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Structure evolution of LaNb1-xWxO4+x/2

[bookmark: _Toc464943523][bookmark: _Hlk501735446]Figure S1: Rietveld refinement of neutron powder scattering data of the LaNb0.88W0.12O4.06 phase at 650 °C using super space group I41/a(α, β, 0)00(-β, α, 0)00. Good fitting with Rp = 0.022 and Rwp = 0.023 was achieved. Black, red and blue lines show the experimental data, modelled data and the difference plot respectively. The black and red vertical lines mark the theoretical peak position of the parent structure and the modulated peaks respectively. The inset shows the enlarged pattern in the 0.84 Å to 1.4 Å range. The “bump” at approximately 2.1 Å is from the sample environment and does not vary with temperature.
 

[bookmark: _Toc464943524]Figure S2: Neutron scattering data in the 0.88 to 1.50 Å range of the LaNb0.88W0.12O4.06 composition gathered at 600−800 °C. The intensity of the satellite reflections (marked by the arrows in the figure) reduces with increasing temperature, and the structure becomes unmodulated at 800 °C.


[bookmark: _Toc464943516]Figure S3: Room temperature neutron scattering data of the LaNb0.84W0.16O4.08 composition refined with a two phase model containing both the m and t phases. Black, red and blue lines show the experimental data, modelled data and the difference plot respectively. The black and red vertical lines mark the theoretical Bragg peak positions of the tetragonal phase and the monoclinic phase respectively. 
Neutron scattering data of the x = 0.16 compositions indicates that a tetragonal phase has been formed at room temperature. The peak however has a broad Lorentzian contribution, which might result from the inclusion of monoclinic residue. Upon heating, the intensity of the monoclinic reflections in LaNb0.84W0.16O4.08 decreased sharply and the structure remained modulated through the whole temperature range (up to 850 °C, as shown in Figure S4). The co-existence of two phases has been reported by various authors when studying the phase transition of rare earth niobates and has been ascribed to temperature gradient1, grain size distribution2 and the residual strain in the ferroelastic monoclinic phase1. The two phase region observed in LaNb0.84W0.16O4.08 at room temperature is probably due to a size or a strain effect.

[bookmark: _Ref15921848][bookmark: _Toc464943515]Figure S4: Selected high temperature XRD patterns of LaNb0.84W0.16O4.08 composition from room temperature to 850 °C. Unlike other compositions, the LaNb0.84W0.16O4.08 phase remains modulated at 850 °C. 


[bookmark: _Ref15921909][bookmark: _Toc464943513]Figure S5: Refined lattice parameters (a) and cell volume (b) of the LaNb0.96W0.04O4.02 composition as a function of temperature, Error bars are smaller than symbols. The subscript “m” and “t” refers to the monoclinic and tetragonal structure respectively.
[image: ]
[bookmark: _Toc475996507]Figure S6: Rietveld refinement of neutron powder scattering data of the LaNb0.88W0.12O4.06 composition at 500 °C. Only the average structure was refined using the I41/a space group; additional reflections were observed, indicting the presence of superstructure. Refinement converged with Rp = 0.028 and Rwp = 0.032. Black, red and blue lines show the experimental data, modelled data and the difference plot respectively. The black ticks mark the theoretical Bragg peak position. The inset shows the enlarged pattern in the d-spacing of 0.84 Å to 1.40 Å range. The arrows highlight the missing intensity that has not been accounted for using the unmodulated parent structure model. 

[image: ]
Figure S7: Electron diffraction patterns of the incommensurately modulated LaNb0.84W0.16O4.08. Two additional vectors are required to index the image, indicating that the structure adapts a (3 + 2)D modulated structure, similar to that reported for the x = 0.12 composition. 
The presence of the modulated structure for the x = 0.16 composition at room temperature was confirmed with electron diffraction. It shows great resemblance to that of the x = 0.12 composition, which has a I2/c parent structure and requires two modulation waves along the ac plane to index. The direction of the modulation waves were measured to be q1 ≈ 0.30aI*+0.12cI* and q2 ≈ -0.12aI*+0.30cI, and are used as an input for the refinement of the high temperature neutron scattering data. 

[image: ]
Figure S8: Proejction of the residual density map, Fdiff of LaNb0.84W0.16O4.08 at 500 °C, to xz plane. The contour is 0.2 fm Å‑3 for all the plot, and is at the same level as the negative density (not shown) in the difference map. 

[image: ]
Figure S9: 93Nb Triple Quantum MAS NMR spectrum of (a) LaNbO4 and (b) LaNb0.92W0.08O4.04 obtained at room temperature at 20 T and under a MAS rate of 78 kHz. The one dimensional MAS NMR spectra and the projection of the isotropic dimension are shown on the top and left of the two-dimensional dataset, respectively. The simulated 93Nb MAS NMR spectrum of LaNbO4 using its known NMR parameters1 and under the experimental conditions used here is shown in dashed lines. The correspond cross sections parallel to the horizontal anisotropic axis, and the position of the Nb site in tetrahedral symmetry (NbO4) and tentatively attributed to five- and/or six-coordinated niobium environments (NbO4+y, y = 1 or 2) are also shown. Asterisks (*) denote spinning sidebands. 
Probing the local oxygen structure with 17O MAS NMR spectroscopy 
[image: ]
Figure S10: X-ray diffraction patterns collected on 17O enriched LaNbO4 and LaNb0.84W0.16O4.08 materials. The marks * show the incommensurate reflections of the LaNb0.84W0.16O4.08 phase. 
[image: ]
[bookmark: _Ref15922072]Figure S11: Variable temperature 17O MAS NMR spectrum of (a) 17O enriched LaNbO4 and (b) 17O enriched LaNb0.84W0.16O4.08 obtained at 16.4 T. See Figure 12 in the main text for all other details. 
It is well known that NMR is also sensitive to dynamics2 on the Hz to MHz timescale, and atomic and ionic motion information can be for example obtained from monitoring the change in the line shape of one-dimensional NMR spectra (amongst other NMR experiments) obtained as a function of temperature. Insight into oxygen dynamics in fast oxygen ion conductors materials having oxygen vacancies, and identification of the oxygen ions contributing to the ionic conductivity have been obtained from 17O NMR at high temperature3–5. 
The high temperature 17O MAS NMR spectra of LaNb0.84W0.16O4.08 recorded up to 270 °C (Figure 12 and Figure S11) shows that the line shape of the centerline at ~500 ppm remains unaffected while its linewidth narrows slightly (from ~13 kHz at 22 °C to ~11 kHz at 270 °C). At 270 °C, there is evidence that the intensity of the spinning sideband manifolds is reduced and an indication of motional jump frequency k (= 1/c with c the correlation time of the motion) interfering with the MAS rate r. Assuming random isotropic motion, k can be calculated from the line broadening of the resonance  (= 1/T2*) by6:
	
	
Eqn. 3


with 0 the total (anisotropic) static line width of the resonance (estimated to a value of 270 kHz from the spread of the spinning sidebands manifold). At approximately 270 °C and assuming that the spinning sidebands start to disappear when the line broadening is approaching the MAS rate, jump frequencies of approximately 2 kHz are required for the disappearance of the spinning sidebands. This is in sharp contrast with the 270 °C spectrum of LaNbO4 which does not present any reduction in the spread of the spinning sideband manifold, suggesting a slower O2- ions jump frequencies in LaNbO4 than in LaNb0.84W0.16O4.08. Above 300 °C, restriction of the maximum MAS rate available on the 7 mm laser heated MAS probe (4 kHz) does not allow the central transition to be clearly observed due to overlapping spinning sidebands and resulting in a broad pattern (≈ 63 kHz at 605 °C). Similarly to LaNbO4, the absence of an average narrow resonance indicates that at this temperature the frequency of O2- jumps is lower than ≈ 63 kHz.
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(b) LaNb0.92W0.08O4+d 
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