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Abstract
Using Ce LIII edge X-ray absorption near edge spectroscopy (XANES), it is shown that acceptor dopants introduced to cerium members of the rare earth ortho-niobate series, Ce1-xSrxNbO4±δ and Ce1-xCaxNbO4±δ, are charge compensated by the formation of holes on the cerium sublattice. These spectroscopic studies are complemented by structural studies, using X-ray and neutron powder diffraction, determining that the solubility limit of the strontium and calcium dopants within the CeNbO4+δ structure is ~10% and ~30% respectively. Under oxidising conditions, the Ce3+/Ce4+ redox couple facilitates reversible redox processes, and it is observed that the Ce1-xSrxNbO4±δ and Ce1-xCaxNbO4±δ materials form commensurate and incommensurately modulated oxygen hyperstoichiometric phases as a function of temperature. Under reducing atmospheres, this redox activity is suppressed, and charge-compensating Ce4+ holes are annihilated. 
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1. Introduction
In the search for solid oxide fuel cell (SOFC) materials, which exhibit improved oxide ion conductivity at lower temperatures, attention has been drawn towards materials with atypical structural chemistries and diffusion pathways, challenging the conventional view that three dimensional isotropic materials are necessary. Studies of these atypical materials have focused on oxygen excess materials such as the Ruddlesden-Popper or apatite structure types that have the potential for interstitial oxide ion conduction, in some cases exhibiting lower activation barriers for ion migration compared to the more common oxygen vacancy mechanism found in traditional SOFC materials [1,2]. Furthermore, low symmetry and seemingly complex structured oxides can in fact harbour favourable anisotropic migration pathways that generate conductivities competitive with conventional high symmetry materials. An example is that of fergusonite structured cerium niobate, CeNbO4+δ, which can accommodate a range of oxygen excess stoichiometries through the oxidation of Ce3+ to Ce4+. At temperatures below 750 °C the oxidation process generates long range ordering of the cerium and oxygen sublattices, and as a result, four commensurate or incommensurately modulated superstructures of the monoclinic parent cell are possible, represented by δ=0.00, and the oxidised δ=0.08, δ=0.25 and δ=0.33, each crystallographically distinct [3-5]. Above 750°C, CeNbO4+δ undergoes a displacive transition to a tetragonal scheelite-type polymorph accompanied by Ce4+ reduction and subsequent removal of the oxygen excess [4,6]. The exact nature of these polymorphs is highly dependent on temperature and thermal history; however competitive fast ion conduction with mixed electronic contributions has been observed in both the high and low temperature regimes of CeNbO4+δ and of its derivatives [5,7-10]. 
An alternative strategy to reduce migration energy barriers is to change the charge carrier from oxide ions to protons, and through the introduction of oxide ion vacancies, develop materials that can conduct both species through a O2(g)/H+(g) partial pressure dependence [11,12]. A key challenge in developing new oxides for high temperature applications is to generate materials that can retain protons within their structure to sufficiently high temperature for thermal activation, whilst also exhibiting long-term chemical stability. Alkaline earth doped rare earth niobates and tantalates, RE1-xAxNbO4-δ (RE=La, Nd, Gd, Tb, Er; A=Ca, Sr, Ba), have been shown to exhibit proton conductivities that can be maintained to much higher temperatures compared to traditional perovskite materials, with reported stability to both protonic and acidic media [13-16]. The objective of this work is to determine the structure, redox and charge compensation mechanisms that arise upon doping the cerium site in CeNbO4 with between 10% to 40% strontium and calcium to establish their potential as solid oxide fuel cell components.

 
2. Experimental
2.1 Sample Preparation
Ce1-xAxNbO4±δ (A=Ca, Sr) samples were prepared by mixing CeO2 (99.9% Sigma Aldrich), Nb2O5 (99.9% Sigma Aldrich) and ACO3 (A=Sr, Ca) (99.9% Sigma Aldrich) in stoichiometric ratios, with values of x = 0.0 - 0.4 in a pestle and mortar with acetone for 30 minutes. The mixtures were annealed under static air in alumina crucibles at 1000 °C for 12 hours (ramp rate = 10 °C min-1) followed by ball milling for 48 hours. A second anneal was performed for 18 hours at 1400 °C followed by rapid quenching in air. Further ball milling for 48 hours was performed prior to characterisation. Phase purity was confirmed using a PANalytical X’pert Pro diffractometer (Cu Kα radiation); initial lattice parameter extraction was performed using the FULLPROF refinement package [17]. To produce the oxygen stoichiometric phases a further heat treatment in flowing Ar was undertaken, and for the reduced samples a treatment under flowing 5% H2/N2 was used. In-situ powder X-ray diffraction measurements were obtained with a PANalytical X’pert MPD diffractometer with a Buehler HDK 2.4 temperature stage employing Cu K radiation.
Simultaneous thermogravimetric-differential scanning calorimetry (TG-DSC) measurements were performed with a NETZSCH STA 449C Jupiter heat flux instrument by first loading 20-50mg of sample powder into Pt crucibles followed by gas system purging for 30 minutes where appropriate. Ramp rates of 10 oC min-1 were used for the data collection.
2.2 Time-of-flight (TOF) Neutron Diffraction 
TOF neutron powder diffraction data of the Ce0.9Sr0.1NbO4±δ  phase were collected on the Polaris instrument, ISIS facility, Rutherford Appleton Laboratories, Oxford, UK [18]. Approximately 5-8 g samples were loaded into vanadium cans and data were collected under vacuum over 6 hours at room temperature. Data from bank 4 (90° ZnS scintillator detector, d-range 0.3-4.1Å) were normalised and corrected prior to subsequent Rietveld refinement using the GSAS program [19]. As-prepared Ce0.9Sr0.1NbO4±δ samples were reduced under flowing 5% H2/N2(g) at 800 °C, 2 hours (ramp rate = 10 °C min-1), and the diffraction measurements repeated. Diffraction data for all other compositions were collected on the Powgen instrument (BL-11A), Spallation Neutron Source, Oakridge National Laboratory, Tennessee, USA [20]. Data from bank 2 (d-range 0.276-4.6Å) and bank 3 (d-range 0.414-5.38Å) were used for structural refinement of Ce1-xSrxNbO4±δ (x=0.2. x=0.3, x=0.35, x=0.4) and Ce1-xCaxNbO4±δ (x=0.1, x=0.2, x=0.3, x=0.4) respectively. Data were collected under vacuum for 90 minutes at room temperature. Ce1-xCaxNbO4±δ samples were reduced under 4% H2/He(g) for 3 hours, and measurements repeated. X-ray diffraction data of both as-prepared and 4% H2/He(g) reduced Ce1-xCaxNbO4±δ (x=0.1, x=0.2) were collected for 1 hour (λ=0.41372 Å) on BM-11 at the Advanced Photon Source, Chicago, USA [21]. Multi-histogram Rietveld refinement was performed using the GSAS program [19]. 

2.3 Simultaneous X-ray diffraction and X-ray absorption near edge spectroscopy (XANES) 
X-ray absorption (XAS) and X-ray diffraction data were collected on beamline B18 at the Diamond Light Source, Rutherford Appleton laboratories, Oxford, UK [22]. Samples were prepared by mixing materials with boron nitride as a dilutant and then pressing the material into 13mm diameter discs. The incident beam energy was scanned between 5.4-9.8 keV; data were collected in transmission mode with ionisation chambers for the XAS measurements with a Si(111) monochromator in qexafs mode, and with a mythen detector for the XRD measurements. This enabled both the XAS and XRD data to be obtained in a single experiment. Ce L-edge XAS data were collected over the range of 5.4 – 6.7 keV with the CeLIII edge selected for detailed analysis.  Simultaneous in-situ X-ray powder diffraction measurements were recorded at 9.8 keV. Data collection for the combined experiment totalled 3 minutes and was performed with dynamic heating (10 °C min-1). CeO2 and reduced CeNbO4 (2 hours 800°C 5% H2/N2(g)) were used as standards for the Ce4+ and Ce3+ LIII absorption edges. Energy calibration was conducted with a Cr reference foil (K edge position = 5.989 keV) and all spectra were normalised and background subtracted prior to linear combination fitting using the Athena GUI [23] for IFEFFIT program [24].




3. Results and Discussion  

3.1 Structural Characterisation
Comparison of the diffraction patterns and extracted lattice parameters of the as-prepared, oxygen stoichiometric Ce0.9Sr0.1NbO4 and CeNbO4, Figure 1.a and Table 1, show contraction of the monoclinic unit cell on 10% strontium doping. Each of the patterns shows the presence of a small quantity of d = 0.08 phase that is easily removed on further annealing in a reducing atmosphere, as highlighted in Figure 2. The oxidised phases of CeNbO4+δ (δ=0.08, δ=0.25 and δ=0.33) show a reduction in lattice volume compared to as-prepared CeNbO4 (δ=0), which is the result of contraction of the cerium ionic radius in 8-fold coordination, from Ce3+ (1.143Å) to Ce4+ (0.97Å) as excess oxygen is incorporated [3].  In accordance with the principal defect reactions, equations 1 and 2, alkaline earth dopants may be charge compensated by the formation of holes on the cerium sublattice, or vacancies on the oxygen sublattice with prevalence under oxidising and reducing conditions respectively. Contraction of the Ce0.9Sr0.1NbO4±δ (δ=0) lattice relative to CeNbO4+δ (δ=0) is indicative of the presence of Ce4+ holes, which charge compensate for the dopant. 
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Preparation of samples with increasing increments of strontium and calcium dopants (10%, 20%, 30% and 40%) were investigated to probe the solubility limit of alkaline earth dopants and the phase stability of the substituted monoclinic fergusonite 
CeNbO4 structure. All Ce1-xSrxNbO4±δ compositions were found to adopt the monoclinic fergusonite structure, Figure 1.b, however at strontium concentrations equal to, and in excess of 20%, were found to be biphasic, containing orthorhombic (Cmc21) Sr2Nb2O7 [25] (see also Supplementary Information). Furthermore, the unit cell of Ce1-xSrxNbO4±δ did not contract further relative to the parent material with dopant concentrations exceeding 10%, indicating that strontium solubility was limited to approximately 10% (Table 1). A full Rietveld refinement of the powder diffraction data of the Ce0.9Sr0.1NbO4±δ composition is shown in Figure 2, indicating the excellent agreement of the structural data with the proposed model, Table 2.  The cell contraction is attributed to the larger radius of Sr2+ relative to Ce3+ and in particular Ce4+. In contrast to the low solubility limit for the Sr doped samples, the room temperature X-ray powder diffraction patterns of as-prepared Ce1-xCaxNbO4±δ remained single phase up to 30% calcium additions. With 40% calcium doping, reflections corresponding to orthorhombic (Pn21a) Ca2Nb2O7 are evident, Figure 1.c [26]. The solubility limit appears to be significantly higher (~30%) than Ce1-xSrxNbO4±δ, which is likely a consequence of the similar radius of calcium (1.12 Å) compared to Ce3+ in 8-fold coordination (1.143 Å). The lengths of each of the cell constants, and subsequently the cell volume, decrease with progressive doping, which reflects charge compensation by the formation of Ce4+ holes, Table 1. After annealing Ce1-xCaxNbO4±δ and Ce1-xSrxNbO4±δ in a reducing hydrogen-containing atmosphere, Table 3, the cell parameters increased, indicating the reduction of compensatory Ce4+ to Ce3+; in this instance the dopant is expected to be charge compensated by oxygen site deficiency, as highlighted by reaction 3, above. This is confirmed by neutron powder diffraction which indicates that upon reduction there is a slight deficiency in the oxygen lattice site occupation, Tables S3 and S6. 
3.2  X-ray absorption near edge spectroscopy (XANES) 
To verify the proposed charge compensation mechanisms X-ray absorption near edge spectroscopy (XANES) was employed targeting the cerium LIII edge. Least squares linear combination fitting of the spectra of Ce3+ and Ce4+ standards was performed to model the average valence in Ce0.9Sr0.1NbO4±δ measured at room temperature. The intensity of the white line of as-prepared Ce0.9Sr0.1NbO4±δ relative to the Ce3+ standard, Figure 3, was greater, and corresponds to promotion of a 2p3/2 core electron to an empty 5d state (peak A1) [27-31]. Whilst the final state is formally insensitive to oxidation state, it may be perturbed by local coordination or bonding differences. 
The tetravalent cerium state in as-prepared Ce0.9Sr0.1NbO4±δ (δ=0) is clearly indicated by the presence of a high-energy shoulder attributed to peak A2, Figure 3, suggesting the sample is of mixed Ce3+/Ce4+ valence. Results of the linear combination fitting of the experimental data to suitable standards (CeO2 and CeNbO4) are presented in Figures 4 a-e. The white line feature dominates the spectra and therefore has significant influence with respect to fitting across the energy range -20eV<E0>100eV, Figure 4 a. Linear combination fitting was repeated over a range of specified energies corresponding to different spectral regions, including; the absorption edge (E0), white line maxima and peak A2 regions. The valence calculation was repeated by fitting the discrete value of the absorption edge (E0) with that of the two standards, taking the maxima of the first derivative of the spectra, and afforded 94.75% Ce3+. This is in agreement with the average modelled Ce3+ content extracted from the three spectral regions, Figures 4 b-d, of 95.3±4.4%. The linear combination analysis indicates the presence of holes on the cerium lattice, the concentration of which is broadly in agreement with the targeted dopant concentration of 10%, when considering the estimated standard deviations (ESD’s) associated with linear combination fitting, of ~5%.

3.3 In-situ XANES and X-ray Diffraction
In-situ XANES measurements were recorded on as-prepared Ce0.9Sr0.1NbO4±δ heated dynamically (10 °C min-1, 800 °C with 1 hour isotherm) under 5% H2/N2(g). With heating above ~350 °C the XANES spectra, Figure 5.a, show increasing white line intensity, loss of peak A2 and a shift in absorption edge to lower energy which is complete after brief isothermal heating at 800 °C and indicates the reduction of Ce4+ to Ce3+. Linear combination fitting of all spectral regions across the measured temperature range, Figure 5.c, confirms the complete reduction of cerium to the trivalent state, which is most likely accompanied by the formation of vacancies on the oxygen sublattice.
The redox behaviour of Ce0.9Sr0.1NbO4±δ under oxidising conditions was investigated by repeating the XANES measurements on as-prepared Ce0.9Sr0.1NbO4±δ under static air. The in-situ XANES profiles, Figure 6.a and Figure 6.b, show that with heating above 470 °C, the high-energy shoulder corresponding to peak A2, which has weak intensity in as-prepared Ce0.9Sr0.1NbO4±δ, increases in intensity, whilst the white line intensity decreases and the absorption edge shifts to higher energy. These spectral changes indicate the oxidation of cerium to the tetravalent state accompanying the simultaneous incorporation of excess oxygen, analogously to the parent material. The redox processes of CeNbO4+δ are accompanied by modulation of the monoclinic parent structure, and the incorporation of oxygen on interstitial-type sites [3-5]. Least squares linear combination fitting was performed as a function of temperature by fitting individual spectral regions, which provided estimated standard deviations of the percentage of Ce4+ content, Figure 6.c. The Ce4+ valence increased from 5.5±4.3% at room temperature to a maximum of 22±3% at 602 °C. Simultaneous X-ray powder diffraction measurements, Figure 7, recorded on Ce0.9Sr0.1NbO4±δ as a function of temperature show at the peak of oxidation Ce0.9Sr0.1NbO4±δ adopts a structure analogous to the incommensurate δ=0.08 phase of the parent material, in which 16% of the cerium sites are in the tetravalent state [3,32]. With continued heating, Ce0.9Sr0.1NbO4±δ reduces, and at temperatures between 700 °C and 800 °C the Ce4+ valence remains unchanged at ~5%. This corresponds to the temperature at which the oxygen stoichiometric tetragonal polymorph of CeNbO4 is stable (750 °C) [6,8], and therefore the valence plateau represents an extrinsic regime, in which the concentration of Ce4+ in Ce0.9Sr0.1NbO4±δ is determined by the concentration of the dopant. Simultaneous TG-DSC measurements recorded under static air, Figure 8, are in excellent agreement with the in-situ XANES and X-ray diffraction data, and confirm the uptake of excess oxygen by Ce0.9Sr0.1NbO4±δ. The hyperstoichiometry, δ=0.08, was calculated from the maximum mass gain of 0.42% at 600 °C. 
In-situ X-ray powder diffraction measurements of Ce0.9Sr0.1NbO4±δ, Ce0.9Ca0.1NbO4±δ and Ce0.8Ca0.2NbO4±δ under static air with isothermal heating, Figure 9, show that doping influences the redox behaviour of CeNbO4+δ and is furthermore sensitive to thermal history. Under a similar heating regime to that used to collect the in-situ X-ray diffraction data presented in Figure 9, CeNbO4+δ briefly oxidises to the incommensurate CeNbO4.08 phase, before further oxidising to the commensurate CeNbO4.25 phase, which is stable with further heating cycles [4,33]. Conversely Ce0.9Sr0.1NbO4±δ is found to be biphasic (δ=0/δ=0.08) after two heating cycles, and only forms a δ=0.25 type stoichiometry briefly on initial heating. Figure 9.a and 9.b, confirm that the valence plateau between 700 °C and 800 °C in Figure 6.c, corresponds to the tetragonal polymorph of Ce0.9Sr0.1NbO4±δ. From 300 °C, Ce0.9Ca0.1NbO4±δ and Ca0.8Ca0.2NbO4±δ oxidise to a structure representative of that of the parent CeNbO4.25. However, a lower oxygen hyperstoichiometry is indicated by comparison of the relative percentage decrease in the unit cell volume of Ce0.9Ca0.1NbO4±δ, Ca0.8Ca0.2NbO4±δ and CeNbO4+δ upon oxidation, Table 4. The CeNbO4.25 monoclinic, parent cell contracts relative to the stoichiometric phase CeNbO4, as a result of half of the cerium sites adopting the Ce4+ state. The oxidised phases of Ce0.9Ca0.1NbO4±δ and Ca0.8Ca0.2NbO4±δ show a progressively smaller volume contraction in comparison to their stoichiometric phases. It is inferred that both compositions form hyperstoichiometric phase fields, which are structurally analogous to CeNbO4.25 with lower oxygen content and a variation in the Ce3+/Ce4+ ratio. The in-situ X-ray diffraction data suggest that the oxygen hyperstoichiometry of CeNbO4+δ decreases on doping, which is consistent with the substitution of redox active Ce3+ with either strontium or calcium, and formation of Ce4+ holes which charge compensate the dopant.

4. Conclusions
Under oxidising atmospheres, acceptor dopants in CeNbO4+δ are charge compensated by the formation of Ce4+ holes, which results in a contraction of the monoclinic unit cell. In contrast to other members of the rare earth niobate series [35, 36], the cerium analogue can accommodate higher dopant concentrations of strontium (~10%), and calcium (~30%). This is attributed to the charge compensation mechanism where the change in both cerium ionic radius and coordination upon oxidation may lead to cooperative effects that act to stabilise the dopant. The lower solubility of strontium compared to calcium is attributed to the larger size differential between strontium, and Ce3+ and Ce4+, compared to calcium. Ce1-xAxNbO4±δ (A = Sr, Ca) compositions form oxygen hyperstoichiometric phases as a function of temperature, which is driven by the Ce3+-Ce4+ redox couple. However, doping suppresses the level of oxygen hyperstoichiometry in Ce1-xAxNbO4±δ relative to the parent material, CeNbO4+. Ce0.9Sr0.1NbO4±δ forms biphasic mixtures of the commensurate δ=0.25, incommensurate δ=0.08, and δ=0 phases whereas Ce0.9Ca0.1NbO4±δ and Ca0.8Ca0.2NbO4±δ form hyperstoichiometric phase-fields of a structure analogous to CeNbO4.25. Annealing Ce1-xAxNbO4±δ under reducing atmospheres suppresses the formation of hyperstoichiometric phases, and removes cerium mixed valence, which is accompanied by expansion of the monoclinic cell. These results highlight that the aliovalent substitution on the A-site has a significant effect on the charge carrier concentration and charge compensation, and therefore it is likely that this will significantly affect both the oxide ion and electronic conductivity, and may offer routes to develop improved materials for solid oxide fuel cell applications.  
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Supplementary Information:
Further details of the neutron powder diffraction analysis are provided in the Supplementary information. Figure S1 provides the TOF neutron powder diffraction data showing the fit to the models for the Ce1-xSrxNbO4+/- (x = 0, 0.1, 0.2, 0.3, 0.35 and 0.4) compositions. Tables S1-S3 provide the extracted structural parameters obtained from these fits. Figure S2 provides the TOF neutron powder diffraction data showing the fit to the models for the Ce1-xCaxNbO4+/- (x = 0.2, 0.3, and 0.4) and Tables S4-S6 provide the extracted structural parameters.


Figures and Tables

Figure 1: Room temperature X-ray powder diffraction patterns of as-prepared (oxygen stoichiometric =0) Ce1-xAxNbO4±δ (A = Sr, Ca) compositions (a) comparison between CeNbO4+δ and Ce0.9Sr0.1NbO4±δ; both patterns present very weak peaks corresponding to the (-121), (121), (200), and (002) reflections of a secondary δ=0.08 type phase (inset) [3][34] (b) snapshot of a limited 2 range showing peaks corresponding to the formation of orthorhombic (Cmc21) Sr2Nb2O7 (asterisks) with increasing strontium substitution of CeNbO4+δ [25] (c) snapshot of a limited 2 range highlighting the peaks corresponding to the formation of orthorhombic (Pn21a) Ca2Nb2O7 with increasing calcium substitution of CeNbO4+δ [26]. 
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Figure 2. Difference plot between observed and calculated intensities obtained by Rietveld refinement of the powder neutron diffraction of the Ce0.9Sr0.1NbO4±δ composition. (Rwp=1.38%, Rp =2.63%, χ2 =2.783). 
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Figure 3: Normalised XANES spectra of the Ce LIII edge for Ce0.9Sr0.1NbO4±δ and Ce3+/Ce4+ standards. Assigned transitions are in agreement with the literature [28]-[32] A1: 2p3/2 - (4f1)5d A2: 2p3/2 - (4f0)5d B: 2p3/2 - (4f1L)5d (O2p5) C: speculated i. 2p3/2-(4f2L)5d (O2p4) ii. 2p3/2 - (4f1L)5deg (O2p5) iii. Ce3+ impurity D: 2p3/2 - 4f.
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Figure 4: Representation of the method used to determine the correct model to represent the cerium valence in as-prepared Ce0.9Sr0.1NbO4±δ. Least squares linear combination fitting spectra of Ce3+/Ce4+ standards (a) 20 eV below to 100 eV above the Ce LIII edge (b) 1.717 eV below to 2.087 eV above the Ce LIII edge (c): 1.55 eV below to 6.171 eV above Ce LIII edge (d) E0< 10.295 eV to 20.865 eV above the Ce LIII edge. Dashed vertical lines indicate the areas selected for analysis.

Figure 5: In-situ XANES spectra of the Ce LIII edge recorded from Ce0.9Sr0.1NbO4±δ under 5% H2/N2(g) with dynamic heating (10 °C min-1) and isothermal heating at 800°C. (a): Highlighting the changing spectral features with progressive reduction of Ce4+ to Ce3+ (b): Comparison between Ce0.9Sr0.1NbO4±δ  pre and post reduction (c): Modelled Ce3+% calculated by linear combination fitting as a function of time and temperature. Dashed line shows average Ce3+ trend.







Figure 6: In-situ XANES spectra from the Ce LIII edge recorded from Ce0.9Sr0.1NbO4±δ under static air with dynamic heating (10 °C min-1) and isothermal heating at 800°C. (a) and (b) Highlighting the changing spectral features with progressive oxidation of Ce3+ to Ce4+ (c) Modelled Ce3+% content calculated by linear combination fitting as a function of time and temperature.
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Figure 7: In-situ X-ray diffraction data recorded at 636 °C simultaneously with in-situ XANES data presented in Figure 6. The pattern corresponds to the maximum extent of oxidation (636 °C) determined from linear combination fitting of the in-situ XANES spectra, and is consistent with that of the incommensurate hyperstoichiometric phase, CeNbO4.08 [33]. 
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Figure 8: TG-DSC of Ce0.9Sr0.1NbO4+/-δ recorded under static air with dynamic heating (10 °C min-1) and isothermal heating at 800 °C.
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Figure 9: In-situ X-ray powder diffraction recorded under static air with isothermal heating (1 hour). Patterns highlight the formation of oxygen hyperstoichiometric phases of (a) Ce0.9Sr0.1NbO4+δ (cycle 1) (b) Ce0.9Sr0.1NbO4+δ (cycle 2)                      (c) Ce0.9Ca0.1NbO4+δ and (d) Ce0.8Ca0.2NbO4+δ. Examples of the diffraction patterns of the three parent phases where  = 0 0.08 and 0.25 are provided in Figure 10 for comparison.
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Figure 10: Example powder X-ray diffraction patterns of the parent CeNbO4+ phases where  = 0, 0.08 and 0.25  


	
	a (Å)
	b (Å)
	c (Å)
	β (°)
	V (Å3)

	CeNbO4
	7.2609(3)
	11.4032(4)
	5.1621(2)
	130.530(1)
	324.86(2)

	Ce0.9Sr0.1NbO4
	7.2448(1)
	11.3685(2)
	5.1515(2)
	130.543(1)
	322.429(7)

	Ce0.8Sr0.2NbO4
	7.2553(4)
	11.3734(4)
	5.1535(6)
	130.560(3)
	323.08(2)

	Ce0.7Sr0.3NbO4
	7.2490(2)
	11.3656(2)
	5.1530(2)
	130.554(1)
	322.577(9)

	Ce0.9Ca0.1NbO4
	7.2328(2)
	11.3528(3)
	5.1476(1)
	130.54(1)
	321.23(2)

	Ce0.8Ca0.2NbO4
	7.1857(1)
	11.2692(1)
	5.1300 (1)
	130.65(1)
	315.15(1)

	Ce0.7Ca0.3NbO4
	7.1531(1)
	11.2068(2)
	5.1198(2)
	130.656(1)
	311.36(1)



Table 1: Lattice parameters and unit cell volume of as-prepared monoclinic (C12/c1) Ce1-xSrxNbO4±δ and Ce1-xCaxNbO4±δ determined from TOF powder neutron diffraction data (See supplementary information for full details). Data for CeNbO4 were obtained from [34].



	Site 
	Wyckoff
	Occ.
	x
	y
	z
	

	Ce
	4e
	0.920(8)
	0
	0.6297(1)
	0.25
	

	Sr
	4e
	0.080(8)
	0
	0.6297(1)
	0.25
	

	Nb
	8f
	1
	0
	0.1029(1)
	0.25
	

	O1
	8f
	1
	0.2632(1)
	0.4671(1)
	0.3082(1)
	

	O2
	8f
	1
	0.1500(1)
	0.2054(1)
	0.1603(1)
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	Site
	U11
	U22
	U33
	U12
	U13
	U23

	Ce
	0.0051(4)
	0.0057(5)
	0.0049(4)
	0
	0.0031(3)
	0

	Sr
	0.0051(4)
	0.0057(5)
	0.0049(4)
	0
	0.0031(3)
	0

	Nb
	0.0042(3)
	0.0049(3)
	0.0036(2)
	0
	0.0023(2)
	0

	O1
	0.0125(3)
	0.0090(3)
	0.0067(3)
	0.0025(2)
	0.0047(2)
	0.0009(2)

	O2
	0.0096(3)
	0.0093(3)
	0.0112(3)
	0
	0.0078(2)
	0.0017(2)




Table 2: Calculated structural parameters obtained by Rietveld refinement of the Ce0.9Sr0.1NbO4+d composition reduced in an Ar atmosphere to ensure no  = 0.08 phase remained. Cell parameters are given in Table 1. Oxygen occupancy values were fixed at 1.0 after initial refinement. Model used the monoclinic spacegroup C12/c1.  



	
	a (Å)
	b (Å)
	c (Å)
	β (°)
	V (Å3)

	Ce0.9Sr0.1NbO4
	7.3180(1)
	11.4839(2)
	5.2036(1)
	130.525(1)
	332.409(5)

	Ce0.9Ca0.1NbO4
	7.2550(2)
	11.3768(3)
	5.1558(1)
	130.65(1)
	322.88(2)

	Ce0.8Ca0.2NbO4
	7.2818(1)
	11.3419(1)
	5.1730(1)
	131.329(1)
	320.823(4)



Table 3: Lattice parameters and unit cell volume of monoclinic (C12/c1) Ce1-xCaxNbO4±δ and Ce1-xSrxNbO4±δ annealed under reducing atmospheres, determined from TOF powder neutron diffraction data.



	
	Δ Vol (Å3) (%)

	CeNbO4  CeNbO4.25
	4.5

	Ce0.9Ca0.1NbO4  ‘Ce0.9Ca0.1NbO4.25’
	3.3

	Ce0.8Ca0.2NbO4  ‘Ce0.8Ca0.2NbO4.25’
	1.2







Table 4: Percentage decrease in the unit cell volume of the monoclinic parent cell of CeNbO4+δ and Ce0.9Ca0.1NbO4+δ pre and post oxidation. 
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