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Abstract

Oxynitrides have been shown to be promising visible light water splitting
photocatalysts, but rapidly degrade under operating conditions. With a custom
designed photoelectrochemical cell, we perform operando grazing incidence X-
ray absorption spectroscopy measurements on the oxynitride semiconductor
SrTaOxNy during photocatalytic solar water splitting. We show that the nature
of the A-site (Sr) and its evolution during operation, have large impacts on the
overall stability and catalytic acitivity of the material, leading to an enriched
BO2 (Ta(OH)/TaO(OH)) like surface. However, this usually beneficial effect
with respect to increased surface hydrophilicity has complications for the
efficiency of the photocatalytic process, as the OH and O(OH) intermediates
formed are in competition between O2 generation and NOx species formation in
the initial stages of operation. Operando characterisation of the evolution of the
electronic structure of the photocatalyst proves to be an invaluable tool for the

rational design and discovery of new and better performing materials.
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Supplementary Figure 1. lon beam analysis of STON thin films. (a)
Rutherford backscattering (RBS) spectrum, (b) elastic recoil detection analysis
(ERDA) spectrum. The cation ratios were determined by RBS and the O:N ratio

by ERDA.
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Supplementary Figure 2. Photoelectrochemical characterisation.
Photocurrent densities for STON for the first three potentiodynamic

measurements, showing initial degradation.



a b

Height (nm) 1000000
2

——XRR STON

100000

10000

1000

100

Log Intensity (arb. units)

10 A

1

o 12 3 .
X (um) 2Theta (deg)

Supplementary Figure 3. Surface roughness characterisation. (a) Atomic
force microscopy characterization of the STON film surface. (b) X-ray

reflectometry measurement of a STON film grown on MgO.

The RMS roughness across the entire 10x10 pm scan area was 409.6 pm. Scan
details are as follows: 10 um x/y dimensions, 512 lines, 3 s per line. Tapping
mode in air with Nanosensors PPP-NCLR cantilevers — ca. 190 kHz resonance
frequency, spring constant k is ca. 48 N/m. In addition, we also include an
example XRR measurement for the STON films that we grow and use as a
method to calibrate the deposition rate for each material. The multiple
oscillations and intensity, clearly signify the thickness homogeneity and the lack

of pronounced roughness
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Supplementary Figure 4. XRD. Zoomed region around the MgO substrate

reflex for data shown in Figure 2.
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Supplementary Figure 5. XPS peak fitting. (a-r) STON before and after PEC,

(s-t) LTON N1s before and after PEC, respectively. Reference values for

binding energies given in supplementary tables.
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Supplementary Figure 6. (a) Transmission of X-rays through optically clear
Mylar used as a window material for X-rays and visible light, (b) attenuation
length of X-rays in pure H20 at an incident angle of 1°. Ta L3 edge (9881 eV)

has been labelled (Sr K edge at 16105 eV is not shown). Values taken from®.



Supplementary Figure 7. Operando reactor cell. (a) Trimetric view, (b) side
view, (c) back side with fittings for a peristaltic pump or for sealing, (d) front
view. The cell was designed and fabricated at the Paul Scherrer Institute as part

of this work.



1]
o

Tal, PSD

0.008

0.004

0.000 | 1) 1

Normalised Intensity (arb. units)
absorption (arb. units)

-0.004

T T T -0.008 T T T T T
9880 9870 9880 9890 9900 9855 9870 9885 9900 9915

Energy (eV) Energy (eV)

Supplementary Figure 8. Ta Lz spectra recorded under illumination and
under dark conditions. The Ta PSD signal does not exhibit any changes larger
than the noise of the experiments. This does not suggest that Ta is not active,
rather that the changes in electron density and the kinetics of the OER are much
faster than those for Sr due to the fact that Ta is a transition metal and Sr, an

alkaline earth element.



Supplementary Tables

Supplementary Table 1. lon Beam Analysis.

Composition Sr:Ta O:N

Sro.94Ta1.0602.80No.31 0.89 (002) 903(007)

Supplementary Table 2. Literature sourced XPS data for Ta 4ps/,.

Component Energy (eV) Reference

TaNy 400.8 2
402 3
403

TaO,N, 403.1
403.5

403.9

404

404.5

® N U o u

Supplementary Table 3. Literature sourced XPS data for N1s.

Component Energy (eV) Reference
N 396-397.5 2,821

a-Na 397.5 1
NO; 399.8 15
NO(q 400 22
400.4 14

400.9 23

401 13

V-Na(g) 401.8 10
403 15

405 11

405.5 24

NO2( 402 13
403.5 25

403.6 18

404.6 26

NO3(,/-0-NO2 406.9 27
407 25

407.2 16

407.4 18

Where (L), (C) and (i) correspond to lattice, chemisorbed and interstitial respectively.



Supplementary Table 4. Literature sourced XPS data for O1s.

Component

Energy (eV)

Reference

Ta-Oq

OHq)

H20(

528.2-531.4

531.3
531.4
531.5
531.6
532.0
532.1
532.4

533.0
533.3
533.7
533.9
534.7

2,6-8,28-

34
10
35

36,37
33

31,38

31,39

36
34
37
40
41

Supplementary Table 5. Sr 3p Peak Fit Before PECR

33

Peak 1 2

Centroid -279.65322 -271.58483 + 0.00409
(eV) 0.00457

FWHM 1.291+ 1.36436 + 0.00861
(eV) 0.0096
Area 24249.73794 + 29469.15676
170.28232 176.22869
R-Square 0.99493

Supplementary Table 6. Sr 3p Peak Fit After PECR

Peak 1 2
Centroid -279.57941 -271.53526 + 0.003
(eV) 0.00317
FWHM 1.4441 + 0.00672 1.47716 + 0.00637
(ev)
Area 42598.5652 + 46526.0029 +
189.56348 192.31561
R-Square 0.99776

Supplementary Table 7. Sr 3d Peak Fit Before PECR

Peak 1 2 3 4
Centroid --133.52559 + -134.42294 + -135.22127 -135.60325 +

(eV) 0.01414 0.15156 0.04092 5.33923

FWHM 0.86754 + 0.02092 0.55329 + 0.30998 0.79233 £ 0.55571 1.09281 +2.65848
(eV)
Area 220674.28476 + 11457.0213 + 115215.53577 + 6112.76107
6504.05398 2241.51213 54773.7724 5108.96732

R-Square 0.98726




Supplementary Table 8. Sr 3d Peak Fit After PECR

Peak 1 2 3 4
Centroid -133.52371 ¢ -134.44716 + -135.25871 + 136.13358 £
(eV) 0.00375 0.07153 0.00981 0.15463

FWHM 0.90477 £ 0.00793 0.4245 £ 0.15984 0.86069 £ 0.04955 0.5591 £ 0.19969
(eV)
Area 232332.42423 + 5212.77251 153051.89003 + 45995.00203
1776.72603 4145.0633 8408.25997 1424.5185
R-Square 0.99609
Supplementary Table 9. Sr 4p and O 2s Peak Fit Before PECR
Peak 1 2 3
Centroid -19.38482 + 0.01864 | -20.3163 + 0.10708 -20.61054 +
(eV) 1.16868
FWHM 0.9026 0.64963 + 0.43078 0.83051 + 0.52531
(eV) +0.01591
Area 11953.29605 + 1912.54469 + 2959.82432 +
495.33252 1122.8581 1170.0807
R-Square 0.99918
Supplementary Table 10. Sr 4p and O 2s Peak Fit After PECR
Peak 1 2 3
Centroid -19.34974 £ 0.01268 -20.36315 -20.68429 +
(eV) 0.04252 1.15995
FWHM 1.00048 0.63186 + 0.18837 0.84706 + 0.57905
(eV) 0.013
Area 16509.95251 + 2985.39928 + 1944.41958 +
391.78648 654.02432 690.44717
R-Square 0.99918

Supplementary Table 11. Sr 4s and Ta 5p Peak Fit Before PECR

Peak 1 2
Centroid -37.83893 + 0.01823 -36.75281

(eV) 0.06538

FWHM 1.16559 + 0.07543 2.17036 + 0.06255
(ev)
Area 4220.6715 £ 14750.36267
803.01647 922.61298

R-Square 0.99446

Supplementary Table 12. Sr 4s and Ta 5p Peak Fit After PECR

Peak 1 2
Centroid -37.75081 + 0.01553 -36.69728 +

(eV) 0.05493

FWHM 1.19942 +0.06123 2.19563 + 0.05015
(ev)
Area 6106.5987 + 19927.18315 +
926.47299 1056.30328

R-Square 0.9963




Supplementary Table 13. Ta 4d Peak Fit Before PECR

Peak 1 2
Centroid -233.5189 £+ 0.00585 | -221.91514 + 0.0035
(eV)
FWHM 3.48002 +0.01311 3.2174 ¢
(eV) 0.00777
Area 102869.76637 152900.35078 +
398.19966 376.43228
R-Square 0.99841

Supplementary Table 14. Ta 4d Peak Fit After PECR

Peak 1 2
Centroid -233.41751 -221.85157 +
(eV) 0.00665 0.0038
FWHM 3.27951 £ 0.01474 3.13172 ¢
(eV) 0.00839
Area 132220.62551 + 215880.03097
602.56733 583.29846
R-Square 0.998

Supplementary Table 15. Ta 4f Peak Fit Before PECR

Peak 1 2 3 4
Centroid -25.28531 £ 0.01644 -27.2936 £ 0.0139 -26.48192 + 0.0056 -28.12081 +
(eV) 0.00614
FWHM 1.30442 £ 0.01537 0.63056 + 0.03194 1.03484 + 0.02117 1.0662 + 0.00779
(eV)
Area 125778.64569 + 17090.70087 + 149256.04267 + 114674.56033 +
3126.10392 2890.97467 5148.01471 1192.47262
R-Square 0.99987
Supplementary Table 16. Ta 4f Peak Fit After PECR
Peak 1 2 3 4
Centroid -25.26927 £ 0.03279 -27.08503 £ 0.01872 -26.26536 + -27.9737 £ 0.00524
(eV) 0.00667
FWHM 1.26866 + 0.02643 0.97409 +0.02477 0.66245 + 1.05826 + 0.00665
(eV) 0.03494
Area 132232.36396 + 185156.91357 25633.93592 171320.72122 +
7017.27026 10048.03592 4493.3563 1535.28089
R-Square 0.99987
Supplementary Table 17. C 1s Peak Fit Before PECR
Peak 1 2 3 4
Centroid -279.69471 + -284.3548 + 0.00767 -285.18928 + -285.35279 +
(eV) 0.00839 0.02152 0.0267
FWHM 1.39118 £ 0.01775 0.93911 + 0.00887 0.82405 +0.0233 2.13579 + 0.03022
(eV)
Area 29309.94428 214157.2881 + 51158.70353 84350.46265 *
357.69729 4433.23097 4217.75904 2540.20022
R-Square 0.99976




Supplementary Table 18. C 1s Peak Fit After PECR

Peak 1 2 3 4
Centroid -279.57921 -284.31246 + -285.01138 + -286.92129 +
(eV) 0.00335 0.00388 0.02467 0.06273

FWHM 1.55878 + 0.00715 0.97561 + 0.00901 1.64606 + 0.01545 1.1534 +0.08275
(eV)
Area 50003.16423 £ 86330.86346 + 103841.19401 5983.695 +
221.61098 2788.01509 2414.48879 764.23011
R-Square 0.99971
Supplementary Table 19. O 1s Peak Fit Before PECR
Peak 1 2 3
Centroid -530.46148 + -531.07071 £ 0.0374 | -533.18451 ¢
(eV) 0.00178 0.05187
FWHM 1.04254 + 0.00626 2.48263 t 0.9018 £ 0.17859
(ev) 0.0627
Area 165610.48771 + 126647.74654 + 3398.38014 +
2829.38261 1471.86872 1501.12366
R-Square 0.99979
Supplementary Table 20. O 1s Peak Fit After PECR
Peak 1 2
Centroid -530.32002 + -531.04871
(eV) 0.00106 0.00807
FWHM 1.03305 +0.00275 2.73542 £ 0.01428
(ev)
Area 295971.82056 + 243648.68368 +
1368.69256 1828.90827
R-Square 0.99983
Supplementary Table 21. N 1s and Ta 4p Peak Fit Before PECR
Peak 1 2 3 4
Centroid -396.15118 + -396.65639 + -399.67412 + -403.92705 *
(eV) 0.00378 0.09367 1.88024 0.10212
FWHM 0.79614 + 0.00996 1.94654 +0.21381 4.87092 + 1.3796 3.38278 +1.1459
(ev)
Area 21611.22085 + 8370.54043 + 22418.31898 + 96803.94916 *
568.30918 2479.53865 5377.99719 10607.91758
Peak 5
Centroid -405.35034 +.28803
(eV)
FWHM 4.61057 +3.03883
(ev)
Area 31680.48163
15843.03548
R-Square 0.99653




Supplementary Table 22. N 1s and Ta 4p Peak Fit After PECR

Peak 1 2 3 4
Centroid -396.0752 + 0.00465 -396.51934 + -399.06478 -403.80418
(eV) 0.07196 0.30341 0.08599
FWHM 0.76585 + 0.01237 1.68271 +£0.13794 3.65362 £ 0.59233 3.76847 £ 0.31262
(eV)
Area 19835.05122 + 9909.66385 + 22418.31898 + 96803.94916 +
748.6462 1928.76987 5377.99719 10607.91758
Peak 5 6
Centroid -405.41358 + -407.1659 + 0.48547
(eV) 0.21635
FWHM 1.14905 + 0.65182 2.78483 £ 0.39213
(eV)
Area 750.00707 9226.66389 +
1037.78766 6274.80751
R-Square 0.99764

Supplementary Discussion

Phase Sensitive Detection (PSD)

PSD is a mathematical function, which converts time-resolved XAS data into a

set of phase-resolved data post acquisition, enhancing sensitivity of the

modulated excitation XAS experiment.

The time-resolved data I(t) are converted into phase-resolved data I1(¢"SP) with a

demodulation phase angle (0° < ¢™P < 360 °) according to the following

equation:

Where T is the stimulation period, w(2r/T) is the angular frequency and nw the

o) =2 [

demodulation frequency.

T

0

1(t) sin(nwt + @PP) dt




For n=1 (fundamental frequency) the demodulation frequency is equal to the

stimulation frequency. Harmonic frequencies are also obtained (n=2, 3. ..) and

the signal intensity of the PSD varies harmonically as ¢"°P varies between 0 and

21T.

The major advantage in using PSD, is that it yields a set of phase-resolved data

which contains primarily the signals from the changes due to the external

stimulus. Further information on PSD and its applications can be found here.**
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