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Advanced nuclear power systems and nuclear fuel cycles will require nuclear fuels capable of higher burnup and with higher transuranic concentrations than those previously developed for current nuclear power plants. Expensive qualification tests are required to validate the thermal and mechanical performance of fuels in normal and accident-scenario operations. Research of surrogate systems with specific properties and characteristics of advanced nuclear fuels can be an effective way to frame the problem, reduce costs, and support the technical development of future research. From this perspective, lanthanide counterparts like mixed oxides of Ce and Nd can provide replica systems for many technological properties of the actual fuels. These ceramic systems can lead to a better understanding of the fundamental irradiation processes responsible for the evolution of their microstructures, the interplay with charge and defect localisation, and the evolution of their mechanical properties. In non-stoichiometric MO 2x binary systems (M = Ce, Pr, Tb), there is evidence of systematic ordering of vacancies resulting in a deviation from the ideal fluorite structure and the formation of several intermediate fluorite-related phases. Substitution of the 4+ cations with 3+ cations in these systems drives the formation of oxygen vacancies as a charge compensation mechanism. By analogy with MO 2-x systems, a variety of similar intermediate phases would also be expected to form in the MO 2 :Ln 2 O 3 (Ln = La, Nd, Gd. . . etc). However, in order to achieve chemical homogeneity and charge ordering, prolonged annealing just above the charge ordering transition temperature is required, covering a timescale determined by the chemical diffusion coefficient. Achieving these conditions with powder metallurgy techniques, commonly employed in literature, is practically impossible. This paper reviews the transport properties and structural features found in these surrogate systems which may be helpful in addressing challenges facing advanced nuclear fuels. We present results of a recent diffraction experiment investigating the structure of neodymium doped ceria synthesised using soft chemical methods. The sample shows a deviation from previous literature as the diffraction data is best described by a monoclinic Ln 6 O 11 -type structure (SG P2 1 /c), often referred to as "β phase" in PrO2x.

1 Surrogates of Pu-based nuclear ceramics

INTRODUCTION

The design, fabrication, and performance of advanced nuclear fuels, particularly those containing a significant fraction of Pu and minor actinides, is a significant challenge that requires a fundamental understanding of the thermodynamics, transport, and chemical behavior of complex materials during processing and irradiation. An understanding of complex phenomena occurring in these systems is a requirement for building robust models of complex phenomena including transport and phase segregation. This knowledge will be a requirement for any large-scale fuel fabrication and performance calculations. Advanced fuels, waste forms, and separations technologies are highly interactive, multi-component systems. This entangled context is a challenging area in complexity, with broad implications across science and technology. Significantly, there is a substantial lack of knowledge on fundamental materials properties for unirradiated advanced actinide fuels. This situation is due to several reasons: the current experimental knowledge basis of the minor actinides is small, principally because there were no engineering needs in the past; experiments are inherently difficult because of their radiological constraints but also because the properties of these systems can change sharply with composition and experience internal decay heating; the mechanisms of radiation damage formation in ceramic fuels from elastic collisions with high-energy neutrons and from fission product recoils are not well understood. These constraints are therefore motivation for research of surrogate systems that can exhibit some of the relevant behaviours of the advanced fuels.

Like many major countries in the world trying to decarbonize their energy mix, the UK has plans to significantly accelerate the building of new nuclear reactors with a capacity of up to 25 GW by 2050 providing 25% of electricity. This has also led to the recent announcement of the building of the first new nuclear power station at Hinkley Point C in Somerset (1; 2). As part of this strategy, UK has plans to invest in High-Temperature Gas Cooled Reactors HTGR as advanced modular reactors. In addition to producing electricity from nuclear, these AMR's are planned with the aim to clean hydrogen as well as heat that could be used by industries. The efficient operation of these new nuclear reactors requires the need to understand fuel performance as fission products and minor actinides like Pu build-up during reactor operation. In addition, energy from nuclear has always been plagued by poor public perception because of risks associated with the management of spent nuclear fuel and nuclear waste. Among various significant scientific and technological efforts made to underpin fundamental science backing these challenges, a science-based understanding of complex oxides comprising various lanthanides and actinides (including U and Pu) is key to building a new nuclear future.

Fission products produced during nuclear fission are not created equally, rather their distribution contains 2 peaks around Mo and Tc (A ≈ 91) and around Xe and lanthanides (A ≈ 142). Importantly many of the lanthanide elements (Pm, Sm, etc) are high-yield fission products. Solid fission products produced during fission ultimately end in one of three states within the nuclear fuel. Depending on the thermodynamic driving force for a particular reaction to occur across the range of temperatures relevant to the problem (operando conditions, storage, . . . ), some elements quickly oxidise while others do not. Mo and Ru with minor amounts of Pd and Rh migrate to grain boundaries and form metallic phases. Other elements, including most of the lanthanide fission byproducts, have very low Gibbs energies of formation of oxides: they vigorously compete with the fuel for oxygen to form a solid solution within the oxide fuel matrix [START_REF] Olander | Chapter 12 -Behaviour of Solid Fission Products in Oxide Fuel Elements[END_REF]. Determining which state a species of fission product will ultimately end up in is possible by comparing the Gibbs formation energy of the fission product oxide with that of the fuel. Formation of these solid solutions has wide-ranging effects on both the structure and properties (mechanical, thermal, and transport) of the fuel and as such, it is important therefore to have a fundamental understanding of the consequences arising from the formation of these solid solutions.

Long-lived plutonium and minor actinides, although present in nuclear waste at relatively low concentrations, are associated with long-term radiotoxicity and are hazardous if released into the biosphere. These elements have a particular influence on the definition of the waste management framework (storage or longer-term disposal). In advanced nuclear fuels, the presence of these elements can represent a substantial fraction of the fuel. The behavior of these systems is also interesting for the fundamental chemical and structural properties of these elements. Materials such as Al 2 O 3 , MgO, CeO 2 , MgAl 2 O 4 , Y 3 Al 5 O 12 and stabilized zirconia (ZrO 2 :Y,YSZ) have been investigated in the past as host matrices for Pu and minor actinide incineration, either in solid solution or in dispersed form [START_REF] Kleykamp | Selection of materials as diluents for burning of plutonium fuels in nuclear reactors[END_REF]. Indeed, YSZ and CeO 2 are some of the best candidates among the oxide-based materials considered as host matrices. Since Pu and minor actinides are highly radioactive and radiotoxic, they must be handled in glove boxes with particular care. In order to conduct fundamental research in this field, it is very important to use non-radioactive substitutes in place of these elements before carrying out actual experimentation on systems presenting radiological risks. Cerium dioxide can be used as a substitute material for plutonium oxide (4), while Neodymium oxide (Nd 2 O 3 ) has been widely used as a simulant for two minor actinides, Americium (Am 2 O 3 ) and Curium (Cm 2 O 3 ) oxide [START_REF] Williams | Metal matrix composite fuel for space radioisotope energy sources[END_REF]. The reason for this choice is mainly attributed to the ionic radii and iso-structural crystal structures of the respective compounds in the solid state. CeO 2 was tested as an inert matrix component in the EFTTRA experiment [START_REF] Konings | The influence of neutron irradiation on the microstructure of Al 2 O 3 , MgAl 2 O 4 , Y 3 Al 5 O 12 and CeO 2[END_REF]. Similarly to its use as a plutonium surrogate, CeO 2 has been used as a surrogate for UO 2 in some research capacities (7; 8), however the situation is complicated by the ability of UO 2 to form hyperstoichiometric UO 2+x which CeO 2 cannot. Other materials used to simulate the properties of UO 2 include ZrO 2 (9) and HfO 2 [START_REF] Tucker | A Methodology for Producing Uniform Distribution of UO 2 in a Tungsten Matrix[END_REF].

The phase stability of these complex oxides is also of interest when it comes to powering space systems using Radioisotope thermometric Generators (RTG) that utilise the decay from 238 Pu. With the scarcity of 238 Pu, the European Space Agency (ESA) is exploring other isotopes such as 241 Am in various fluorite-type mixed oxides phases. While the capability to handle Am-based oxides is limited, fundamental work on understanding the phase stability has heavily relied on the use of surrogates like CeO 2 and Nd 2 O 3 to understand the behaviour of AmO 2 or PuO 2 and Am 2 O 3 respectively (11; 12). Hence understanding the phase stability of complex oxides is key to various future nuclear technologies.

PSEUDO-BINARY SYSTEMS OF CERIUM AND LANTHANIDE OXIDES

Mixed valence states of lanthanide oxides

The chemical properties of lanthanides are largely determined by their valence shell electrons. Most lanthanides are trivalent because the energy levels of 4f electrons have lower energies than those of the outer electrons, 5d6s2: typically, 4f radial functions are localized and they do not contribute actively to the bonding with other elements when an oxide is formed. This explains why most lanthanides are chemically similar, but some of them are notable exceptions: Hund's rule states that empty, half-filled, and completely filled electronic levels are more stable configurations. Therefore, Ce 4+ and Tb 4+ can give up an f electron to achieve an empty and half-filled 4f level, respectively, whereas Eu 2+ and Yb 2+ would add an f electron to have a half-filled or completely filled 4f level, respectively. The same mechanism can explain the existence of mixed valence states involving the Pr 4+ and Sm 2+ ions, as observed for instance in compounds like Pr 6 O 11 .

Polymorphism of lanthanide oxides

All lanthanides can form a sesquioxide but, as for Ce at standard temperature and pressure, this may not be the stable equilibrium composition. There are five different polymorphs for the sesquioxide phases ( 14), the phase diagram is illustrated in figure 1: these are labeled as A, B, C, H, and X. The A-type polymorph (trigonal) exists for the light lanthanides (that also have larger ionic radii); they transform to the H-type polymorph (hezagonal) at higher temperatures, and then to the X-type (cubic) at even higher temperatures. The B-type polymorph (monoclinic) is characteristic of the middle lanthanides; they also transform to the H and X polymorph at high temperatures, near their melting point. The cubic C-type polymorph (also referred to by the corresponding mineral name, bixbyite) is encountered for heavy lanthanides. The C-type polymorph transforms to the B-type upon heating, and then to the H-type before melting. All these structures can be derived from the prototype fluorite phase (face-centered cubic) that is commonly observed in CeO 2 at room temperature and ambient oxygen partial pressure. [START_REF] Lopato | Polymorphic transitions of rare earth oxides at high temperatures[END_REF]. A-Type -Trigonal, B-type -Monoclinic, C-Type -Cubic, H-Type -Hexagonal and X-Type -Cubic At room temperature, the structure of Nd 2 O 3 is typically reported as a trigonal A-type (space group P 3m1). However, metastable B-type or C-type structures are sometimes observed (16; 17). The fact that the transition from the A-type to other structures occurs near the Nd 2 O 3 (18) compounds might favour the observed metastability. Nevertheless, the A-type Nd 2 O 3 polymorph is the thermodynamically stable polymorph at room temperature. At higher temperatures, Nd 2 O 3 displays the same phase transition sequence observed in other light-lanthanide sesquioxides (La, Ce, and Pr).

Cerium, praseodymium, and terbium can form tetravalent or partially tetravalent oxides as CeO 2 , Pr 6 O 11 , and Tb 4 O 7 . Since the free enthalpies of formation of the sesquioxides of these three elements are close to those of the respective higher oxides, a whole series of intermediate oxide phases is observed for these three compounds with stoichiometries LnO x (1.5 < x < 2) that can be produced by controlling the temperature, oxygen pressure, and sometimes by quenching the sample. Further discussion of the structural features of the Ce-O phase diagram is carried out in section 3.

Defect compensation in cerium dioxide

In any real crystal, at a sufficiently high temperature, there will be an equilibrium concentration of intrinsic (stoichiometric) defects within the crystal structure. In ionic solids, interstitial and vacancy defects are known as Frenkel and Schottky defects respectively. In fluorite structures, it is expected that the fraction of metal defects is negligible at any temperature [START_REF] Catlow | Norgett Shell model calculations of the energies of formation of point defects in alkaline earth fluorides[END_REF]. Metal Frenkel pairs, even just below the melting temperature, are typically two orders of magnitude smaller than those of anion defects. At high temperatures, though well below the melting temperature, the concentration of anion Frenkel pairs follows an Arrhenius regime, until a superionic transition occurs [START_REF] Vlieg | The superionic phase transition of fluorite-type crystals[END_REF]. As the fluorite structure is heated, it is then the anion that disorders and contributes to the increase of the ionic conductivity. Some of the oxygen ions move from their regular positions and occupy the empty octahedral positions. The redistribution of the fluorine ions with rising temperature causes an anomaly in the heat capacity. The formation energies for each defect type in ceria are given in table 1. From these formation energies, it can be seen that cation Frenkel defects are indeed unlikely to form in ceria, and anion Frenkel defects are the predominant mechanism for the intrinsic disorder. As a result, the cation sublattice is highly stable [START_REF] Zhang | Nonstoichiometric Compounds[END_REF]. The anion Frenkel defects can be formally described by the following Kröger-Vink equation:

O X O ←→ V •• O + O i (1)
Where O X O denotes an oxygen atom occupying an oxygen position in the lattice, V •• O an oxygen vacancy with a +2 charge (represented by ••) and O i an oxygen interstitial with a -2 charge (represented by ). Between 450K and 1550K, CeO 2-x is a mixed n-type semiconductor where the conduction takes place by small-polaron transport. The ionic contribution to the total conductivity is quite low: in pure reduced ceria, at 1250K and at pO 2 ≈ 10 -6 atm, it is less than 3% of the total [START_REF] Mogensen | Physical, chemical and electrochemical properties of pure and doped ceria[END_REF]. In a simplified picture, the small polaron in bulk ceria is an electronic carrier, localized on the Ce atoms, that self-traps in the displacement field of the surrounding O atoms. The polaron (i.e., the electron-hole with the associated distortion field) migrates by a thermally activated hopping [START_REF] Blumenthal | Electron mobility of nonstoichiometric cerium dioxide at high temperatures[END_REF]. Using the Kröger-Vink notation, the small polaron in CeO 2-x may thus be modeled as Ce Ce . It was later demonstrated by Shoko et al. (25) that this simplified picture is not correct and that the excess electrons localize at cerium ions that are next nearest neighbors to the vacancies. The electronic conductivity of CeO 2-x shows a linear dependence on the value of x for x ≤ 0.05, then it saturates [START_REF] Tuller | Small polaron electron transport in reduced CeO 2 single crystals[END_REF]. With decreasing p O2 (also by increasing temperature), oxygen vacancies form, requiring charge compensation by two electrons localized on trivalent cerium cations, the already discussed small polarons. This mecanism is effective over wide compositional range, producing a nonstoichiometric oxide CeO 2-x with 0 ≤ x < 0.5 [START_REF] Reiss | Nonstoichiometric Phases in Cerium Oxide[END_REF] and is described by equation 2:

2Ce X Ce + O X O ←→ 2Ce Ce + V •• O + 1 2 O 2 (2) 
At lower deviations from stoichiometry, the formation of doubly charged oxygen vacancies is the dominant defect type. However, as this deviation increases and defect interactions start to occur, there is a transition to singly charged oxygen vacancies being the main defect type (28; 29). To summarize, much of the functional properties of ceria can be linked to the presence of oxygen vacancies, and among native defects in ceria, the oxygen vacancy is by far the most extensively studied and the most stable defect under a very broad set of conditions.

Charge compensation mechanisms in doped cerium dioxide

Doping CeO 2 with trivalent lanthanides, (e.g. Nd 3+ ) causes Ce 4+ ions to be substituted by Ln 3+ ions. This substitution drives the formation of defects in the crystal in order to compensate for the charge difference between the ions and keep the crystal electrically neutral. Ikuma et al [START_REF] Ikuma | Effect of Nd 2 O 3 Concentration on the Defect Structure of CeO 2 -Nd 2 O 3 Solid Solution[END_REF] investigated the predominant defects in the CeO 2 -Nd 2 O 3 system and through comparison of the theoretical density of cation interstitial and anion vacancy defect models against the measured density found that the anion vacancy model showed a similar trend of decreasing density with increasing Nd concentration, showing that anion vacancies are the main charge compensating defect formed when doping ceria with lower valency ions. The following quasi-chemical reaction describes the anion vacancy model in this case:

Nd 2 O 3 ←→ 2Nd Ce + 3O X O + V •• O (3)
While conductivity in undoped CeO 2-x is largely electronic due to the hopping of small polarons through the lattice, aliovalent doping with trivalent ions leads to a different situation where the conductivity becomes mainly ionic. The mechanism of ionic conduction in the system is the hopping of oxygen ions between the large concentrations of vacancies formed to compensate for the doping. One would expect the conductivity to rise monotonically with dopant concentration, as more doping creates more vacancies, which in turn allows for the easier transport of oxygen ions. However, when studying ionic conductivity in Ce 1-x Sm x O 2-x 2 , Yahiro et al. found the ionic conductivity to rise rapidly for x < 0.1 then reaches a maximum and plateaus briefly at around x = 0.2 and then gradually decreases for x > 0.3 [START_REF] Yahiro | Oxygen ion conductivity of the ceria-samarium oxide system with fluorite structure[END_REF]. This behavior of increasing conductivity up to a critical dopant concentration, x c , is observed for other rare earth elements, with the value for x c generally falling between 0.06 < x c < 0.2 depending on the dopant and the temperature of the system [START_REF] Koettgen | Understanding the ionic conductivity maximum in doped ceria: trapping and blocking[END_REF]. This decrease in the ionic conductivity has been explained in terms of trapping of vacancies through defect ordering [START_REF] Yamamura | Dielectric relaxations in the Ce 1-x Nd x O 2-δ system[END_REF] and formation of the dopant-vacancy pair [2Nd :

V •• O ] (34)
effectively removing a portion of the hopping sites for oxide ions, lowering the conductivity despite the increased concentration of vacancies introduced when doping.

Topological features of O vacancy clustering in Ln

n O 2n-2 .
(Ln = Ce, Tb, Pr) Tetrahedron-shaped building blocks are interesting enough by themselves, but under the right circumstances, we have discovered they do something remarkable. Under irradiation, these anion-centred building blocks demonstrate an unanticipated ability to re-arrange themselves into superstructures (35; 36). The changes promoted by irradiation can be understood as a first-order phase transition between two tetrahedral networks of different densities. It is interesting to observe that tetrahedra themselves are not chiral because they can be superimposed on their mirror images. The ι and C-type phases of lanthanide oxides are also non-chiral networks of tetrahedra (Figure 2). When these tetrahedra come together, they stack with their tips either up or down. As these blocks assemble, their corners (the metal ions) are shared. This configuration provides a dense packing compatible with the constraint of maintaining optimum cation-anion distances and leads to trigonal-domain formation. In the irradiation-induced transformation between the ι and C-type phases, the first neighbour distances are kept unchanged but a change of the tetrahedral networks takes place. From a topological perspective, this can be described as a transition between a disentangled, low-density configuration of empty tetrahedra (the isolated ones of the ι phase) and an entangled, high-density configuration of these empty tetrahedra that assemble in groups of 4, forming a more topologically complex motif. The topological arrangement of the O vacancy clusters in the δ phase (Figure 3) is topologically equivalent to the one observed in the ι phase, though less dense and producing a stripe-like pattern that develops along the b axis of this monoclinic structure. The anisotropy of this organization of tetrahedra in stripes is nevertheless affected by the complex microdomain twinning of these phases produced by the ferroelastic nature of their relation to the parent prototype fluorite structure. These observations also apply to the β phase structure, where the stack of the empty tetrahedra describing the environments of the O vacancies is also anisotropic (see Figure 4).

Though the radiation stability of this structure is not well known, it forms during the irradiation of CeO 2 in the slightly reducing conditions of the secondary vacuum of the irradiation chamber [START_REF] Cureton | Grain size effects on irradiated CeO 2 , ThO 2 , and UO 2[END_REF]. This demonstrates the prominent tendency to the order of O vacancies, even in severe out-of-equilibrium conditions. 

Structure metastability and kinetic effects

There is a considerable divergence in the results describing the fluorite-based phase diagrams, particularly evident in the assessment of the phase diagram of pure and aliovalent-doped zirconia. This problem is related to a variety of metastable structures and to the difficulty of reaching thermodynamic equilibrium conditions in experiments below 1500 K. While the phase stability between two competing structural organisations is driven by their free enthalpy difference, ∆G. Nevertheless, the actual free enthalpy barrier between the two phases is a factor of paramount importance when the polymorphic phase transition has martensitic or reconstructive character (for instance a change in the first sphere of coordination of the cations). The large hysteresis associated with the tetragonal to monoclinic phase transition in pure zirconia [START_REF] Simeone | Monoclinic to tetragonal semireconstructive phase transition of zirconia[END_REF] and hafnia is a clear illustration of this effect, more remarkable because these are diffusionless phase transitions.

The stabilization of a metastable organisation can be more severe in morphotropic phase transformations requiring cation diffusion because the local chemical cation composition strongly affects the local oxygen stoichiometry. In a diffusion process, the well-known relation x =

√

Dt provides an estimate of the time interval t, in which the average atom travels over the distance x when D is the temperature-dependent diffusion coefficient. It is customary to suppose the temperature dependence of the diffusion coefficient for both cations and anions follows an Arrhenius law: The prefactor coefficient D 0 has about the same magnitude for anions and cations in fluorites (0.03-0.08 cm 2 s -1 , but, much more important, the migration enthalpy Q m is much higher for cations (about 4 eV) than for anions (typically about 1.3 eV) [START_REF] Ikuma | Oxygen diffusion in Y2O3-containing tetragonal zirconia polycrystals with different grain sizes[END_REF]. Therefore, the diffusion rate of cations is very slow, whereas that of oxygen is so fast that most of these compounds can be used as oxygen-ion electrolytes in devices. In order to establish true phase equilibria at low temperatures in systems containing more than one cation, the production of ceramics using ordinary solid-state reactions should be avoided as it relies primarily upon atomic diffusion. In this context, the challenge is the possible existence of an ordering transition temperature for the metal ions sharing the same cation sublattice. Indeed, in some compounds, a cation selectivity for particular sites in the crystal structures is observed, an effect that also influences the final distribution of defects in the more mobile oxygen sublattice. Experimental evidence suggests this cation-ordering temperature below 1400 K (40), well below any practical temperature where diffusion in that sublattice is effective. Therefore, the exploration of the phase diagrams of compositions involving more than one metal ion requires soft chemistry methods, where the desired homogeneity of the cation distribution over the relevant spatial scales does not rely upon diffusion but is achieved by the control at the nanoscale of the atomic distributions over the two sublattices of the structure.

D(T ) = D 0 exp (- Q m RT ) (4) 
Another factor preventing cation homogeneity at all scales is the effect of kinetic demixing. Kinetic demixing of a ternary solid solution oxide can occur over a few monolayers across an interface when the transport rates of the constituent oxides are different, provided that these different rates of diffusion are not limited by oxygen diffusion [START_REF] Schmalzried | Crystalline Oxide Solid Solutions in Oxygen Potential Gradients[END_REF]. Fluorite structures where two aliovalent cations are present are It is worthy of notice that, at 1400 K, it takes 1 year for cations to diffuse over 1µm, a characteristic length for functional properties; it takes about one day at 1700 K. Therefore, conventional annealing treatments below 1400 K cannot produce systems at thermodynamic equilibrium when the initial heterogeneity of the system is of the order of 1 µm. therefore a typical case where the effect can be observed. Chemical demixing is driven by the existence of a stress gradient at the grain boundaries and interfaces, favouring stress-directed diffusion from regions in compression to regions in tension, until a sufficient concentration gradient builds up opposing further segregation. The effect produces a selective increase of the concentration of the trivalent metal ion that has a larger volume of the corresponding oxide in the topmost layers at the grain boundary, and the reverse effect on the monolayers immediately beneath the interface region. The spatial amplitude of this compositional fluctuation typically does not exceed the nanometer scale across the grain boundaries of the mixed oxides of lanthanides [START_REF] Surble | Defect thermodynamic and transport properties of nanocrystalline Gd-doped ceria[END_REF].

Soft chemistry processes to mitigate cation heterogeneity

Freeze drying [START_REF] Shlyakhtina | Study of the fluorite-pyrochlore-fluorite phase transitions in Ln 2 Ti 2 O 7 (Ln=Lu, Yb, Tm)[END_REF] and sol-gel syntheses (44) avoid long-range atomic diffusion processes and thus help maintain a homogeneous distribution of cations in the samples. Single crystals of mixed metal oxides with nanometric sizes can be prepared using freeze-drying methods or by sol-gel type syntheses. The nanocrystals thus obtained can have a controlled size (monodisperse), typically ranging from 2.5 to 25 nm. These sizes can be adjusted with controlled annealing of these systems. In addition, mesoporous thin films of metal oxides (these are systems consisting of a network of nanometric crystals intertwined with a network of interconnected pores characterized by sizes between 1 and 20 nm) can be synthesized using sol-gel techniques. The resulting materials generally have a structure made up of nanometric particles (10 nm in diameter typically), interconnected, and forming an open chain. The size of the pores and the particles can be adjusted via the specificities of the sol-gel synthesis, such as the choice of the template, the solvent, their respective concentrations, and the process parameters (temperature, humidity) [START_REF] Baldinozzi | Probing properties, stability, and performances of hierarchical mesoporous materials with nanoscale interfaces[END_REF]. These mesoporous systems offer the possibility to study the effects of high defect concentrations with very short atomic transport distances, and therefore present exceptional conditions to analyze the cross-effects of these particular geometries with the non-equilibrium defect supersaturations produced by extreme conditions like irradiation. When synthesising these materials it is important to avoid methods that require long range diffusion, as diffusion of cations is sluggish in fluorite systems, therefore to ensure an ideal cation homogeneity wet chemical methods should be employed.

STRUCTURES IN FLUORITE RELATED OXIDES

Ideally, lattice parameters of solid solutions are expected to vary linearly with the concentration of the substituted ion, following the empirical Vegard's law [START_REF] Vegard | Die Konstitution der Mischkristalle und die Raumffillung der Atome[END_REF]. The pertinence of such law agrees with the additivity of ionic radii, as earlier suggested by Pauling and Huggins [START_REF] Pauling | Covalent Radii of Atoms and Interatomic Distances in Crystals containing Electron-Pair Bonds[END_REF], implying that atomic volumes remain constant independently of the extent of the mixing. However, diffraction techniques are based on the coherent interference generated by long-range order, therefore, the information obtained by these techniques is averaged over many unit cells. Deviations from linearity can be observed experimentally in many systems and can be attributed either to actual bond length variations or to eventual long-range ordering phenomena. The understanding of the behaviour of the lattice parameter in mixed cerium-lanthanide oxides is not only an academic problem: indeed, under changes of the oxygen partial pressure or in presence of operating gradients typical of electrolyte systems, chemical expansion can promote cracking of cerium oxide ceramics, therefore, the requirement of the knowledge of the lattice parameter behaviour to predict safe operating conditions. Moreover, an increase in lattice parameters is generally associated with a decrease in the elastic modulus, requiring additional mechanical assessment in device design. The buildup of mechanical stress is also relevant to phenomena like kinetic demixing that we have already mentioned. In pure ceria, lattice expansion arises by defect formation by the relevant reduction reaction equation 2. The lattice expansion is believed to result from the combined effects of the formation of defects during this reduction reaction, namely the increase in ionic radius, resulting from the decrease of the formal valence state of the cations from +4 to +3, and the formation of positively charged oxygen vacancies with subsequent electrostatic repulsion of the cation neighbours. Hong and Virkar analyzed the lattice parameter change in ceria, at room temperature in air, by partial substitution of tetravalent cerium with trivalent cations (La, Er, Yb) [START_REF] Hong | Lattice Parameters and Densities of Rare-Earth Oxide Doped Ceria Electrolytes[END_REF]. This empirical model explains that doping-induced expansion results from the joint contribution of an ionic radius change (the difference between Ce and the substitutional cation radii) and an effective anion radius change (from the difference between the oxygen and effective vacancy radius). The observed behaviour of the lattice parameter is compatible with the mechanism described by equation 3, but the linearity is observed only between 5 and 25 % atomic substitutions with smaller-size dopants like Yb and Er in CeO 2 , whereas the substitution effect is non-linear for the larger dopants like La (Pr and Nd). Therefore, it seems legitimate to investigate the structural effects of substitutions of the lighter lanthanides in ceria, as their behaviour is inherently more complex than the predictions of the above-mentioned empirical model, and defect correlations or associations may occur under particular conditions.

Salient structures in undoped CeO 2-x

Pure ceria crystallises in the fluorite structure (Figure 6), a cubic structure with the space group F m3m. In the fluorite structure, cerium ions take a face-centred pattern, occupying the corners and the faces of the cubic-unit cell in eightfold coordination with the oxygen ions, which themselves form a simple cubic arrangement with the ions in fourfold coordination inside the cerium tetrahedra. The fluorite structure is known to be a stable structure, as ceria maintains this structure over a wide compositional range and temperature. Neutron diffraction data shows that CeO 2 maintains a single-phase fluorite structure over the temperature range 40-1497 • C and that at higher temperatures oxygen vacancies shift along the 111 directions [START_REF] Yashima | Crystal structure and the structural disorder of ceria from 40 to 1497 C[END_REF]. Bevan (50) studied the structure for various CeO 2-x samples quenched from 800 -1200 • C in air and showed that the CeO 2 -Ce 2 O 3 system forms a range of intermediate, fluoriterelated ordered structures, which can be described as a solid solution between CeO 2 and Ce 2 O 3 across the compositional range. The γ, β, and δ phases were described as having rhombohedral structures, although at high temperatures the δ phase at CeO 1.698 has been shown to transition to a cubic structure [START_REF] Kummerle | The Structures of C -Ce 2 O 3+x , Ce 7 O 12 , and Ce 11 O 20[END_REF]. Of the known phases in the Ln n O 2n-2 series, the structure corresponding to n = 7, corresponding to the ι phase, is considered to have the highest stability and occurs across all three of the rare earth oxide systems. Originally this composition was proposed in the work by Bevan et al [START_REF] Zinkevich | Thermodynamics of rare earth sesquioxides[END_REF] who proposed structural models over the composition range CeO 1.722-1.717 with trigonal symmetry in a hexagonal setting with lattice parameters of a = 3.921 and c = 9.637, however, no actual structural model was refined.

A study by Ray et al [START_REF] Ray | Neutron Diffraction Determination of the Crystal Structure of Ce 7 O 12[END_REF] attempted to determine the crystal structure of Ce 7 O 11 through neutron diffraction of both single crystals and powders. The powder contained both strong peaks that could be indexed as a face-centred cubic cell, like the fluorite structure, but also weak reflections which were indexed in terms of a hexagonal cell, and the structure was refined using the structural model of UY 6 O 12 . This structure of Ce 7 O 12 is related to the parent CeO 2 by placing the oxygen vacancies in strings along the [111] axis of the fluorite structure. The formation and ordering of oxygen vacancies reduce the coordination of the cations, with one-seventh found in sixfold coordination while the remaining are in a sevenfold coordinated environment [START_REF] Ray | Neutron Diffraction Determination of the Crystal Structure of Ce 7 O 12[END_REF], lower than the ideal eightfold coordination characteristic of the ideal fluorite structure. This string of [111] vacancies is said to represent the basic building block for the family of Ln n O 2n-2 family of phases.

Neutron diffraction studies conducted by Von Dreele et al [START_REF] Von Dreele | Refinement of the Crystal Structure of Pr 7 O 12 by Powder Neutron Diffraction[END_REF] on the Pr 7 O 12 system also concluded the structure to be of rhombohedral symmetry with the R3 space group. The atomic positions of the structural model are given in table 3. They found that it is the Pr(1) atom found in sixfold coordination while the 

V O 2c ≈ 1 4 ≈ 1 4 ≈ 1 4
Pr(2) atom is in sevenfold coordination, in agreement with the model above. From comparing with data from the UY 6 O 12 and Zr 3 Sc 4 O 12 systems they concluded that if there were any selectivity for the sixfold coordination site, it would depend on the size of the cation rather than the charge, with the smaller ions preferring the sixfold site.

The same R3 structure was reported in the Tb 7 O 12 system by Zhang et al [START_REF] Zhang | The Structures of TbO 7 and Tb 11 O 20[END_REF] who analysed neutron diffraction data from Tb 7 O 12 powders. Similarly to the Pr 7 O 12 system, the Tb(1) atom was found in sixfold coordination with a +4 charge. The Tb(2) atom, however, was found to be in a mixed valence state between +3 and +4. Whether this was a structural feature or due to the hopping of electrons between Tb ions was not determined. The β phase of the series Ln n O 2n-2 is that of n = 12. Similarly to the ι phase, it is considered to be a highly stable phase in the series, occurring at atmospheric oxygen pressures and at room temperature ( 55). An early study on single crystals of Pr 6 O 11 by Lowenstein et al [START_REF] Lowenstein | Growth and X-ray Studies of Single Crystals of Higher Oxides of Praseodymium and Terbium[END_REF] showed both strong fluorite reflections and weak reflections corresponding to the β phase lattice in the diffraction pattern. These extra reflections were indexed based on a monoclinic cell with space group P 2 1 /n although no structure was proposed, The monoclinic cell volume was determined to be six times the volume of the fluorite cell.

Later studies by Von Dreele et al [START_REF] Zhang | Structuretructures in the Oxygen-Deficient Fluorite-Related R n O 2n-2 Homologous Series: Pr 12 O 22[END_REF] used neutron powder data to determine the structure of Pr 12 O 22 through rietveld analysis of powder neutron data. The structure was found to be monoclinic, similar to the earlier study by Lowenstein et al. However the space group was determined to be P 2 1 /c as opposed to P 2 1 /n previously proposed. The most surprising finding was the absence of the oxygen vacancy pairs found in other members of the Ln n O 2n-2 series such as Ln 7 O 12 . Instead only single oxygen vacancies were observed to be distributed in the lattice in a uniform pattern. The relationship between the monoclinic structure and fluorite lattice vectors is given by:

   a β = 1 2 (2a F + b F + c F ) b β = 3 2 (b F + c F ) c β = 1 2 (2a F -3b F + 3c F ) (5) 
In the various structures of the series Ln n O 2n-2 there is a common defect cluster with which these intermediate structures can be built, proposed by Martin (58). This coordination defect occurs when an oxygen atom is removed from the centre of the M4 tetrahedron located in the fluorite octant. The vacancy left behind causes relaxations of the nearby atoms due to its positive charge, such that the neighbouring cations shift away from the vacancy while the six oxygen ions surrounding relax towards the vacancy.

Notable structural features in ceria doped with Ln

2 O 3

Global average structure

As mentioned in earlier, substitution of Ln +3 ions for Ce +4 + introduces oxygen vacancies in the system, which as their concentration increases has an effect on the system's structure. Due to the similarity of charge compensation mechanisms, one would expect the binary system CeO 2 :Ln 2 O 3 to form the same cornucopia of intermediate phases as the undoped system.

The first and most important effect that doping ceria with trivalent ions has is that a phase change occurs once the amount of dopant reaches some critical value (x c ). The system changes from fluorite to the rare earth C-Type structure (also referred to as bixbyite), one of the polymorphs of the lanthanide sesquioxides discussed in section 2.2.

The C-type structure (space group Ia3) is closely related to the fluorite structure, and can be formed by placing eight anion-deficient fluorite octants together, as shown in 8. A C-type octant is formed by taking a fluorite unit cell and shifting the origin to be halfway up the cell, creating a new cell with metal atoms at the centre of each edge and in the middle of the cell while the oxygen atoms remain in a simple cubic pattern inside the metal tetrahedra. In addition to shifting the origin, two oxygen atoms are removed along the body diagonal in one of three ways: upper right front and lower left back (type 1), lower left front and upper right back (type 2) and lower right back and upper left front (type 3) [START_REF] Galasso | Chapter 5 -ZnS Type and Related Structures[END_REF]. While cations in a fluorite structure can be found in eightfold coordination with anions and have well-defined positions, in the C-type structure they are found in sixfold coordination and the 24d site is shifted due to repulsion with the oxygen vacancies, which unlike in the fluorite structure allows for some degrees of freedom in the atomic position of the cations in the system. Additionally, the O(1) site is ideally fully occupied whereas the occupational factor of the O(2) site is 1 -x Ln +3 . The x c value for the phase change has been studied Table 4. Atomic positions for the rare earth C-Type structure. The value for the refined coordinate of the M(2) site is: x ≈ -0.035, and the values for the O(1) site are: x ≈ 0.38, y ≈ 0.162 and z ≈ 0.4 respectively [START_REF] Galasso | Chapter 5 -ZnS Type and Related Structures[END_REF].

Atom Site Fractional coordinates Occupancy M(1) 8b for various CeO 2 :Ln 2 O 3 systems and shows a large variation for most dopants. In the CeO 2 :Nd 2 O 3 system the value of x has been reported in the range 0.30 < x c < 0.51 (30; 48; 60; 61). The wide variation in the reported values for x c is likely due to the similarity between the fluorite and the C-type structures. The diffraction patterns of fluorite and C-type differ by the appearance of small superstructure peaks between the major fluorite ones (illustrated in figure 9), which grow in intensity with the formation of more C-type. If the data is noisy it is difficult to be able to tell the peaks apart from the background, leading to the value for x c being overestimated. In addition to the similarity of the structures, the synthesis method used and the thermal history of the sample also have a significant effect on the stability range for the fluorite and C-type structures (64) which adds to the observed variation in the value of x c . At higher dopant concentrations the system forms a biphasic mixture between the C-type and A-type phases as the solubility ), the superstructure peaks in the C-Type diffraction pattern have been labelled with red ticks. These peaks are very low intensity compared to the the high intensity fluorite peaks and so can often be missed leading to an incorrect assumption on the structure. limit of Nd in CeO 2 is reached. A-type is formed in the system under standard conditions, and Nd 2 O 3 crystallises in this structure. The value of x for the solubility limit has been reported to vary between 0.7 < x sol < 0.76 (30; 62; 63; 64).

1 4 1 4 1 4 M(2) 24d ≈ 0 0 1 4 O(1) 48e ≈ 3 8 ≈ 1 8 ≈ 3 8 O(2) 16c ≈ 1 8 ≈ 1 8 ≈ 1 8 1 -x Ln +3
In addition to the phase change, the other major global structural change that occurs with the doping of ceria with Nd +3 is a change in the lattice parameter of the system. As more neodymium is introduced the lattice parameter increases, showing a roughly linear trend in accordance with Vergard's law as [START_REF] Ikuma | Effect of Nd 2 O 3 Concentration on the Defect Structure of CeO 2 -Nd 2 O 3 Solid Solution[END_REF] although there are two regions with different gradients corresponding to the fluorite and the C-Type phases respectively. As the C-type structure is made up of fluorite unit cells, the lattice parameter of C-type structures will be described in regards to the lattice parameter of a fluorite octant, a F = 1 2 a C such that it is easier for comparison between these phases. Changes to the lattice parameter are not limited to Nd doping as changes are seen when ceria is doped with other trivalent rare earth with the rate of change varying depending on the identity of the dopant ion. Increases to the lattice parameter are observed for Gd, La, Eu, and Sm dopants whereas shrinkage is seen for Er, Yb, and Y (64; 65) illustrated in 10. The change in the lattice parameter, whether it expands or contracts, is determined by the size of the dopant ion, as the order of expansion (from largest expansion to most contraction) runs along the lanthanide series in the periodic table, following the lanthanide contraction series, a property of the lanthanide group in which the ionic radii of each species decrease along the group.

Local structure of doped ceria

In the previous section, the results of XRD studies on the CeO 2 :Nd 2 O 3 were discussed as showing single-phase fluorite or C-type structures, however, on a local scale, this may not be the case. The behaviour of the ionic conductivity with respect to the amount of dopant added is an indication of the existence of some local disorder in these systems as the conductivity decreases after x Ln +3 ≈ 0.2 despite the fact no phase changes or other long-range structural transformations occur. XRD is a valuable tool for determining Nitani et al (68) used x-ray absorption spectroscopy (XAS) to probe the local structure of the ceria system doped with Nd, Pr, and Sm and while for the Pr-doped system the Ce-O and Pr-O interatomic distances were the same across the values of x Ln +3 tested, it was noted that Sm and Nd doping makes the lattice expand but causes the oxygen to shift towards either the Ce or the dopant ions, giving rise to local distortions of the lattice. Another study in the Gd-Ce system showed similar results [START_REF] Ohashi | EXAFS study of Ce 1-x Gd x O 2-x/2[END_REF], the M-O distances decreased as dopant concentration increased. From their results, they proposed the system formed clusters composed of vacancies and dopant ions. The system initially contains (Gd :V •• O ) pairs at low dopant concentrations and evolves to contain more (2Gd :V •• O ) clusters at higher concentrations. The increase in the number of (2Ln :V •• O ) clusters would result in a decrease in the ionic conductivity in these systems as previously discussed.

High-resolution electron microscopy (HRTEM) is useful when determining the structure of a substance as imaging allows local structures to be seen and pictured rather than inferred from data. The local structure of Sm and La-doped ceria was investigated by Morui et al [START_REF] Toshiyuki | Oxide ionic conductivity and microstructures of Sm-or La-doped CeO 2 -based systems[END_REF] using HRTEM and SAED. They observed diffuse scattering in the background of electron diffraction patterns, indicating the existence of microdomains of ordered structure within the fluorite lattice. These domains form in order to reduce the strain induced when Ce +4 ions are substituted by lower valency ions. In a later study [START_REF] Morui | Influence of microstructure on oxide ionic conductivity in doped CeO 2 electrolytes[END_REF] on Gd and Dy doped ceria, it was observed that the size of the domains increased with dopant concentration. This observation can be used to explain the lowering of the ionic conductivity with increasing dopant concentration, as larger micro-domains would contain more ordered vacancies, removing them from being oxygen transport sites and causing the observed drop in ionic conductivity. The composition of these micro-domains was determined to have a higher dopant concentration than the surrounding fluorite matrix and a structure modelled in which the arrangement of oxygen vacancies and structure is similar to that of the C-type structure typical of the rare earth sesquioxides (72; 73).

We recently reported crystallization of a compound Gd 2 Ce 2 O 7 in the Gd 2 O 3 :CeO 2 system exhibiting a bixbyite symmetry (74). However, in comparison with conventional bixbyite, in this compound half of the vacant anion sites are filled with charge compensating oxygen interstitials making this an anion excess bixbyite. Here, the topological defects linked with the anion sub-lattice play a crucial role in increasing the radiation tolerance by creating micro-domains that act as localized sinks while retaining long range periodicity of cation sublattice.

Raman spectroscopy is another technique that can be used to gain information on the local scale structure of a material such as the coordination of ions and their chemical environment. Spectroscopy carried out by McBride et al [START_REF] Mcbride | Raman and x-ray studies of Ce 1-x RE x O 2-y where RE=La[END_REF] showed the lattice constant increases with dopant concentration and the rate of expansion is determined by the ionic radius of the dopant. Additionally, the appearance of a peak at 570 cm -1 which broadened with dopant concentration was attributed to the formation of oxygen vacancies in the system. The existence of domains at low dopant concentration (x Ln +3 < 0.2) is indicated by Artini et al [START_REF] Artini | Structural Features of Sm-and Gd-Doped Ceria Studied by Synchrotron X ray Diffraction and µ Raman Spectroscopy[END_REF] who observed a broad signal at 370 cm -1 which becomes sharper with increasing x Ln +3 . This signal was attributed to Ln-O stretching mode for the sixfold coordination of the rare earth ion, similar to that found in the C-type structure, despite the system showing only single-phase fluorite according to the XRD data. Taniguchi et al [START_REF] Taniguchi | Identifying Defects in Ceria-Based Nanocrystals by UV Resonance Raman Spectroscopy[END_REF] observed a band at 560 cm -1 for samples containing 20% mol of Gd attributed to the formation of (Gd : V •• O ) and (2Gd: V •• O ) defect complexes like those observed in (69), and a high energy shift of the band position indicates an increase in the number of 2Gd complexes at higher x Gd values over the single Gd ion complexes.

Structure of Doped Ceria Synthesised by Freeze Drying

Many studies on the structure and properties of trivalent doped ceria employ a solid-state fabrication technique to prepare samples (66)(63) [START_REF] Hong | Lattice Parameters and Densities of Rare-Earth Oxide Doped Ceria Electrolytes[END_REF], due to its simplicity and ease of processing. Ball milling the reactant powders will produce a homogeneous mixture on the macro scale, however, at the nano-scale, the mixture will not be ideally homogenised and thus will require prolonged annealing to drive cation diffusion. As discussed in section 2.6, diffusion of cations is incredibly sluggish in fluorite systems due to the high activation energy for diffusion, requiring solid-state methods to employ high temperatures (typically 1400 -1600 K) during annealing, higher than the cation-ordering temperature of below 1400 K.

In recent experiments to study the oxygen vacancy ordering in binary Ce 1-x Nd x O 2-x/2 systems, samples were synthesised employing a freeze-drying method in order to to avoid kinetic demixing and annealing above cation ordering temperatures and were characterized through the use of X-Ray diffraction. The sample preparation started with diluting and mixing solutions of CeCl 3 *7H 2 O and NdCl 3 *6H 2 0 in de-ionized water (typically 0.005 mol of salts in 200ml of de-ionized water). After freezing and primary sublimation, an anhydrous and amorphous intermediate forms which has the approximate formula (Ce,Nd)OCl. This intermediate is immediately calcined at 550 • C with a dwell time of 15-30 minutes to allow grain growth. During calcination the intermediate products decompose to form the final oxide (Ce,Nd)O 2 . Higher temperature and longer dwell times are used to accelerate the kinetic of the growth and obtain larger nanocrystals. Nanocrystal growth and particle size dispersion can be controlled through the initial dilution of the solution, calcination temperature, dwell time, and spreading and limiting the amount of the intermediate in the combustion boat.

Samples in which x N d < 0.4 were found to be in fluorite structure, in accordance to previously discussed studies. However, in samples with the composition x N d > 0.4. We observe a deviation from what has been previously observed in the literature. The XRD pattern for this sample is given in figure 11. It was apparent that a phase change had occurred in the system, as while intense peaks corresponding to a fluorite-type lattice were present, low-intensity peaks appear at 44.8 and 52.3 degrees 2θ, these peaks could be qualitatively indexed as the type-C rare earth polymorph, however, the peak located at 31.3 degrees could not be attributed to this structure.

In order to determine the structure, structures derived from the intermediate phases of fluorite-related systems (discussed in section 3) were chosen as initial models. It was discussed that the peak at 31.3 degrees was due to the splitting of the [111] F peak due to a phase change to a rhombohedral structure, and thus an initial model of the ι phase (53) was tested to limited success. LeBail fitting of a rhombohedral lattice accounted for many of the low-intensity peaks but would not fit the small peak at 2θ = 36.1 and thus a new model was required.

A second model derived from the β phase was subsequently tested with much greater success than that of the ι phase. Figure 11 shows the result of Rietveld refinements after testing a single phase structure, using initial atomic positions described in [START_REF] Zhang | Structures in the Oxygen-Deficient Fluorite-Related R n O 2n-2 Homologous Series: Pr 12 O 22[END_REF]. It can be seen that the calculated intensity fits well with the experimentally obtained diffraction pattern. The refined structural parameters and atomic positions are given in Table 5. The existence of the β phase in these samples is interesting, as while the β phase has been well documented for the PrO 2-x (55; 77; 56) and the TbO 2-x (78) systems, there is debate as to whether this phase is present in the CeO 2-x system and as discussed previously, experiments on the doping ceria with trivalent RE ions show only a phase transition from fluorite to C-type structures. 

CONCLUSIONS

Nuclear fuel systems typically require decades to optimize, and even today light water reactor fuels have known difficulties associated with extended burnup. Trial and error approaches are used most successfully with simple problems: sometimes it is the last resort when no apparent rule applies. While this approach is not inherently careless, the methodical manipulation of the parameters in an attempt to sort through possibilities could result in success, but the process is inherently slow and expensive. Minor actinides seem to require a change of paradigm, because they have unique behaviors that are not fully understood, requiring a more fundamental understanding of the transport and chemical behavior of the materials during processing that affects the predictions about stoichiometry, segregation, and material microstructure. Therefore, radiation induced defect models for multi-component actinide fuel systems are needed. These model systems must capture the unconventional phase behavior and stoichiometry of these more complex and relatively in inaccessible systems, going beyond simple descriptive defect models. Surrogate systems like mixed cerium oxides can provide an interesting alternative to establish the effect of radiation damage over systems with complex microstructures, charge and defect localisation that are quite similar to those encountered in the actual actinide-based advanced fuels. As in actinide systems, the description of the structural and microstructural changes produced by irradiation is compounded by the fact that the properties of these systems can change abruptly with composition.

In this paper we have discussed defect mechanisms in fluorite oxides and the diffusion characteristics of cations and anions in fluorite-related compounds, highlighting the importance of soft chemical methods to ensure ideal cation homogeneity during synthesis. We have also reviewed the structural studies on Ce 1-x Ln x O 2-x/2 compounds and presented preliminary results from some recent experiments conducted on samples of Ce 0.54 Nd 0.46 O 1.77 fabricated by freeze drying, which were found to be best described by the β phase in PrO 2-x systems. This result is fascinating, as existing literature on these systems reports a change from the fluorite structure to the C or A-type Ln 2 O 3 structure, and thus a possible reassessment of the equilibrium phase diagrams of many binary systems may be required.
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 1 Figure 1. Phase diagram of the sesquioxide polymorphs with respect to the cation identity (15). A-Type -Trigonal, B-type -Monoclinic, C-Type -Cubic, H-Type -Hexagonal and X-Type -Cubic
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 2 Figure 2. The ι phase (n = 7, Ln 7 O 12 ) of mixed valence lanthanides like Ce, Pr, and Tb (left panel) is a three-dimensional stack of OLn 4 tetrahedra (red colour) linked together by 5 out of 6 edges. The blue-colour tetrahedra correspond to the positions of the O vacant sites. The C-type bixbyite phase of heavy lanthanides (n = 4, Ln 2 O 3 ) is also a three-dimensional stack of OLn 4 tetrahedra but linked by 4 out of 6 edges. This demonstrates the two structures have identical connectivity and they can have interesting topological properties.

Figure 3 .

 3 Figure 3. Representation of the three-dimensional stack of OLn 4 tetrahedra (red colour) in the δ phase (n = 11, Ln 11 O 20 or LnO 1.818 ). The tetrahedra connectivity is topologically equivalent to the one observed in the ι phase (n = 7, Ln 7 O 12 ) but the density of empty tetrahedra (blue colour ones) is lower. The correlation between empty tetrahedra is maintained along the b direction of Ln 11 O 20 that roughly corresponds to the a direction of Ln 7 O 12 (hexagonal setting). On the other hand, the correlation is different along the b direction of Ln 7 O 12 , forming a distinctive stripe-like pattern in Ln 11 O 20 .
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 4 Figure 4. Representation of the three-dimensional stack of OLn 4 tetrahedra (red colour) in the β phase (n = 12, Ln 12 O 22 , or LnO 1.833 ). This is the first phase encountered during the reduction of LnO 2 fluorite systems. The tetrahedra connectivity is topologically equivalent to the one observed in the ι and δ phases (n = 7 and n = 11) but with a lower density. The correlation between empty tetrahedra (blue colour ones) is still more pronounced along the b direction, an anisotropic feature already observed for the δ phase.
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 5 Figure 5. Comparison of the time interval of oxygen ions and cations required to diffuse over 1µm at various temperatures, assuming typical values of fluorite structures: D Ox 0 = 0.08 cm 2 s -1 (red curve), Q Ln m = 1.3 eV and D Ox 0 = 0.03 cm 2 s -1 , Q Ln m = 4.0 eV for cations (blue curve).It is worthy of notice that, at 1400 K, it takes 1 year for cations to diffuse over 1µm, a characteristic length for functional properties; it takes about one day at 1700 K. Therefore, conventional annealing treatments below 1400 K cannot produce systems at thermodynamic equilibrium when the initial heterogeneity of the system is of the order of 1 µm.
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 26 Figure 6. The fluorite structure. Teal spheres represent the cations while the red spheres represent the anions.

Figure 7 .

 7 Figure 7. Phases present in the CeO 2 -Ce 2 O 3 system as identified by Bevan. The end members are highlighted in green and the intermediate phases are coloured yellow. Black regions were not reported in the study. Data were taken from (50).
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 11 The ι Phase Ln 7 O 12 (LnO 1.714 )

3.1. 2

 2 The β Phase Ln 6 O 11 (LnO 1.833 )

Figure 8 .

 8 Figure 8. C-Type structure. Purple spheres represent the cations while the red spheres represent the anions. A fluorite octant has been highlighted

Figure 9 .

 9 Figure 9. XRD patterns for fluorite (left, obtained from XRD of CeO 2 ) and C-Type (right, obtained from XRD of Ce 0.4 Nd 0.6 O 1.7), the superstructure peaks in the C-Type diffraction pattern have been labelled with red ticks. These peaks are very low intensity compared to the the high intensity fluorite peaks and so can often be missed leading to an incorrect assumption on the structure.

Figure 10 .

 10 Figure 10. Lattice parameters of various Ce 1-x Ln x O 2-x/2 compounds as a function of dopant concentration. Eu and Nd (64), Gd (66), Lu and Sc (67). The lattice parameters plotted are the fluorite equivalent lattice parameters, a f = 1/2a C

Figure 11 .

 11 Figure 11. Rietveld refinement using a model derived from the β-phase for the composition Ce 0.54 Nd 0.46 O 1.77 . Experimentally obtained data (blue line), calculated structure factor (green line), subtracted background (red line), peak positions (blue ticks) and the difference between observed and calculated XRD structure factor (Turquoise and black lines).
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 1 Formation energies of intrinsic defects in CeO 2 .

	Data obtained from (22)
	Formation Energy	eV
	Schottky	3.53
	Anion Frenkel	3.2
	Cation Frenkel	11.11

Table 3 .

 3 Atomic

			parameters of the
	rhombohedral setting of the trigonal R3
	space group determined by Von Dreele
	et al (53)	
	Atom Site Fractional coordinates
	Pr(1) 1a 0	0	0
	Pr(2) 6f 0.3005 0.1405 0.6018
	O(1)	6f 0.9338 0.0654 0.6860
	O(2)	6f 0.5684 0.4125 0.823)

Table 5 .

 5 Refinement Parameters for Ce 0.54 Nd 0.46 O 1.77 Freeze Dried Sample

	Refinement Parameter	value
	Space Group	P2 1 /c (14)
	a	6.6913(9)
	b	11.50596(2)
	c	12.9146(5)
	β	99.0887(1)
	Volume	1329.91(1)
	Rwp	6.12
	χ 2	0.8
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