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1) Crystallographic and chemical analysis of Nb minerals

Table S1. Representative chemical composition of the pyrochlore samples



Table S2. Representative chemical composition of the other natural samples studied.



Table S3. Representative chemical composition of the other natural samples studied.

3) XRD pattern of synthetic Nb-substituted oxides

The diffraction patterns of Nb-substituted anatase reveal variations in the Bragg reflections, 

as depicted in Fig. S1b and c. Specifically, in the diffraction pattern of anatase containing 5 wt% 

Nb, only reflections (103) and (112) are prominent. Additionally, the reflections (211), (116), and 

(220) appear less pronounced in the diffraction pattern of anatase with 1 wt% Nb. The variations in 

the width of the reflections can be attributed to disparities in crystallinity. Using the Scherrer 

equation with the (101) reflection, we determined that the nanocrystal sizes are 92 nm, 108 nm, and 

107 nm for anatase samples containing 1 wt% Nb, 5 wt% Nb, and 10 wt% Nb, respectively.

Moreover, there are discernible shifts in 2θ between these diffraction patterns (Fig. S1c). As 

shown for the (101) reflection, the diffraction peak of Nb-doped anatase with 1 wt % Nb and 5 wt%

Nb are aligned at 29.5° while that of 10 wt% Nb is located at 29.3°. This shift involves 

modifications in the unit-cell parameters due to the incorporation of Nb5+ in the crystal lattice of 

anatase. Rietveld refinement of the diffraction patterns reveals that the unit-cell parameters of Nb-

doped anatase are larger than pure anatase (a = b = 3.78  Å, c = 9.51  Å). More specifically, an 

increase in the c parameter with Nb doping, resulting in c values of 9.51 Å, 9.55 Å, and 9.58 Å for 



Nb-anatase with 1 wt%, 5 wt%, and 10 wt% Nb, respectively. Conversely, the impact of Nb doping 

on the a parameter is less straightforward. It is slightly larger in anatase with 1 wt% Nb than in the 

case of 5 wt% Nb. However, the a parameter reaches its maximum value in anatase with 10 wt% Nb

(a = 3.85 Å) . 

Figure S1. XRD patterns of (a) Nb-substituted hematite and goethite; (b) Nb-substituted rutile and 

anatase; (c) Close-up on the (101) peak. (d) Nb-substituted cerianite.

4) Refinement details of hydropyrochlore sample

Table S4. Crystallographic data and structure refinement of hydropyrochlore sample.



Table S5. Fractional atomic coordinates (×104) and equivalent isotropic displacement parameters 

(Å2×103). Ueq is defined as 1/3 of the trace of the orthogonalized UIJ tensor.



Table S6. Anisotropic displacement parameters (Å2×103). The anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].

Table S7. Bond lengths.

Table S8. Bond angles.



5) Fit of the hydropyrochlore EXAFS data considering one oxygen 

shell only

Figure S2. Discrepancy between the fit and the experimental EXAFS and FFT spectra of 

hydropyrochlore considering a single oxygen shell as determined by XRD refinement.


