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Abstract 

  
The garnet-type structure has been investigated widely for numerous applications (i.e. 

laser, battery, diode etc.). The structure shows high chemical flexibility and compositional 

diversity. Material properties can be tuned and influenced by chemical substitution of garnet type 

materials. Garnet has recently been investigated as a potential host matrix for the immobilization 

of actinide elements found in high level nuclear waste. The general formula unit of garnet is 

X3A2B3O12. The structure has three different polyhedral sites with different sizes and coordination 

numbers: 8 coordinate dodecahedral site (X-site); 6 coordinate octahedral site (A-site); and 4 

coordinate tetrahedral site (B-site). To understand the effect of chemical substitution in cation site 

disorder, four different series of garnet-type materials (Y3AlxGa5-xO12, Y3AlxFe5-xO12, Y3GaxFe5-

xO12, and Y3AlxGayFe5-x-yO12) were initially synthesized under the same conditions. The local 

structures of the A- and B- sites were investigated to understand the site occupancies. Factors that 

affect the site preference of Al, Ga, and Fe were studied using powder XRD and X-ray absorption 

near edge spectroscopy (XANES).  

For further study, a series of garnet materials (Y3-zCezAlFe4O12) was investigated in to 

understand the factors affecting the oxidation state of Ce, which can be used as a simulator element 

for actinides. Powder XRD and XANES have been used to study the change in oxidation state of 

Ce in Y3-zCezAlFe4O12 (0.05 ⩽ z ⩽ 0.20) materials. The Ce L3-edge spectra confirmed that Ce has 

a mixture of oxidation state (3+ and 4+) in the system. The largest concentration of Ce4+ was 

observed when the materials were post-annealed at 800 oC following synthesis of the materials at 

1400 oC.  The observation of this variation in Ce oxidation state is a result of the temperature 

dependant Ce3+/Ce4+ redox couple with Ce4+ being favoured at lower temperatures.  Examination 

of the Fe K-edge XANES spectra indicated that only Fe3+ was present within the materials and 
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that the average Fe coordination number increased with increasing concentration of Ce4+ to charge 

balance the system.  This study suggests that this system can be described as an oxygen-stuffed 

garnet-type structure with the formula being Y3-zCezAlFe4O12+δ. 

  



iv 

 

Acknowledgements  

First and foremost, I am greatly indebted to my advisor, Dr. Andrew P. Grosvenor, who 

has provided direction and advice over the course of my research.  I consider myself very fortunate 

to receive his valuable guidance and feedback for my manuscripts and thesis. Dr. Andrew P. 

Grosvenor has provided direction and advice over the course of the research presented and 

provided many helpful and beneficial revisions to the written material. Besides my advisor, I 

would like to thank the advisory committee member, Dr. Robert W. J. Scott, for his insightful 

comments and support.  

Except where noted otherwise, I carried out the synthesis, characterization, interpretation, 

and writing presented in this thesis. I would like to acknowledge the beamline scientists for their 

help ensuring the synchrotron experiments were a success. I am thankful to Dr. Yongfeng Hu, Ms. 

Aimee MacLennan, and Dr. Lucia Zuin their support in carrying out experiments at the CLS and 

Dr. George Sterbinsky, Dr. Tianpin Wu, Dr Zou Finfrock, and Dr. Mathew Ward for their support 

in carrying out experiments at the APS. Additionally, I would like to thank the current and past 

members of the Grosvenor group for their help and support during my M.Sc. I would especially 

like to thank Dr. Jeremy Beam, Dr. Xiaoxuan Guo, Dr. M. Ruwaid Rafiuddin, and Ms. Sarah 

McCaugherty for their help collecting the XANES spectra presented in Chapter 2 and Chapter 3. 

  



v 

 

Contents 
1   Introduction .......................................................................................................................... 1 

1.1 Introduction: ..................................................................................................................... 1 

1.2 Crystal structure of garnet: ............................................................................................... 2 

1.3 Nuclear waste generation and management: .................................................................... 3 

1.3.1 Nuclear wasteforms: ................................................................................................. 6 

1.4 Experimental techniques: ................................................................................................. 9 

1.4.1 Powder X-ray diffraction (XRD): ............................................................................. 9 

1.4.2 X-ray absorption spectroscopy (XAS): ................................................................... 10 

1.4.3 X-ray Absorption Near-edge Spectroscopy (XANES): .......................................... 11 

1.4.4 Experimental Setups: .............................................................................................. 15 

1.5 Thesis overview: ............................................................................................................ 19 

2 Examination of the site preference in garnet type (X3A2B3O12; X=Y, A/B= Al, Ga, Fe) 

materials*..................................................................................................................................... 21 

2.1 Introduction: ................................................................................................................... 21 

2.2 Experimental: ................................................................................................................. 22 

2.2.1 Synthesis: ................................................................................................................ 22 

2.3 XANES........................................................................................................................... 23 

2.3.1 Al L2,3- edge XANES: ............................................................................................ 23 

2.3.2 Ga K- and Fe K-edge XANES: ............................................................................... 23 

2.4 Results and discussion:................................................................................................... 24 

2.4.1 Powder XRD: .......................................................................................................... 24 

2.5 XANES: ......................................................................................................................... 29 

2.5.1 Al L2,3-edge XANES: ............................................................................................. 29 

2.5.2 Ga K-edge XANES: ................................................................................................ 34 



vi 

 

2.5.3 Fe K-edge XANES: ................................................................................................ 37 

2.6 Conclusions: ................................................................................................................... 40 

3 Investigation of the factors affecting the oxidation state of Ce in the garnet 

structure*… ................................................................................................................................. 41 

3.1 Introduction: ................................................................................................................... 41 

3.2 Experimental: ................................................................................................................. 42 

3.2.1 Synthesis and Powder XRD: ................................................................................... 42 

3.2.2 X-ray absorption near-edge spectroscopy (XANES):............................................. 43 

3.3 Results and discussion:................................................................................................... 44 

3.3.1 Powder XRD: .......................................................................................................... 44 

3.3.2 Ce L3-edge XANES spectra: ................................................................................... 45 

3.3.3 Fe K-edge XANES spectra: .................................................................................... 52 

3.4 Conclusions: ................................................................................................................... 55 

4 Conclusions and Future work ............................................................................................ 56 

4.1 Conclusions and significance: ........................................................................................ 56 

4.1.1 Effect of studying the A- and B- site preference: ................................................... 56 

4.1.2 Effect of studying the factors affecting the oxidation state of Ce: ......................... 57 

4.2 Direction for future work: .............................................................................................. 58 

References……………………………………………………………………………………….61 

 



vii 

 

List of Tables:  

Table 2-1:Change in the lattice constants in the quinary (Y3AlxGayFe5-x-yO12) system. .................. 26 

Table 2-2:Rietveld refinement parameters for Y3AlxGa5-xO12 ......................................................... 28 

Table 3-1: Labels and descriptions of different samples studied- ................................................... 43 

 

  



viii 

 

List of Figures: 

Figure 1-1: A schematic representation of the garnet structure is shown. Blue, red, and black 

polyhedra represent the 8-, 6-, and 4-coordinate sites, respectively. Red spheres represent the 

oxygen atoms. ................................................................................................................................. 3 

Figure 1-2: Schematic diagram of Bragg`s law. When X-rays (wavelength, λ) are incident 

on a lattice plane at an angle θ, some of the X-rays undergo constructive interference. .............. 10 

Figure 1-3: A schematic layout of a synchrotron radiation facility is presented. The electrons 

are accelerated to high energies using a linear accelerator. The electrons travel with a relativistic 

speed through the booster ring and storage ring maintaining a circular path. The storage ring 

consists of bending magnets and insertion devices, which are responsible for the generation of the 

most intense synchrotron radiation. .............................................................................................. 13 

Figure 1-4: X-ray absorption spectrum from Y3Fe5O12, showing the XANES and EXAFS 

regions. The XANES spectrum is further divided into pre-edge and main-edge regions. ........... 14 

Figure 1-5: X-ray transitions commonly observed in the vicinity of metal K-edges include 

the dipole forbidden 1s→ (n-1)d transitions, and the dipole allowed 1s→ (n-1)p. L-edge includes 

dipole allowed 2p→ ns and 2p→ (n-1)d transitions. .................................................................... 14 

Figure 1-6: An incident beam of monochromatic X-ray with intensity I0 passes through a 

sample of thickness t. The transmission beam has intensity It. The absorption coefficient is 

followed by Beer-Lambert law. .................................................................................................... 16 

Figure 1-7: Hard X-ray transmission and fluorescence set-up. The X-ray photon beam from 

the ionization chamber (I0) is transmitted through the sample and the transmitted beam is measured 

using an ionization chamber (It). The released fluorescence photons (If) are collected using 

fluorescence detector. ................................................................................................................... 17 

Figure 1-8: The excited atom leaves a core-hole (i.e., unoccupied state) while the electron 

in the excited state relaxes to lower energy to fill the core-hole. ................................................. 19 

Figure 1-9: The ultra-high vacuum chamber for the VLS-PGM Beamline located at the 

Canadian Light Source in Saskatoon, SK. Entering via the beam pipe, the X-ray beam travels into 

the XAS chamber striking the sample (S), and the fluorescence (IF) signal is collected at a detector 

attached to one of the chamber ports. ........................................................................................... 19 



ix 

 

Figure 2-1: Normalized powder X-ray diffraction patterns collected from a) Y3AlxGa5-xO12, 

b) Y3GaxFe5-xO12, c) Y3AlxFe5-xO12, and d) Y3AlxGayFe5-x-yO12 are shown. The XRD patterns 

collected using a Cu source were converted to show how they would appear if a Co source was 

used for easy comparison between the four systems investigated. ............................................... 25 

Figure 2-2: The change in lattice constant from the ternary systems is presented as a function 

of 'x'. .............................................................................................................................................. 26 

Figure 2-3: Results of the Rietveld refinement of powder XRD patterns from (a) 

Y3AlGa4O12, (b) Y3Al2Ga3O12, (c) Y3Al3Ga2O12, and (d) Y3Al4GaO12 are presented. ................ 27 

Figure 2-4: Change in Al3+ and Ga3+ Oh/Td site occupancy ratio as a function of 'x'. ....... 29 

Figure 2-5: Normalized Al L2,3- edge spectra are presented from a) Y3AlxGa5-xO12, b) 

Y3AlxFe5-xO12, and c) Y3AlxGayFe5-x-yO12. Peak A corresponds to Al in the tetrahedral site while 

peak B corresponds to Al in octahedral site. Arrows indicate the change in intensity of peak A and 

peak B with increasing Al concentration. ..................................................................................... 30 

Figure 2-6: Normalized Ga K-edge from a) Y3AlxGa5-xO12, b) Y3GaxFe5-xO12, and c) 

Y3AlxGayFe5-x-yO12. Peak A corresponds to Ga3+ in occupying the tetrahedral site and peak B 

corresponds to Ga3+ occupying the octahedral site. Arrows indicate the change in intensity of peak 

A and peak B with increasing 'x' (a) and (b) or 'y' (c) ................................................................... 35 

Figure 2-7: Normalized Fe K-edge XANES spectra from a) Y3AlxFe5-xO12, b) Y3GaxFe5-

xO12, and c) Y3AlxGayFe5-x-yO12 materials are shown.  The change in intensity of the pre-edge 

region is shown in the inset of each plot. Arrows indicate the change in intensity that occur with 

increasing Al and Ga content. ....................................................................................................... 38 

Figure 3-1: Powder XRD patterns collected from Y3-zCezAlFe4O12. Figure 3-1 (a) represents 

set 1, (b) represents set 2, (c) represents set 3, and (d) represents set 4. (Set descriptions are given 

in table 3-1) ................................................................................................................................... 45 

Figure 3-2: Normalized Ce L3 XANES spectra from (a) set 1 (Ce4+ was used as starting 

material and was quenched in air), (b) set 2 (Ce3+ was used as starting material and was quenched 

in air), (c) set 3 (Ce3+ was used as staring material and was slow cooled in air), and (d) set 4 (Ce3+ 

was used as staring material and was slow cooled under N2) ....................................................... 48 

Figure 3-3: Normalized Ce L3-edge XANES spectra from Y2.85Ce0.15AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on staring material. (a) Represents as-



x 

 

synthesized samples annealed under the same conditions and then quenched in air directly from 

1400oC. (b) Represents samples that were post- annealed at 800oC. ............................................ 49 

Figure 3-4: Normalized Ce L3-edge XANES spectra from Y2.85Ce0.15AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on the annealing environment. All materials 

were synthesized using Ce(NO3)3.6H2O as the starting material. (a) Compares the spectra from the 

materials that were synthesized under N2(g) or air followed by slow cooling to room temperature. 

(b) Compares the spectra from the materials that were synthesized under N2(g) or air and then post-

annealed at 800oC. ........................................................................................................................ 50 

Figure 3-5: Normalized Ce L3-edge XANES spectra from Y2.85Ce0.15AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on the cooling rate used after high temperature 

annealing. All materials were synthesized using Ce(NO3)3.6H2O as the starting material. (a) 

Compares the spectra from the materials that were slow cooled to room temperature vs. those that 

were quenched in air from 1400 oC. (b) Compares the spectra from the materials that were post-

annealed at 800oC. ........................................................................................................................ 51 

Figure 3-6: Normalized Fe K-edge XANES spectra from (a) set 1 (Ce4+ was used as starting 

material and was quenched in air), (b) set 2 (Ce3+ was used as starting material and was quenched 

in air), (c) set 3 (Ce3+ was used as staring material and was slow cooled in air), and (d) set 4(Ce3+ 

was used as staring material and was slow cooled under N2(g)). ................................................. 54 

Figure A-1: Normalized Ce L3-edge XANES spectra from Y2.80Ce0.20AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on the staring material. (a) The Ce L3-edge 

XANES spectra from the as-synthesized samples annealed under the same conditions and then 

quenched in air from 1400oC. (b) The Ce L3-edge XANES spectra from the samples that were 

post- annealed at 800oC. ............................................................................................................... 69 

Figure A-2: Normalized Ce L3-edge XANES spectra from Y2.80Ce0.20AlFe4O12 showing the 

change in the Ce oxidation state that occurs depending on annealing environment. (a) The Ce L3-

edge XANES spectra from the as-synthesized samples formed using the Ce3+-containing starting 

material that slow cooled to room temperature. (b) The Ce L3-edge XANES spectra from the 

samples that were post-annealed at 800oC. ................................................................................... 70 

Figure A-3: Normalized Ce L3-edge XANES spectra from Y2.80Ce0.20AlFe4O12 showing the 

change in the Ce oxidation state that occurs depending on the cooling rate used after high 

temperature annealing. (a) The Ce L3-edge XANES spectra from the as-synthesized samples 



xi 

 

formed using the Ce3+-containing starting material and the same annealing conditions. (b) The Ce 

L3-edge XANES spectra from the samples that were post-annealed at 800oC ............................. 70 

 

 

 

  



xii 

 

List of Abbreviations 

APS    Advanced Photon Source  

CLS    Canadian Light Source  

CN    Coordination Number  

EXAFS   Extended X-ray Absorption Fine Structure  

HLW    High Level Waste 

IAEA    International Atomic Energy Agency 

ILW   Intermediate-level waste 

I0    Intensity of incident X-ray beam  

It    Intensity of transmitted X-ray beam  

If    Intensity of fluorescent photons  

LLW   Low -level waste 

PNC/XSD   Pacific Northwest Consortium/X-ray Science Division  

SYNROC   Synthetic Rock  

t    Sample thickness  

TEY    Total Electron Yield  

UHV   Ultra-high vacuum 

VLS-PGM   Variable Line Spacing-Plane Grating Monochromator  

XANES   X-ray Absorption Near-Edge Spectroscopy  

XAS    X-ray Absorption Spectroscopy  

XRD    X-ray Diffraction  



xiii 

 

μ    Absorption Coefficient 

θ   Incident angle 

 

  



1 

 

1 Introduction 
 

1.1 Introduction:  

Balancing the growing demand for energy against global climate change is a challenge in 

the 21st century. Researchers have suggested that global electricity demand will double by 2050.1–

3 The environmental threats from climate change are caused by anthropogenic CO2 emission from 

fossil fuel resources (i.e., coal, oil, natural gas).4 The continual use of non-renewable sources of 

energy (fossil fuels) will pose an imminent risk of exhausting the remaining fossil fuel supply.4–6 

Different forms of energy have gained attention as an alternative to fossil fuel to meet the energy 

demands of the present world.1,7,8 Nuclear energy has been considered as a reliable and efficient 

alternative source. Nuclear energy has been proposed as a strategy to fight global warming and 

energy security since it offers significantly lower carbon emission than conventional fossil fuel 

plants.6,8,9 Nuclear energy is a reliable and efficient energy source derived from the fission of an 

atom which can be used as a new source of energy to meet the growing energy requirements. The 

primary isotope used to produce nuclear energy is U-235 fuel, which allows it to provide more 

energy than fossil fuels.2,6 As of 2010, Canada produced 15% of its electricity from 17 nuclear 

power reactors.10 As of 2015, there were 442 reactors operating in the world, generating around 

383GW of electricity.11 However, radioactive waste produced from nuclear reactors need well 

developed disposal systems. Radioactive waste not only needs immobilization to separate it from 

the biosphere but also needs shielding and remote handling.12,13 Many scientific studies have 

suggested the atomic level confinement of radioactive waste elements into amorphous or 

crystalline matrices.14,15 Several types of nuclear wasteforms (i.e., glasses, ceramics, glass-ceramic 

composites) have been proposed for the sequestration of radioactive waste.16,17 Chemical 
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durability, physical properties, and radiation resistance are very important parameters for these 

wasteforms to be considered as a host matrix for radioactive nuclides.14,18–20 Therefore, 

investigations are currently in progress to develop new host matrices which can incorporate more 

radioactive waste for longer times. In order to design new solid-state materials as nuclear 

wasteforms, it is important to understand the host matrix and this thesis aims to address this aspect 

by detailing studies on the effect of substitution into crystalline solids (garnet) proposed for nuclear 

waste sequestration applications using X-ray based diffraction and spectroscopic techniques. 

Burakov et al. proposed that garnet type oxides can be a potential candidate for nuclear waste 

sequestration.21 Garnet has recently been investigated as a potential host matrix for the 

immobilization of actinide elements found in high level nuclear waste due to the high chemical 

flexibility of this structure.21–30 This chapter starts with a description of the garnet structure 

followed by a brief description of nuclear waste generation and management. The characterization 

techniques (e.g., X-ray diffraction and X-ray Absorption spectroscopy) used to study these 

materials are also briefly discussed. The main objectives of this thesis will be presented at the end 

of this chapter. 

1.2 Crystal structure of garnet: 

The garnet structure, originally solved by Menzer, has the general formula X3A2B3O12 where 

X, A, and B indicate, respectively, the 8-coordinate dodecahedral, 6-coordinate octahedral, and 4-

coordinate tetrahedral sites in the cubic system.31 The X site is usually occupied by divalent, 

trivalent, and tetravalent elements, such as Ca2+, Ce3+, Ce4+, Th4+, and  U4+. The A- and B-sites are 

occupied by trivalent and tetravalent elements (i.e., Al3+, Fe3+, Si4+, and Cr3+). The A-site 

(tetrahedra) and B-site (octahedra) form chains in the <100> direction by sharing corners, and both 

share edges with the X-site to form a three-dimensional framework.32,33 Materials adopting the 
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garnet-type structure have the space group Ia3̅d with 8 formula units per unit cell. There are 160 

atoms per unit cell and all oxygens are identical and are each bonded to one tetrahedron, one 

octahedron and to two of the dodecahedral sites. Oxygen lies in a special position and there are 96 

per unit cell.   

 

Figure 1-1: A schematic representation of the garnet structure is shown. Blue, red, and black 

polyhedra represent the 8-, 6-, and 4-coordinate sites, respectively. Red spheres represent the 

oxygen atoms. 

 

1.3 Nuclear waste generation and management:  

The management of radioactive waste has been a key challenge to generate nuclear power. 

Radioactive waste is a by-product from the operation of a nuclear reactor or from the reprocessing 

of spent nuclear fuel.5,6,17,20,34,35 Nuclear power plants produce heat by nuclear fission in which an 

isotope, typically uranium (235U), transforms into lighter atoms upon bombardment with a neutron 

and releases large amounts of energy in the form of heat.36 Naturally occurring uranium primarily 

consists of two isotopes namely U-238 (99.3%) and U-235 (0.7%) of which U-235 is the most 

fissile isotope.34,37–39 There are plenty of different nuclear reactor designs but in general the reactor 

captures the released energy and uses it to heat up water into steam which runs through turbines 
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that spin generators.5,39 A nuclear reactor generally consists of a fuel assembly, moderator, coolant, 

control rods, pressure vessel, and steam generator.5 When fuel is used in a nuclear reactor, energy 

is released by the fission of actinides such as U-235 and Pu-239; this results in the build-up of 

fission products (e.g. Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Cs) in the fuel.17 Eventually, the continued 

irradiation of a fuel becomes uneconomical and it must be removed from the reactor. The waste 

resulting from this process are enriched with fission products (e.g., Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, 

Cs, Ce, Sm), impurities from the cladding material (e.g., Zr, Mo, Mg), corrosion products (e.g., 

Fe, Al, Co, Cr), transuranic elements (e.g., Np, Am, Cm), and process chemicals.22,40 

Radioactive waste can be classified as low-level, intermediate-level, or high-level waste.10 

Classification of radioactive waste is based on the half-life of radionuclides.41 Low-level nuclear 

waste (LLW) contains 90% of the volume but only 1% of the radioactivity of all nuclear waste.19,42 

Intermediate-level waste (ILW) contains higher amounts of radioactivity than low level waste and 

is comprised of chemical sludges, nuclear reactor parts, and contaminated materials from 

reactors.42 High-level radioactive waste (HLW) produced either by the reprocessing of nuclear 

spent fuel or by nuclear weapons programs must be efficiently isolated from the biosphere. High 

level nuclear waste accounts for 95% of the total radioactivity generated in a nuclear reactor. 41,43,44 

High-level waste is hazardous to humans and other life forms because high radiation levels are 

capable of producing fatal doses during short periods of direct exposure.16  

In Canada, nuclear waste is stored in temporary storage facilities that will be used until a 

long-term solution is built.45 As a temporary solution, the spent fuel rods are placed under water 

with continual monitoring for ~5-10 years.34 The spent fuel rod, since it is still emitting radiation, 

continues to heat up the water, but the cooling systems and pumps keep the water below its boiling 

temperature.5,34 Once the nuclear waste has cooled down enough in storage pools, it can be encased 
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in casks.20 These concrete and steel containers (casks) block radiation, but this solution is far from 

permanent. Without proper maintenance, the casks could easily be damaged or breached over time 

and release radiation into the environment. Long-term nuclear waste storage needs to be situated 

in a geologically permanent environment without on-site supervision. The proposed strategy for 

completely isolating the waste from the biosphere is to permanently dispose the HLW in 

geologically stable underground locations.46 HLW must be confined in solid and highly durable 

matrices that can ensure long-term stability and isolation before placing HLW in deep geological 

repositories.43 The geological disposal of nuclear waste uses a multi-barrier concept, where the 

wasteform is one part which is surrounded by a container or a clay barrier (bentonite).43 Both 

engineering and neutral barriers are designed to prevent the radioactive waste from reaching the 

environment (biosphere).  

Geological repositories are currently viewed by many to be one of the safest methods for the 

long-term storage of HLW.19,47 Geological and environmental factors like ground water 

movement, erosion, flood, earthquake, and volcanic activities are important factors regarding 

disposal site selection.18 Immobilization of radioactive waste in inert solid matrices before storage 

is beneficial for safety reasons. The selection of the immobilization technology depends on the 

physical and chemical nature of the waste and wasteform as well as the criteria for long-term 

storage and disposal facilities.48–50 
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1.3.1 Nuclear wasteforms:  

Immobilisation is defined by the International Atomic Energy Agency (IAEA) as the 

conversion of a waste into a wasteform by solidification, embedding, or encapsulation.19,43,44,51,52 

The primary objectives of nuclear wasteforms are to provide greater resistance to leaching by 

groundwater and be capable of maintaining its structural integrity for a long period of time.44,53 

Solid matrices incorporating radionuclides are called nuclear wasteforms.14,15,50,54,55 The 

wasteform represents the first and foremost barrier to the release of nuclear waste.56 The functions 

of a wasteform are: to provide physical, chemical, and thermal stability, immobilization of the 

radioactive materials, and resistance against leaching, powdering, cracking, and other modes of 

degradation.43,56 

A key concern for the nuclear wasteform are long-term stability and durability issues, 

which could be affected by the radioactive decay of incorporated nuclear waste elements.46,57,58 

The radiation is a result of radioactive decay of fission products via β (e-) particle emission.57 

Alpha particles (α; He2+) are produced from minor actinides.57 When these radioactive nuclides 

are confined into a host material, the major effect that can influence the long-term stability of 

nuclear wasteforms is atomic displacements in the structure, which can result in the development 

of defects, swelling, and cracking of the material. Different nuclear wasteforms (i.e., amorphous, 

crystalline, combination of both) have been proposed based on the high waste loading, radiation 

stability, ease of processing, and physical and chemical durability of these materials.43,46,59–61 Each 

nuclear wasteform offers unique features to incorporate nuclear waste elements, which will be 

discussed below.43,60,62 

1.3.1.1 Glass wasteforms:  
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The concept of using glass as a host for radioactive waste is based upon the radionuclides 

becoming part of the random three-dimensional glass network.46 The immobilization of 

radioactive waste materials in glass is called vitrification.63,15,50,57,64 The choice of composition for 

nuclear waste host glasses is a compromise between processability and wasteform durability.65 

Various glasses have been proposed as a nuclear wasteform based on their ability to accommodate 

a wide variety of waste-stream compositions, easy industrial processing, and radiation stability.50,66 

Borosilicate, phosphate, and rare-earth glasses have been proposed glass wasteforms to immobilize 

fission products and actinides.15,50,51 However, depending on the composition of the glass 

wasteform, the waste loading capacities can be very poor (3-10 wt %) and the thermodynamic 

stability of nuclear waste glass is a concern for water contamination.17,43,50,67 The interaction 

between a glass wasteform and ground water could potentially lead to the diffusion of 

radionuclides in the ground water.50 Though the composition of glass wasteforms can vary 

significantly to match the desired application, the disadvantages of glass wasteforms (i.e., low 

waste loading; low thermal and chemical stability) have lead to the development of second 

generation wasteforms (crystalline wasteforms) for HLW immobilization applications.11,14,57  

1.3.1.2 Crystalline wasteforms:  

 An ideal ceramic wasteform must have several different coordination polyhedra of various 

sizes and shapes to immobilize various radioactive nuclides. The use of crystalline wasteforms 

largely depends on the ability to incorporate a wide range of chemical species within their lattice.46 

Unlike glass wasteforms, radionuclides in crystalline ceramics occupy specific atomic sites and 

act as a part of the crystal structure.43,57 Since the atomic sites in a crystal structure have specific 

size, charge, and bonding requirements, the crystalline host matrix imposes restrictions on the type 

of radioactive elements that can be incorporated into the crystal structure.43,68 Crystalline 
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wasteforms have many potential advantages, such as high resistance to leaching and radiation 

damage, high waste loading, and excellent thermal and mechanical stability.46 The advantages of 

ceramic wasteforms has led to the development of host ceramic structures for specific types of 

radioactive elements.53  

Both single-phase and multi-phase crystalline ceramics have been proposed as host matrices 

for HLW. Multiphase ceramics (i.e., synroc) are multi-component mixtures of Ti-containing 

crystalline minerals like hollandite, perovskite, zirconolite, and rutile. Synroc was designed to 

immobilize multiple elements at the same time.44 However, an expansion of one phase during 

radiation damage could induce cracking in an adjacent phase as well.44,49,50 On the other hand, 

single phase crystalline wasteforms are tailored for specific radionuclides. Monazite, brannerite, 

pyrochlore, xenotime, and zircon are some of the proposed single-phase wasteforms.  

Garnet has recently been investigated as a potential host matrix for the immobilization of 

actinide elements found in high level nuclear waste.22,69 Natural uranium bearing garnet mineral 

such as Zr-containing elbrusite (Ca3UZrFe3O12; ~ 27 wt% U) , suggests that garnet has good long-

term stability.70,71 The high loading of U also suggests its great potential to be a waste host, which 

was also seen in synthetic garnets with up to ~ 30 wt% U under laboratory conditions.27,70–78 

Numerous studies have been completed on a wide range of compositions adopting the garnet 

structure to determine the capacity of these materials to incorporate actinides, as well as to 

determine the radiation resistance and stability in aqueous solutions of these materials.22,28,30,73  The 

complex structure of garnet allows it to incorporate a large variety of elements with different 

oxidation states. In this thesis, the effect of chemical substitution on the garnet-type crystal 

structure has been studied using different techniques.  
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1.4 Experimental techniques:  

Several techniques (i.e., powder X-ray diffraction, X-ray absorption near-edge 

spectroscopy) have been used in order to understand the structural changes in garnet type oxides. 

A brief overview of these technique is presented in the following section.  

1.4.1 Powder X-ray diffraction (XRD): 

Powder X-ray diffraction is an analytical technique used for phase identification of 

crystalline materials. This diffraction technique can provide information on phase purity, lattice 

parameters, atomic site positions, and crystallite size.79 The analyzed power is finely ground, 

homogenized, and placed randomly with respect to the incident beam.79 

When monochromatic X-rays beam fall onto a crystal lattice, some of the X-rays undergo 

coherent scattering without loss in energy. Diffraction occurs when light is scattered by a periodic 

array with long-range order, producing constructive interference at specific angles. This can be 

explained by applying Bragg’s law of diffraction (shown in Figure 1-2). This law states that the 

path length difference (2dhklsinθ) of the incident and the scattered X-rays of each lattice plane is 

an integral multiple of the wavelength (λ) of the incident X-rays. 

2dhklsinθ = nλ       (1.1) 

  Where `dhkl` is the spacing between the successive lattice planes,`θ` is the angle between 

the incident (or diffracted) beam and the lattice plane, `n` is an integer, and `λ` is the wavelength. 

For a crystalline material, the inter-planar distance of various lattice planes in a fixed wavelength 

can be measured by varying the angle between the diffracted beam and the lattice plane. Each 

structure has a set of unique d-spacings. Conversion of the diffraction peaks to d-spacings allows 

for the identification of the structure. Typically, this is achieved by comparison of d-spacings and 
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2θ values with standard reference patterns. The number and position of each diffraction peak 

depends on the lattice spacing, type, and parameters whereas the peak intensity depends on the 

type and position of the atoms within the structure. The width of the diffraction peaks can also 

provide information about the average crystallite size. 

 

 

Figure 1-2: Schematic diagram of Bragg`s law. When X-rays (wavelength, λ) are incident 

on a lattice plane at an angle θ, some of the X-rays undergo constructive interference. 

 

1.4.2 X-ray absorption spectroscopy (XAS): 

In this thesis, X-ray absorption spectroscopy (XAS) has been used to probe the physical 

and electronic environments of the constituent elements in a material (e.g., coordination number, 

oxidation state).80 XAS techniques require the use of a synchrotron facility, such as the Canadian 

Light Source (CLS) in Saskatoon, SK. Synchrotron facilities allow access to an extensive range of 

spectroscopic techniques because they can produce light across a large portion of the 

electromagnetic spectrum; from far-infrared light (λ < 15 μm; E < 80 meV) to hard X-rays (λ < 30 

pm; E > 40 keV).81–83  

A simple schematic outlining the steps leading to the production of synchrotron radiation is 

shown in Figure1-3. Synchrotron radiation is produced when free electrons travelling near the 

speed of light are forced to take a circular trajectory via the application of a magnetic field and is 
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emitted in a direction that is tangential to the circular orbit of the electrons.84 An electron gun is 

used to produce electrons via thermionic emission of electrons from a hot tungsten filament.81 

Then electrons enter into a linear accelerator, which is used to increase the energies of the 

electrons.85 The higher energy electrons enter the booster ring travelling near the speed of light 

and get accelerated to even higher energies (i.e.; 250 MeV to 2.9 GeV).86,87 Once the electrons are 

energized to GeV, they leave the booster ring and enter the storage ring. The storage ring consists 

of bending magnets and insertion devices, which are responsible for the generation of the most 

intense synchrotron radiation. Electrons circulation the storage ring generate very intense 

electromagnetic radiation.87–89 The beamlines consist of energy tunable optical elements (e.g., 

grating and crystal monochromators) that enable the selection of electromagnetic radiation 

possessing specific wavelengths/energies.  

1.4.3 X-ray Absorption Near-edge Spectroscopy (XANES): 

X-rays have sufficient energy to excite a core electron from an atom to the conduction or 

continuum states leaving an unoccupied core-hole state.84,90 Since the absorption process involves 

a core electron excitation, XANES is element specific and sensitive to the oxidation state, bonding 

environment, and local geometry around the absorbing atom. An example of a XANES spectrum, 

the Fe K-edge from Y3Fe5O12, is presented in Figure 1-4. The region starting just before the 

absorption edge and ending just after the absorption edge is often referred to as the near-edge 

region. The structure that is observed in the near-edge region can be referred as X-ray absorption 

near-edge spectroscopy. The oscillating features after the XANES region is defined as the 

extended X-ray absorption fine structure (EXAFS) region. 

XANES spectra are sensitive to oxidation state and geometry while the EXAFS region is 

sensitive to the distances and distribution of electron density around the absorbing atom.81,88  The 
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EXAFS region typically starts 20-30 eV above the edge jump.91–93  When the ejected photoelectron 

wave scatters back on itself, the backscattered photoelectron wave can be in-phase or out-of-phase 

with the outgoing photoelectron wave.84,91–93 As a result, the oscillation of photoelectron depends 

on the scattering power of the adjacent element present in the structure.84,93 With proper analysis, 

the EXAFS region can be modeled to determine the interatomic distance, coordination number, 

and bond length.87,88 

The XANES region shows pre-edge features and post-edge features, which are shown in 

Figure 1-4. These spectra are referenced by the principle quantum number (n) of the electron being 

excited. The notation used to label X-ray absorption depends on the shell from which the electron 

is being excited, with K-, L-, and M-edges referring to the excitation of electrons from states with 

a principle quantum number of n = 1, n = 2, and n = 3, respectively. In this work, L2,3- and K-edge 

XANES spectra were studied.  

The energy at which the electron is excited is referred to as the absorption edge, and is 

identified by the principle quantum number of the electron being excited (e.g., n = 1 is the K-edge, 

n = 2 is the L-edge, etc.). From the law of conservation of momentum, different electronic states 

can be probed separately because of the requirement to conserve the angular momentum that is 

imparted onto the electron when the photon is absorbed (Figure 1-5).81,84,94 The excitation of the 

core electron generally follows the conservation of angular momentum, Δl = ±1, resulting in 

prominent dipolar electronic transitions (main edge features). However, weak quadrupolar 

transitions, Δl = ±2, are still observed (pre-edge features).84,95 A first row element occupying 

tetrahedral cation sites has a strong mixing of 3d- and 4p-orbital which results from the loss of 

inversion symmetry.95,96 In this case, quadrupolar transition can also occur along with the dipole 

transition but the intensity of the feature remains low (pre-edge region in Fig. 1-4). 
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Figure 1-3: A schematic layout of a synchrotron radiation facility is presented. The 

electrons are accelerated to high energies using a linear accelerator. The electrons travel with a 

relativistic speed through the booster ring and storage ring maintaining a circular path. The storage 

ring consists of bending magnets and insertion devices, which are responsible for the generation 

of the most intense synchrotron radiation.   
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Figure 1-4: X-ray absorption spectrum from Y3Fe5O12, showing the XANES and EXAFS 

regions. The XANES spectrum is further divided into pre-edge and main-edge regions. 

 

Figure 1-5: X-ray transitions commonly observed in the vicinity of metal K-edges include 

the dipole forbidden 1s→ (n-1)d transitions, and the dipole allowed 1s→ (n-1)p. L-edge includes 

dipole allowed 2p→ ns and 2p→ (n-1)d transitions. 
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During photo-excitation, the spin angular momentum of the remaining electron (not the 

excited electron) can align with or against its intrinsic orbital angular momentum, leading to 

different final state configurations.84 As an example, Al3+ L2,3-XANES  spectra is generated from 

2p→3s transitions. The p-states in L-shell splits into higher energy (2p1/2) and lower energy 

(2p3/2).
92,97,98 The L2-edge (2p1/2 → 3s or 3d) is always greater in energy than the L3-edge (2p3/2 → 

3s or 3d).98,99 The spherical symmetry of s-states preclude it from spin orbit coupling, so no 

splitting is observed in K-edge spectra.84,93,99,100  

1.4.4 Experimental Setup:  

The versatility of XANES is its ability to provide element-specific local structural 

information of a wide range of materials which includes, but is not limited to, crystalline, 

amorphous, and highly disordered materials.88,100 In XANES, the measurement of absorption of 

X-rays by the sample is performed using multiple detection modes namely transmission, 

fluorescence, and electron yield.90,101 Two different experimental setups were required to collect 

the XANES spectra presented in this thesis. One of them is transmission mode where the intensity 

of an X-ray beam is sampled before and after being transmitted through a sample (Figure 1-6) and 

the other one is fluorescence mode where a secondary emission from the absorption of an X-ray 

is measured.81 The following sections describe the transmission setup for photon energies in the 

hard X-ray region and the ultra-high vacuum setup for photon energies in the soft X-ray region. 

 



16 

 

1.4.4.1 Hard X-ray Transmission Experiments:  

In transmission mode, the incident beam transmits through a sample and the X-ray beam 

is sampled before and after transmission is shown in Figure 1-6. The interaction of X-rays with 

matter can be described using Beer-Lambert law (Equation 1.2). In this equation, I0 represents the 

intensity of the incoming X-ray beam, It represents the intensity of the transmitted X-ray beam, μ 

is the linear absorption coefficient, and t is the thickness of the sample.  

𝐼𝑡=𝐼0𝑒−𝜇t
 …………………………………………(1.2) 

The absorption of X-rays by the samples (μt) is determined using the following equation: 

µ𝑡=ln (
𝐼𝑜

𝐼𝑡
) ……………………………………….(1.3) 

 

Figure 1-6: An incident beam of monochromatic X-ray with intensity I0 passes through a 

sample of thickness t. The transmission beam has intensity It. The absorption coefficient is 

followed by Beer-Lambert law. 

The material has to be thin enough to transmit sufficient photon flux through the material 

to maintain a linear relationship between absorption and material thickness. This linear nature 

allows the background absorption from different materials to be scaled with respect to each other, 

resulting in spectra that represent the portion of the absorption coefficient solely from the element 

of interest for a given material. A typical experimental setup for hard X-ray XANES spectra is 

shown in Figure 1-7.  The transmitted photon beam is measured in transmission mode since the 

beam passes through the entire thickness (t) of the sample.94  
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Figure 1-7: Hard X-ray transmission and fluorescence set-up. The X-ray photon beam 

from the ionization chamber (I0) is transmitted through the sample and the transmitted beam is 

measured using an ionization chamber (It). The released fluorescence photons (If) are collected 

using fluorescence detector. 

X-rays with specific energies are obtained using a monochromator. The X-ray beam passes 

through an ionization chamber (I0) filled with inert gases (e.g., N2, Ar, He) wherein the X-rays 

ionize these gases. The intensity of the incident X-ray beam (I0) is determined by measuring the 

ionization current.81 The X-rays after passing through the first ionization chamber are now incident 

on the sample and the absorption occurs when the energy of the X-rays is at or above the absorption 

edge of the element of interest. The transmitted X-rays pass through another ionization chamber 

wherein the intensity of the transmitted X-rays (It) is determined. For calibration purposes, spectra 

are also collected from calibration standards placed between the transmission (It) and reference 

(IRef) ionization chambers. Transmission experiments are ideally suited for measuring the 

absorption edges of elements in which the binding energy of the electrons falls in the hard X-ray 

regime. Due to the high energy of the X-rays, transmission experiments do not require ultra-high 

vacuum conditions (UHV) and are generally conducted under ambient conditions.  
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1.4.4.2 Soft X-ray Fluorescent yield experiment: 

  In fluorescence mode, the incident X-ray photons sufficiently penetrate through the 

medium (small interaction with the matter) and the collected fluorescence photons escape from the 

bulk of the sample. The absorption coefficient is measured indirectly from fluorescence, which 

occurs when a higher energy electron core-level electron drops into an unoccupied lower energy 

state (Figure 1-8). In this experimental setup, powdered material is mounted to a sample plate and 

transferred into an ultra-high vacuum chamber.81 This is because at lower X-ray energies, a 

fluorescent photon loses the majority of its energy via interactions with air molecules. A picture 

of an end station is shown below (Figure 1-9). 

Fluorescence yield (If/Io) is proportional to the absorption by materials (μx) as a function 

of incident angle (θ) of Io. The equation is given below- 

If/Io ∝ µ𝑥 sin(𝜃)⁄ …………………………………………………(1.4) 
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Figure 1-8: The excited atom leaves a core-hole (i.e., unoccupied state) while the electron 

in the excited state relaxes to lower energy to fill the core-hole. 

 

 

 

Figure 1-9: The ultra-high vacuum chamber for the VLS-PGM Beamline located at the 

Canadian Light Source in Saskatoon, SK. Entering via the beam pipe, the X-ray beam travels 

into the XAS chamber striking the sample (S), and the fluorescence (IF) signal is collected at a 

detector attached to one of the chamber ports.  

 

1.5 Thesis overview:  

The safe disposal of nuclear waste generated from nuclear reactors is critical to the 

environment. Criteria for the selection of proper hosts include chemical durability, waste loading, 
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radiation tolerance, and other properties related to their performance characteristics.11,43,58 Garnet 

is a newly proposed material for nuclear waste sequestration, which has not been investigated 

robustly yet. Garnet has good chemical flexibility and its structure can accommodate actinides as 

well as other elements in variable oxidation states.27,74–76 Many studies have suggested the large 

lattice dimensions of garnet (which allows it to accommodate large cations), high tetrahedral Fe 

content (which enhance the capacity to accommodate large ions), and high radiation resistance 

make it a suitable candidate for the sequestration of radioactive elements.27,30,70,72–76,102 Despite the 

current level of understanding of garnet structures, there are some areas which have not been 

explored. For instance, crystalline materials can accommodate radioactive element in only certain 

specific sites. The radioactive nuclides are also sometimes accompanied by different corrosion 

products (Fe, Al, Ce, Cr). It is important to understand how the composition affects the site 

occupancies of materials, which is an important factor to enhance the capacity of garnet to 

incorporate radioactive nuclides. Further, substitution of U or Pu in garnet is complex because of 

their variable oxidation states. The main aim of this thesis is to study the change in local structure 

of garnet type oxide upon chemical substitution into dodecahedral, octahedral, and tetrahedral sites 

using powder X-ray diffraction and XANES. This thesis has two main objectives: 

1. To understand how chemical substitution into octahedral and tetrahedral sites affects 

cation site disorder in garnet type oxides, which is discussed in Chapter 2.  

2. To investigate the factors that affect the oxidation state of Ce incorporated into garnet 

type oxides using powder X-ray diffraction and X-ray absorption spectroscopy, which is 

discussed in Chapter 3. 
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2 Examination of the site preference in garnet type (X3A2B3O12; 

X=Y, A/B= Al, Ga, Fe) materials* 

 

2.1  Introduction: 

The objective of this study was to determine how the occupancy of the A- and B-sites 

changes in primarily Fe-bearing garnet-type materials depending on composition. Four different 

series of garnet-type materials (Y3AlxGa5-xO12, Y3AlxFe5-xO12, Y3GaxFe5-xO12, and Y3AlxGayFe5-x-

yO12) were synthesized under the same conditions and the local structures of the A- and B- sites 

were investigated to understand the site occupancies. Several studies have been performed to 

determine the metal site preference of Y3AlxGa5-xO12, Y3AlxFe5-xO12, and Y3GaxFe5-xO12 materials 

using single crystal XRD and neutron diffraction methods.103–105 However, quinary systems (e.g., 

Y3AlxGayFe5-x-yO12) where the A and B sites can contain up to three cations have not been 

extensively studied. It is difficult to determine the site occupancy of the A- and B-sites in quinary 

systems (e.g., Y3AlxGayFe5-x-yO12) based on the analysis of diffraction data alone. To resolve this, 

X-ray absorption near edge spectroscopy (XANES) has been used along with powder XRD to 

observe changes in the local structure in both quaternary and quinary garnet-type materials.  

XANES is element specific, and the coordination number (CN), charge, and bonding of the 

element of interest with neighboring atoms can be determined through the analysis of the 

absorption-edge energy and line shape of the spectra.84,95,97,106,107 

In this study, both powder XRD and XANES have been used to understand the metal site 

preference of Al, Ga, and Fe in quaternary (Y3AlxGa5-xO12, Y3AlxFe5-xO12, and Y3GaxFe5-xO12) 

and quinary (Y3AlxGayFe5-x-yO12) systems. This study has not only identified how the Al, Ga, and 

Fe coordination number (CN) changes in quinary and quaternary systems, but has also further 

* A version of this Chapter has been published. The paper was reformatted to avoid repetition. Reprinted 

with the permission from Sifat, R., Grosvenor, A. P, Solid state sciences 83 (2018) 56-64. 

doi.org/10.1016/j.solidstatesciences.2018.06.013  
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established the usefulness of using both XANES and XRD to study the effect of composition on 

occupancies of different sites in crystal structures. 

2.2 Experimental: 

2.2.1 Synthesis:  

The Y3AlxGa5-xO12, Y3AlxFe5-xO12, Y3GaxFe5-xO12, and Y3AlxGayFe5-x-yO12 (0 ≤ x ≤ 5; 0 ≤ 

y ≤ 5) materials were synthesized using the high temperature ceramic method under the same 

conditions.  Stoichiometric amounts of Al2O3 (Alfa Aesar; 98%), Ga2O3 (Alfa Aesar; 99.99%), 

Fe2O3 (Alfa Aesar; 99.945%), and Y2O3 (Alfa Aesar; 99.99%) were mechanically mixed using a 

mortar and pestle and pressed into pellets at 6 MPa. These pellets were placed into alumina 

crucibles and heated at 1400 oC over 9 days before being quenched in air. Intermediate grinding 

and pelleting was performed on 3-days intervals to improve the homogeneity of the materials. 

Phase analysis of the materials was performed using powder XRD. The powder X-ray diffraction 

patterns were primarily collected using a PANalytical Empyrean diffractometer and a Co Kα1,2 X-

ray source although some XRD patterns were collected using an Inel diffractometer equipped with 

a Cu Kα1 X-ray source. The lattice constants were determined using the PCW and Unitcell software 

programs.108 A Rietveld refinement of the powder XRD patterns from the Y3AlxGa5-xO12 materials 

was completed to confirm the interpretation of the XANES spectra. The powder XRD patterns that 

were refined were collected in the 2θ range of 10o to 120o using the PANalytical XRD instrument 

mentioned above. Rietveld refinement was performed using the X’Pert HighScore Plus software 

program.109 At first the background was determined followed by refining scale factor, zero shift, 

unit cell parameter, profile variable, and site occupancy, respectively. Other parameters were not 

allowed to vary while refining isotropic thermal factors at the very end. The atomic positions were 
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held constant during the refinement. The structural model used to fit these diffractograms was 

based on structure reported by Menzer.31 

2.3 XANES 

2.3.1  Al L2,3- edge XANES: 

Al L2,3- edge XANES spectra were collected using the Variable Line Spacing Plane Grating 

Monochromator beamline (VLS- PGM, 11ID-2) located at the Canadian Light Source (CLS).83 

Samples were prepared by grinding them into fine powders and mounting them on carbon tape 

before being inserted into the ultra-high vacuum chamber. Fluorescence yield mode was used to 

collect XANES spectra using a 0.025 eV step through the absorption edge and an entrance slit of 

50 x 50 μm2. The spectra were calibrated using Al metal the absorption edge energy set to 72.55 

eV.101 

2.3.2 Ga K- and Fe K-edge XANES: 

Fe K- and Ga K- edge XANES spectra were collected at the Advanced Photon Source 

(APS) using the Sector 20 bending magnet beamline (20-BM; CLS@APS) and a Si (111) crystal 

monochromator.101,110  The Ga K-edge XANES spectra were collected using a 0.20 eV step 

through the absorption edge and the Fe K-edge XANES spectra were collected using a 0.15 eV 

step through the absorption edge. Samples were prepared by spreading a thin layer of finely ground 

powder between Kapton tape. The thickness was adjusted by adding or removing layers to ensure 

uniform absorption of X-rays by the materials. Ga metal was used as a reference for the Ga K-

edge XANES spectra, with the absorption edge energy set to 10367 eV.83 Fe metal foil was used 

as a reference, with the absorption edge energy set to 7112 eV for the Fe K-edge XANES spectra.83 

All spectra were calibrated, normalized, and analyzed using the Athena software program.110 
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2.4 Results and discussion: 

2.4.1 Powder XRD: 

Selected powder XRD patterns from the Y3AlxGa5-xO12, Y3AlxFe5-xO12, Y3GaxFe5-xO12, 

and Y3AlxGayFe5-x-yO12 materials are shown in Fig. 2-1. The XRD patterns are consistent with 

what would be expected from materials that adopt the garnet-type structure. The change in lattice 

constants depending on the composition of the quaternary materials are shown in Figure 2-2. The 

ionic radii of Al3+, Ga3+, and Fe3+ in four coordinate-sites are 0.39Å, 0.47Å, and 0.49Å while the 

ionic radii of Al3+, Ga3+, and Fe3+ in six coordinate-sites are 0.535Å, 0.62Å, and 0.69Å.111  The 

lattice constants from the quaternary materials were observed to decrease linearly with increasing 

value of ‘x’ in the formula unit owing to the substitution of a larger cation for a smaller cation, 

which follows Vegard’s law.
112 The lattice constants for the quinary system (Y3AlxGayFe5-x-yO12) 

are presented in Table 2-1. The observed lattice constants were observed to change depending on 

the change in Al, Ga, and Fe composition. The lattice constants were observed to decrease with 

increasing Al substitution while an increase was observed when the Ga or Fe concentrations 

increased. No linear trend was observed for the changes in the lattice constants from the 

Y3AlxGayFe5-x-yO12 materials, indicating that Vegard’s law cannot be used to explain these 

changes. 
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Figure 2-1: Normalized powder X-ray diffraction patterns collected from a) Y3AlxGa5-xO12, 

b) Y3GaxFe5-xO12, c) Y3AlxFe5-xO12, and d) Y3AlxGayFe5-x-yO12 are shown. The XRD patterns 

collected using a Cu source were converted to show how they would appear if a Co source was 

used for easy comparison between the four systems investigated.   
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Figure 2-2: The change in lattice constant from the ternary systems is presented as a function 

of 'x'. 

Table 2-1:Change in the lattice constants in the quinary (Y3AlxGayFe5-x-yO12) system. 

 

 

 

 

 

 

A Rietveld refinement of the powder XRD patterns collected from the Y3AlxGa5-xO12 

materials was performed to develop an understanding of the site occupancy of Al3+ and Ga3+
 in 

this system so as to validate the analysis of the XANES spectra presented below. The results of 

the Rietveld refinements are presented in Figure 2-3 and Table 2-2. It was observed that Al3+ and 

Ga3+ both occupy the Oh and Td sites depending on composition. The ratio between octahedrally 

and tetrahedrally coordinated Al3+ and between octahedrally and tetrahedrally coordinated Ga3+ 

Change in x Change in y Composition Lattice 

constant (Å) 

x=1 y=1 Y3AlGaFe3O12 12.495(5) 

x=1 y=3 Y3AlGa3FeO12 12.304(7) 

x=2 y=1 Y3Al2GaFe2O12 12.227(5) 

x=2 y=2 Y3Al2Ga2FeO12 12.183(4) 
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Figure 2-3: Results of the Rietveld refinement of powder XRD patterns from (a) 

Y3AlGa4O12, (b) Y3Al2Ga3O12, (c) Y3Al3Ga2O12, and (d) Y3Al4GaO12 are presented. 
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are plotted against ‘x’ in Figure 2-4 and are also presented in Table 2-2. The largest Oh/Td site 

occupancy ratio for Al3+ and Ga3+ were found for Y3AlGa4O12 and Y3Ga5O12, respectively. As the 

Al3+ concentration increases with increasing ‘x’, Al3+ must also occupy the tetrahedral sites, 

resulting in the decreased value of the Al3+ Oh/Td site occupancy ratio. On the other hand, Ga3+ 

was initially found to occupy both the octahedral and tetrahedral sites when the Al3+ concentration 

was low but was found to favour occupying the Td site with increasing Al3+ concentration. The 

reasons for why Al3+ appears to favour occupying the octahedral site while Ga3+ appears to favour 

occupying the tetrahedral site are presented below during the discussion of the XANES results. 

Table 2-2:Rietveld refinement parameters for Y3AlxGa5-xO12 

 

 

Parameters Y3AlGa4O12 Y3Al2Ga3O12 Y3Al3Ga2O12 Y3Al4GaO12 

Lattice Constant 12.21883(4) Å 12.16416 (4) Å 12.11021 (5) Å 12.05759(6) Å 

16a occupancy 

(octahedral site) 

Ga=0.690 (5) 

Al=0.310 (5) 

Ga=0.449 (4) 

Al=0.551 (4) 

Ga=0.262 (3) 

Al=0.738 (3) 

Ga=0.103 (3) 

Al=0.897 (3) 

24d occupancy 

(tetrahedral site) 

Ga=0.864 (6) 

Al=0.136 (6) 

Ga=0.683 (5) 

Al=0.317 (5) 

Ga=0.472 (3) 

Al=0.528 (3) 

Ga=0.240 (2) 

Al=0.760 (2) 

Rexpected 2.6991 2.6811 2.6795 3.4034 

Rprofile 2.9011 2.6863 2.5328 3.3300 

Weighted Rprofile 3.6319 3.3878 3.2056 4.1417 

B overall 0.88(1) 0.73(1) 0.90(2) 0.84(2) 
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Figure 2-4: Change in Al3+ and Ga3+ Oh/Td site occupancy ratio as a function of 'x'. 

It is difficult to perform a Rietveld refinement of XRD patterns from quaternary systems like 

Y3GaxFe5-xO12 because Ga (Z = 31) and Fe (Z = 26) have similar X-ray scattering factors.113 

Powder XRD patterns from quinary systems such as Y3AlxGayFe5-x-yO12 can also be difficult to 

refine owing to issues in determining the site occupancy of three different cations (Al3+, Ga3+, and 

Fe3+) over two different sites (Oh and Td). XANES spectra were collected to overcome these issues 

so as to better understand how the average CN of Al3+, Ga3+, and Fe3+ changes in Y3AlxGa5-xO12, 

Y3AlxFe5-xO12, Y3GaxFe5-xO12, and Y3AlxGayFe5-x-yO12 depending on composition.  

2.5 XANES: 

2.5.1 Al L2,3-edge XANES:  

Al L2,3-edge XANES spectra were collected to better understand how the Al CN changes 

in the Y3AlxGa5-xO12, Y3AlxFe5-xO12, and Y3AlxGayFe5-x-yO12 systems depending on composition 

and are presented in Figure 2-5. The spectra result from the excitation of Al 2p electrons into 

unoccupied 3s- or 3d-states.114,115 In Al containing compounds where Al has a single CN, the L3-  



30 

 

 

Figure 2-5: Normalized Al L2,3- edge spectra are presented from a) Y3AlxGa5-xO12, b) 

Y3AlxFe5-xO12, and c) Y3AlxGayFe5-x-yO12. Peak A corresponds to Al in the tetrahedral site while 

peak B corresponds to Al in octahedral site. Arrows indicate the change in intensity of peak A and 

peak B with increasing Al concentration.  
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and L2-edges can be resolved, with the onset energy of the absorption edge decreasing by ~1.5 eV 

as the CN of Al decreases from 6 to 4.115 The core hole potential is screened less effectively as the 

number of anions (i.e., O2-) around the metal decreases, which results in a decrease of the final 

state energy and is observed as a decrease in the absorption energy. For spectra from materials that 

contain Al3+ in both octahedral and tetrahedral environments, it has been demonstrated previously 

that the lower energy feature in the Al2,3-edge XANES spectrum (A in Figure 2-5) corresponds 

predominantly to tetrahedrally coordinated Al3+ while the higher energy feature in the Al2,3-edge 

XANES spectrum (B in Figure 2-5) corresponds predominantly to octahedrally coordinated 

Al3+.114  

The Al L2,3-edge XANES spectra from the Y3AlxGa5-xO12, Y3AlxFe5-xO12, and 

Y3AlxGayFe5-x-yO12 systems are presented in Figure 2-5. With increasing Al3+ content in the 

Y3AlxGa5-xO12 system (Figure 2-5a), peak B was observed to decrease in intensity while peak A 

was observed to increase in intensity. This observation indicates that Al3+ primarily occupies the 

octahedral site at low Al3+ concentrations and that the amount of Al3+ found in the tetrahedral site 

increases with increasing Al3+ concentration. It should be noted that as Al3+ is exchanged for Ga3+, 

the increase in intensity of peak A and the decrease in intensity of peak B does not indicate that 

Al3+ occupies the octahedral site less. The change in intensity ratio of peak A and peak B is caused 

by the change in the relative amount of Al3+ present in the tetrahedral and octahedral sites. An 

increase in the concentration of Al3+ in Y3AlxGa5-xO12 forces Al3+ to occupy the tetrahedral site as 

well as the octahedral site, resulting in a decrease in the average Al3+ CN. These results are in 

agreement with the analysis of the Rietveld refinement of the XRD patterns from Y3AlxGa5-xO12. 

Previous studies have proposed that the site preference of cations mainly depends on the ionic 

radius of the cations, crystal field stabilization, and the degree of interactions of the cation valence 
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s- and p-states with the anion.103,104,116 The XANES and XRD data collected from the Y3AlxGa5-

xO12 system suggests that the larger Ga3+ cation (ionic radii [CN=6]: 0.69 Å) prefers to reside in 

the tetrahedral site while the smaller Al3+ cation (ionic radii [CN=6]: 0.535 Å) is found to 

predominantly reside in the octahedral site when the Al3+ concentration is low. The Al3+ and Ga3+ 

site occupancies in the Y3AlxGa5-xO12 system can be explained by the nature of the bond between 

the cations and oxygen. In the case of Ga3+, the observed tetrahedral site preference can be related 

to the presence of fully occupied Ga 3d orbitals (i.e., 3d10). Occupied 3d states in p-block elements 

result in a lowering of the energy of the conduction states. This contraction allows the bonding 

orbitals of Ga (4s and 4p) to overlap more with O bonding orbitals. This increase in covalent 

interaction between Ga and O bonding orbitals makes the metal more compressible and easier 

(compared to Al3+) to fit into the smaller terahedral site.103,114 The valance states of Al3+ are higher 

in energy than those of Ga3+, which results in a less effective overlap of Al 3s- and 3p-orbitals with 

O 2p-orbitals, favouring a more ionic bond.114,117,103 As a result, Ga3+ preferentially occupies 

tetrahedral sites over Al3+.  

The Al L2,3-edge XANES spectra from Y3AlxFe5-xO12 (Figure 2-5b) show a decrease in 

intensity of peak A and increase in intensity of peak B with increasing Al content. It was 

demonstrated above during the analysis of the Al L2,3-edge XANES spectra and XRD patterns 

from Y3AlxFe5-xO12 that the strong preference of Ga3+ to occupy the Td site forces Al3+ to reside in 

the octahedral site when the Al3+ concentration is low. However, analysis of the Al L2,3-edge 

XANES spectra from the Y3AlxFe5-xO12 system indicates that Al3+ primarily occupies the 

tetrahedral site in the Fe3+-bearing materials, particularly when the Al3+ concentration is low. The 

larger Fe3+ cation (cationic radii [CN=6]: 0.69 Å) tends to reside more in the octahedral site while 

the smaller Al3+ cation (cationic radii [CN=6]:0.535 Å) resides more in the tetrahedral site. Iron 
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having a 3+ oxidation state does not show any preference for occupying either tetrahedral or (high-

spin) octahedral sites because of crystal field stabilization effects as the crystal field stabilization 

energy is zero for both coordination environments.118,119 This, along with the observations 

presented above, indicates that the ionic radii differences between Al3+ and Fe3+ drives the site 

occupancies of the octahedral and tetrahedral sites in the Y3AlxFe5-xO12 system.   

The Al L2,3-edge XANES spectra from the quinary system (Y3AlxGayFe5-x-yO12) are 

presented in Figure 2-5c. Analysis of the Al L2,3-edge XANES spectra from the Y3AlxGa5-xO12 and 

Y3AlxFe5-xO12 systems (Fig. 2-5a and 2-5b) indicated that Al3+ does not show a specific preference 

for occupying either the octahedral or tetrahedral sites. With respect to the quinary system, the Al 

L2,3-edge XANES spectra presented in Figure 2-5c shows that with increasing Al3+ content (and 

decreasing Ga3+ and Fe3+ concentration), the intensity of feature A decreases while the intensity of 

feature B increases. This result is similar to that observed for the Y3AlxFe5-xO12 system. The Al 

L2,3-edge spectra from Figure 2-5c indicates as the Al concentration increases, the average CN of 

Al increases as well. Both Al and Ga replace Fe in the quinary (Y3AlxGayFe5-x-yO12) system, and 

that substitution in the system gives rise to a competition factor among the three metals to reside 

into two polyhedra. The site preference of the metals (Al, Ga, and Fe) in the quinary system 

depends on their relative concentration in the system which will be discussed further later. 

In general, the cation site distribution in these garnet type oxides has been found to be 

affected by cation size and the degree of interaction of the cation valence s- and p-orbitals with the 

anion bonding orbitals. The stronger covalency of the Ga-O bond compared to the Al-O bond is 

responsible for Al3+ being forced to primarily occupy the octahedral site in the Y3AlxGa5-xO12 

system. With respect to the Y3AlxFe5-xO12 system, the site occupation is dominated by the size of 

the cations, which leads to the smaller Al3+ primarily occupying the tetrahedral site. For the 
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Y3AlxGayFe5-x-yO12 system, the site occupancy of Al3+ is affected by both cation size effects and 

the concentration of Al3+ in this material. 

2.5.2 Ga K-edge XANES: 

Ga K-edge XANES spectra were also collected from the Y3AlxGa5-xO12, Y3GaxFe5-xO12, 

and Y3AlxGayFe5-x-yO12 systems. The normalized Ga K-edge XANES spectra, resulting from 

1s→4p transitions, are shown in Figure 2-6. The Ga K-edge XANES spectra show two main 

features which correspond to Ga occupying different coordination environments.120–122 The lower 

energy feature (A in Figure 2-6) corresponds to tetrahedrally coordinated Ga and the higher energy 

feature (B in Figure 2-6) correspond to octahedrally coordinated Ga.117,120,122
 The Ga K-edge 

spectra shift to lower energy with decreasing CN for similar reasons as described in the previous 

section when discussing the Al L2,3-edge XANES spectra.117,120,123 

The normalized Ga K-edge XANES spectra form the Y3AlxGa5-xO12 system are shown in 

Figure 2-6a. As Al3+ was substituted for Ga3+, the intensity of feature A was observed to increase 

while the intensity of feature B was observed to decrease. This observation indicates that the larger 

Ga3+ ion has a preference for residing in the tetrahedral site when the Ga concentration is low and 

only significantly occupies the octahedral site when the Ga concentration increases. These results 

are in agreement with the results from the Rietveld refinement of the powder XRD patterns and 

analysis of the Al L2,3- edge XANES spectra from the Y3AlxGa5-xO12 system.  

The normalized Ga K-edge XANES spectra from the Y3GaxFe5-xO12 system are presented in 

Figure 2-6b. The intensity of the tetrahedral peak (peak A) was the most intense when the Ga3+ 

concentration was the lowest and was observed to decrease in intensity with a corresponding 

increase in the intensity of the octahedral peak (peak B) with increasing Ga3+ concentration. The  
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Figure 2-6: Normalized Ga K-edge from a) Y3AlxGa5-xO12, b) Y3GaxFe5-xO12, and c) 

Y3AlxGayFe5-x-yO12. Peak A corresponds to Ga3+ in occupying the tetrahedral site and peak B 

corresponds to Ga3+ occupying the octahedral site. Arrows indicate the change in intensity of peak 

A and peak B with increasing 'x' (a) and (b) or 'y' (c) 
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observed decrease in intensity of the tetrahedral peak does not indicate that Ga3+ occupies the 

tetrahedral site less, instead, the change in intensity results from the change in the average CN of 

Ga3+ with increasing Ga3+ concentration. As noted above, it has been established previously that 

Ga3+ cations prefer to reside in tetrahedral sites vs. octahedral sites.103,120,121,123,124 Further, the 

cation size difference between Fe3+ (ionic radii [CN=6]: 0.69Å) and Ga3+ (ionic radii [CN=6]: 

0.67Å) is small. The analysis of the Ga K-edge XANES spectra from the Y3GaxFe5-xO12 system 

has shown that the Fe3+ cations are forced to principally occupy the octahedral site because of the 

tetrahedral site preference of Ga3+ cations.  

The normalized Ga K-edge XANES spectra from the quinary Y3AlxGayFe5-x-yO12 system 

are presented in Figure 2-6c. These spectra show that with increasing Ga concentration, the 

intensity of peak A decreases while the intensity of peak B increases. It should be noted that the 

spectra have been normalized to each other. The intensity of feature A was observed to be the 

highest when the Ga3+ concentration was the lowest, indicating that Ga3+ preferentially occupies 

the tetrahedral site. The occupancy of the octahedral site was observed to increase with increasing 

Ga3+ concentration as can be observed in the Ga K-edge XANES spectra by an increase in the 

intensity of peak B. 

Ga K-edge XANES spectra analysis from Y3AlxGa5-xO12, Y3GaxFe5-xO12, and 

Y3AlxGayFe5-x-yO12 indicate that Ga3+ has a strong tetrahedral site preference as Ga3+ shows a 

strong preference for residing in the Td site, it forces other metals (Al3+ and/or Fe3+) to occupy the 

octahedral sites. However, Ga3+ must occupy the octahedral site as well as the tetrahedral site when 

the concentration of Ga3+ increases in the system.  
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2.5.3 Fe K-edge XANES: 

The normalized Fe K-edge XANES spectra from Y3AlxFe5-xO12, Y3GaxFe5-xO12, and 

Y3AlxGayFe5-x-yO12 are shown in Figure 2-7. The spectra can be divided into two regions, the pre-

edge region (feature A) and the main edge region (feature B). The pre-edge region (feature A) 

represents 1s → 3d transitions while the main-edge region (feature B) represents 1s → 4p 

transitions.95,125 The intensity of the pre-edge region in the Fe K-edge XANES spectra is sensitive 

to changes in site disorder and coordination number. The pre-edge region results from a 

quadrupolar transition (1s → 3d transitions), which is forbidden by the dipole selection rules that 

govern XANES spectra. However, a weak pre-edge features is still experimentally observed.95,97 

For centrosymmetric octahedral iron, electric dipole intensity cannot be gained by the mixing of 

3d orbitals with the 4p orbitals but when inversion symmetry is lost and the Fe coordination 

decreases from 6 to 4, a greater mixing of Fe 4p- and 3d- states occurs. This mixing results in an 

increased dipole character of the pre-edge transition, leading to an increase in the intensity of the 

pre-edge region with decreasing coordination number.95,121 The main-edge regions of transition 

metal K-edge spectra are also sensitive to changes in coordination number.125 The intense main-

edge region results from a dipole 1s→4p excitation.96,117,126 The intensity and energy of the main-

edge region has been observed to decrease with decreasing CN.96,127,126  

The normalized Fe K-edge XANES spectra from Y3AlxFe5-xO12 are presented in Figure 2-7a. As 

Al3+ was substituted for Fe3+, the intensity of the pre-edge peak decreases while the intensity of 

the main-edge peak increases. This indicates that the Fe3+ CN is highest when the Fe3+ 

concentration is the lowest. It has been described earlier that the size of the cation is an important 

factor when determining the tetrahedral and octahedral site occupancies in the Y3AlxFe5-xO12 
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system. The analysis of the Fe K-edge XANES spectra confirm the site preference that was 

determined based on analysis of the Al L2,3-edge XANES spectra (Section 2.5.1).  

 

Figure 2-7: Normalized Fe K-edge XANES spectra from a) Y3AlxFe5-xO12, b) Y3GaxFe5-

xO12, and c) Y3AlxGayFe5-x-yO12 materials are shown.  The change in intensity of the pre-edge 

region is shown in the inset of each plot. Arrows indicate the change in intensity that occur with 

increasing Al and Ga content. 
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Normalized Fe K-edge XANES spectra from Y3GaxFe5-xO12 are presented in Figure 2-7b.  With 

increasing Ga3+ content, the main-edge feature increases and the pre-edge feature decreases, which 

is similar to the changes observed in the spectra from the Y3AlxFe5-xO12 system. These observations 

indicate that when the Ga3+ concentration is high, Fe3+ occupies the octahedral site more than the 

tetrahedral site as a result of the preference for Ga3+ to occupy the tetrahedral site. The analysis of 

the Fe K-edge XANES spectra are consistent with the analysis of the corresponding Ga K-edge 

XANES spectra presented in Section 2.52.  

The normalized Fe K-edge XANES spectra from the quinary Y3AlxGayFe5-x-yO12 system 

(Figure 2-7c) shows that as Al3+ and Ga3+ are substituted for Fe3+, the intensity of the pre-edge 

region decreases while the intensity of the main-edge increases. This observation indicates that the 

average CN of Fe3+ increases with Al3+ and Ga3+ substitution in the system and is in agreement 

with the analysis of the Al L2,3-edge (Section 2.5.1) and Ga K-edge (Section 2.5.2) XANES spectra 

collected from this system. The large Fe3+ cation radius and the preference for Ga3+ to occupy the 

tetrahedral site result in Fe3+ increasingly occupying the octahedral site in Y3AlxGayFe5-x-yO12 with 

increasing Al3+ and Ga3+ substitution.  

Fe K-edge XANES from Y3AlxFe5-xO12, Y3GaxFe5-xO12 and Y3AlxGayFe5-x-yO12 system 

show same site preference for Fe regardless of the substituted atoms. As mentioned earlier, crystal 

field stabilization effects cannot be used to determine the site preference of Fe3+ as the crystal field 

stabilization energy for this ion is zero for both coordination environments.118,119 However, 

examination of the garnet-type oxides (Y3AlxFe5-xO12, Y3GaxFe5-xO12 and Y3AlxGayFe5-x-yO12) 

studied here has found that Fe3+ ions are primarily found to occupy the octahedral site. This implies 

that other factors (e.g., concentration and cation radius) affect the site occupancy of Fe3+ in these 

ferrite garnet-type oxides.96,117
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2.6 Conclusions: 

Synthetic garnet (depending on the composition) can accommodate U and Th into 

dodecahedral and octahedral sites.23,28 The garnet structure can also be a suitable host for 

immobilization of actinide waste enriched with corrosion products (Fe, Al, Co, Cr).22,40 As such, 

it is important to understand how the composition affects the site occupancies of materials adopting 

this structure as this may affect the amount of waste elements (often reported in wt%) that can be 

incorporated in the garnet structure. The study has shown how the metal site occupancies in a 

quinary garnet system (Y3AlxGayFe5-x-yO12) and three quaternary systems (Y3AlxGa5-xO12, 

Y3GaxFe5-xO12, Y3AlxFe5-xO12) change depending on the concentration of Al3+, Ga3+, and Fe3+. The 

factors that affect the site occupancies in the quinary and quaternary systems have also been 

discussed. The change in average coordination number of Al3+, Ga3+, and Fe3+ in the quinary and 

quaternary systems has been analyzed by analysis of XRD patterns and XANES spectra. Analysis 

of the Fe K-, Ga K-, and Al L2,3- edge spectra confirm that Ga3+ prefers to reside in the four-

coordinate tetrahedral site despite its large effective cationic radius compared to Al3+ or Fe3+. The 

site occupancies of Al3+, Ga3+, and Fe3+ in the garnet system are affected by different factors, 

including: the degree of interactions of the cation valence s- and p-states with the anion, 

concentration, and cation radius. All three factors are found to contribute to the site occupancies 

observed in the quinary system.  
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3 Investigation of the factors affecting the oxidation state of Ce in 

the garnet structure* 
 

3.1 Introduction: 

In chapter 2, the metal site occupancies in a quinary garnet system (Y3AlxGayFe5-x-yO12) and 

three quaternary systems (Y3AlxGa5-xO12, Y3GaxFe5-xO12, Y3AlxFe5-xO12) have been discussed 

depending on the concentration of Al3+, Ga3+, and Fe3+. The garnet structure (X3A2B3O12) has three 

types of cation polyhedra: a dodecahedral X-site, an octahedral A-site, and a tetrahedral B-site. It 

has been found that, among these three polyhedra, the eight-coordinate X site and six coordinate 

A- site can be occupied by large divalent, trivalent, and tetravalent cations (e.g., Ca, Ce, Th, and 

U).22,26,27,30,102 Studies of natural uranium-bearing garnet minerals such as Zr-containing elbrusite 

(Ca3UZrFe3O12; ~ 27 wt% U) suggest that the garnet-type structure has good long-term stability.71 

The high loading of U within this phase also suggests the potential of materials adopting the garnet-

type structure to be nuclear waste forms. It is notable that garnet has been synthesized that contains 

a high concentration of U (~30 wt. % U).22,128,129A considerable amount of work has been 

completed to study the stability of actinides in garnet against radiation damage and corrosion 

resistance.24,26,28,76 However, factors that affect the change in oxidation states in garnet type oxides 

have not been addressed. It is also important to study the ability of a nuclear wasteform to 

incorporate radioactive actinides with variable oxidation states.24,27,74,78,130 Substitution of U or Pu 

in garnet is complex because of their variable oxidation states. Since Ce can be considered as an 

analogue of different actinide elements (e.g., Pu).131,132  

The objective of this investigation was to understand the effect of substituting Ce with 

different oxidations states into the X-site in the garnet-type structure. Four different sets of garnet 

(Y3-zCezAlFe4O12; 0.05 ≤ z ≤ 0.20) materials were synthesized followed by analysis of powder X-

* A version of this Chapter has been submitted for publication. 
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ray diffraction (XRD) patterns and X-ray absorption near-edge spectroscopy (XANES) spectra to 

study the effect of starting material, annealing temperatures, cooling rates, and annealing 

environments on the crystal structure and electronic structure of these materials. Ce L3- and Fe K-

edge XANES spectra were collected to study how the Ce and Fe oxidation states changed in this 

system and to investigate if changes in the local structure occur. 

3.2 Experimental: 

3.2.1 Synthesis and Powder XRD: 

The Y3-zCezAlFe4O12 (0 ≤ z ≤ 0.20) materials were prepared using the traditional ceramic 

method. Four sets of samples were synthesized using differing starting materials, annealing 

conditions, and cooling rates after high temperature annealing. Details of the synthesis of the four 

different sets of garnet materials are presented in Table 3-1. Stoichiometric amount of CeO2 (Alfa 

Aesar; 99.9%), Al2O3 (Alfa Aesar; 98%), Fe2O3 (Alfa Aesar; 99.945%), and Y2O3 (Alfa Aesar; 

99.99%) were mixed and then heated under air at 1400 oC to produce samples for set 1. The 

materials were held at 1400 oC for 9 days with intermittent quenching, grinding, and re-pelleting. 

Once the reaction was complete, the samples from set 1 were quenched in air. As indicated in 

Table 3.1, stoichiometric amounts of Ce(NO3)3.6H2O (Alfa Aesar; 99.5%), Al2O3 (Alfa Aesar; 

98%), Fe2O3 (Alfa Aesar; 99.945%), and Y2O3 (Alfa Aesar; 99.99%) were used as starting 

materials for set 2, set 3, and set 4. The annealing environment and cooling rates after annealing 

were the same for set 1 and set 2. Samples from set 3 were annealed under air at 1400 oC and then 

slow cooled to room temperature, while samples from set 4 were annealed at 1400 oC under N2(g) 

(Praxair; 99.995%) and then slow cooled to room temperature under the same conditions.   

 The starting materials were mechanically mixed in appropriate stoichiometries using a 

mortar and pestle and pressed into pellets at 6 MPa. The pellets were heated at 1400 oC under 

different conditions (depending on set) for 9 days and then cooled to room temperature using 
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different cooling rates. Intermediate grinding and pelleting was performed on 3-day intervals to 

improve the homogeneity of the materials. Two samples from each set were post annealed (PA) at 

800oC for 48 hours followed by the cooling rate assigned for each set. Phase analysis of the 

materials was performed using powder XRD. The powder X-ray diffraction patterns were collected 

using a Rigaku Ultima IV powder diffractometer with a Cu Kα X-ray source. 

Table 3-1: Labels and descriptions of different samples studied- 

Assigned set 

no. 

Starting materials Annealing condition 

at 1400oC 

Cooling rate after 

annealing 

Set 1 CeO2, Al2O3, Fe2O3, and 

Y2O3 

Annealed under air Quenched in air 

Set 2 Ce(NO3)3.6H2O, Al2O3, 

Fe2O3, and Y2O3 

Annealed under air Quenched in air 

Set 3 Ce(NO3)3.6H2O, Al2O3, 

Fe2O3, and Y2O3 

Annealed under air Slow cooled to room 

temperature 

Set 4 Ce(NO3)3.6H2O, Al2O3, 

Fe2O3, and Y2O3 

Annealed under N2 Slow cooled to room 

temperature 

 

3.2.2 X-ray absorption near-edge spectroscopy (XANES):  

Ce L3-edge and Fe K-edge XANES spectra were collected at the Advanced Photon Source 

(APS) using the Sector 20 bending magnet beamline (20-BM; CLS@APS) and a Si (111) crystal 

monochromator.101,110  All spectra were collected using an energy step size of 0.15 eV/step through 

the absorption edge. Cr metal was used as a reference for the Ce L3-edge XANES spectra, with 

the absorption edge energy set to 5723 eV.83 Fe metal foil was used as a reference with the 

absorption edge energy set to 7112 eV for the Fe K-edge XANES spectra.83 The resolution of the 
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spectra was 0.8 eV at 5723 eV (Ce L3-edge) and 0.9 eV at 7112 eV (Fe K-edge). Samples were 

prepared by spreading a thin layer of finely ground powder between Kapton tape.101 The thickness 

was adjusted by adding or removing layers to ensure uniform absorption of X-rays by the materials.  

Multiple scans were collected in both fluorescence yield and transmission mode. The transmission 

spectra were collected using an ionization chamber filled with 100% N2 gas to achieve optimal 

absorption-edge heights. All spectra were calibrated, normalized, and analyzed using the Athena 

software program.110 

3.3 Results and discussion:  

3.3.1 Powder XRD:  

Powder XRD patterns were collected from all synthesized samples. Formation of phase-

pure garnet-type oxides was confirmed for the Y3-zCezAlFe4O12 (0 ≤ z ≤ 0.20) materials, and no 

secondary phases were detected. Excess CeO2 was detected in the samples when ‘z’ was > 0.20. 

The collected XRD patterns are shown in Figure 3-1. Post annealing of the materials at 800 oC was 

conducted to observe the effect of temperature on the Ce oxidation state and the collected XRD 

patterns from these post-annealed phases showed no significant changes in the patterns compared 

to the patterns from the as-synthesized materials. All patterns are representative of those expected 

from materials that adopt the garnet-type structure having a similar composition.  
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Figure 3-1: Powder XRD patterns collected from Y3-zCezAlFe4O12. Figure 3-1 (a) represents 

set 1, (b) represents set 2, (c) represents set 3, and (d) represents set 4. (Set descriptions are given 

in table 3-1) 

 

3.3.2 Ce L3-edge XANES spectra:  

Ce L3-edge XANES spectra were collected from all samples to understand how the Ce 

oxidation state changed depending on concentration and synthesis conditions, and are presented in 

Figure 3. The spectra show two distinct features resulting from 2p → 4f/5d excitations.72,102,132,133 

Large changes in the lineshape, absorption-energy, and spectral intensity are observed in these 

spectra depending on the Ce oxidation state (4+ vs. 3+).72,132–134 An increase in the oxidation state 

will result in fewer electrons being available to screen the nuclear charge and, therefore, more 



46 

 

energy is required to excite core electrons leading to an increase in the observed absorption energy 

of XANES spectra.133–136 Four features are reported in spectra from Ce4+ containing materials 

because of a pre-edge, quadrupolar 2p ➔ 4f transition, and three dipolar, 2p ➔ 5d transitions 

resulting from changes in the Ce 4f final-state occupancies (4f2 , 4f1, and 4f0).132–134,137–139 The 

excitation of a 2p electron from Ce3+ only results in one intense peak being observed in the Ce L3-

edge XANES spectra.140 Examination of the spectra in Figure 3-2 shows two dominant features at 

different energies, which indicate the presence of trivalent and tetravalent Ce.72,102 The lower 

energy peak corresponds primarily to Ce3+ while the higher energy peak corresponds to 

Ce4+.72,132,133  

The normalized Ce L3-edge spectra (Fig 3-2) show changes in lineshapes when comparing 

the as-synthesized samples to the post annealed samples. The intense feature located at ~5727 eV 

indicates the presence of Ce3+ as the major oxidation state for all samples. The Ce L3-edge XANES 

spectra from sets 1 to 3 show an increase in intensity of the Ce4+ feature in the post annealed 

samples. The oxidation of Ce3+ to Ce4+ for post annealed samples results from the temperature-

dependant Ce3+/Ce4+ redox couple (2Ce4++O2- ⇌ 2Ce3++1/2O2).
132,133,137,141 As the temperature 

decreases, the equilibrium shifts towards Ce4+.132–134 The XRD patterns show no change in the 

structure of the post annealed samples, demonstrating the structural integrity of the garnet-type 

structure. The garnet structure can maintain a charge balanced system with the presence of Ce4+ 

along with Ce3+ by either reducing Fe3+ to Fe2+ (which has been suggested previously)27,72 or by 

incorporating more oxygen into the structure to charge compensate. This is further explored below 

during the discussion of the Fe K-edge XANES spectra (see Section 3.3.3) 

As indicated above, Ce L3-edge XANES spectra result (primarily) from the excitation of 2p 

electrons to 5d states and are very sensitive to variations in oxidation state. It is observed in Fig 3-
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2 that the average Ce oxidation state increases with increasing Ce content in the system. The 

average Ce oxidation state is higher in post-anneled samples and the Ce3+:Ce4+ ratio also depends 

on the amount of Ce incorporation into the  system. Normalized Ce L3-XANES spectra from 

Y2.85Ce0.15AlFe4O12 are presented in Figure 3-3, Figure 3-4, and Figure 3-5 to understand the effect 

of staring material, annealing condition, and cooling rate after annealing, respectively. The spectra 

from Y2.80Ce0.20AlFe4O12 shows the same trend in spectral changes the spectra from 

Y2.85Ce0.15AlFe4O12, and are presented in Appendix A.  
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Figure 3-2: Normalized Ce L3 XANES spectra from (a) set 1 (Ce4+ was used as starting 

material and was quenched in air), (b) set 2 (Ce3+ was used as starting material and was quenched 

in air), (c) set 3 (Ce3+ was used as staring material and was slow cooled in air), and (d) set 4 (Ce3+ 

was used as staring material and was slow cooled under N2) 

 

Figure 3-3 shows how the spectra change depending on the Ce-containing starting material 

used to prepare set 1 and set 2 (see Table 3-1). As described earlier, the post-annealed samples 

showed a greater concentration of Ce4+ (as compared to the as-synthesized materials). Figure 3-3 

(a) represents as-synthesized samples (quenched from 1400 oC to room temperature) and Figure 
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3-3 (b) represents the spectra from the samples post-annealed at 800 oC. The spectra shown in Fig 

3-3 demonstrate that the use of a Ce4+-containing starting material results in a higher average 

oxidation state of Ce. The Ce L3-edge XANES spectra from Y2.80Ce0.20AlFe4O12 show the same 

phenomenon, and are shown in Figure A-1. The Ce3+:Ce4+ ratio in these materials was also 

observed to vary depending on the oxidation state of the Ce-containing starting  material used to 

synthesize these materials.  

 

Figure 3-3: Normalized Ce L3-edge XANES spectra from Y2.85Ce0.15AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on staring material. (a) Represents as-

synthesized samples annealed under the same conditions and then quenched in air directly from 

1400oC. (b) Represents samples that were post- annealed at 800oC. 

 

Normalized Ce L3-edge XANES spectra from Y2.85Ce0.15AlFe4O12 are presented in Figure 

3-4 to understand the effect of annealing condition on the Ce oxidation state. Annealing under N2 

gas reduces the amount of oxygen present during high temperature annealing which creates a 

reducing environment.137,138 The spectral changes observed in Fig. 3-4 indicates that samples 
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annealed under air contain a higher Ce4+ concentration than the samples annealed under N2(g). It 

can be concluded that the lack of O2(g) inhibits the temperature-dependent Ce3+/Ce4+ redox couple, 

which results in a lower average Ce oxidation state. However, the spectra presented in Fig 3-2(d) 

do show that a limited amount of Ce4+ was observed in the samples annealed under N2(g), which 

is likely a result of the purity of the N2(g) used and the presence of O-containing impurities such 

as H2O. The observation of a greater concentration of Ce4+ in the samples annealed in air vs. those 

annealed in N2(g) demonstrates the importance of the O2(g) partial pressure to the average Ce 

oxidation state in these materials. 

 

Figure 3-4: Normalized Ce L3-edge XANES spectra from Y2.85Ce0.15AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on the annealing environment. All materials 

were synthesized using Ce(NO3)3.6H2O as the starting material. (a) Compares the spectra from the 

materials that were synthesized under N2(g) or air followed by slow cooling to room temperature. 

(b) Compares the spectra from the materials that were synthesized under N2(g) or air and then post-

annealed at 800oC. 

 Normalized Ce L3-edge XANES spectra are presented in Figure 3-5 to understand the 

effect of cooling rate on the Ce oxidation state. Quenching in air after heating at 1400oC (as-
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synthesized) results in a lower average Ce oxidation state compared to the material that was slow 

cooled to room temperature. This observation can be explained by the temperature-dependent 

equilibrium that exits between Ce3+ and Ce4+, where the oxidation of Ce3+ to Ce4+ is an exothermic 

process.132,134,141 As the temperature of the system decreases, the equilibrium shifts towards the 

oxidized state. The higher Ce4+ concentration observed in the spectra from the slow cooled samples 

resulted from the exposure of these samples to lower temperatures for longer periods of time.  

 

Figure 3-5: Normalized Ce L3-edge XANES spectra from Y2.85Ce0.15AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on the cooling rate used after high temperature 

annealing. All materials were synthesized using Ce(NO3)3.6H2O as the starting material. (a) 

Compares the spectra from the materials that were slow cooled to room temperature vs. those that 

were quenched in air from 1400 oC. (b) Compares the spectra from the materials that were post-

annealed at 800oC. 
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3.3.3 Fe K-edge XANES spectra:  

It was demonstrated above by examination of the Ce L3-edge XANES spectra that the Y3-

zCezAlFe4O12 system contains both trivalent and tetravalent Ce and that the average Ce oxidation 

state increased when the materials were post-annealed at 800 oC (compared to the as-synthesized 

and quench-cooled materials). This observation could imply that the O stoichiometry was higher 

in the post-annealed materials or that Fe was (partially) reduced from 3+ to 2+ to charge 

compensate the system. Fe K-edge XANES spectra are sensitive to the oxidation state and 

coordination number of Fe.96,120,142 The normalized Fe K-edge XANES spectra from all sets are 

presented in Figure 3-6. The spectra can be divided into two regions: the pre-edge region (feature 

A) and the main edge region (feature B). The pre-edge region (feature A) represents 1s → 3d 

transitions while the main-edge region (feature B) represents 1s → 4p transitions.95,125 As 

described in section 2.5.3, the decrease in intensity of the pre-edge region followed by the increase 

in intensity of the main-edge indicates an increase of the Fe coordination number (CN).  

Fe K-edge XANES spectra collected from Y3Fe5O12 show the main-edge feature at ~7127eV 

and pre-edge feature at ~7112eV, which indicates the presence of Fe3+ in the system, as would be 

expected based on the chemical formula. Normalized Fe K-edge XANES spectra from Y3-

zCezAlFe4O12 (Figure 3-6) are similar to those found in the spectrum from Y3Fe5O12. This 

observation confirms that the Fe oxidation state in the Y3-zCezAlFe4O12 is 3+ as a (partial) 

reduction of Fe3+ to Fe2+ would lead to lower energy pre- and main-edge features being observed, 

which was not the case here.95,96 Normalized Fe K-edge spectra from set 1, set 2, and set 3 show a 

decrease in intensity of the pre-edge region followed by an increase in intensity (and slight increase 

in energy) of the main-edge region from the post annealed samples, which indicates an increase of 

the Fe coordination number in the post annealed samples compared to the as-synthesized materials. 
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This change is subtle in the spectra from the set 2 and set 3 samples while the spectra from set 4 

show little to no change. The limited change observed in the Fe K-edge spectra from the set 4 

samples is understandable considering that these materials were synthesized under a N2(g) 

environment and no significant differences in the Ce L3-edge spectra from the as-synthesized vs. 

post-annealed samples were observed when the composition was held constant (cf., Fig. 3-2(d)). 

 Examination of the Ce L3-edge XANES spectra presented in Fig. 3-2 established the 

presence of a higher Ce4+ concentration in the post annealed samples compared to the as-

synthesized samples when the materials were annealed in air. The increase in Fe CN observed in 

the post annealed samples along with the presence of more Ce4+ indicates the presence of excess 

oxygen in the structure to maintain a charge balanced system. It is proposed here that the excess 

O is incorporated into unoccupied interstitial sites in the garnet structure. It should be emphasized 

that little to no change in the Ce oxidation state was observed along with little to no change in the 

CN of Fe when the system was annealed under N2(g) (see Figs. 3-2(d), 3-4, and 3-6). This further 

indicates the importance of the O2(g) partial pressure to the oxidation state of Ce observed in these 

materials and provides more evidence to support the incorporation of excess oxygen in the garnet-

type structure to charge balance the (partial) oxidation of Ce3+ to Ce4+. 
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Figure 3-6: Normalized Fe K-edge XANES spectra from (a) set 1 (Ce4+ was used as starting 

material and was quenched in air), (b) set 2 (Ce3+ was used as starting material and was quenched 

in air), (c) set 3 (Ce3+ was used as staring material and was slow cooled in air), and (d) set 4(Ce3+ 

was used as staring material and was slow cooled under N2(g)). 
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3.4 Conclusions: 

The study has shown by examination of XANES spectra that Y3-zCezAlFe4O12 contains both 

Ce4+ and Ce3+. Further, it has been shown here that the average oxidation state of Ce in these 

materials changes depending on starting material, annealing condition, cooling rate, post annealed 

treatment, and/or concentration of Ce. Analysis of the Fe K-edge XANES spectra have confirmed 

the presence of Fe3+. The question then becomes: how do the materials maintain a charge balance 

system? At lower annealing temperatures, the Ce redox couple shifts towards Ce4+ which leads to 

incorporation of excess oxygen into the crystal structure to charge balance the system. The increase 

in average Fe coordination number in the post annealed samples, as determined by analysis of the 

Fe K-edge XANES spectra, confirms the incorporation of excess oxygen in the garnet-type 

structure. It is proposed here that Y3-zCezAlFe4O12 incorporates excess oxygen into unoccupied 

interstitial sites to maintain a charge balanced system, which requires this oxygen-stuffed garnet 

system to be represented as Y3-zCezAlFe4O12+δ.  
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4 Conclusions and Future work 

4.1 Conclusions and significance: 

The studies presented in this thesis have contributed to a broader understanding of how to 

tailor crystalline materials for nuclear waste sequestration applications. The initial study of the 

thesis (Chapter 2) has shown how various ions can substitute into the A- and B-sites. Further, 

substitution into the X-site was studied to understand how large actinide elements could be 

incorporated in garnet-type oxides. The factors that affect the oxidation state have been studied 

using simulator elements (e.g., Ce; Chapter 3). The conclusions from this thesis are important 

because two important factors were pointed out: i) corrosion products found in HLW have 

specific site preferences in the garnet structure that can affect how much of the waste elements can 

be incorporated in the structure; and ii) the multiple oxidation states of various radioactive nuclides 

can cause an oxygen stuffed garnet structure.  

4.1.1 Effect of substitution on the A- and B-site preference: 

The A- and B-site preference in garnet type oxides was investigated in Chapter 2. The 

change in average coordination number of Al3+, Ga3+, and Fe3+ in quinary and quaternary materials 

was studied by analysis of XRD patterns and XANES spectra. The site occupancies of Al3+, Ga3+, 

and Fe3+ in the quinary garnet system are affected by different factors, including: the degree of 

interactions of the cation valence s- and p-states with the anion, concentration, and cation radius. 

It was mentioned earlier that the garnet structure can accommodate a wide variety of elements and 

the contributing factors for metal site preference has been studied in quinary garnet systems. In the 

quinary system (i.e., Y3AlxGayFe5-x-yO12), the A- and B- sites contain three different cations which 

makes it difficult to study by analysis of diffraction data alone. Analyzing the collected XANES 
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spectra from the quinary system has established that all three factors (i.e., the degree of interactions 

of the cation valence s- and p-states with the anion, concentration, and cation radius) contribute to 

the site occupancies observed in this system. 

4.1.2 Effect synthesis conditions on the oxidation state of Ce: 

Only dodecahedral sites and octahedral sites are considered to accommodate actinides due 

to their large dimensions.22,27,72,78 The complex oxidation state of some actinides makes it difficult 

to understand the local structural of garnet. In the third chapter, Ce-substituted garnet-type 

materials were synthesized to understand the factors that can contribute to changes in the oxidation 

state how the structure changes to compensate the oxidation state changes. Ce is considered an 

actinide “simulator” for Pu, in particular, owing to its similar ionic radius, coordination 

environment, and oxidation states that it can attain.134 The substitution of U or Pu for Y requires 

the cations to be trivalent, which is hard to control, since oxidation can occur easily.72 Since cerium 

(Ce) can be considered an analogue of actinide elements such as plutonium (Pu), studying the 

factors that affect the oxidation state of Ce helps to mimic the factors that can affect the actinides. 

Four different sets of garnet were synthesized and the collected XRD patterns indicated the 

formation single phase garnet regardless of changes in starting material, annealing condition, 

cooling rate, post annealed treatment, and/or concentration of Ce. Ce was found to be present in 

two different oxidation states (3+ and 4+) where the amount of Ce4+ was a function of 

concentration of Ce, staring materials, annealing condition, cooling rate, and post annealing. The 

change in oxidation of Ce gives rise to the difficulty to maintain a charge-balanced system. Fe K-

edge XANES spectra collected from four different sets of Y3-zCezAlFe4O12 materials revealed two 

interesting facts. According to the XANES spectra, the oxidation state of Fe is 3+ and the average 

CN of Fe increases for the post annealed samples except for the samples annealed under nitrogen 
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gas. Increase in average coordination number of Fe for post annealed samples suggests the 

incorporation of excess oxygen into unoccupied interstitial sites.  

4.2 Direction for future work: 

A greater understanding of the effect of chemical substitution on the local structure of garnet 

has been achieved in this thesis using X-ray diffraction and XANES. The studies in this thesis have 

shown that garnet can accommodate rare earth elements (Y and Ce) and corrosion products (Al3+ 

and Fe3+), and that it is also possible for the garnet structure to incorporate excess oxygen when 

required to charge balance the system. The resistance to radiation damage is also a vital factor that 

needs to be considered to determine ideal crystalline wasteforms. Thus, one avenue for future 

studies could be to investigate the effect of radiation induced structural damage on the structure of 

synthetic garnet. Depending on composition, the radiation resistance can vary for different garnet 

type structures. 28,75,76,143  Crystalline garnet materials could be implanted with high energy heavy 

ions to mimic radiation induced structural damage.   

Garnet type oxides have been synthesized with various synthetic methods.144–151 It has been 

shown experimentally that other synthetic methods (i.e, sol-gel, co-precipitation) can result in the 

annealing temperature required to prepare crystalline materials being lowered, which can be cost 

and energy efficient for industrial purpose. An investigation of the effect of synthesis method 

and/or annealing temperature on the resistance to radiation-induced structural damage of garnet-

type oxides can be done.  

Inclusion of radioactive nuclides into crystalline ceramic provokes a gradual change as the 

impact of radioactive decay can lead to a failed container situation in a geological respiratory. As 

a result, the wasteform could be exposed to groundwater. Another scope for future study could be 

the investigation of the chemical durability of garnet type oxides by conducting leaching 
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experiments using different temperatures and media (i,e, acid or basic media). The use of acidic 

and basic solutions also speeds up the leaching of the materials and would effectively simulate the 

long-term exposure of the wasteform to groundwater.152–155 Therefore, it is important to study the 

corrosion behaviour of garnet type oxide using neutral ground water, acidic or basic environment, 

and conducting different temperature dependent leaching study.  
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Appendix A:  

 

 

Figure A-1: Normalized Ce L3-edge XANES spectra from Y2.80Ce0.20AlFe4O12 showing the 

change in Ce oxidation state that occurs depending on the staring material. (a) The Ce L3-edge 

XANES spectra from the as-synthesized samples annealed under the same conditions and then 

quenched in air from 1400oC. (b) The Ce L3-edge XANES spectra from the samples that were 

post- annealed at 800oC. 
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Figure A-2: Normalized Ce L3-edge XANES spectra from Y2.80Ce0.20AlFe4O12 showing the 

change in the Ce oxidation state that occurs depending on annealing environment. (a) The Ce L3-

edge XANES spectra from the as-synthesized samples formed using the Ce3+-containing starting 

material that slow cooled to room temperature. (b) The Ce L3-edge XANES spectra from the 

samples that were post-annealed at 800oC. 

 

 

Figure A-3: Normalized Ce L3-edge XANES spectra from Y2.80Ce0.20AlFe4O12 showing the 

change in the Ce oxidation state that occurs depending on the cooling rate used after high 

temperature annealing. (a) The Ce L3-edge XANES spectra from the as-synthesized samples 

formed using the Ce3+-containing starting material and the same annealing conditions. (b) The Ce 

L3-edge XANES spectra from the samples that were post-annealed at 800oC 
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