified into five different types: 

colloidal, metal-oxane polymers, metal complexes, in situ polymerizable complexes (Pechini 

method), and coordinating and crosslinking polymers.85 The structures of these gels are shown in 

Figure 1-4. 

 

Figure 1-4 The five different types of gels produced from sol-gel synthesis. Figure adapted from 

Danks, A. E.; Hall, S. R.; Schnepp, Z. The Evolution of ‘Sol–gel’ Chemistry as a Technique for 

Materials Synthesis. Mater. Horiz. 2016, 3, 91–112.85 

 

Colloidal gels are formed from particles of metal oxides or hydroxides connected by 

intermolecular forces.82,85 Metal-oxane polymer gels are formed from the hydrolysis and 

condensation of metal alkoxides to form inorganic polymers composed of covalently bonded 

metals and oxygen.79,85,89 During hydrolysis of metal alkoxides, the alkoxide groups are replaced 

by a water molecule followed by deprotonation of the water group to form a metal hydroxide 
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species (Figure 1-5(a)) and an alcohol.79,82,85 Condensation occurs between a metal hydroxide and 

either a second metal hydroxide (oxolation) or a metal alkoxide (alkoxolation) to form a metal-

oxygen-metal bond and either water or an alcohol (Figure 1-5(bc)).79,82,85 Gels can also form in 

concentrated metal complex solutions by intermolecular attractions.85 

 

Figure 1-5 (a) The general reaction for hydrolysis of a metal alkoxide. (b) A general oxolation 

reaction. (c) A general alkoxolation reaction.  

 

The Pechini method involves polyesterification between a polyhydroxy alcohol (e.g. 

ethylene glycol) and a carboxylic acid metal complex (e.g. metal-citrate) upon heating.22,82,85 A 

gelatinous polymer is formed in situ around complexed metal ions.82,85 The gel can then be heated 

to induce pyrolysis of the organic polymer, leaving a homogeneous metal oxide powder.22,82,85 

Lastly, a polymer that directly bonds to a metal can be used to form a gel, rather than forming from 

the polymerization of a chelating ligand bonded to a metal.85 

Various analysis techniques are required to understand the structure of ceramic materials. 

The techniques used in this thesis include powder X-ray diffraction, X-ray absorption 

spectroscopy, and ion implantation. A brief description of each of these techniques and related 

analyses are provided below. 

 

1.4 Powder X-ray diffraction 

Powder X-ray diffraction (XRD) is used to identify crystalline components of a material and is 

one of the most powerful analysis methods in materials science.82,90,91 A crystal can be thought of 

as a series of lattice planes which diffract X-rays.82,90 If the diffracted X-rays interfere 

constructively according to Bragg’s law,  
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2𝑑 sin 𝜃 = 𝑛𝜆     (1.1) 

where d is the spacing between crystal lattice planes, θ is the diffraction angle, n is a positive 

integer, and λ is the wavelength of the incident X-rays, then a diffraction peak is observed at a 

specific angle.82,90,91 Particles within a powder diffraction sample should be randomly oriented to 

ensure that a fraction of the crystallites is oriented at the proper angle.82,90,91 Preferred orientation 

exists when the sample is not randomly oriented, which can affect the relative intensities of the 

diffraction peaks.82,90,91 In addition to simply identifying crystalline components of a material, 

powder diffraction patterns can also be used to refine unit cell parameters of a known crystal 

structure and to estimate the average crystallite size of the crystalline components of a material.82,90 

1.4.1 Rietveld refinement 

Rietveld refinement is a technique that uses a least-squares minimization approach to model 

powder diffraction patterns.90–92 By varying multiple structural and instrumental parameters, a 

calculated pattern is generated to fit an experimental pattern.90,91 The difference between the 

observed and calculated intensities of every experimental data point is minimized according to 

Equation 1.2, where Yo is the observed intensity of a data point, Yc is the calculated intensity, and 

w is a weight factor for each point based on the uncertainty in the measurement.90–93 This is 

accomplished by fitting the overall pattern with mathematical models describing peak position, 

intensity, and shape.90  

𝑀 = ∑ 𝑤(𝑌𝑜 − 𝑌𝑐)2                (1.2) 

These three components are determined by the crystal structure of the material, various 

physical properties of the sample, and instrumental parameters.90 Peak position is affected by the 

unit cell parameters of the crystal structure, the type of X-ray source used, and the alignment of 

the diffractometer.90 Peak intensity is affected by the atomic positions within the crystal structure, 

preferred orientation of the sample, and absorption of the incident X-rays by the sample.90 Peak 

shape is affected by the crystallinity of the material, the presence of disorder or defects, grain size, 

stress, strain, and the spectral purity of the X-rays.90 
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When performing a refinement, the scale factor and instrument displacement (zero shift) 

parameter must be refined first after determination of a suitable background for the experimental 

pattern.90,93 The scale factor linearly scales the calculated pattern to be in the correct intensity range 

of the experimental pattern.90 The zero shift parameter accounts for the improper setting of zero 

angles for one or more diffractometer axes (X-ray source or detector).90 Unit cell parameters (a, b, 

c, α, β, γ) and the general positional parameters for each occupied crystallographic site (x, y, z) are 

refined for the crystal structure.93 Either an isotropic or anisotropic atomic displacement parameter 

can be refined for each crystallographic site, or an overall atomic displacement parameter can be 

refined (BOVL).90,93 These factors mainly account for the thermal vibrations of atoms within a 

crystal lattice, as well as lesser factors such as deformation of electron density around the atom.82,90 

A preferred orientation factor may also be refined if it is known or suspected that the sample is not 

randomly oriented, as is the case for highly anisotropic materials, e.g. platelet- or needle-like 

crystallites.90 All these parameters affect either the peak position or intensity.90 The peak shape 

must also be refined using a peak shape function. The refinements that were performed in this 

thesis were conducted by refining variables in the following order: scale factor, zero shift, unit cell 

parameters, atomic positional parameters, peak shape variables, and atomic displacement 

parameter.  

In this thesis, the XRD patterns were modeled with the Pseudo-Voigt peak shape function, 

shown in Equation 1.3.90,91 The Pseudo-Voigt function is a linear combination of Gaussian and 

Lorentzian peak shape functions.90,91 

𝑦(𝑥) = 𝜂
𝐶𝐺

1 2⁄

√𝜋𝐻
exp(−𝐶𝐺𝑥2) + (1 − 𝜂)

𝐶𝐿
1 2⁄

𝜋𝐻
(1 + 𝐶𝐿𝑥2)−1   (1.3) 

In this equation, H is the full width at half maxima (FWHM) of a peak, which is described by the 

Caglioti equation,  

𝐻 = √𝑈 tan2 𝜃 + 𝑉 tan 𝜃 + 𝑊               (1.4) 

where U, V, and W are free variables, referred to as Caglioti parameters.90,91,93 The Pseudo-Voigt 

function mixing parameter, η, describes the fractional contribution of the Gaussian function to the 

Pseudo-Voigt function, given by Equation 1.5,  
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𝜂 = 𝜂0 + 𝜂12𝜃 + 𝜂22𝜃2;       0 ≤ 𝜂 ≤ 1          (1.5) 

where η0, η1, and η2 are free variables. 𝐶𝐺
1/2

/√𝜋𝐻 and 𝐶𝐿
1/2

/𝜋𝐻 are normalization factors for the 

Gauss and Lorentz functions respectively, with 𝐶𝐺 = 4 ln 2 and 𝐶𝐿 = 4.90 The variable x represents 

the Bragg angle of the ith point (θi) with its origin in the position of the kth peak (θk) divided by the 

FWHM of the kth peak (Hk):
90 

𝑥 = (2𝜃𝑖 − 2𝜃𝑘)/𝐻𝑘            (1.6) 

The calculated pattern can be compared to the experimental pattern by various residual 

functions, also referred to as R-factors (Equations 1.7-1.9), and the goodness of fit (Equation 

1.10).90,93 The profile R-factor, Rp, is a simple summation of the difference in observed and 

calculated intensities, divided by the sum of the observed intensities.82,90 

𝑅𝑝 =
∑|𝑌𝑜−𝑌𝑐|

∑ 𝑌𝑜
                  (1.7) 

The weighted profile R-factor, Rwp, considers the statistical weightings of each data point.90,92,93 

𝑅𝑤𝑝 = √
𝑀

∑ 𝑤𝑌𝑜
2      (1.8) 

The expected R-factor, Rexp, is mathematically the best possible Rwp value that could be obtained 

from the refinement, where N is the number of data points collected and P is the number of 

parameters refined (degrees of freedom).90,92,93 

𝑅𝑒𝑥𝑝 = √
𝑁−𝑃

𝑀
       (1.9) 

The goodness of fit, χ2, compares the weighted profile R-factor to the best possible R-factor for 

the experimental pattern.90,92,93 This value should always be greater than 1, and lower values of χ2 

generally indicate a better fit.90,92,93 Very large values for goodness of fit can indicate that the 

model used in the refinement is incorrect. 

𝜒2 = (
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)

2

                  (1.10) 

R-factors and goodness of fit alone cannot be used to determine whether a refinement is 

“good”.90–93 One reason for this is that these factors contain contributions from the background 



14 

 

which can artificially lower these R-factors when the background is high.90,92 This can make the 

refinement appear to be good when it may not be. Additionally, even small differences in peak 

shape or position can dramatically increase the difference between Rexp and Rwp when experimental 

patterns with very high counts are used due to increased statistical precision in the 

measurement.90,92 The quality of a refinement is therefore judged based on the values of the R-

factors and goodness of fit, the chemical plausibility of the refined values, and the visual fit of the 

calculated pattern to the experimental pattern.90–93   

1.4.2 Crystallite size 

In a powder diffraction experiment, radiation diffracted from a sample of small crystals results in 

broadening of the diffracted beam, and the subsequent broadening of peaks in the diffraction 

pattern. Powder X-ray diffraction patterns can be used to estimate the crystallite size of a material 

using the Scherrer Equation, 

𝐷 =
K𝜆

𝐵 cos 𝜃
               (1.11) 

where D is the average crystallite size, Κ is the shape factor, λ is the X-ray wavelength, B is the 

corrected line broadening at the full width at half maximum (FWHM), and θ is the Bragg 

angle.91,94–96 The shape factor is a unitless scale factor that is defined based on the known or 

assumed shape of the crystallites.91,95,96 The most commonly used value is K = 0.9 for spherical 

crystallites, but these values can range from 0.6-2.2 for non-spherical crystallites. The width of a 

diffraction peak depends on both crystallite size and the resolution of the diffractometer that is 

used.95 Thus, the FWHM must be corrected to account for the instrumental contribution.91 This is 

typically done by collecting a diffraction pattern from a highly crystalline reference material, such 

as LaB6 or Si, and subtracting the width of one of the peaks from this diffraction pattern from the 

FWHM of the sample diffraction pattern.91 This gives the corrected line broadening, B. While the 

Scherrer equation gives a reasonable estimate for the crystallite size of the material, it is limited 

by the use of many assumptions and disregard for other peak broadening factors, such as strain 

within the sample.91,95 The value that is calculated by the Scherrer equation is the average 

crystallite size of a polycrystalline material, and should not be mistaken for grain size, except in 

the case of single crystals.91,95 
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1.5 X-ray absorption spectroscopy 

In contrast to X-ray diffraction, which provides information on the long-range structure of a 

crystalline material, X-ray absorption spectroscopy (XAS) provides information on the average 

local structure of atoms within a material.13,14,60,66,68,97–105 The spectra are element specific, and 

sensitive to the oxidation state and chemical environment of the absorbing element.13,14,60,66,68,82,97–

99,101,102,104,105 This technique can be applied to most elements and to many different sample types, 

such as amorphous solids, crystalline solids, solutions, or polymers.82,97–99,101,106 

In an XAS experiment, a core electron is excited to an unoccupied conduction state (or out 

of the atom) by the absorption of an X-ray.13,97,100,107 The energy at which the core electron is 

excited is referred to as the absorption edge and is identified by the principal quantum number of 

the electron being excited (e.g., n = 1 is the K-edge, n = 2 is the L-edge, etc.).82,100,107 The energy 

of the absorption edge is affected by the coordination environment and the oxidation state of the 

absorbing atom. The excitation of the core electron generally follows the conservation of angular 

momentum, Δl = ±1, resulting in prominent dipolar electronic transitions (main edge 

features).13,66,100,107 However, weak quadrupolar transitions, Δl = ±2, can be observed (pre-edge 

features).13,66,100,105–107 The intensity of these features depend on the overlap of the orbitals 

involved in the electronic transition.13,66,100,102,103,105,106,108 These electronic transitions are shown 

schematically in Figure 1-6(a) and graphically in Figure 1-6(b). 

A core (electron) hole is created by the absorption of an X-ray.97,100 The two main 

mechanisms by which the excited state can decay are X-ray fluorescence and the emission of an 

Auger electron.97,100 During fluorescence, a higher energy core electron relaxes into the core hole 

emitting an X-ray.97,100 These fluorescence energies are well known for each element.97 An Auger 

electron is emitted if the relaxation of an electron to fill the core hole transfers its energy to another 

electron which is then ejected from the material.97,100 The measurement of Auger electrons is 

limited by the mean free path of the emitted electrons, making this measurement inherently surface 

sensitive.66,100 Both fluorescence and electron emission can be used to measure X-ray absorption 

spectra.66,100 
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Figure 1-6 (a) Schematic of a K-edge electronic excitation by X-ray absorption. Blue arrow shows 

the Δl = ±1 transition. Red arrows show the Δl = ±2 transitions. (b) Rutile Ti K-edge XAS 

spectrum. 

 

X-ray absorption spectroscopy is composed of two parts: X-ray absorption near edge 

spectroscopy (XANES; also referred to as X-ray absorption near edge structure) and extended X-

ray absorption fine structure (EXAFS).60,68,82,97,100,101,107 In XANES, a core electron is excited to 

an unoccupied conduction state, whereas in EXAFS the electron is excited out of the absorbing 

atom and is scattered by neighbouring atoms.100 While both XANES and EXAFS regions were 

collected in this thesis, only analysis of the XANES regions will be presented. XANES is highly 

sensitive to the oxidation state and coordination environment (e.g. coordination number; CN) of 

the absorbing atom.14,60,68,97,100,103  

1.5.1 Synchrotron radiation 

X-ray absorption spectroscopy requires a tunable X-ray source with high intensity to obtain high-

quality data.82,97,101,107,109,110 This is accomplished by the use of a synchrotron light source, such as 

the Canadian Light Source (CLS), Advanced Photon Source (APS), and many other facilities 

around the world. Within a synchrotron source, electrons are accelerated to speeds nearing the 

speed of light.82,91,101,109,110 The electron beam is directed in a circular path by use of magnetic 

fields, which results in the loss of kinetic energy by emission of radiation tangential to the path of 

the electrons.82,91,101,109 The radiation that is emitted ranges from infrared to hard X-rays and 
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beamlines are built to harness a specific energy region within this range.82,91,101 The main 

advantages of using a synchrotron source rather than a conventional laboratory radiation source 

are the significantly higher flux (photons/second/mrad/unit bandwidth) and brightness 

(photons/second/unit source area/unit bandwidth).82,101,109 

Figure 1-7 shows a general schematic of a synchrotron facility. Electrons are generated by 

an electron gun via thermionic emission from a metal filament, usually tungsten.109 These electrons 

are accelerated within a linear accelerator and the booster ring to increase the energy of the 

electrons to MeV and GeV, respectively109. Once the electrons reach this high energy they are then 

injected into the storage ring.109 The storage ring is comprised of a series of straight and curved 

sections with dipolar, quadrupolar, and sextapolar magnets at various locations around the ring to 

maintain the path of the electrons and the beam size.82,101,109 Insertion devices (e.g. wigglers or 

undulators) consist of an array of magnets with alternating polarity which causes the electron to 

follow a sinusoidal path, increasing the brightness of the radiation.82,91,101,109 Experiments can then 

be performed in end stations which are connected to the storage ring by a beamline.109 

 

Figure 1-7 Schematic diagram of a synchrotron radiation source. 



18 

 

1.5.2 Beamline setup 

A synchrotron beamline is composed of three parts: the front-end, beamline optics, and 

experimental end station.109 The front-end connects the storage ring to the beamline and includes 

safety systems to prevent radiation exposure to those inside the end station and to prevent 

malfunctions within the end station from affecting the storage ring.109 The beamline optics can 

include monochromators, diffraction gratings, and mirrors.109 Most high energy beamlines operate 

with double crystal Si or Ge monochromators which transmits the diffracted beam parallel to the 

incident beam and can be detuned to remove harmonic energies.97,109,110 Diffraction gratings serve 

the same purpose as monochromators but are generally used for low energy beamlines.110 Mirrors 

are used for power filtering, harmonic rejection, collimation and focusing of the beam.109 The end 

station is where experimentalists can physically manipulate the sample which they are 

analyzing.109 The end station contains optics to view the sample, a sample stage that can 

manipulate the position of the sample, and detectors (e.g. fluorescence, ion chambers, etc.).109 

XAS data can be collected in transmission, electron yield, or fluorescence modes.100,110 A 

typical experimental setup for XAS measurements is shown in Figure 1-8. The incident X-ray 

beam passes through an ion chamber to determine the initial intensity of photons before being 

passed through the sample.97 In a transmission experiment, the transmitted photons are measured 

by a second ion chamber.97,110 The intensity of the transmitted photons (It) is dependent on the 

intensity of the incident photons (I0), the sum of the absorption coefficients of all components of 

the material (μ), and the thickness (t) of the sample, following the Beer-Lambert law (Equation 

1.12).97,100 XAS spectra are plotted as the absorption coefficient, μ, as a function of energy. 

𝐼𝑡 = 𝐼0𝑒−𝜇𝑡                          (1.12)  

It is important that the sample is of uniform thickness when obtaining transmission measurements 

to prevent pinhole effects.97 If the sample is an uneven thickness, then the resulting transmission 

will be non-uniform.97 It is possible to collect reference spectra concurrently with sample 

transmission spectra by placing a reference sample between the second ionization chamber and a 

third ionization chamber. Alternatively, reference spectra can be collected in the same manner as 

sample spectra. 
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Figure 1-8 Schematic of a typical transmission/fluorescence XAS experimental beamline setup 

with reference spectra collected concurrently. 

 

Transmission experiments directly measure the number of photons absorbed by the sample, 

but there are also indirect methods of measuring absorption. As previously discussed, there are 

two mechanisms by which an electron core-hole can be filled: fluorescence and Auger emission. 

Fluorescence is the preferred method of detection for samples with low concentrations of the 

element of interest and is widely used in the study of biological and environmental samples.97,100 

Fluorescence can be measured in air for hard X-rays, but ultrahigh vacuum conditions are required 

for soft X-rays to prevent the absorption of fluorescent photons by air molecules.110 Electron yield 

modes measure the drain current required to replace electrons emitted from the material by Auger 

decay processes.100,110 This detection mode is inherently surface sensitive due to the mean free 

path of the emitted photoelectrons.100,110 Both fluorescence and electron yield signals are directly 

proportional to the absorption coefficient of the material (𝐼 ∝ 𝜇𝐼0).97,100  

 

1.6 Ion implantation 

The nuclear decay of radionuclides can cause significant damage within a material.1,14,43,66,111,112 

Transuranium nuclides generally decay by the release of α-particles, which can cause up to 1000 

displacements per atom (dpa) per decay event.1,22,71,76,99,105 The emitted α-particle carries most of 

the decay event energy (4.5-5.5 MeV), however, the lower energy (70-100 keV) recoil nucleus is 

responsible for most of the structural damage which occurs.1,22,28,29,37,43,71,76,112 Radiation-induced 
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structural damage can lead to volume swelling and cracking of the material, which in turn can 

increase the leach rate of radionuclides.1,11,12,21,22,28,30,39,41,47,58,60,66,71,76,77,111 The incorporation of 

radionuclides into ceramic materials results in a crystalline to amorphous phase transition 

(metamiction) over extended periods of time, and it is important to understand how nuclear 

wasteforms behave during this process.11,12,22,37,39,41,43,60,65,76,105,113 The two routes to study the 

effects of radioactive decay on materials are to incorporate short-lived radionuclides into the 

materials or to conduct ion implantation experiments.21,24,37,39,58,71,112 The incorporation of 

radionuclides like 238Pu or 244Cm is the ideal method for studies of radiation-induced damage in 

materials; however, these studies tend to occur over the course of several years, require nuclear 

permits, and require characterization techniques specialized for the analysis of radioactive 

materials.22,24,37,39,41,71,113 A more accessible option to study nuclear materials is to implant high 

energy heavy ions into simulator materials.13,14,24,32,37,39,54,58,60,66,74,111,114 These materials contain 

simulator ions, such as rare-earth (RE) elements, which take the place of and simulate the 

chemistry of radionuclides in the structure.13,40,50,60,75,115  

In an ion implantation experiment, a high energy beam of ions is focused onto the sample, 

with the temperature, ion energy, flux (ions/cm2s), and total fluence (total ions/cm2) 

experimentally controlled.1,24,71,113 Figure 1-9 shows a schematic of the Tandetron accelerator, 

located at the University of Western Ontario, which was used for ion implantation of materials in 

this thesis.116 A duoplasmatron or sputter source produces ions from a gaseous or solid elemental 

material respectively.116 The ions are then injected into the high-current Tandem accelerator, 

which accelerates the ions to MeV energies.116 The high energy ions can then be used for several 

applications, including Rutherford backscattering spectroscopy (RBS), elastic recoil detection 

(ERD) analysis, medium energy ion scattering (MEIS), molecular beam epitaxy, and ion 

implantation.37,116 The depth of ion implantation in solids varies depending on the energy and 

fluence of the ion beam, and the composition and density of the material.116 The penetration depth 

of ions can be calculated using the program Stopping Range of Ions in Matter (SRIM).117 
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Figure 1-9 Schematic of the Tandetron accelerator located at the University of Western Ontario, 

used for ion implantation experiments. The diagram is adapted from the Interface Science Western 

(ISW) website.116 

 

1.6.1 Glancing-angle XANES 

Surface-sensitive characterization methods are required to study ion-implanted samples because 

ion implantation only affects the surface region of a material.13,14,22,32,37,60,66,71 Glancing-angle X-

ray absorption near edge spectroscopy (GA-XANES) can be used to investigate the damaged 

surface layer of materials.32,60,66,99 This method is used to collect XANES spectra from different 

regions of a material. The X-ray attenuation depth in a material depends on the density of the 

material, the X-ray energy, and the angle at which the beam is set relative to the material.98,118 In 

this technique, the incident X-ray beam is set to a low (glancing) angle relative to the surface of 

the material, rather than 45° as is common for fluorescence experiments. At very low angles (just 

above the angle of total external reflection) X-rays probe the near-surface region of the 

material.13,14,32,60,66,98,118 As the angle is increased, the X-rays probe further into the material.13,66,118 

This method can thus be used to investigate the effect of radiation-induced damage in potential 

nuclear wasteforms.13,32,60,66 
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1.7 Thesis objectives 

The Canadian nuclear industry has defined its waste management goal as being to “isolate and 

contain the radioactive material so that no long-term surveillance by future generations will be 

required and that there will be negligible risk to man and his environment at any time”.119 To 

achieve this objective, detailed structural information must be known about a wide range of 

materials. The research conducted in this thesis will contribute to the development of ceramic 

oxide materials and low-temperature synthesis methods for nuclear waste sequestration. This 

thesis has three main objectives: 

1. Synthesize pyrochlore- and zirconolite-type oxides at lower annealing temperatures via 

coprecipitation and sol-gel methods. Lower temperature synthesis methods are more 

practical and economical than current high-temperature methods used for the production of 

nuclear wasteforms. 

2. Determine the effect of synthesis method and/or annealing temperature on the long-range 

and local structure of pyrochlore- and zirconolite-type oxides using powder X-ray diffraction 

and X-ray absorption spectroscopy. 

3. Investigate the effect of synthesis method and/or annealing temperature on the ability of 

pyrochlore- and zirconolite-type oxides to resist radiation-induced structural damage. 

It is hypothesized that using solution-based synthesis methods such as coprecipitation and 

sol-gel will result in lower required annealing temperatures for the formation of ceramic oxides. 

Pyrochlore-type oxides were selected to test this hypothesis, with a second system (zirconolite-

type oxides) being chosen to demonstrate that these synthesis methods can be applied to multiple 

ceramic systems. Additionally, since both ceramic systems have applications as nuclear 

wasteforms, it is important to demonstrate that synthesizing these materials at lower temperatures 

does not have an impact on the radiation resistance of the materials. It is expected that there should 

be no change in the radiation resistance properties of a material regardless of the method used to 

prepare the material. 

Chapter 2 shows the low-temperature synthesis of RE2Ti2O7 (RE = Sm, Gd, Yb) 

pyrochlore-type oxides via a coprecipitation method. Chapter 3 shows the low-temperature 

synthesis of CaZrTiO7 zirconolite-type oxides by coprecipitation and sol-gel methods. Chapter 4 
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shows the low-temperature synthesis of RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-type oxides via 

a sol-gel method and examines the radiation resistance of pyrochlore and zirconolite-type oxides 

synthesized at low temperatures using coprecipitation and sol-gel methods compared to the same 

materials synthesized at high temperatures using the ceramic method. The results from Chapters 

2, 3, and 4 are summarized and discussed in Chapter 5 in relation to pyrochlore- and zirconolite-

type oxides prepared by the ceramic method and recommendations for future experiments are 

suggested.  
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Chapter 2 

Low-temperature synthesis of RE2Ti2O7 (RE = Sm, Gd, Yb) 

pyrochlore-type materials via a coprecipitation method 

2.1 Introduction 

Pyrochlore-type oxides have been investigated for a variety of applications, including catalysis, 

ferromagnetism, luminescence, ionic conductivity, and radioactive waste sequestration.22,51,55–

57,61–64,70,80,83,84,86,88,120–124 A wide range of pyrochlore compositions has been found to demonstrate 

characteristics suitable for a nuclear wasteform. It has been shown that oxides adopting the 

pyrochlore structure can incorporate large amounts of U, Th, and Pu with high loading.53,65,70,74,125–

129 Pyrochlore compositions containing Ti or Zr have also been shown to be chemically durable 

and resistant to radiation-induced structural damage, which is important for the long-term 

reliability of these materials as wasteforms. 31,33,39,46,47,52–54,59,67–70,73,74  

The typical synthesis method used to form these materials is the conventional high-

temperature solid-state (ceramic) route which requires high annealing temperatures and long 

annealing times.59,64,79,80,82,83,85,86 Large-scale production of these materials is much more practical 

and economically feasible if performed at lower temperatures. This is difficult to achieve by the 

ceramic method due to the solid-state diffusion limitations that are imposed by mechanical mixing 

of reactants. This type of mixing results in well-mixed particles, but highly inhomogeneous 

mixtures at the atomic scale.46,49,59,80,82–85 The introduction of a solution-based synthesis method 

may reduce the required annealing temperature by mixing the precursors at a near-atomic level, 

reducing the diffusion distances required for ions to travel to form the desired material. Several 

wet chemical approaches have been reported to synthesize pyrochlore-type oxides, including 

                                                           
 A version of this chapter, authored by Sarah McCaugherty, Alicia Koo, and Andrew P. Grosvenor, has 

been submitted for publication. The manuscript has been reformatted for inclusion in this thesis. The 

Introduction section has been altered to avoid excessive repetition of Chapter 1 content. 
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hydrothermal methods,64,84,86 coprecipitation,30,51,55,56,69,80,83,120,130 and sol-gel 

processing,61,62,67,88,123,124 however, the effect of synthesis conditions on the long-range and local 

structures of these materials has not been examined. 

The long- and short-range structure of RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-type 

materials synthesized at varying temperatures via a coprecipitation method were investigated in 

this study by use of powder X-ray diffraction (XRD) and X-ray absorption near-edge spectroscopy 

(XANES). Materials prepared by the ceramic method were also studied so as to understand the 

effect of the synthetic method on the structure of these materials. Typical coprecipitation syntheses 

involve the precipitation of all precursors concurrently as hydroxides or oxalates. This study has 

shown that the resulting powders can then be annealed to form a homogeneous crystalline product 

at lower temperatures than by the ceramic method over comparable (or shorter) annealing times. 

 

2.2 Experimental 

2.2.1 Synthesis 

RE2Ti2O7 (RE = Sm, Gd, Yb) materials were synthesized using the ceramic method and a 

coprecipitation method. For the ceramic method, Sm2O3 (Alfa Aesar, 99.9%), Gd2O3 (Alfa Aesar, 

99.99%), or Yb2O3 (Alfa Aesar, 99.9%) and TiO2 (Alfa Aesar, 99.6%) powders were mixed 

stoichiometrically and pressed into pellets uniaxially at 6 MPa. The pellets were placed in alumina 

crucibles and heated in air at 1400 °C for 6 days or 800 °C for 12 days with intermediate grinding 

and pelleting after every 3 days of annealing. For the coprecipitation method, the rare earth oxides 

(Sm2O3, Gd2O3, Yb2O3) were first dissolved in hot (30 - 90 °C) concentrated HNO3 (Fisher 

Scientific, 70%). The solutions were cooled to room temperature before the stoichiometric addition 

of Ti[OC(CH3)3]4 (Acros Organics, 98%). NH4OH (Fisher Scientific, 28.0-30.0%) was added to 

the solutions until a pH of 10 was reached to precipitate all metals as hydroxides. The mixtures 

were then vacuum filtered using ashless filter paper, and the precipitate and filter paper were heated 

at 650 °C to burn off the filter paper, leaving only the dry powder precursor. The powders were 

pelletized and annealed in a tube furnace at temperatures ranging from 700 to 1400 °C for 3 (1400, 

1300, 1200, 1100 °C), 6 (1000, 900 °C), or 9 days (800, 700 °C), followed by the removal of the 

sample from the furnace and cooling in air. 
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2.2.2 Powder XRD 

Diffraction patterns used for phase analysis were collected using a PANalytical Empyrean X-ray 

diffractometer with a Co Kα1,2 X-ray source operating at 40 kV and 45 mA. Diffraction patterns 

used for phase analysis were collected in the 2θ range of 10-80° with a step size of 0.017°. 

Diffraction patterns used for Rietveld refinement were collected in the 2θ range of 10-130° with a 

step size of 0.017°. Rietveld refinement was performed using the PANalytical X’Pert HighScore 

Plus software program. The scale factor, zero shift, lattice constant, oxygen 48f(x) positional 

parameter, profile variables, and the overall isotropic thermal parameter (BOVL) were allowed to 

vary during the refinement. It should be noted that BOVL was set to 0.5 when it could not be refined 

accurately. The crystallite size was calculated from the powder X-ray diffraction data using the 

Scherrer equation (Equation 1.11). The line broadening of the instrument was determined from a 

polycrystalline Si reference disk and subtracted from the experimental FWHM to give the 

corrected line broadening value (B). The crystallite size was calculated from the four highest 

intensity diffraction peaks and the error was determined from the standard deviation of these 

calculated values. 

2.2.3 SEM 

Scanning electron microscopy (SEM) was used to study the particle size of Gd2Ti2O7 materials 

prepared by the coprecipitation method and annealed at 700, 800, and 1400 °C. Imaging was 

performed using a JEOL 840A scanning electron microscope. Samples were mounted on double-

sided carbon tape and sputter coated with approximately 200 Å of gold prior to loading them into 

the SEM. Images were acquired at 15 kV under a working distance of 15 mm and were analyzed 

using Gellar Analytical’s dPict image acquisition software.  

2.2.4 Ti K-edge XANES 

Ti K-edge XANES spectra were collected using the Sector 9 and Sector 20 bending magnet 

beamlines (9BM and 20BM) located at the Advanced Photon Source (APS; Argonne National 

Laboratory).131 Samples were finely ground, spread onto Kapton tape, and layered to maximize 

absorption. XANES spectra were collected in partial fluorescence mode using a 13-element Ge 

detector, and transmission mode with a mixture of He and N2 gases in the incident ionization 
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chamber and 100 % N2 gas in the transmission and reference ionization chambers. A Si (111) 

double crystal monochromator was used, providing a spectral resolution of 0.7 eV at 4966 eV.131 

Spectra from Ti metal foil (E0 = 4966 eV) were collected concurrently in transmission mode and 

used for calibration. XANES spectra were collected using a step size of 0.15 eV through the 

absorption edge. All XANES spectra presented here were calibrated, normalized, and analyzed 

using the Athena software program.132  

 

2.3 Results and Discussion 

2.3.1 XRD and Rietveld Refinement 

The powder XRD patterns from the RE2Ti2O7 (RE = Sm, Gd, Yb) materials prepared by the 

ceramic and coprecipitation methods using different annealing temperatures are presented in 

Figure 2-1, where the intensities of the patterns have been normalized to a value of 1. The XRD 

patterns of materials prepared by the coprecipitation method and annealed at temperatures ranging 

from 700 to 1400 °C, as well as the materials prepared by the ceramic method and annealed at 

1400 °C, confirmed the formation of the pyrochlore phase. The only material which was shown to 

contain crystalline impurities was Sm2Ti2O7 annealed at 700 °C, which contains the unreacted 

starting materials TiO2 (rutile) and Sm2O3. The crystallinity of the pyrochlore materials decreased 

as the annealing temperature was lowered, as shown by a broadening of the diffraction peaks. The 

diffraction peaks were very broad and low in intensity when the annealing temperature was 

decreased to 700 °C, indicating that the pyrochlore phase was not fully crystallized and may 

contain an amorphous fraction. A comparison of the unscaled diffraction patterns from the 

pyrochlore-type materials annealed at 700 and 1400 °C are shown in Figure A1. The crystallinity 

of the materials annealed at 700 and 800 °C was not observed to improve with prolonged heating. 

The samples prepared by the ceramic method and annealed at 800 °C resulted in the formation of 

a small amount of the desired pyrochlore phase with unreacted starting materials as the major 

phases (diffraction patterns not shown). RE2Ti2O7 (RE = Sm, Gd, Yb) materials are generally 

reported to form phase pure after annealing at 1200 °C or higher when prepared by the ceramic 

method. 
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Figure 2-1 Powder XRD patterns for (a) Sm2Ti2O7 (triangles show peaks originating from Sm2O3 

and diamonds show peaks from TiO2), (b) Gd2Ti2O7, and (c) Yb2Ti2O7 prepared by the 

coprecipitation method. Patterns are compared to the same material prepared by the ceramic 

method and annealed at 1400 °C.  



29 

 

The long-range order of the pyrochlore materials annealed at high and low temperatures was 

examined by Rietveld refinement of the powder XRD patterns from Gd2Ti2O7 annealed at 1400, 

1100, and 800 °C, and Sm2Ti2O7 and Yb2Ti2O7 annealed at 1400 and 800 °C. The diffraction 

patterns from materials annealed at 700 °C were not refined as these materials were not fully 

crystalline, as determined from the Ti K-edge XANES spectra (vide infra). Peaks corresponding 

to a small quantity of impurity in the material are present in the patterns but were not included in 

the refinement. The refined patterns show good fits to the experimental data, as shown in Figure 

2-2, A2, and A3. The refined lattice constant, oxygen 48f(x) positional parameter, BOVL, and 

agreement indices for the Gd2Ti2O7 materials prepared by the coprecipitation method are presented 

in Table 2-1 (refined data for Sm2Ti2O7 and Yb2Ti2O7 materials is presented in Table A1). Given 

little to no change in the lattice constant and positional parameter of these materials, it can be 

concluded that only minor changes are observed in the long-range structure of RE2Ti2O7 materials 

prepared by the coprecipitation method when the annealing temperature was decreased from 1400 

to 800 °C.  

 

Table 2-1 Rietveld refinement results for Gd2Ti2O7 materials prepared by the coprecipitation 

method and annealed at 1400, 1100, and 800 °C. 

 Gd2Ti2O7 

Annealing Temperature 1400°C 1100°C 800°C 

Lattice constant, a (Å) 10.17669(5) 10.18313(6) 10.1840(1) 

O 48f(x) positional 

parameter, x 
0.4261(5) 0.4294(4) 0.4275(4) 

BOVL 1.26(3) 0.5 0.52(2) 

Rexp 5.77433 6.43333 5.54593 

Rp 5.9622 8.02426 5.69274 

Rwp 7.63122 10.35648 7.17571 

χ2 1.74657 2.59151 1.6741 
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Figure 2-2 Rietveld refined powder XRD patterns from Gd2Ti2O7 prepared by the coprecipitation 

method and annealed at (a) 1400 °C, (b) 1100 °C, and (c) 800 °C. Squares mark impurity peaks 

which were not included in the refinements. 
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2.3.2 Crystallite and Particle Size 

The crystallite size of the RE2Ti2O7 (RE = Sm, Gd, Yb) materials after annealing at various 

temperatures were calculated by the Scherrer equation and are shown in Figure 2-3. The crystallite 

size of the materials increases with annealing temperature, as is expected. The large crystallite size 

after annealing at high-temperature results in decreased reliability of the Scherrer equation, and 

thus large error bars. The materials that were annealed at low temperature show a very narrow 

range of calculated crystallite size. SEM was used to confirm this trend in crystallite size, as the 

crystallite and particle size should be related. Figure 2-4 shows SEM images from Gd2Ti2O7 

powders prepared by the coprecipitation method and annealed at 1400, 800, and 700 °C. The 

average particle size of the powders decreased from more than 1 µm (Figure 2-4(a)) to less than 

500 nm (Figure 2-4(b)) when the annealing temperature was decreased from 1400 to 800 °C. No 

apparent change in the particle size was observed when the annealing temperature was reduced 

from 800 to 700 °C (Figure 2-4(c)). The particle size distribution within the SEM images of the 

materials annealed at low temperatures (700 and 800 °C) appear to be very narrow (tens of 

nanometers), especially when compared to the images from the material annealed at high 

temperature (several hundred nanometers). These trends are consistent with the trends observed 

for the calculated crystallite sizes of the materials.   

2.3.3 Ti K-edge XANES 

Titanium K-edge XANES spectra were collected to determine the effect of decreasing annealing 

temperature on the short-range order of the pyrochlore-type structure and are presented in Figure 

2-5. XANES is a powerful technique for investigating the structural and electronic properties of 

materials. The shape and intensity of the pre-edge and main-edge features provide information on 

the local coordination number (CN), oxidation state, and bonding environment of the absorbing 

atom.13,14,66,108 The spectra consist of two regions: low-intensity quadrupolar transitions (pre-edge; 

1s→3d; A) and high-intensity dipolar transitions (main-edge; 1s→4p; B and C).13,66,102,108  
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Figure 2-3 Crystallite size calculated by the Scherrer equation from the powder XRD patterns 

from (a) Sm2Ti2O7, (b) Gd2Ti2O7, and (c) Yb2Ti2O7 materials prepared by the coprecipitation 

method. Error bars correspond to the standard deviation of the calculated values. 
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Figure 2-4 SEM images of Gd2Ti2O7 materials prepared by the coprecipitation method and 

annealed at (a) 1400 °C (5,000x magnification), (b) 800 °C (20,000x magnification), and (c) 700 

°C (20,000x magnification). The scale bars are 1 μm. 
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The pre-edge region is divided into three features (A1, A2, and A3) because of crystal field splitting 

of the 3d states (A1: 1s→3d t2g and A2: 1s→3d eg
*) and non-local excitations (A3: intersite-

hybrid).14,66,106,108 The intersite-hybrid peak results from the excitation of a 1s electron of the 

absorbing atom through an O 2p orbital to the next-nearest-neighbour (NNN) Ti 3d orbital.66 The 

intensity of this feature is dependent on the overlap of the Ti 4p, O 2p, and NNN Ti 3d orbitals.66,108 

The XANES spectra for each pyrochlore composition prepared by the coprecipitation 

method and annealed from 1400 to 800 °C show nearly identical line shapes to the spectra from 

the samples prepared by the ceramic method and annealed at 1400 °C. This line shape is 

characteristic of Ti4+ in a distorted octahedral environment.13,14,66,68,102,103,106,108,133 The spectra 

from all materials annealed at 700 °C show an increase in the intensity of the pre-edge features 

and a decrease in intensity and broadening of the main edge features. The changes in the pre-edge 

features can be attributed to a decrease in the coordination number of Ti.14,66,102,103,106,108,133 As the 

coordination number decreases, the dipole character of the quadrupolar transition increases due to 

increased overlap of the Ti 4p and 3d orbitals.14,66,102,106,108 This decrease in coordination number 

can be attributed to the presence of Ti in the amorphous precursor materials, wherein metals may 

be 4-, 5-, or 6-coordinate.102,103,105,133 The changes in the main edge features of the XANES spectra 

from the sample annealed at 700 °C corresponds to increased disordering of the material, which 

results in variation of the absorption energy from different coordination sites.102,133 The 

combination of XANES and XRD measurements indicates that an annealing temperature of 700 

°C is insufficient to convert all amorphous starting materials to the pyrochlore structure using the 

coprecipitation method, even with prolonged heating.  

A trend in the intensity of the intersite-hybrid peak (A3) was also observed depending on the 

annealing temperature; the intensity of this feature was observed to decrease with decreasing 

annealing temperature. The intensity of the intersite-hybrid peak is dependent on the overlap of 

the absorbing Ti 4p orbital, the nearest-neighbour O 2p orbital, and the next-nearest-neighbour Ti 

3d orbital.66 The observed trend can be attributed to some local disorder within the material. 

Disordering of Ti would result in changes in the bond angles and increased bond lengths, which 

would result in a decrease in the overlap of the above-mentioned orbitals. 
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Figure 2-5 Ti K-edge XANES spectra from (a) Sm2Ti2O7, (b) Gd2Ti2O7, and (c) Yb2Ti2O7 

prepared by the coprecipitation method and annealed at temperatures from 700 to 1400 °C. Black 

spectra are from the same material prepared by the ceramic method. The features A1, A2, and A3 

correspond to 1s→3d t2g, 1s→3d eg
*, and intersite-hybrid excitations respectively. Features B and 

C represent the main-edge region of the spectrum. Arrows show changes in the spectra with 

decreasing annealing temperature. 
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2.4 Conclusions 

Pyrochlore-type oxides (RE2Ti2O7; RE = Sm, Gd, Yb) have been synthesized using a 

coprecipitation method with annealing temperatures ranging from 700 to 1400 °C. Minor changes 

in the long-range and local structure of the materials were observed as evidenced by small 

increases in the lattice constants and decreases in the intensity of the Ti K-edge intersite hybrid 

peak with decreasing annealing temperature. The materials annealed at 700 °C were poorly 

crystalline (likely with an amorphous fraction) which was confirmed by analysis of the Ti K-edge 

XANES spectra. The Ti K-edge XANES spectra from these materials showed an increase in the 

intensity of the pre-edge region and decrease in the intensity and broadening of main edge features 

due to the presence of Ti in an amorphous phase. The line shape of all Ti K-edge XANES spectra 

from materials annealed between 800 and 1400 °C was identical except for the intensities of the 

intersite-hybrid peaks, which is attributed to a slight local disordering of the Ti coordination 

environment with decreasing annealing temperature. It has been shown here that crystalline 

pyrochlore-type oxides can be prepared using a coprecipitation method and annealing temperatures 

as low as 800 °C with only minor changes to the short- and long-range order of the materials being 

observed. 
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Chapter 3 

Low-temperature synthesis of CaZrTi2O7 zirconolite-type materials 

via coprecipitation and sol-gel methods*

3.1 Introduction 

The zirconolite-type structure is related to the pyrochlore structure, as was described in Section 

1.2.2.2, and has been investigated for several decades for nuclear waste sequestration applications. 

It was shown in the previous chapter that the annealing temperature required to form pyrochlore-

type oxides could be substantially reduced by using a coprecipitation method to form the precursor 

powder. It was thus desirable to determine whether these results could be extended to another 

ceramic system which is relevant for nuclear waste sequestration applications.  

The sol-gel method is one of the most widely used solution-based synthesis methods to 

prepare ceramic materials. This technique is broadly defined as the formation of a gel from a 

solution, resulting in the formation of a three-dimensional solid network.79,82,85 A relatively small 

amount of energy is required to arrange the ions into an ordered, crystalline material because the 

solid structure is already mostly formed. Another solution-based synthesis method, 

coprecipitation, requires the precipitation of all metals in solution, typically as hydroxides.46,80,81 

The diffusion distances required to form the material are shortened due to the very small particle 

size of the precursors, which reduces the energy required to form the product. 

In contrast to these solution-based synthesis methods, the ceramic method requires the 

diffusion of ions through many lattice sites and defects, which is a much higher energy process. 

Sol-gel and coprecipitation methods are commonly used to prepare materials at relatively lower 

                                                           
* A version of this chapter, authored by Sarah McCaugherty and Andrew P. Grosvenor, has been submitted 

for publication. The manuscript has been reformatted for inclusion in this thesis. The Introduction section 

has been altered to avoid excessive repetition of Chapter 1 content. 
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annealing temperatures for this reason, particularly in synthetic applications where high 

temperatures are not feasible.22,46,64,74,84–88 In terms of nuclear waste sequestration applications, 

industrial-scale synthesis of wasteform materials needs to be as cost-effective as possible. Low-

temperature synthesis methods are thus highly desirable, as they reduce equipment and operating 

costs.  

In this study, zirconolite-type (CaZrTi2O7) materials were prepared by ceramic, 

coprecipitation, and sol-gel methods to determine the effect of synthesis method on the long-range 

and local structures of the materials. The synthesized materials were studied using a combination 

of powder XRD and XANES to determine the lowest temperature at which phase-pure CaZrTi2O7 

was formed.  

 

3.2 Experimental 

3.2.1 Synthesis  

Zirconolite-type materials (CaZrTi2O7) were synthesized using the ceramic method, a 

coprecipitation method, and a sol-gel method. For the ceramic method, CaCO3 (EMD, ≥99.0%), 

ZrO2 (Alfa Aesar, 99.7%), and TiO2 (Alfa Aesar, 99.6%) powders were mixed stoichiometrically 

and pressed into a pellet uniaxially at 6 MPa. The pellet was placed in an alumina crucible and 

heated in air at 1450 °C for 6 days with intermediate grinding and pelleting after 3 days of 

annealing, followed by quench cooling in air.  

For the coprecipitation method, calcium carbonate, titanium tert-butoxide, and an aqueous 

zirconium solution were used as reagents. The zirconium solution was prepared by dissolving 

ZrOCl2·xH2O (Alfa Aesar, 99.9%) in HNO3 (pH≈1). The concentration of zirconium in this 

solution was determined by ICP-AES analysis. CaCO3 and Ti[OC(CH3)3]4 (Acros Organics, 98%) 

were added to an appropriate amount of the zirconium solution and stirred until dissolved. CaCO3 

was added in 100% stoichiometric excess to account for the partial solubility of Ca(OH)2.
45 

NH4OH (Fisher Scientific, 28.0-30.0 %) was then added to the solution until a pH of 10 was 

reached to precipitate all metals as hydroxides. The mixtures were then vacuum filtered, and the 

filter paper was burned off at 650 °C, resulting in a dry powder precursor. The white powders were 
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pelletized and annealed at temperatures ranging from 900 to 1400 °C for 6 days or 700 to 800 °C 

for 12 days followed by quench cooling in air. 

A modified Pechini method was used for the sol-gel method due to the compatibility of this 

method with aqueous reagents. As previously discussed in Section 1.3.3, the Pechini method 

results in gelation by the condensation polymerization of a polyhydroxy alcohol and a carboxylic 

acid metal complex, which are typically ethylene glycol and citric acid, respectively.22,82,85 An 

appropriate amount of zirconium solution was first concentrated to ~1 mL by heating to evaporate 

excess water (to improve the quality of the gel obtained and gelation time) followed by the addition 

of 2 mL of ethylene glycol (Alfa Aesar, 99%) to prepare 0.25 g of product. Stoichiometric amounts 

of CaCO3 and Ti[OC(CH3)3]4 were then added along with 1 mL of concentrated HNO3 and 0.5 

mL of glacial acetic acid (Fisher, 99.7%). The solution was stirred in a sand bath at 80±5 °C for 

~2 hours until an opaque white gel was obtained. The gel was then dried in a furnace at 250 °C for 

1 hour, resulting in a fine black powder. This powder was ground and heated at 650 °C for 6 hours 

to burn off any remaining carbon-containing components, resulting in a fine white powder. This 

powder was then pelleted and annealed at 1400 °C for 3 days, 1200 or 900 °C for 6 days, or 800 

°C for 9 days with intermediate grinding as previously described, followed by quench cooling in 

air. 

3.2.2 Powder XRD 

Diffraction patterns used for phase analysis were collected using a PANalytical Empyrean X-ray 

diffractometer with a Co Kα1,2 X-ray source operating at 40 kV and 45 mA in the 2θ range of 10-

80° with a step size of 0.017°. Diffraction patterns used for Rietveld refinement were collected 

using a PANalytical Empyrean X-ray diffractometer with a Cu Kα1,2 X-ray source operating at 40 

kV and 45 mA in the 2θ range of 10-110° with a step size of 0.017°. Rietveld refinement was 

performed using the X’Pert HighScore Plus software program. The scale factor, zero shift, lattice 

constants, atomic positional parameters, profile variables, and the overall isotropic thermal 

parameter (BOVL) were allowed to vary during the refinement. The XRD figures presented in this 

chapter are presented with 2θ values representative of a Co X-ray source. 
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3.2.3 SEM 

Scanning electron microscopy (SEM) was performed to study the particle size of CaZrTi2O7 

materials prepared by the ceramic method (annealed at 1400 °C), the coprecipitation method 

(annealed at 900 °C), or the sol-gel method (annealed at 900 °C). Imaging was performed using a 

JEOL 840A scanning electron microscope. Samples were mounted on double-sided carbon tape 

and sputter coated with approximately 200 Å of gold prior to loading them into the SEM. Images 

were acquired at 15 kV under a working distance of 15 mm and were analyzed using the Gellar 

Analytical’s dPict image acquisition software program.  

3.2.4 Zr K-edge XANES 

Zr K-edge XANES spectra were collected using the Sector 20BM beamline located at the APS.131 

Samples were finely ground, spread onto Kapton tape, and layered to maximize absorption. 

XANES spectra were collected in partial fluorescence mode using a 13-element Ge detector and 

transmission mode with 100 % N2 gas in the incident ion chamber and a mixture of Ar and N2 

gases (70:30) in the transmission and reference chambers. A Si (111) double crystal 

monochromator was used, providing a spectral resolution of 2.5 eV at 17998 eV.131 Spectra from 

Zr metal foil (E0 = 17998 eV) were collected concurrently in transmission mode and used for 

calibration. XANES spectra were collected using a step size of 0.3 eV through the absorption edge.  

3.2.5 Ti K-edge XANES 

Ti K-edge XANES spectra were collected using the Sector 20BM beamline located at the APS.131 

Samples were finely ground, spread onto Kapton tape, and layered to maximize absorption. 

XANES spectra were collected in partial fluorescence mode using a 13-element Ge detector and 

transmission mode with a mixture of He and N2 gases (70:30) in the incident ion chamber and 

100% N2 gas in the transmission and reference chambers. A Si (111) double crystal 

monochromator was used, providing a spectral resolution of 0.7 eV at 4966 eV.131 Spectra from 

Ti metal foil (E0 = 4966 eV) were collected concurrently in transmission mode and used for 

calibration. XANES spectra were collected using a step size of 0.15 eV through the absorption 

edge. All XANES (Ti K- and Zr K-edge) spectra presented here were calibrated, normalized, and 

analyzed using the Athena software program.132 
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3.3 Results and Discussion 

3.3.1 Powder XRD and Rietveld Refinement 

The powder XRD patterns from CaZrTi2O7 zirconolite-type materials prepared by the 

coprecipitation and sol-gel methods are presented in Figure 3-1(ab). These patterns are compared 

to the diffraction pattern from the material prepared by the ceramic method and annealed at 1450 

°C. The XRD patterns of materials prepared by the coprecipitation or sol-gel method and annealed 

at temperatures ranging from 800 to 1400 °C confirmed the formation of the zirconolite phase. 

CaZrTi2O7 zirconolite-type materials are generally reported to form phase pure after annealing at 

1200 °C or higher when prepared by the ceramic method. The pattern from the material prepared 

at 800 °C show the presence of an unknown phase. To further investigate this phase, a material 

was prepared by the coprecipitation method and annealed at 700 °C. Figure 3-1(c) shows that after 

annealing at 700 °C, only peaks corresponding to the unknown phase were observed. The peak 

positions and relative intensities are indicative of a defect fluorite structure. Rietveld refinement 

was performed on the XRD pattern from this material, using a (Ca0.25Zr0.25Ti0.5)O1.75 defect fluorite 

structure as the model. The theoretical site occupancy values were used due to the difficulty in 

refining site occupancies of three atoms in one site. The results from this refinement are shown in 

Figure 3-1(d). The calculated pattern shows a good fit to the experimental pattern. 

The long-range order of the zirconolite materials prepared by the coprecipitation and sol-gel 

methods and annealed at high (1300/1400 °C) and low (900 °C) temperatures was examined by 

Rietveld refinement of the powder XRD patterns. The diffraction patterns from materials annealed 

at 800 °C were not refined as these materials were not phase-pure zirconolite, as discussed above. 

The refined patterns show good fits to the experimental data, as shown in Figure 3-2. Small 

changes in the lattice parameters and atomic coordinates (Table 3-1) were observed depending on 

the annealing temperature used. Generally, a, c, and β increased, and b decreased with decreasing 

annealing temperature. Despite these changes in lattice parameters, there was <0.1% change in the 

unit cell volume. Therefore, the materials prepared at high and low temperatures using either 

synthesis method (coprecipitation or sol-gel) show very little long-range structural change. 
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Figure 3-1 Powder XRD patterns for CaZrTi2O7 zirconolite-type materials prepared by the (a) 

coprecipitation and (b) sol-gel methods. All patterns are compared to CaZrTi2O7 prepared by the 

ceramic method and annealed at 1450 °C. Diamonds indicate peaks from an unknown phase. (c) 

Enlarged XRD patterns from CaZrTi2O7 materials prepared by the ceramic method and annealed 

at 1450 °C and by the coprecipitation method and annealed at 900, 800, and 700 °C. Dotted lines 

mark peak positions. (d) Rietveld refinement of the diffraction pattern from the material prepared 

by the coprecipitation method and annealed at 700 °C. The pattern was fit to a 

(Ca0.25Zr0.25Ti0.5)O1.75 defect fluorite model. 
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Table 3-1 Results of the Rietveld refinements of the XRD patterns from the CaZrTi2O7 materials 

prepared by the coprecipitation (P) and sol-gel (S) methods and annealed at high and low 

temperatures. Oxygen positional parameters were not refined. 

 Reference134 P-1300°C P-900°C S-1400°C S-900°C 

a (Å) 12.4458(7) 12.4531(2) 12.508(1) 12.4462(1) 12.510(1) 

b (Å) 7.2734(4) 7.2755(1) 7.2294(8) 7.27174(8) 7.2314(7) 

c (Å) 11.3942(9) 11.3814(2) 11.4064(9) 11.3813(8) 11.3987(7) 

β (°) 100.533(7) 100.570(1) 100.69(1) 100.5587(8) 100.669(9) 

BOVL - 0.54(3) 1.21(5) 0.27(3) 0.81(4) 

Cell Volume 

(Å3) 
1014.1 1013.7 1013.5 1012.6 1012.0 

Ca1 8f 

x 

y 

z 

0.373(1) 

0.123(2) 

0.4949(8) 

0.3727(5) 

0.127(1) 

0.4979(4) 

0.377(1) 

0.097(3) 

0.503(1) 

0.3725(5) 

0.125(1) 

0.4967(4) 

0.384(1) 

0.136(2) 

0.505(1) 

Zr1 8f 

x 

y 

z 

0.1222(5) 

0.1222(9) 

0.9744(5) 

0.1236(2) 

0.1247(5) 

0.9748(2) 

0.1288(6) 

0.108(1) 

0.9900(7) 

0.1238(2) 

0.1239(5) 

0.9749(2) 

0.1314(7) 

0.113(1) 

0.9894(5) 

Ti1 8f 

x 

y 

z 

0.2497(9) 

0.122(2) 

0.7467(8) 

0.2525(5) 

0.126(1) 

0.7451(4) 

0.244(1) 

0.138(3) 

0.741(1) 

0.2505(5) 

0.124(1) 

0.7436(4) 

0.247(1) 

0.138(2) 

0.7437(8) 

Ti2 8f 

x 

y 

z 

0.474(2) 

0.056(2) 

0.250(3) 

0.4721(8) 

0.0573(9) 

0.249(1) 

0.517(4) 

0.097(3) 

0.275(2) 

0.4720(9) 

0.0500(9) 

0.256(1) 

0.492(4) 

0.095(3) 

0.222(2) 

Ti3 4e y 0.127(2) 0.125(1) 0.124(3) 0.126(1) 0.114(3) 

Rexp - 4.44 4.33 4.69 4.38 

Rp - 4.64 6.47 4.87 5.64 

Rwp - 6.04 8.80 6.32 7.51 

χ2 - 1.85 4.12 1.82 2.94 
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Figure 3-2 Rietveld refined powder XRD patterns from the CaZrTi2O7 materials prepared by the 

coprecipitation method and annealed at (a) 1300 °C and (b) 900 °C, and prepared by the sol-gel 

method and annealed at (c) 1400 °C and (d) 900 °C.  
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3.3.2 SEM 

SEM images were obtained to compare the particle sizes of materials prepared by the three 

synthesis methods at high and low annealing temperatures. Figure 3-3 shows the SEM images 

from the powdered materials prepared by the ceramic method and annealed at 1400 °C and 

prepared by the coprecipitation and sol-gel methods and annealed at 900 °C. The particle size of 

the material is significantly larger (~10-20 μm) when prepared by the ceramic method and 

annealed at high temperature than the materials prepared by either the coprecipitation or sol-gel 

methods (~200-500 nm) and annealed at low temperature (i.e., 900 °C). The materials prepared by 

the coprecipitation and sol-gel methods followed by annealing at 900 °C were similar in particle 

size and distribution (Figure 3-3(bc)). This trend in particle size is also reflected in the crystallite 

size calculated by the Scherrer equation for these materials. The crystallite sizes of the materials 

prepared by the coprecipitation method were calculated to be 290±30 and 70±20 nm for materials 

annealed at 1300 and 900 °C, respectively. Similarly, the crystallite sizes of the materials prepared 

by the sol-gel method were calculated to be 600±100 and 70±10 nm for materials annealed at 1400 

and 900 °C, respectively.  

3.3.3 Zr K-edge XANES 

Zr K-edge XANES spectra were collected from the zirconolite materials made by the ceramic 

method (annealed at 1450 °C), the coprecipitation method, and the sol-gel method, and are 

presented in Figure 3-4(ab). No differences in the line shape of the spectra from any of the 

materials prepared by the coprecipitation or sol-gel methods and annealed at 900 or 1400 °C were 

observed when compared to the spectrum from the material prepared by the ceramic method. The 

spectra from both materials annealed at 800 °C show very small changes in the line shape of the 

spectra. The XRD patterns from the materials prepared by the coprecipitation and sol-gel methods 

annealed at 800 °C showed that Zr is present in both CaZrTi2O7 and a defect fluorite-type phase. 

Zr is 7-coordinate in zirconolite and 7-coordinate in defect fluorite. The rounded feature above the 

absorption edge is typical of either 7-coordinate Zr or 8-coordinate Zr with longer than average 

bond lengths, such as in zirconolite (7-coordinate; average bond length = 2.166 Å) or zirconium 

sulphate tetrahydrate (8-coordinate; average bond length = 2.180 Å).135 
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Figure 3-3 SEM images of CaZrTi2O7 materials (a) prepared by the ceramic method and annealed 

at 1400 °C (the scale bar is 10 μm); (b) prepared by the coprecipitation method and annealed at 

900 °C (the scale bar is 1 μm); (c) prepared by the sol-gel method and annealed at 900 °C (the scale 

bar is 1 μm). 
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This feature can be split into two peaks if Zr is octahedrally coordinated, as in perovskite, or if the 

environment is 8-coordinate but highly distorted, as in zircon, as shown in Figure 3-4(c).135 The 

observed changes are very small, likely due to the similarity in the local environment of Zr in 

zirconolite and defect fluorite. Additionally, the energy resolution of XANES measurements at the 

Zr K-edge is ~2.5 eV, which makes reliably identifying small changes in these spectra difficult.13,68  

 3.3.4 Ti K-edge XANES 

Ti K-edge XANES spectra were collected from the zirconolite materials made by the ceramic 

method (annealed at 1450 °C), the coprecipitation method, and the sol-gel method. These spectra 

are presented in Figure 3-5(ab). The line shapes of the spectra from the materials prepared by the 

coprecipitation and sol-gel methods annealed at 1400, 1300 °C, and 900 °C are identical to the line 

shape of the spectrum from the material prepared by the ceramic method and annealed at 1450 °C. 

The spectra from both the coprecipitation and sol-gel materials annealed at 800 °C show a small 

change in the main edge feature (C). Figure 3-5(c) shows the spectra from the material prepared 

by the ceramic method and annealed at 1450 °C and the material prepared by the coprecipitation 

method and annealed at 800 °C compared to reference spectra from materials with different Ti 

coordination numbers. The local environment of Ti in zirconolite is a mixture of 5- and 6-

coordinate. An increase in the intensity of the pre-edge peak was not observed, which would 

indicate that there was not an increase in the amount of 4- or 5-coordinate Ti in the materials 

prepared at 800 °C. The narrowing of the main edge feature appears to mimic the shape of the 

Gd2Ti2O7 pyrochlore spectrum, indicating that the amount of 6- or (potentially) 7-coordinate Ti 

relative to 5-coordinate is higher in the material prepared at 800 °C than at higher temperatures. 

This is supported by the presence of peaks corresponding to a defect fluorite-type phase in the 

diffraction pattern of the material annealed at 800 °C. 
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Figure 3-4 Zr K-edge XANES spectra from CaZrTi2O7 materials prepared by (a) the 

coprecipitation method and (b) by the sol-gel method, compared to the spectrum from the material 

prepared by the ceramic method (black spectrum); (c) Zr K-edge spectra from reference 

compounds with different Zr coordination numbers. 
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Figure 3-5 Ti K-edge XANES spectra from the CaZrTi2O7 materials prepared by (a) the 

coprecipitation method and (b) by the sol-gel method, compared to the spectrum from the material 

prepared by the ceramic method (black spectrum). The pre-edge (A) and main edge (B, C) regions 

are indicated. (c) Ti K-edge XANES spectra from the CaZrTi2O7 materials prepared by the ceramic 

(C) and coprecipitation (P) methods annealed at 1450 and 800 °C, respectively, and reference 

compounds with different Ti coordination numbers. 
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3.4 Conclusions 

Zirconolite-type oxides (CaZrTi2O7) have been successfully synthesized using a coprecipitation 

and a sol-gel method with annealing temperatures ranging from 900 to 1400 °C. Materials prepared 

using these methods followed by annealing at 800 °C contained a (Ca0.25Zr0.25Ti0.5)O1.75 defect 

fluorite-type material. The diffraction patterns showed that 900 °C is the lowest temperature at 

which zirconolite can be formed phase-pure by these methods. Rietveld refinement of XRD 

patterns from zirconolite materials prepared by the coprecipitation and sol-gel methods showed 

very small structural changes when the material was annealed at high or low temperatures. 

Examination of the Zr K-edge XANES spectra from these materials showed a very small change 

in the line shape of the spectra from materials prepared at 800 °C due to the similarity in the local 

environment of Zr in zirconolite and defect fluorite. These differences may be more apparent in 

Zr L2,3-edge XANES spectra due to increased energy resolution. A small change in the shape of 

the main edge feature of the Ti K-edge XANES spectra was observed for the materials annealed 

at 800 °C which can be attributed to the presence of Ti in a defect fluorite-type material. It has 

been shown in this study that zirconolite-type oxides can be synthesized at temperatures as low as 

900 °C using either a coprecipitation or sol-gel method with very little change in the short- or long-

range structure of the material. This work contributes towards the development of economically 

viable processes for the synthesis of nuclear wasteforms. 
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Chapter 4 

Effect of synthesis method on the radiation resistance of Gd2Ti2O7 

pyrochlore-type and CaZrTi2O7 zirconolite-type materials  

4.1 Introduction 

The previous two chapters described the synthesis of RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-

type oxides by ceramic and coprecipitation methods, and CaZrTi2O7 zirconolite-type oxides by 

ceramic, coprecipitation, and sol-gel methods. These materials have been investigated for many 

years for nuclear wasteform applications due to their resistance to radiation-induced structural 

damage and resistance to leaching in water. It has been shown above that these materials can be 

prepared at significantly lower temperatures using solution-based synthesis methods when 

compared to the classic ceramic synthesis, with only minor changes in the structure being 

observed. However, it has yet to be demonstrated that the materials prepared by these solutions-

based methods retain their radiation resistance properties, which are essential for nuclear 

wasteforms to limit the release of radionuclides to the environment.  

Pyrochlore- and zirconolite-type oxides have been proposed for the storage of actinide 

elements (commonly present in HLW) which typically undergo α-decay and emit an α-particle 

and a heavy, high energy recoil nucleus.1,22,28,29,37,43,71,76,112 The two most common approaches to 

study the effect of radioactive decay within a material are direct incorporation of radionuclides 

into the material causing in situ radiation damage (self-radiation) and external irradiation of the 

material using an ion accelerator (ion implantation).21,24,37,39,58,71,112 Ion implantation is particularly 

useful to simulate the interactions of the daughter products with the surrounding material in 

                                                           
 A version of this chapter, authored by Sarah McCaugherty and Andrew P. Grosvenor, has been submitted 

for publication. The manuscript has been reformatted for inclusion in this thesis. The Introduction section 

has been altered to avoid excessive repetition of Chapter 1 content. 
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reasonable time scales (minutes to hours) rather than geologic time scales (thousands of years). 

22,24,37,39,41,71,113 

In this work, RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-type materials were synthesized by a 

sol-gel method and characterized by powder XRD, SEM, and Ti K-edge XANES. These results 

were compared to those from the same materials prepared by ceramic and coprecipitation methods 

presented in Chapter 2. The effect of annealing temperature on the structures of these pyrochlore-

type materials prepared by sol-gel methods has not previously been reported. Pelleted Gd2Ti2O7 

and CaZrTi2O7 materials prepared by ceramic, coprecipitation, and sol-gel methods were 

implanted using a high energy beam of Au- ions to simulate radiation damage caused by the decay 

of actinide radionuclides. The damaged surface region was probed by Ti K-edge glancing-angle 

(GA) XANES to evaluate the effect of the ion implantation on the local structure of the materials. 

GA-XANES is a surface-sensitive characterization technique wherein the incident angle of the X-

rays is very small and can be adjusted to probe different regions in the material. The glancing-

angle is set to be just above the critical angle, below which total external reflection occurs. 

 

4.2 Experimental 

4.2.1 Synthesis 

Pyrochlore- (RE2Ti2O7; RE = Sm, Gd, Yb) and zirconolite- (CaZrTi2O7) type materials were 

synthesized by ceramic, coprecipitation, and sol-gel methods. The ceramic and coprecipitation 

syntheses of the pyrochlore materials are described in Section 2.2.1. The sol-gel method used to 

prepare the pyrochlore-type materials involved the dissolution of rare earth nitrates and titanium 

tert-butoxide in ethanol with stirring until gel formation. Sm(NO3)3·6H2O (Alfa-Aesar, 99.9%), 

Gd(NO3)3·6H2O (Alfa Aesar, 99.9%), or Yb(NO3)3·xH2O (Alfa Aesar, 99.9%) were dissolved in 

1 mL absolute ethanol per 0.25 g of expected product. Absolute ethanol was used instead of 95% 

ethanol to prevent hydrolysis of titanium tert-butoxide and the precipitation of TiO2. One drop of 

concentrated HNO3 acid and a stoichiometric amount of Ti[OC(CH3)3]4 was then added to the 

solution. A glassy, colourless gel was obtained after less than five minutes of stirring in a water 

bath at 40 °C. The gel was then dried at 100 °C overnight to yield a white powder, which was then 

pressed into pellets uniaxially at 6 MPa. Pelleted samples were annealed at temperatures ranging 
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from 700 to 1400 °C for 6 (1400, 1200 °C), 9 (1000, 800 °C), or 12 days (700 °C), followed by 

quench cooling in air. The synthesis of the zirconolite-type materials was described in Section 

3.2.1.  

4.2.2 Powder XRD  

Diffraction patterns were collected from the RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-type 

materials prepared by the sol-gel method using a PANalytical Empyrean X-ray diffractometer with 

a Co Kα1,2 X-ray source operating at 40 kV and 45 mA and were collected in the 2θ range of 10-

80° with a step size of 0.017°. XRD patterns from RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-type 

oxides prepared by ceramic and coprecipitation methods were previously collected and are 

presented in Section 2.3.1. XRD patterns from CaZrTi2O7 zirconolite-type materials prepared by 

ceramic, coprecipitation, and sol-gel methods were also previously collected and are presented in 

Section 3.3.2. The average crystallite sizes of the pyrochlore materials prepared by the sol-gel 

method were calculated using the Scherrer equation (Equation 1-11). The line broadening from 

the diffractometer was determined from a polycrystalline Si reference disk and subtracted from the 

experimental FWHM to give the corrected line broadening value (B). The crystallite size was 

calculated from the four highest intensity diffraction peaks and the error was determined from the 

standard deviation of these calculated values. 

4.2.3 Ion implantation 

Pyrochlore- and zirconolite-type materials were implanted with a high energy (2 MeV) beam of 

Au- ions to a dose of 5.0 x 1014 ions/cm2 using the 1.7 MeV Tandetron accelerator located at 

Interface Science Western (ISW), University of Western Ontario. The materials listed in Table 4-

1 were pelleted uniaxially at 8 MPa before the final three days of annealing, followed by ion 

implantation of one flat surface of the pellet. The ion beam was aligned normal to the surface of 

the pellet.  

The ion implantation depth and the number of vacancies per Au- ion were calculated for both 

materials using the Stopping Range of Ions in Matter (SRIM-2013) software package and are 

presented in Figure 4-1.117 The simulations were performed using 5000 Au- ions with an ion beam 

energy of 2 MeV. The target displacement energies (the energy required to permanently displace 
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an atom from its lattice site to a defect position) were assumed to be 25 eV for Ca/Ti/Zr and 28 eV 

for O.117,136 The density of Gd2Ti2O7 and CaZrTi2O7 used in the calculations were 6.57 and 4.44 

g/cm3, respectively. The X-ray attenuation depth in the materials was calculated at the Ti K-edge 

absorption energy using an internet-based program provided by Lawrence Berkeley National 

Laboratory.137 This program utilizes the Beer-Lambert law to calculate the depth to which X-rays 

of a given energy will penetrate a material as a function of angle, relative to the surface of the 

material. Two angles were chosen to be studied for each material. The first angle corresponds to a 

depth of ~100 nm within the material which is likely to be the most damaged region. The second 

angle was chosen to probe the entire region in which Au- ions were calculated to be implanted.  

 

Table 4-1 Synthesis conditions of ion implanted materials and the glancing angles studied by GA-

XANES. 

Material Synthesis Method 
Annealing 

Temperature 

Annealing 

Time 

Glancing 

Angles/Depths 

Studied 

Gd2Ti2O7 

Ceramic 1400 °C 12 days 
1.1°/100 nm 

4.5°/450 nm 
Coprecipitation 800 °C 12 days 

Sol-gel 800 °C 15 days 

CaZrTi2O7 

Ceramic 1400 °C 12 days 
0.8°/100 nm 

3.1°/500 nm 
Coprecipitation 1200 °C 9 days 

Sol-gel 1200 °C 9 days 

 

4.2.4 Ti K-edge XANES and GA-XANES 

Ti K-edge XANES spectra were collected from the pyrochlore materials prepared by the sol-gel 

method using the Sector 20BM beamline located at the APS.131 Ti K-edge XANES spectra from 

RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-type oxides prepared by ceramic and coprecipitation 

methods were previously collected and are presented in Section 2.3.3. Samples were finely ground, 

spread onto Kapton tape, and layered to maximize absorption. XANES spectra were collected in 

partial fluorescence mode using a 13-element Ge detector and transmission mode with a mixture 

of He and N2 (70:30) gases in the incident ion chamber and 100 % N2 gas in the transmission and 

reference chambers. A Si (111) double crystal monochromator was used, providing a spectral 

resolution of 0.7 eV at 4966 eV.131 Spectra from Ti metal foil (E0 = 4966 eV) were collected 
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concurrently in transmission mode and used for calibration. XANES spectra were collected using 

a step size of 0.15 eV through the absorption edge. 

 

 

Figure 4-1 Ion implantation depth and X-ray attenuation depth for (a) Gd2Ti2O7 and (b) 

CaZrTi2O7 materials; Number of vacancies produced per Au- ion in (c) Gd2Ti2O7 and (d) 

CaZrTi2O7 materials. Dotted lines mark angles/penetration depths studied by Ti K-edge GA-

XANES. 

 

Ti K-edge GA-XANES spectra were collected from ion-implanted materials using the Sector 

20BM beamline in partial fluorescence mode.131 The ion-implanted pellets were mounted on 

carbon tape and attached to a motor driven Huber goniometer which was used to adjust the 

glancing angle. The X-ray beam was vertically focused with a height of 2 mm and a beam width 

of 50 μm. The 0° angle was calibrated by adjusting the angle of the sample to achieve maximum 

transmission. The glancing angle was set to the desired value with a precision of 0.1° to probe 

different depths of the ion implanted material. All XANES spectra presented here were calibrated, 

normalized, and analyzed using the Athena software program.132 
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4.2.5 SEM 

Scanning electron microscopy (SEM) was used to study the particle size of as-synthesized 

Gd2Ti2O7 materials prepared by the sol-gel method and annealed at 800 °C. SEM images were 

previously collected from Gd2Ti2O7 materials prepared by the coprecipitation method and 

annealed at 1400, 800, and 700 °C and are presented in Section 2.3.2. Images were also collected 

from the ion-implanted surface of Gd2Ti2O7 pellets prepared by the ceramic method (annealed at 

1400 °C) and the sol-gel method (annealed at 800 °C) to compare the surface morphologies. 

Imaging was performed using a JEOL 840A scanning electron microscope. Samples were mounted 

on double-sided carbon tape and sputter coated with approximately 200 Å of gold prior to loading 

them into the SEM. Images were acquired at 15 kV under a working distance of 15 mm and were 

analyzed using the Gellar Analytical’s dPict image acquisition software program. 

 

4.3 Results and Discussion 

4.3.1 XRD Analysis of RE2Ti2O7 Prepared by the Sol-gel Method 

The powder XRD patterns from RE2Ti2O7 (RE = Sm, Gd, Yb) materials prepared by the sol-gel 

method are presented in Figure 4-2. The diffraction patterns from the same materials prepared by 

the ceramic method and annealed at 1400 °C are shown for comparison. The diffraction patterns 

for all compositions show the formation of RE2Ti2O7 with no crystalline impurities after annealing 

at temperatures ranging from 1400 to 700 °C. These results are very similar to those obtained for 

the same materials prepared by the coprecipitation method (see Section 2.3.1). Broadening of the 

diffraction peaks was observed from the samples annealed at lower temperatures. This is likely 

due to a decrease in the crystallite size of the materials. 
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4.3.2 Crystallite and Particle Size Analysis of RE2Ti2O7 Prepared by the 

Sol-gel Method 

The crystallite sizes of the RE2Ti2O7 (RE = Sm, Gd, Yb) materials prepared by the sol-gel method 

after annealing at various temperatures are calculated using the Scherrer equation are shown in 

Figure 4-3 and compared to the results from the same materials prepared by the coprecipitation 

method (previously discussed in Section 2.3.2). The crystallite size of the materials increased with 

increasing annealing temperature. This is typical for solid-state reactions as the diffusion path 

length increases as the crystallites grow, increasing the energy required for further growth. The 

large crystallite size after annealing at high-temperature results in decreased reliability of the 

Scherrer equation, and thus larger error bars. The materials that were annealed at low-temperature 

show very narrow ranges of calculated crystallite size. Similar results were obtained regardless of 

which method was used to prepare the materials (coprecipitation vs. sol-gel) for each annealing 

temperature. 

An SEM image from the Gd2Ti2O7 pyrochlore material prepared by the sol-gel method and 

annealed at 800 °C is shown in Figure 4-4. The average particle size of this material is 

approximately the same (300-500 nm) as that for the Gd2Ti2O7 pyrochlore material prepared by 

the coprecipitation method and annealed at the same temperature (see Figure 2-5). The similarity 

between the observed particle size and the calculated crystallite size of this material indicates that 

the particle growth occurs at nearly the same rate when either method is used. Fundamentally, both 

synthesis methods should result in a precursor powder which is homogeneously mixed on the 

atomic scale, resulting in similar rates of crystallite and particle growth upon annealing. 

 



58 

 

 

Figure 4-2 Powder XRD patterns from (a) Sm2Ti2O7, (b) Gd2Ti2O7, and (c) Yb2Ti2O7 prepared 

by the sol-gel method. The patterns are compared to the same material prepared by the ceramic 

method and annealed at 1400 °C.  
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Figure 4-3 Crystallite sizes calculated by the Scherrer equation from the powder XRD patterns 

from (a) Sm2Ti2O7, (b) Gd2Ti2O7, and (c) Yb2Ti2O7 materials prepared by the coprecipitation and 

sol-gel methods. Error bars correspond to the standard deviation of the calculated values. 
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Figure 4-4 SEM image of the Gd2Ti2O7 material prepared by the sol-gel method and annealed at 

800 °C viewed at 20,000x magnification. The scale bar is 1 μm. 

 

4.3.3 Ti K-edge XANES Spectra from Gd2Ti2O7 Prepared by the Sol-gel 

Method 

Ti K-edge XANES spectra were collected from Gd2Ti2O7 materials prepared by the sol-gel method 

and annealed at 1400, 800, and 700 °C. These spectra are presented in Figure 4-3(a) and are 

compared to the spectra from the Gd2Ti2O7 materials prepared by coprecipitation and annealed at 

the same temperatures (Figure 4-3(b), previously shown in Figure 2-5(b)). No changes in the line 

shape of the spectra from the sol-gel samples annealed at 1400 and 800 °C were observed when 

compared to the spectrum from the material made by the ceramic method and annealed at 1400 

°C. The spectrum from the material annealed at 700 °C show the same increase in the pre-edge 

region intensity, decrease in the main edge intensity, and broadening of the main edge features as 

the spectrum from the material prepared by coprecipitation and annealed at the same temperature. 

As was described in detail in Section 2.3.3, these changes in the spectral features result from the 

presence of Ti in an amorphous phase, wherein Ti is known to be 4- or 5-coordinate.  
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Figure 4-5 Ti K-edge XANES spectra from Gd2Ti2O7 prepared by the (a) sol-gel and (b) 

coprecipitation method and annealed at temperatures ranging from 700 to 1400 °C. The black 

spectra are from materials prepared by the ceramic method and annealed at 1400 °C. The features 

A1, A2, and A3 correspond to 1s→3d t2g, 1s→3d eg
*, and intersite-hybrid excitations, respectively. 

Features B and C represent the main-edge region of the spectrum.  

 

4.3.4 Gd2Ti2O7 and CaZrTi2O7 Ti K-edge GA-XANES 

Ti K-edge GA-XANES spectra were collected from ion-implanted CaZrTi2O7 and Gd2Ti2O7 

materials prepared by the ceramic, coprecipitation, and sol-gel methods to determine the effect of 

the synthesis method on the resistance of these materials to radiation-induced structural damage. 

Spectra were collected at two angles from each material, one low angle to probe the most damaged 

region and another higher angle to probe the entire damaged region of the material, as determined 

by calculations using the SRIM program. These spectra were then compared to the spectrum from 

the as-synthesized material to show the change in the structure of the material after ion 

implantation.  

Zirconolite-type materials are known to be highly resistant to radiation-induced structural 

damage, as can be seen in Figure 4-6. A small decrease in the intensity of the main-edge feature 

and an increase in the intensity of the pre-edge feature when the spectra from the ion implanted 

materials are compared to the spectra from the as-synthesized materials. This can be attributed to 

a decrease in the coordination number of Ti in the material because of partial amorphization.66,76 

The degree of amorphization can be concluded to be very small because the change in the spectrum 
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after implantation is minor.76 The spectra from the CaZrTi2O7 materials prepared by the 

coprecipitation and sol-gel methods overlap completely with the spectrum from the material made 

by the ceramic method. This indicates that preparation of CaZrTi2O7 zirconolite-type materials by 

solution-based synthesis methods (coprecipitation and sol-gel) does not affect the radiation 

resistance properties of the materials, even at lower annealing temperatures.   

 

 

Figure 4-6 Ti K-edge GA-XANES spectra from ion-implanted CaZrTi2O7 materials prepared by 

the ceramic, coprecipitation, and sol-gel methods collected at (a) 0.8°/~100 nm and (b) 3.1°/~500 

nm. The “As-synthesized” materials were prepared by the ceramic method and annealed at 1450 

°C.  

 

Ti K-edge GA-XANES spectra were also collected from ion implanted Gd2Ti2O7 materials 

prepared by the ceramic, coprecipitation, and sol-gel methods (Figure 4-7). The spectra from the 

ion implanted materials show a decrease in the main edge intensity and an increase in the pre-edge 

intensity relative to the undamaged material, which is indicative of amorphization of the material. 

A similar observation was made when studying the zirconolite materials. However, the spectrum 

from the ion implanted Gd2Ti2O7 material prepared by the sol-gel method collected at 1.1° (Figure 

4-7(a)) shows that the material is significantly more damaged than the materials synthesized by 

the ceramic or coprecipitation methods. Similarly, the spectrum from the Gd2Ti2O7 material 

prepared by the sol-gel method collected at 4.5° (Figure 4-7(b)) shows a slight decrease in the 

intensity of the main edge feature. The Au- ions may be able to implant further into the material 

prepared by the sol-gel method if it is more porous than the materials prepared by the other two 
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methods, which could have caused an increase in structural damage within this region. Given that 

the powder XRD patterns and the Ti K-edge XANES spectra from the Gd2Ti2O7 materials prepared 

by the sol-gel method showed no change in the structure of the material, this discrepancy is likely 

due to a bulk property of the material when prepared by this synthesis method rather than due to a 

change in the chemical structure of the material. SEM images were obtained from the ion-

implanted Gd2Ti2O7 pellets prepared by the ceramic and sol-gel methods to investigate the 

morphology of the material. 

 

 

Figure 4-7 Ti K-edge GA-XANES spectra from ion-implanted Gd2Ti2O7 materials prepared by 

the ceramic, coprecipitation, and sol-gel methods collected at (a) 1.1°/~100 nm and (b) 4.5°/~450 

nm. The “As-synthesized” materials were prepared by the ceramic method and annealed at 1400 

°C.  

 

4.3.5 SEM from Ion-implanted Gd2Ti2O7 Materials 

The surface morphology of the ion-implanted Gd2Ti2O7 pellets prepared by the ceramic and sol-

gel methods are shown in Figure 4-8. The ceramic material is composed of large particles with 

well-defined grain boundaries. The sol-gel material is composed of small particles with ill-defined 

grain boundaries and contains small pores. Irradiation of crystalline materials results in the 

formation of interstitial and vacancy defects within the material which can eventually cause 

amorphization.138,139 Grain boundaries act as sinks where these two types of defects can recombine, 

retaining the crystalline structure of the material.114,115,138,139 It has been demonstrated that 
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nanocrystalline materials can exhibit higher radiation resistance than the corresponding large-

grained materials for this reason.115,138 However, porous nanocrystalline materials can undergo 

densification upon irradiation, as has been shown for several sol-gel derived ceramic thin-films.140–

143 The densification process can result in the loss of the grain structure in the surface region of the 

material due to amorphization. The surface of the Gd2Ti2O7 material prepared by the sol-gel 

method has likely been densified by ion implantation resulting in the loss of the grain structure of 

the material. Additionally, the presence of a porous structure may allow deeper penetration of ions 

into the material, which would cause more structural damage at a given depth when compared to 

a nonporous material. A combination of this factor and densification may account for the increased 

amorphization observed in the Ti K-edge GA-XANES spectra from the material prepared by the 

sol-gel method.  

 

 

Figure 4-8 SEM images of the ion-implanted surface of the pelleted Gd2Ti2O7 pyrochlore 

materials prepared by (a) the ceramic method (annealed at 1400 °C) and (b) the sol-gel method 

(annealed at 800 °C). The scale bars are 1 μm.  
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4.4 Conclusions 

The radiation-resistance properties of Gd2Ti2O7 pyrochlore-type and CaZrTi2O7 zirconolite-type 

materials synthesized by various methods were determined by the combination of ion implantation 

and GA-XANES. RE2Ti2O7 (RE = Sm, Gd, Yb) materials were first synthesized via a simple sol-

gel method and characterized by powder XRD, SEM, and Ti K-edge XANES. The annealing 

temperature required to form the pyrochlore structure was shown by XRD and XANES to be 

reduced to 800 °C using the sol-gel method, the same result that was shown in Chapter 2 for these 

materials prepared using the coprecipitation method. The calculated crystallite size of these 

materials annealed at various temperatures was shown to be very similar to those calculated for 

the pyrochlore materials prepared by the coprecipitation method. Ti K-edge GA-XANES spectra 

from ion-implanted zirconolite materials showed a small change in the structure of these materials 

from irradiation. The materials prepared by the coprecipitation and sol-gel methods (annealed at 

1200 °C) showed identical resistance to radiation damage as the material prepared by the ceramic 

method (annealed at 1400 °C). The Ti K-edge GA-XANES spectra from the Gd2Ti2O7 pyrochlore-

type materials after ion implantation also showed some amorphization of the material. This 

amorphization was much more significant for the material prepared by the sol-gel method, despite 

nanocrystalline materials generally showing higher radiation resistance. SEM images from the 

surface of the ion-implanted Gd2Ti2O7 pellets showed that the sol-gel material may have 

experienced densification (loss of porous structure) upon irradiation, resulting in the loss of the 

grain structure in the surface region of the material which increased the amorphization of this 

region. Given that the GA-XANES spectrum from the coprecipitation pyrochlore material mostly 

overlapped the spectrum from the high-temperature ceramic material, it can be concluded that 

these two materials demonstrate similar radiation resistance. If the sol-gel method was revised to 

reduce the porosity of the resulting material, it seems likely that it too would show similar radiation 

resistance. Thus, it can be concluded that CaZrTi2O7 zirconolite-type materials and Gd2Ti2O7 

pyrochlore-type materials prepared by solution-based methods and annealed at low temperatures 

are just as effective as the same materials made by the ceramic method at high temperature for 

applications as nuclear wasteforms.  
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Chapter 5 

Conclusions and Future Work 

Pyrochlore-type oxides have been investigated here and in other works due to their potential 

application as nuclear wasteforms. The work presented in Chapter 2 showed that RE2Ti2O7 (RE 

= Sm, Gd, Yb) pyrochlore-type oxides could be prepared by annealing at temperatures as low as 

800 °C using a coprecipitation synthesis method. Rietveld refinement of powder diffraction 

patterns showed that there was no significant change in the long-range structure of the materials 

when prepared at high or low temperatures (1400 versus 800 °C). Ti K-edge XANES showed only 

a decrease in the intensity of the intersite-hybrid peak of the spectra with decreasing annealing 

temperature, which was attributed to a small amount of local disordering of the material when 

compared to the same material prepared by the ceramic method and annealed at 1400 °C. 

Pyrochlore-type oxides are generally prepared via ceramic (solid-state) synthesis methods. Figure 

5-1 shows the XRD patterns from Yb2Ti2O7 materials prepared by the ceramic method 

(methodology described in Section 2.2) and annealed at various temperatures. Phase-pure 

pyrochlore has formed after six days of annealing at 1400, 1300, and 1200 °C. Diffraction peaks 

from the pyrochlore phase as well as unreacted starting materials (Yb2O3 and TiO2) are present in 

the diffraction patterns from the materials annealed at 1100 and 800 °C. The materials annealed at 

these two temperatures did not fully form the pyrochlore phase even after extensive annealing. 

Thus, it was shown that pyrochlore-type materials can be prepared at significantly lower 

temperatures (up to 400 °C lower) using a solution-based synthesis method like coprecipitation. 

To investigate whether this result could be extended to other materials, a second ceramic material 

with applications in nuclear waste sequestration was chosen for additional studies.  
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Figure 5-1 Powder XRD patterns from Yb2Ti2O7 materials prepared by the ceramic method and 

annealed at various temperatures for 6 days.  

 

The synthesis and characterization of CaZrTi2O7 zirconolite-type materials were presented 

in Chapter 3. These materials were prepared by a coprecipitation and a sol-gel method. Powder 

XRD showed the formation of the zirconolite phase without impurities at temperatures ranging 

from 1400 to 900 °C for materials prepared by both methods. A (Ca0.25Zr0.25Ti0.5)O1.75 defect 

fluorite-type phase was found to be present in materials prepared at 800 °C. A phase transition 

from the defect fluorite structure to the zirconolite structure occurs between 700 and 900 °C. There 

was no change observed in the Zr K-edge XANES spectra from all materials annealed between 

1400 and 900 °C, despite small changes in the long-range structure shown by Rietveld refinement 

of those diffraction patterns. Very small changes were observed in the Zr K-edge XANES spectra 

from the materials prepared at the previously mentioned temperatures and those annealed at 800 

°C. The similarity in the shape of these spectra is due to the presence of the defect fluorite-type 

phase at this temperature wherein the local coordination environment of Zr is approximately 7-

coordinate, the same as in zirconolite. Investigation of the local coordination environment of Zr in 

zirconolite may be better accomplished by examination of the Zr L2,3-edge XANES spectra, since 
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the energy resolution at the energy of the Zr K-edge is poor (~2.5 eV), so distinguishing differences 

in similar line shapes at this energy is difficult.13 Ti K-edge spectra were also collected to 

investigate any changes in the local structure of Ti in the materials. Narrowing of the main edge 

feature of the Ti K-edge spectra from the coprecipitation and sol-gel materials annealed at 800 °C 

was attributed to the presence of Ti in the pyrochlore-type phase. The change in the main edge 

feature resembles the line shape from 6-coordinate Ti (as in Gd2Ti2O7 and CaTiO3). The presence 

of the defect fluorite-type phase would increase the proportion of 6- or 7-coordinate Ti relative to 

5-coordinate, explaining the increased resemblance of the spectrum to spectra from 6-coordinate 

Ti. Thus, it was concluded that phase-pure zirconolite was prepared by coprecipitation and sol-gel 

methods at 900 °C with very little change in the structure of the material. XRD patterns from 

materials prepared by the ceramic method (Figure 5-2) and annealed for 6 days shows that the 

zirconolite phase forms with small amounts of unreacted starting materials at temperatures as low 

as 1200 °C. The diffraction peaks from the starting materials disappear upon further heating of 

these materials. Thus, the annealing temperature required to form phase-pure CaZrTi2O7 can be 

reduced by 300 °C using either a coprecipitation or sol-gel synthesis method, given the same or 

shorter reaction times. 
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Figure 5-2 Powder XRD patterns from CaZrTi2O7 materials prepared by the ceramic method and 

annealed at various temperatures for 6 days. Dotted lines mark major peaks from impurity phases. 

 

The work presented in Chapters 2 and 3 show that the annealing temperature required to 

form pyrochlore- and zirconolite-type materials can be lowered by using solution-based synthesis 

methods such as coprecipitation or sol-gel. This is likely because of atomic-level mixing of 

reactants, reducing the diffusion distances required to form the materials. Figure 5-3(a) shows the 

XRD patterns from Gd2Ti2O7 and CaZrTi2O7 materials prepared by the ceramic, coprecipitation, 

and sol-gel methods before annealing. The materials prepared by the solution-based methods 

(coprecipitation and sol-gel) are X-ray amorphous, while those prepared by the ceramic method 

show diffraction peaks from the mixed powder reagents. Figure 5-3(b) shows the density recovery 

of 244Cm-doped Gd2Ti2O7 and CaZrTi2O7 materials after a calculated cumulative dose of 20x1024 

alpha decays/m3.41 The two materials were observed to be X-ray amorphous at this dosage. The 

authors of this study indicated that recrystallization of these materials began at 750 and 600 °C for 

Gd2Ti2O7 and CaZrTi2O7, respectively. Full recovery of the Gd2Ti2O7 material appears to occur at 

~800 °C, which agrees with the observations in this thesis that it is possible to form phase-pure 

Gd2Ti2O7 at 800 °C given an X-ray amorphous precursor. The data from the CaZrTi2O7 material 
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does not fit as well to the calculated trend lines, so it is not as easy to determine the point at which 

full recovery of the structure occurs. Another study that was conducted on a sample of X-ray 

amorphous (estimated dose of >1026 alpha decays/m3) natural zirconolite showed the onset of 

recrystallization in this sample to occur at 774 °C by differential thermal analysis (DTA).76 This 

would agree with the results shown in this thesis that the zirconolite structure forms at 800 °C and 

not at 700 °C. Based on these studies and the consistency of results from coprecipitation and sol-

gel methods, it seems likely that the annealing temperatures determined to be the minimum 

required to form the pyrochlore- and zirconolite-type materials are the lowest possible.  

 

Figure 5-3 (a) XRD patterns from precursor mixtures used to form Gd2Ti2O7 and CaZrTi2O7 

materials prepared by the ceramic (blue), coprecipitation (green), and sol-gel (red) methods before 

annealing. (b) Density recovery of 244Cm-doped Gd2Ti2O7 and CaZrTi2O7 after a cumulative dose 

of 20x1024 alpha decays/m3. Reprinted from Journal of Nuclear Materials, 138, Weber, W. J.; 

Wald, J. W.; Matzke, H. Effects of Self-Radiation Damage in Cm-Doped Gd2Ti2O7 and 

CaZrTi2O7, 196-209, Copyright (1986), with permission from Elsevier.41 

 

While it was shown in Chapters 2 and 3 that the chemical structure of the pyrochlore- and 

zirconolite-type materials did not significantly change with annealing temperature, the particle size 

of the resulting materials was shown to decrease substantially with decreased annealing 

temperature. The particle size of ceramic materials has been shown to affect the radiation 

resistance of the material. The work presented in Chapter 4 investigated the effect of synthesis 

method on the radiation resistance of the pyrochlore- and zirconolite-type materials prepared by 

ceramic, coprecipitation, and sol-gel methods. First, RE2Ti2O7 (RE = Sm, Gd, Yb) pyrochlore-
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type oxides were prepared by a sol-gel method and characterized by XRD and Ti K-edge XANES. 

These results were nearly identical to those shown in Chapter 2 for pyrochlore-type materials 

prepared by the coprecipitation method, most notably that 800 °C was the lowest annealing 

temperature at which the pyrochlore phase was formed phase-pure. Then, Gd2Ti2O7 pyrochlore 

and CaZrTi2O7 zirconolite materials were implanted with high energy Au- ions to simulate 

radiation damage and Ti K-edge GA-XANES measurements were performed to investigate the 

resulting structural damage. The zirconolite materials prepared by the coprecipitation and sol-gel 

methods and annealed at 1200 °C showed identical radiation resistance to the material prepared by 

the ceramic method and annealed at 1400 °C. The pyrochlore material prepared by the 

coprecipitation method and annealed at 800 °C showed very similar radiation resistance to the 

material prepared by the ceramic method and annealed at 1400 °C. However, the pyrochlore 

material prepared by the sol-gel method and annealed at 800 °C showed much more structural 

damage than the other materials after implantation. This was attributed to an increased porosity of 

this material which resulted in densification of the surface material and allowed Au- ions to 

penetrate further into the material. It is likely that this material could be prepared by the sol-gel 

method with lower porosity than the sample studied in future experiments, which could improve 

the observed radiation resistance of the material, likely to a similar level as seen in the sample 

prepared by the coprecipitation method.  

Given that both solution-based synthesis methods result in the formation of the pyrochlore- 

or zirconolite-type structures at the same (low) temperatures, it is not obvious which method is 

superior for preparation of these materials for nuclear wasteform applications. Assuming that the 

porosity issue can be resolved for the pyrochlore materials prepared by the sol-gel method, neither 

method shows a clear advantage for radiation resistance. Therefore, the preferred method will 

depend on the ease of processing and the cost of materials. The pyrochlore coprecipitation 

synthesis involves the dissolution of rare-earth oxides in hot concentrated nitric acid, followed by 

increasing the pH by ~ 9 pH units with concentrated ammonium hydroxide. These are very harsh 

reagents and must be handled very carefully. Additionally, temperature control is very important 

as adding titanium tert-butoxide to hot nitric acid can result in the evolution of NOx gas, which can 

also occur if the base is added too rapidly (due to the heat generated by the neutralization reaction). 

This synthesis can be altered to avoid these issues by using the water-soluble rare-earth nitrates as 
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reagents as was used for the sol-gel method. Given this change, most of the safety hazards can be 

eliminated. The filtration step in this method is likely the most challenging for scaling this process, 

as it is difficult to fully automate. The sol-gel method is a one-pot method which makes scaling 

simpler. However, this method is somewhat water-sensitive so there would be additional costs 

associated with maintaining dry solvents. The sol-gel method is likely the better option for the 

synthesis of pyrochlore-type oxides as the method would be easier to scale, and the synthesis and 

drying temperatures are lower than those used in the coprecipitation method. The zirconolite 

coprecipitation synthesis method has some of the same downsides as the pyrochlore 

coprecipitation synthesis (e.g. large pH change, difficult to automate), but does offer some benefits 

over the zirconolite sol-gel synthesis method. The zirconolite sol-gel synthesis method used 

ethylene glycol as the solvent rather than water, which is more expensive, and the gelation process 

takes significantly longer than the coprecipitation method (e.g., >1 hour to gel versus < 5 minutes 

to precipitate). Similar temperatures were used in both methods to dry the precipitate and the gel, 

but the sol-gel method still has the advantage of being a one-pot method. To determine which 

synthesis method should be used in industry, optimization of each method and complete cost 

analyses must be completed which is beyond the scope of this thesis. 

5.1 Future Work 

The work presented in this thesis focused on the low-temperature synthesis of specific pyrochlore- 

and zirconolite-type materials for applications as nuclear wasteforms. Similar studies could be 

conducted for many other ceramic materials which have applications as wasteforms, such as 

hollandite, brannerite, zircon, garnet, and perovskite. The low-temperature solution-based 

synthesis methods explored in this thesis could also be applied to glass-ceramic and multiphase 

ceramic systems where annealing temperature can affect the final composition of the material. This 

would be particularly useful for systems in which certain phases melt at temperatures below which 

other phases typically crystallize by ceramic methods. Melting could be avoided in these cases 

while fully crystallizing the desired products by using a coprecipitation or sol-gel method. These 

synthesis methods can also be applied to other fields of research, not just nuclear wasteforms. It 

has been shown that the particle size of ceramic materials could be tuned by adjusting the annealing 

temperature, which can then affect many material properties.  
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The synthesis methods described in this thesis require optimization before they can be 

implemented in industry, particularly the sol-gel methods. Further experiments could investigate 

the ideal ratio of reactants to solvent and additives (e.g. nitric acid, acetic acid) with the goal of 

minimizing amounts of reagents and gelation time. Another experiment could investigate how 

much time is required to completely dry the gels. It is possible that the ion-implanted pyrochlore 

sample prepared by the sol-gel method may have still contained some amount of ethanol trapped 

in the material which evaporated upon the final heating, creating a porous surface structure. Hot 

isostatic pressing (HIP) is commonly used to densify ceramic materials and should be used to 

determine if it has an effect on the radiation resistance of the Gd2Ti2O7 material prepared by the 

sol-gel method and annealed at 800 °C.30,59,120 Ion implantation experiments should be conducted 

on CaZrTi2O7 materials prepared by the coprecipitation and sol-gel methods and annealed at 900 

°C. It is important to conduct this experiment as the bulk properties of the materials prepared by 

solutions-based synthesis methods and annealed at low temperatures may be different than those 

of materials prepared by the ceramic method at high temperature, as shown by the Gd2Ti2O7 

samples. Lastly, further characterization of the (Ca0.25Zr0.25Ti0.5)O1.75 defect fluorite-type phase 

should be conducted. Neutron diffraction should be done to evaluate O disorder in the structure 

and improve the structural characterization of this material. Both Ti and Zr K-edge XANES spectra 

should be collected from this material and compared to the spectra presented in Chapter 3. 

Collection of Zr L2,3-edge XANES spectra may be necessary to more clearly identify changes in 

the local coordination environment of Zr due to improved energy resolution of these spectra 

compared to the Zr K-edge XANES spectra. This material may show valuable physical properties, 

such as ionic conductivity, which should be investigated.  
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Appendix 

Supporting Tables and Figures for Chapter 2 

Table A1 Rietveld refinement results for Sm2Ti2O7 and Yb2Ti2O7 materials prepared by the 

coprecipitation method and annealed at 1400 and 800 °C. 

 Sm2Ti2O7 Yb2Ti2O7 

Annealing Temperature 1400°C 800°C 1400°C 800°C 

Lattice constant, a (Å) 10.2158(1) 10.2229(2) 10.03024(8) 10.0305(2) 

O 48f(x) positional 

parameter, x 
0.427(1) 0.430(7) 0.430(1) 0.4236(6) 

BOVL 0.5 0.5 0.5 0.5 

Rexp 5.07947 3.39600 3.3353 2.80318 

Rp 9.12258 4.47303 5.46347 3.35093 

Rwp 11.77853 6.19494 6.65488 4.26318 

χ2 5.37708 3.32765 3.98116 2.31294 

 

 

 

Figure A1 Unscaled diffraction patterns from RE2Ti2O7 (RE = Sm, Gd, Yb) materials prepared 

by the coprecipitation method and annealed at 700 and 1400 °C.  
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Figure A2 Rietveld refined powder XRD patterns from Yb2Ti2O7 prepared by the coprecipitation 

method and annealed at (a) 1400 °C and (b) 800 °C. Squares mark impurity peaks which were not 

included in the refinements. 

 

 

 

 

Figure A3 Rietveld refined powder XRD patterns from Sm2Ti2O7 prepared by the coprecipitation 

method and annealed at (a) 1400 °C and (b) 800 °C. Squares mark impurity peaks which were not 

included in the refinements. 

 

 

 


