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Table S1. Results of Rietveld refinements of Nb3sO7F (Cmmm) and NbO2F (Pm-3m) synthesized by
SPS (Fig. 2A and 2B) and by conventional high temperature chemistry (Fig. S1). Because of large strain
along long axis, conventionally prepared NbsO7F was taken as reference for phase refinement. Phase-

purity was assumed.

Sample unit cell parameters gof
a b c
NbO2F - SPS  3.9049(8) - - 3.61
Nb3O7F - 20.693(2) 3.8387(3) 3.9383(3) 5.92
SPS
NbO,F 3.898(1) - - 1.27
NbsO-F 20.677(2) 3.8316(3) 3.9237(3) 248

S2

Rwp

3.89

7.14

5.76

4.30

Space
group

Pm-3m

Cmmm

Pm-3m

Cmmm

Side phase

NbsO7F

NbsO7F

NbsO7F

% side
phase

1.3+0.1%

1.8+0.2%

174+05%

0% assumed



Table S2. Experimental and theoretical fluorine concentration (pure phases) and degree of fluorination

for niobium oxyfluorides prepared by SPS and conventional high temperature chemistry as determined
by HR-CS-GFMAS.

SPS Sample Fluorine conc. via HR- theor. Fluorine Niobium conc. via HR- theor. Niobium
CS-GFMAS (g kg £sd*) conc.(gkg') CS-GFMAS (g kg £sd*) conc. (g kg™)
NbOoF - SPS 125+ 9* 132 648 £ 18* 645
Nb3O7F - SPS 44 +10* 46 547 £ 13* 680
*n=3
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Table S3. Summary of elemental compositions and calculated F/O surface ratios as determined by
XPS spectroscopy.

Sample F1s % O01s% Nb 4f % F : O ratio
NbO.F - SPS 17.6 66.8 15.6 1:4
NbsO-F - SPS 12.0 70.9 17.7 1:6
NbO.F 12.3 77.7 10.0 1:6
NbszO7F 9.9 78.4 11.6 1:8
Nb2Os 0.0 80.3 12.9 /
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Table S4. Fit parameters of the five deconvoluted peaks from the F~ solid state MAS NMR of Nb3O7F
(conventionally (bottom) and SPS-prepared (top), Figure S2A) and NbO2F (conventionally (bottom)
and SPS-prepared (top), Figure S2B).

NbOF - SPS (Fig. S6B) Peak 1 Peak 2 Peak 3
Peak iti H

eak position / Hz 11.28 -19.66 -27.17
FWHM / Hz

6.02 2.57 6.02

Relative peak area 12.31 78.41 9.28
Nb3;O:F - SPS (Fig. S6A) Peak 1 Peak 2 Peak 3
Peak iti H

eak position / Hz 9.89 -21.05 -31.86
Relati k

elative peak area 5.87 86.42 7.70
NbO>F (Fig. S6B) Peak 1 Peak 2 Peak 3
Peak position / Hz -12.39 -21.73 -28.50
FWHM / Hz

4.51 3.76 2.78

Relative peak area 15.85 68.01 16.14
NbsO-F (Fig. S6A) Peak 1 Peak 2 Peak 3
Peak iti H

eak position / Hz -18.99 -22.60 -29.33
FWHM / Hz 3.38 1.92 3.38
Relative peak area 36.62 56.66 6.73
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Calculation of theoretical optical band positions

The conduction band (Ecp) and valence band (Eyg) potentials of semiconductors can be
calculated using the following empirical equations.'3

Ecp = x— E.— 1/5E,
EVB = ECB + Eg

Here, Evp are the valence band potential and Ecs the conduction band potential, E. is the energy
of free electrons on the hydrogen scale (4.5 eV), E, is the band gap of the respective
semiconductor and y stands for the absolute electronegativity of the atom semiconductor
(geometric mean of the absolute electronegativity of the constituent atoms) and is calculated
according to

2= (A x x(B)? x x(C)°] /tatbe)

where a, b, ¢ are the numbers of the elements 4, B, C in the chemical formular of the
semiconductor. The values listed in Table S5 were obtained from this equation. They are
plotted in Fig. S8.

Table S5. Calculated band edge position values.

Semiconductor Absolute Energy of free Band gap Conduction Valence band

electronegativity electrons value (Eg) band potential potential (Evs)

(x) (hydrogen (Ecag)
scale)

NbO,F - SPS 6.90 4.5eV 3.29eV 0.76 eV 4.05eV
NbsO7F - SPS 6.46 45eV 3.39 eV 0.26 eV 3.65eV
NbO2F 6.90 4.5eV 3.36 eV 0.72 eV 4.08 eV
NbsO7F 6.46 4.5eV 3.54 eV 0.19eV 3.73 eV
Nb20Os 6.22 4.5eV 3.70 eV -0.13 eV 3.57 eV

Especially the band gap diagram shows a significant shift of the positions of the optical bands.
The shift of the conduction band towards the oxygen generation potential with no overlap to
the hydrogen generation potential signifies the potential efficiency of the fluorinated
semiconductors related to the water oxidation reaction.

References
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Fig. S1. (A) Rietveld refinement of conventionally prepared Nb3zO7F (red line) using X-ray powder data
(83 % NbsO7F, 17 % NbO2F). (B) Rietveld refinement of conventionally prepared NbszO7F (red line)
using X-ray powder data. Experimental data are indicated by crosses, the calculated curve obtained
after the refinement is indicated with a continuous line. The tick marks correspond to the Bragg
reflections of the cubic NbO2F and orthorhombic Nb3zO7F structures. The continuous blue curve under
the tick marks represents the difference between the experimental date and the calculated curve.
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show representative particles, which consist in both cases of smaller crystallites. (B, E) show a zoomed
view on the edges of the layer-like particles. In case of SPS synthesis, the outer layer is larger and less
crystallized than in case of conventional synthesis. (C, F) Magnified crystalline areas, which show for
the SPS-prepared material less ordering and indications for twinning and disorder. The Fourier
transformation (insets) exhibits diffuse intensities, which are broadened in one direction.
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NbO.F - SPS

Fig. S3. TEM images of NbO2F and NbsOzF prepared by SPS (A-B) and conventional ampoule

chemistry (C-D). The SPS-prepared samples have similar particle size, but a more pronounced

appearance of layers.
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Fig. S4. XPS survey spectra of NbO2F and NbsO-F, prepared by SPS (A-B) and
conventional ampoule chemistry (C-D) with fitted peaks for the respective
environments. (E) Survey spectrum of a ball-milled (unreacted) Nb2Os/PTFE reference
mixture.
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Fig. S5. XPS fine spectra of F, O, and Nb regimes for Nb3O-F prepared by SPS (A-
C), conventional ampoule chemistry (D-F) and from reference Nb2Os (G-I, ball milled

powder treated with the same SPS program as NbO2F) with fitted peaks for the
respective environments.

S11



>

-

(F(R)hv)? 1 eV?

o
IS

(F(R)hr)? | eV?

o
©

o
o

° ° o
» O (-]
:

e
N

0

— 10

NbOF-SPs | I I
‘ / ! N '\
W) W
| \‘
i
| “‘”h "\ 'm"ﬂ Al i)
2 25 3 :é:ergi:/ev4'5 5 55 6
: : R
NbO,F \ s \‘ |
J’W r“ ‘ Ll I
SN M&u Lg NGJ" N .h ‘ M H .j,,ym\n‘u”\“\
! ’ h‘“\‘ rfl‘,
/ ' \ /\f’ /
/‘ V\M/J |
//J |
N TN R
Energie / eV

&:&:bm

18

N

0

2

0

-2

A
A((F(R)hv)

'
o

-8

A((F(R)h)?)(AE™) 1 eVZ

NAE™) 1 ev?

]

B

6
Nb;O,F - SPS ‘ | h,

0.8 H w \ BRI
% H I ﬁl' | \"‘ ‘/‘“"\ 2 :
~ 08 b e ' \' '\“\ ‘ Il i I l‘ [{o 4
E ‘|| 1“\"‘ \‘“ ' \J J (/\ 2N§
(4 + =
2o / l ‘ [ | | :

ﬁ) \ N/\r J -4 u:.

0.2+ { LW Uw . 4

2 25 3 35 4 45 5 55 6
Energie / eV
D1+ —_— 8
Nb;O/F / f[‘f""'ﬂ%w\. 6
08" : ‘\1\ o
lif ‘ \ * 2
Zos! J FLE ] "A
S MJ LY il 2
£ =
Zos4 SEN—— ) ew”lll"l \al\ \.\ \'I\‘ " £
w | ] E
0.2 / ‘ L 9
y :
0 ey : : 6
2 25 3 35 4 45 5 55 6
Energie / eV

Fig. S6. Kubelka-Munk plots (black line) of NbO2F and Nb3O7F prepared by SPS (A-
B) and conventional ampoule chemistry (C-D) from UV-Vis diffuse reflectance spectra
(Fig. 5). Band-Gap values were determined by fitting the first maximum of the first
derivative of the Kubelka-Munk plots (derivative - blue line, fit — yellow line) and using
this value to fit the slope. Band gap values are highlighted yellow.

S12



NbOzF - SPS ' peak1 Nb307F - sps [ peak 1‘
——peak 2

——peak 2
——peak 3
|—fit

Int. (norm.)

Nb;O;F

Int. (norm.)

0 -100 -200 0 -100 -200
§ (pm) 4 (pm)

Fig. S7. '°F MAS-NMR spectra of Nb3O7F (A) and NbO2F (B). In each figure the top
spectrum is obtained from a SPS-prepared sample. The bottom spectrum was
obtained from a conventionally prepared sample of comparable composition.
Conventional prepared NbO2F contains 17 % NbsO7F as a side phase, which is the
main reason for the much broader peak form as complete deconvolution of the similar
signals of both phases is not possible. Potential spinning side bands are marked with
stars *.
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Fig. S8. Graphical representation of the theoretical and calculated band edge

positions listed in Table S5.
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