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Abstract: 
The Ce-containing analogue of brannerite (i.e., UTi2O6) was previously 

considered to be stoichiometric (i.e., CeTi2O6); however, it has recently been determined 

that the material is O deficient.  This oxygen deficient material has been suggested to be 

charged balanced by the presence of a minor concentration of Ce3+ or by the A-site being 

cation deficient with the Ce oxidation state being 4+.  A variety of Ti-containing oxides 

(including brannerite) have been investigated as potential nuclear wasteforms and it is 

necessary to understand the electronic structure of a proposed nuclear wasteform material 

as well as how the structure responds to radiation from incorporated waste elements. The 

radiation resistance of a material can be simulated by ion implantation.  The objective of 

this study was to confirm the Ce oxidation state in the cation and oxygen deficient 

material (i.e., Ce0.94Ti2O6-δ) and to determine how radiation damage affects this material.  

X-ray Photoelectron Spectroscopy (XPS) and X-ray Absorption Near-edge Spectroscopy 

(XANES) were used to study Ce0.94Ti2O6-δ before and after being implanted with 2 MeV 

Au- ions.  Analysis of the Ce 3d XPS spectra from the as-synthesized samples using a 

previously developed fitting method has unequivocally shown that Ce adopts both 4+ 

(major) and 3+ (minor) oxidation states, which was confirmed by examination of 

magnetic susceptibility data.  Analysis of XPS and XANES spectra from ion implanted 

materials showed that both Ce and Ti were reduced as a result of radiation damage and 

that the local coordination environments of the cations are greatly affected by radiation 

damage. 
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1. Introduction: 

 One proposal for dealing with nuclear waste, particularly spent nuclear fuel, is to 

contain the waste elements (fission products and actinides) within the crystal structures of 

a series of metal oxides.  SYNROC (synthetic rock), which contains metal oxides 

adopting the zirconolite, hollandite, perovskite, and rutile structures, was developed for 

this application.[1,2,5,6] The majority of the materials present in SYNROC are Ti-based 

oxides, as a result of the ability of these materials to incorporate a wide range of waste 

elements in the structures that they adopt and the generally improved corrosion resistance 

of these materials.[1-9]  Other Ti-based mineral structures have also received attention as 

potential nuclear wasteforms, including the brannerite structure.[3-8]  The brannerite 

mineral (UTi2O6) has received attention from the nuclear wasteform research community 

owing to the ability of this mineral to incorporate a significant amount of U (~55 wt%).[6] 

The monoclinic structure of brannerite (UTi2O6; space group C2/m) is presented in Fig. 

1. The structure is built-up of alternating columns of UO6 octahedra and layers of TiO6 

octahedra with the U-containing layer being half as dense as the Ti-containing layer.[7,8] 

Chains of edge-sharing UO6 octahedra form along the b-axis. The edge-sharing TiO6 

octahedra form a zigzag layer in the a/b plane and are corner sharing with the UO6 

octahedra along the c-axis.[7,8] The UO6 octahedra are regular in shape while the TiO6 

octahedra are distorted in a similar fashion to those present in the anatase structure of 

TiO2.[7,8] The Ce-containing analogue of this material has been investigated for many 

years owing to the ease associated with dealing with a rare-earth containing material 

compared to an actinide containing material. 

 The Ce analogue of brannerite has been considered to be a stoichiometric material 

for many years (i.e., CeTi2O6); however, this has been called into question.[10-12]  Recent 

studies have suggested that this material is, in fact, oxygen deficient.  (Either the ceramic 

method or a soft chemistry method followed by high-temperature annealing was used to 

produce the materials studied in these separate studies.[10-12])  Two reasons for the 

observed oxygen deficiency have been proposed in the literature.  One proposal is that Ce 

has a mixture of oxidation states (3+ and 4+) with the ratio of these oxidation states 

varying depending on the way in which the materials are cooled after high-temperature 

synthesis because of the temperature dependant Ce3+/Ce4+ reduction-oxidation couple.[10]  
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An alternate proposal that has been presented to explain the oxygen deficiency is that the 

material is Ce deficient, which would require that it also be O deficient so as to be 

charged balanced.[11,12]  This second proposal has also indicated that the Ce oxidation 

state is fixed at 4+.[11,12]  All of the studies discussed above used (X-ray or neutron) 

diffraction and X-ray absorption near-edge spectroscopy (XANES) to study this material 

but have yielded conflicting results. [10-12]  One objective of this study has been to resolve 

this issue. 

 When selecting a material for use as a nuclear wasteform, it is important to 

understand how it behaves upon exposure to radiation from incorporated waste elements 

undergoing radioactive decay.  Natural brannerite mineral samples (i.e., UTi2O6) are 

often found to be metamict (amorphous) because of accumulated radiation damage, 

which may limit the usefulness of this material as a nuclear wasteform.[11] This being 

noted, studies of brannerite analogues are of interest owing to the concentration of U that 

is found in the natural mineral.[6] Limited information is available on the radiation 

tolerance of the Ce analogue of brannerite and it is necessary to understand the behaviour 

of this material upon exposure to radiation so as to determine if it behaves in a similar 

fashion to UTi2O6.  Studying the effect of radiation-induced structural damage on 

materials containing an internal radiation source (e.g., Pu- or Am-substituted materials) 

can be difficult for a variety of reasons including: safety, availability of the radioactive 

element, and the ability to study these materials using a variety of techniques.  These 

hurdles can be overcome by using simulator elements (e.g., Ce, Zr, Gd) that mimic the 

chemistry of actinides and ion implantation using high-energy ion beams to study how 

radioactive decay damages a material.[9,13-15]  It should be recognized that although ion 

implantation studies do allow for the investigation of how the structure of a material is 

affected by radiation damage, they do not (normally) allow for a study of how the 

daughter products produced during radioactive decay are incorporated with the material. 

 The objectives of this investigation have been to resolve the question regarding 

the oxidation state of Ce in Ce1-xTi2O6-δ and to understand how the structure of this 

material is affected by radiation.  The nominal formula for Ce1-xTi2O6-δ has been 

suggested to be Ce0.975Ti2O6-δ, with the oxygen stoichiometry (i.e., 6-δ) assumed to be 

5.95 based on a fixed Ce oxidation state of 4+.[11]  In this study, a composition having the 
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formula unit of Ce0.94Ti2O6-δ was investigated to insure that all of the Ce was 

incorporated within the brannerite structure with a trace amount of unreacted TiO2 being 

present.  The material, once synthesized, was annealed at temperatures lower than the 

synthesis temperature or slow-cooled to room temperature to study the effect of 

temperature on the average oxidation state of Ce.  Materials were also exposed to high-

energy Au- ions to investigate how the structure responds to radiation. X-ray 

photoelectron spectroscopy (XPS) and XANES have been employed in this study to 

determine the average Ce oxidation state and to determine how the local structure of the 

ions that make up this material is affected by radiation induced damage.  The results of 

these studies have been confirmed by the examination of powder X-ray diffraction 

(XRD) patterns and the collection of magnetic susceptibility data.  It has been shown in 

this study that: (1) the average Ce oxidation state is <4+ in the Ce analogue of brannerite; 

(2) the average Ce oxidation state increased when the material was exposed to lower 

temperatures after high-temperature annealing; and (3) that radiation induced damage 

affects the coordination environment of the ions within the material and results in the 

partial reduction of both Ce and Ti. 

2. Experimental: 

2.1. Synthesis and powder X-ray diffraction: 

 The material studied (i.e., Ce0.94Ti2O6-δ) was prepared using the ceramic method.  

Three sets of samples containing a mixture of CeO2 (Alfa Aesar; 99.9%) and TiO2 (Alfa 

Aesar; >99%) having a 0.94:2 (CeO2:TiO2) molar ratio were ground using a mortar and 

pestle and formed into pellets using a pellet press and pressure of 6 MPa.  Each pellet was 

placed in a tube furnace set to 600 oC and heated to 1325 oC over 8 hrs followed by a 

soak at 1325 oC (in air) for 3 days, at which point the pellets were quench cooled in air, 

ground, pelleted and reheated in the same manner as before for another 3 days before 

quench cooling.  After checking that the reactants had reacted as fully as possible by 

powder XRD using a Panalytical Empyrean instrument, some samples were ground and 

pelleted for further heat treatments. One set of samples was annealed at 800 oC for 40 hrs 

followed by being quench cooled in air while another set of samples was first heated at 

1325 oC for 1 day followed by slow cooling to room temperature (RT) over a period of 

~3 days.  In total, three sets of samples were produced:  one that was quenched cooled 
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from 1325 oC to room temperature in air; one that was annealed at 800 oC after reaction at 

1325 oC; and one that was cooled slowly to RT from 1325 oC.  In agreement with 

previously reported results, each set of materials showed different colours after 

cooling.[10]  The samples that were quench cooled from 1325 oC were dark brown in 

colour while the samples that were annealed at 800 oC or slow-cooled to RT were yellow 

in colour (see Fig. 2). The observed differences in colour have previously been ascribed 

to changes in the average Ce oxidation state depending on the method used to cool the 

materials.[10] 

 High quality powder X-ray diffraction patterns were collected from representative 

samples using a PANalytical X’Pert Pro powder XRD equipped with a monochromatic 

Cu Kα1 X-ray source.  The powder XRD patterns were analysed by performing a 

Rietveld analysis using FullProf.[16] 

2.2. Ion implantation: 

The as-synthesized (i.e., quench cooled from 1325 oC) and slow-cooled samples 

of Ce0.94Ti2O6-δ were implanted with 2 MeV Au- ions using the 1.7 MeV Tandetron 

accelerator located at Interface Science Western (ISW), the University of Western 

Ontario. Sintered pellets of the Ce0.94Ti2O6-δ materials were implanted at room 

temperature with 2 MeV Au- ions to a dose of 5×1014 ions/cm2. The ion beam was 

aligned normal to the pellet surface during implantation. Profiles of the ion implantation 

depth and the number of vacancies produced per Au- ion per nm were calculated using 

the Stopping and Range of Ions in Matter (SRIM-2013) software package.[17]  The ions 

were calculated to penetrate to a maximum depth of ~800 nm. 

2.3. XPS analysis: 

 The XPS spectra from the Ce0.94Ti2O6-δ samples were collected using a Kratos 

AXIS Ultra XPS instrument equipped with a monochromatic Al Kα X-ray (1487 eV) 

source that is located at Surface Science Western (SSW), the University of Western 

Ontario.  Finely powdered samples of the as-synthesized materials were studied along 

with the ion-implanted pellets.  Survey spectra were collected using a pass energy of 160 

eV, a step size of 0.7 eV, and an energy window of 1100 – 0 eV.  High resolution Ce 3d, 

O 1, Ti 2p, and C 1s spectra were collected using a pass energy of 20 eV, a step size of 

0.05 eV, and an appropriately sized energy window. All spectra were collected with the 
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charge neutralizer turned on and were calibrated by setting the C 1s binding energy (BE) 

of adventitious C observed in the C 1s spectra from each sample to 284.8 eV.  The XPS 

spectra were analysed using CasaXPS.[18] 

2.4. XANES analysis: 

 The Ce L3- and Ti K-edge XANES spectra were collected using the Canadian 

Light Source/X-ray Science Division Collaborative Access Team (CLS@APS, Sector 20) 

bending magnetic beamline (20BM) located at the Advanced Photon Source (APS), 

Argonne National Laboratory and the Soft X-ray Microcharacterization Beamline 

(SXRMB, 06B1-1) located at the Canadian Light Source (CLS).[19,20]  Both beamlines 

employed Si (111) monochromators and provided spectra having similar resolutions.  

Spectra were collected from finely ground powders deposited on C tape (SXRMB) or 

sealed between layers of Kapton tape (20BM), and were collected in total electron yield 

(TEY; SXRMB), transmission (20BM), and/or partial fluorescence yield (PFY; SXRMB 

and 20BM) modes.  All spectra were collected using an energy step size of 0.15 eV/step 

through the absorption edge. The Ti K-edge spectra were calibrated using Ti metal 

(4966 eV) and the Ce L3-edge spectra were calibrated using Cr metal (5989 eV).  

 XANES spectra were also collected from the ion-implanted pellets using the 

SXRMB and 20BM beamlines so as to study the effect of radiation damage on the local 

structure of the Ce0.94Ti2O6-δ materials. Spectra were collected in PFY and/or TEY mode 

using an energy step size of 0.15 eV/step through the absorption edge.  The Ce L3-edge 

XANES spectra collected in PFY mode from the ion implanted materials were severely 

affected by absorption effects, so only the TEY Ce L3-edge XANES spectra are reported.  

Absorption effects did not affect the Ti K-edge XANES spectra collected in PFY mode.  

All XANES spectra discussed in this contribution were analysed using the Athena 

software program.[21] 

2.5. Magnetic Susceptibility: 

Magnetization data were collected on a powdered sample of Ce0.94Ti2O6-δ using a 

Magnetic Property Measurement System (MPMS) from Quantum Design. The applied 

field was 0.1 T and data were taken over the temperature range of 4 K (-269.15 oC) to 

300 K (26.85 oC) in both field cooled (FC) and zero field cooled (ZFC) modes. 

Susceptibility data were obtained by dividing the measured magnetic moment by the 
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applied field. Diamagnetic corrections were applied to the data using standard literature 

values.[22] 

3. Results and Discussion:  

3.1. XRD analysis of as-synthesized materials: 

 Powder XRD patterns were collected from all materials studied to confirm the 

presence of brannerite.  Representative powder XRD patterns from Ce0.94Ti2O6-δ quench 

cooled from 1325 oC or slow cooled to RT are presented in Fig. 3 along with the results 

of the Rietveld refinement of the pattern associated with the brannerite structure, which 

are also presented in Table 1.  All patterns were observed to primarily contain the Ce 

analogue of brannerite along with a minor concentration of TiO2.  This observation is 

consistent with the stoichiometry used to form these materials (i.e., Ce0.94Ti2O6-δ), as it 

has been determined previously that Ce0.975Ti2O6-δ is the most likely composition for this 

material.[11]  A slight excess of TiO2 was purposefully used during the synthesis of these 

materials to make sure that no CeO2 remained after heating, as the focus of this study was 

to identify how the Ce oxidation state changes in brannerite depending on the cooling 

method used after high-temperature annealing. The results of the Rietveld refinements 

(Fig. 3 and Table 1) are consistent with previously reported results for these 

materials.[11,12] 

3.2. XANES and XPS analysis of the as-synthesized materials: 

3.2.1. Ce L3-edge XANES spectra: 

Ce L3-edge XANES spectra were collected from the as-synthesized brannerite 

materials (Fig. 4a) and result from the excitation of 2p electrons to 5d states with the 

lineshape of the spectrum from Ce3+ being considerably different than the spectrum from 

Ce4+.[23-25] Four features are observed in spectra from Ce4+-containing materials (labelled 

as B1, B2, B3, and B4 in Fig. 4a) because of a pre-edge, quadrupolar 2p à 4f transition 

(B1), and three dipolar, 2p à 5d transitions resulting from changes in the Ce 4f final-state 

occupancies (4f 2 (B2), 4f 1 (B3), and 4f 0 (B4)).[24,25]  The excitation of a 2p electron from 

Ce3+ results in the observation of only one intense peak in the Ce L3-edge spectrum and 

has a similar energy to feature B2 in the spectrum from Ce4+.[10] 

The spectral lineshapes observed in Fig. 4a have been used in the past to argue for 

the presence of only Ce4+ in these materials owing to the similarity of these spectra to 
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those from materials that exclusively contain Ce4+.[11,12]  However, closer inspection of 

the spectra shows that there is a slight difference in the intensity of feature B2 when 

comparing the material quench cooled from 1325 oC vs. the material that was slow-

cooled to RT after high-temperature annealing (Fig. 4a).  It is argued here that this 

difference is a result of the presence of more Ce3+ in the quench cooled sample.  A linear 

combination fitting was performed on the spectrum from the quench cooled sample using 

CePO4 (Ce3+) and the slow-cooled Ce0.94Ti2O6-δ sample as standards.  As is shown in Fig. 

4b, the spectrum from the quench cooled sample is reproduced when a combination of 

the two standard spectra are used that contains ~7% of the Ce3+ standard.  It should be 

noted that this analysis only provides the relative difference in the [Ce3+] between the two 

samples and not the absolute [Ce3+] in each sample. 

3.2.2. Ce 3d XPS spectra: 

 It has been demonstrated previously that both Ce M4,5-edge XANES spectra and 

Ce 3d XPS spectra, which both result from the excitation of Ce 3d electrons, are highly 

sensitive to changes in the Ce oxidation state.[10,26]  This increased sensitivity is a result of 

the greater resolution of these spectra compared to the resolution of Ce L3-edge XANES 

spectra.  Ce 3d XPS spectra have been collected in the present study to better understand 

the oxidation state of Ce in the as-synthesized brannerite materials and to settle the 

question regarding the presence of Ce3+ in these materials.  Ce 3d XPS spectra from 

CePO4 and CeO2 are presented in Fig. 5 to show the significant spectral differences 

observed when studying Ce3+- or Ce4+-containing materials.  The reasons for the different 

features present in the spectra have been discussed in detail previously along with the 

method used to fit these spectra (see Fig. 5); however, a short description is provided 

here.[26]  Eight peaks were used to fit the spectrum from CeO2, which may also contain 

traces of Ce3+ as a result of surface defects. The multiple components representing the 

spin-orbit split peaks result from the different Ce 4f occupancies in the final state (4f0,1,2) 

along with the presence of satellite peaks.[27] The Ce 3d XPS spectrum from CePO4, 

however, only contains two pairs of spin-orbit split peaks.  The spectra have been fitted 

with pairs of peaks with the lowest binding energy peak representing the core-line and the 

corresponding higher binding energy peak representing a shake-up satellite peak.  The Ce 

3d5/2 components have been labeled as v and u, referring to the Ce4+ and Ce3+ 
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components, respectively, while the Ce 3d3/2 components have been labeled as v’ and u’.  

The integrated peak areas of the fitted component peaks were used to calculate the 

relative [Ce3+] in the brannerite samples.[28] The spectra presented in Fig. 5 are consistent 

with those reported previously.[26] 

 The Ce 3d XPS spectra from the three Ce0.94Ti2O6-δ materials studied here are 

presented in Fig. 6 and were fitted to determine if Ce3+ was present.  When compared to 

the spectra presented in Fig. 5, it can be seen that the spectra from Ce0.94Ti2O6-δ contain 

features representing Ce4+ (major) and Ce3+ (minor).  The spectra were fitted using the 

method described above (and elsewhere) to determine the Ce3+:Ce4+ ratios.[26]  The results 

of the fittings are presented in Table 2.  The Ce0.94Ti2O6-δ sample that was analysed after 

being quench-cooled from 1325 oC was observed to contain the highest concentration of 

Ce3+ (~41% Ce3+), followed by the sample that was quench-cooled and then post-

annealed at 800 oC (~34% Ce3+), and finally the sample that was slow-cooled to RT after 

high-temperature annealing at 1325 oC (~32% Ce3+).  The difference in the amount of 

Ce3+ present in the quech-cooled sample vs. the slow-cooled sample (~9% Ce3+) is 

consistent with the linear combination fitting analysis of the Ce L3-edge XANES spectra 

discussed above (~7% Ce3+; cf. Fig. 4).  This analysis confirms the previously reported 

conclusion that Ce3+ is present in the Ce-analogue of brannerite.[10] 

3.2.3. Ti K-edge XANES spectra: 

 Examination of the Ce L3-edge XANES and Ce 3d XPS spectra confirmed that 

the Ce-analogue of brannerite contains Ce3+ (along with Ce4+), which would require the 

material to be O-deficient.  As such, it would be expected that the average Ti 

coordination number (CN) would be less than the nominal value of 6 observed in the 

structure of the U-containing material (UTi2O6), and that the CN would change 

depending on how the material was cooled after high-temperature annealing.   

 Ti K-edge XANES spectra are sensitive to changes in Ti CN, and result from 

1sà3d (pre-edge) and 1sà4p (main-edge) transitions, with the pre-edge region being 

particularly sensitive to changes in CN.[29-31]  These XANES spectra follow dipole 

selection rules (i.e., Δl = +/-1); however, quadrupolar transitions (e.g., 1sà3d) can also 

be observed, although they are generally weak when compared to dipolar transitions (e.g., 

1sà4p).  As the CN decreases from 6, increased orbital overlap will occur between Ti 3d 
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and Ti 4p states, resulting in an increased dipolar character (and therefore intensity) of the 

of the pre-edge region.[29,31-33]  

The Ti K-edge XANES spectra from Ce0.94Ti2O6-δ quench-cooled from 1325 oC, 

annealed at 800 oC after high-temperature annealing, or slow-cooled to RT from 1325 oC 

are presented in Fig. 7 with the appropriate excitations labelled. The Ti K-edge spectra 

from all three samples have lineshapes that would be expected for Ti4+ ions in a near 6-

coordinate environment; however, the pre-edge peak intensities are greater than would be 

expected for Ti4+ in ordered 6-coordinate environments as a result of the distortion of the 

Ti-O coordination environment in the brannerite structure and the lower, average Ti CN 

as a result of the O-deficiency.  What is clearly obvious from the spectra is the lack of 

differences observed between the spectra regardless of the method used to cool these 

materials.  The differences in the Ce3+:Ce4+ ratio present in the quench cooled sample vs. 

the slow cooled sample (Table 2) would result in an increased O-deficiency in the 

quench cooled sample compared to the other materials and a reduced, average Ti CN.  

Stennett et al. found through analysis of neutron powder diffraction data that the Ce 

cation deficiency in these materials is balanced by deficiency in the O site that connects 

the Ti-O and Ce-O coordination environments, which are both nominally 6-coordinate in 

the brannerite (UTi2O6) structure.[11]  The lack of variation observed in the Ti K-edge 

XANES structure from the Ce analogue of brannerite when quench-cooled vs. annealing 

at lower temperatures after high-temperature heating may be explained by studying the 

structure.[10,11]  Three non-equivalent O sites are present within the brannerite structure.  

Two of these sites contain O ions that interact with both Ce and Ti while the third site 

contains O ions located between Ti atoms within the zigzag layer of TiO6 octahedra.[11,34]  

This later O site only coordinates to Ti atoms and accounts for three of the six O atoms in 

each TiO6 octahedra.[34]  As such, it appears that the changing O deficiency observed in 

these materials depending on cooling conditions does not significantly affect the average 

Ti CN, leading to the observation of very little change in the Ti K-edge XANES spectra 

despite the differences observed in the Ce 3d XPS and Ce L3-edge XANES spectra.  This 

being stated, higher resolution Ti K-edge (or Ti L2,3-edge) XANES spectra may yield 

more insight. 
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3.3. Magnetic properties of the as-synthesized materials: 

The Ce 3d XPS spectra collected from powders of the Ce0.94Ti2O6-δ materials 

clearly indicated the presence of Ce3+ in these materials; however, one could argue that 

surface defects could be responsible for the presence of Ce3+ owing to the surface 

sensitivity of XPS, and that the calculated Ce3+ concentration does not properly reflect 

the true Ce3+ concentration present in the bulk material.  This could also be proposed as 

the reason for why no variations in the Ti K-edge XANES spectra were observed.  

Magnetic susceptibility data were collected to confirm the presence of Ce3+ in the 

Ce0.94Ti2O6-δ sample that was post-annealed at 800 oC after being synthesized at 1325 oC 

followed by quench cooling (see Fig. 8). The sample was observed to be strongly 

paramagnetic, which must be attributed to significant levels of Ce3+ being present in the 

bulk of the material. A plot of the inverse susceptibility (see inset in Fig. 8) shows a 

reasonable adherence to the Curie-Weiss law (Eq.1) above 220 K (-53.15 oC). The 

magnetic susceptibilities of Ce3+ compounds are strongly influenced by crystal field 

effects as the separation between the crystal field split states is of the order of ~100 K (-

173.15 oC) and only at higher temperatures is the Curie-Weiss law obtained. The Curie 

constant (C) obtained from this fit is 0.285(3) (emu/mole)K. The expected C value would 

be 0.804 x 0.94 = 0.756 (emu/mole)K if all Ce cations present were Ce3+. Thus, the 

atomic percent of Ce3+ in this sample is ~38%, which is in reasonable agreement with the 

value obtained from analysis of the Ce 3d XPS spectrum from this sample (~34% Ce3+). 

Fits using slightly different temperature intervals gave similar values for C to within 

~5%, which is a reasonable error to assign to the [Ce3+] obtained by this particular 

method.  

 

                                                          χ = C/(T – θ)                                                    (Eq. 1) 

3.4. Examination of ion-implanted Ce0.94Ti2O6-δ: 

 The development of materials (crystalline or amorphous) for the safe 

sequestration of nuclear waste requires knowledge of how these (and related) materials 

will be affected by the radioactive decay of incorporated waste elements.  The   materials 

studied here were implanted with 2 MeV Au- ions to a dose of 5 x 1014 ions/cm2 followed 
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by XANES and XPS analysis to study if the procedure used to cool the materials 

influenced the response of these materials to radiation. 

3.4.1. Ce 3d and Ti 2p XPS analysis: 

 XPS spectra were collected to understand how the surface chemistry of these 

materials was affected by ion implantation.  The Ce 3d and Ti 2p XPS spectra from the 

Ce0.94Ti2O6-δ materials that were slow-cooled to RT after annealing at 1325 oC are 

presented in Fig. 9 and have been compared to the corresponding spectra from the as-

synthesized material.  Examination of the Ce 3d XPS spectrum from the ion-implanted 

material shows a clear difference in lineshape compared to the spectrum from the as-

synthesized material, with the former spectrum more resembling that of Ce3+ than Ce4+ 

(cf. Fig. 9a).  Fitting of the Ce 3d XPS spectrum from the ion-implanted material gives a 

Ce3+:Ce4+ ratio of 69:31, which is significantly different than the ratio determined for the 

as-synthesized material (32:68).  It is known that low energy (KeV) ion sputtering of Ce 

containing surfaces can result in the reduction of Ce4+ to Ce3+, and the observation 

reported above was expected considering that the materials were implanted with 2 MeV 

Au- ions.[35,36]   

The Ti 2p XPS spectra from the ion implanted samples are presented in Fig. 9b 

and have been normalized to show the differences in linewidth between the spectra 

collected from the as-synthesized material vs. the ion-implanted material.  Both spectra 

show 2p3/2 and 2p1/2 spin orbit split peaks that are relatively narrow owing to the lack of 

multiplet splitting observed in spectra that (primarily) contain Ti4+.  The binding energy 

of the Ti 2p3/2 peak in the spectrum from the as-synthesized material (458.2 eV) is in 

agreement with previously reported values for Ti4+.[37]  After ion-implantation, the 

resulting spectrum was found to be broader to lower binding energy (compared to the 

spectrum from the as-synthesized material), which is considered to be a result of the 

partial reduction of Ti.  It was found that two peaks were required to properly fit each 

spin-orbit split feature in the Ti 2p XPS spectrum from the ion-implanted material (not 

shown), with the higher binding energy (2p3/2 or 2p1/2) peak corresponding to Ti4+ and the 

lower binding energy (2p3/2 or 2p1/2) peak corresponding to Ti3+.  The Ti4+:Ti3+ ratio was 

observed to be ~82:18; however, this ratio changed considerably if the peak widths were 

allowed to vary.  
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3.4.2 Ce L3- and Ti K-edge XANES analysis 

 The XPS spectra presented above only allowed for a study of how the surface 

regions of the pellets of these materials were affected by ion-implantation.  Hard X-ray 

XANES spectra are inherently more bulk-sensitive than XPS spectra and are more 

sensitive to changes in the local coordination environments of the ions under 

investigation.  Both Ti K-edge and Ce L3-edge XANES spectra were collected from the 

ion-implanted pellets to study how ion implantation affected the sub-surface region of 

these materials, as well as the local coordination environment of Ti. 

 The Ce L3-edge XANES spectrum from a pellet of Ce0.94Ti2O6-δ that was slow-

cooled to RT after annealing at 1325 oC followed by ion-implantation is presented in Fig. 

10 along with the spectrum from the as-synthesized material. The lineshape of the 

spectrum from the ion-implanted material is considerably different to the spectrum from 

the as-synthesized material and closely resembles previously reported spectra from CeOx-

TiO2 materials that contained a significant concentration of Ce3+ (along with Ce4+).[38] 

The identification of Ce3+ in the Ce L3-edge XANES spectrum is in agreement with the 

analysis of the Ce 3d XPS spectra discussed in Section 3.4.1.  

 The Ti K-edge XANES spectra from the ion-implanted pellets of Ce0.94Ti2O6-δ 

that were slow-cooled to RT after annealing at 1325 oC  or quench-cooled in air from 

1325 oC are presented in Fig. 11 along with the spectrum the as-synthesized material 

(slow-cooled to RT after annealing at 1325 oC).  In comparison to the as-synthesized 

material, the spectra from the ion-implanted materials show a decrease in energy and 

intensity of the main-edge region and an increase in the intensity of the pre-edge region.  

These changes are indicative of a decrease in the local coordination environment of the Ti 

ions as a result of disordering of the anion (and cation) lattice(s) during ion-

implantation.[15,39]  These spectral differences indicate that the brannerite structure is 

damaged by ion-implantation, which simulates the effect of decay of incorporated 

radioactive elements.  It should be noted that little to no difference was observed between 

the Ti K-edge XANES spectra collected from the ion-implanted materials that received 

different cooling treatments and, therefore, contained different proportions of Ce3+ and 

Ce4+ (and O vacancies) prior to ion-implantation.  
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4. Conclusions 

 The study of the Ce analogue of brannerite has confirmed that this material is 

cation and anion deficient and that it contains both Ce3+ and Ce4+.  Further, it has been 

shown here that the Ce3+:Ce4+ ratio in these materials varies depending on the way in 

which the materials are cooled post synthesis.  Finally, examination of XPS and XANES 

spectra from the ion-implanted materials indicated that radioactive decay of incorporated 

nuclear waste elements will affect both the surface and sub-surface region of this material 

and that the method used to cool the materials did not appear to affect the response of this 

material to radiation. Although Ce is an insufficient analogue for U, it does behave in a 

very similar fashion to Pu, which can also exhibit an oxidation state of 3+.[8,23] Changes 

in the chemistry of these materials as a result of the decay of incorporated radioactive 

elements during nuclear waste sequestration could affect how they behave if exposed to 

aqueous environments.  Future studies of these materials should examine how the 

leachability of these materials changes depending on the average Ce oxidation state. 
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Tables: 

Table 1: Refined unit cell parameters for Ce0.94Ti2O6-δ from the Rietveld analysis of 

powder XRD data 

 

 Ce0.94Ti2O6-δ 

Quench cooled 

Ce0.94Ti2O6-δ 

Slow cooled to RT 

a (Å) 9.8266(2) 9.8308(2) 

b (Å) 3.75253(7) 3.7550(1) 

c (Å) 6.8849(1) 6.8979(2) 

β (o) 119.2248(6) 119.2018(7) 
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Table 2:  Ce4+ and C3+ concentrations in Ce0.94Ti2O6-δ as determined by fitting of Ce 

3d XPS spectra 

 

 Ce0.94Ti2O6-δ 

Quench cooled 

Ce0.94Ti2O6-δ 

Annealed at 800 oC 

Ce0.94Ti2O6-δ 

Slow cooled to RT 

[Ce4+] 59% 66% 68% 

[Ce3+] 41% 34% 32% 
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Figure captions: 

Figure 1:  A representation of the brannerite structure (UTi2O6) is shown looking down 

the b-axis. 

 

Figure 2:  An image showing how the colour of the Ce-analogue of brannerite varies 

depending on the cooling method used during the synthesis of the material is shown.  The 

quench cooled sample is presented on the left while the sample that was slow cooled to 

RT is presented on the right. 

 

Figure 3:  The experimental powder XRD patterns and corresponding Rietveld 

refinement results are shown for (a) the quench cooled Ce0.94Ti2O6-δ sample and (b) the 

Ce0.94Ti2O6-δ sample that was slow cooled to RT. 

 

Figure 4:  The normalized Ce L3-edge XANES spectra from samples that were either 

quench cooled or slow cooled to RT are presented in (a).  The results of a linear 

combination fitting of the quench cooled sample is presented in (b) along with the 

weighed standard spectra used to fit this spectrum. 

 

Figure 5:  The fitted Ce 3d XPS spectra from (a) CeO2 and (b) CePO4 are shown. 

 

Figure 6:  The fitted Ce 3d XPS spectra from the Ce0.94Ti2O6-δ materials that were (a) 

quench cooled from 1325 oC, (b) annealed at 800 oC followed by quench cooling, or (c) 

slow cooled from 1325 oC to RT are shown. 

 

Figure 7:  The Ti K-edge XANES spectra from the Ce0.94Ti2O6-δ materials that were 

quench cooled from 1325 oC, annealed at 800 oC followed by quench cooling, or slow 

cooled from 1325 oC to RT are compared.  The pre-edge (1s à 3d) and main-edge (1s à 

4p) transitions are labelled. 
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Figure 8: The magnetic susceptibility of Ce0.94Ti2O6.δ that was annealed at 800 oC post 

synthesis is shown.  The inset shows a fit to the Curie-Weiss law (Eq. 1) above 200K. 

The small anomaly observed in the ZFC data near 50 K is due to the melting of solid O2. 

 

Figure 9:  The (a) Ce 3d and (b) Ti 2p XPS spectra from the ion-implanted Ce0.94Ti2O6-δ 

material that was slow cooled from 1325 oC to RT are shown and are compared to the 

corresponding spectra from the as-synthesized material.   

 

Figure 10:  The Ce L3-edge XANES spectrum from the ion-implanted Ce0.94Ti2O6-δ 

material that was slow cooled from 1325 oC to RT is shown and is compared to the 

corresponding spectrum from the as-synthesized material.   

 

Figure 11:  :  The Ti K-edge XANES spectrum from the ion-implanted Ce0.94Ti2O6-δ 

material that was slow cooled from 1325 oC to RT is shown and is compared to the 

corresponding spectrum from the as-synthesized material.  The changes observed in the 

spectrum from the ion-implanted material when compared to the spectrum from the as-

synthesized material are indicated by arrows.  The observed increase in the pre-edge peak 

intensity and decrease in the energy and intensity of the main-edge features is indicative a 

decrease in the average local coordination number of Ti. 
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Figures: 

Figure 1: 
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Figure 3: 
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Figure 4: 
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Figure 5:  
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Figure 6:   
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Figure 7: 
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Figure 8: 
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Figure 9:   
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Figure 10: 
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Figure 11: 
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