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Experimental Section

1. Computation of apparent quantum efficiency (AQE) and solar-to-ammonia (STA) conversion

efficiency

According to the literature reports [1], the apparent quantum efficiency (AQE) is determined. The
catalytic experiments for determining AQE were performed in pure water (100 mL) without any
sacrificial reagents. 50 mg of BiVOS-2, used as the photocatalyst, was added to the solution. The
reaction solution was irradiated by a 300 W Xe lamp with a band-pass filter for the wavelength of
420 nm. The photon flux of the incident light was measured by a CEL-NP2000 photoradiometer. The

AQE is calculated according to the equation below:

AOE Number of reacted electrons 100% 614Ny 100%
= X = —— X
Q Number of incident photons ° W-At o
h-v

where nam represents the molar number of generated ammonia, while W, A, t, and v are for the incident
light intensity, irradiation area, time, and frequency, respectively. Na and h are Avogadro’s constant

and Planck constant, respectively.

According to the literature reports [2,3], to determine the Solar-to-Ammonia (STA) conversion
efficiency, reactions were performed using a solar simulator, where the efficiency was calculated as:

AG for NH; generation (J-mol™1)] x [ NH; evolved (mol
STA 100%
= ><
[total input energy (W)] X [reaction time (s)] °

In the above equations, the AG® values for NH3 generation is 339 kJ-mol. The overall irradiance of

the AM1.5G spectrum was 100 mW cm~ and the irradiation area was 4.26 cm? .



2. NHz product characterization and qualification.
2.1 Indophenol blue method

Following the literature reports [4,5]: 4 mL solution reaction solution was mixed with 50 puL of
catalyst solution (1% BiVOS aqueous solution), 500 pL coloring solution (aqueous solution of 0.4 M
C7H503Na and 0.32 M NaOH) and 50 pL oxidizing solution [NaClO (pCl = 4-4.9) solution containing 0.75
M NaOH] in turn. Then, the mixture was allowed to stand at 25 °C for 2h. The standard curve was

obtained from the absorbance at 660 nm.

2.2 lon chromatography test conditions
According to the literature reports [6]: The Thermo Fisher ICS-600 cationic ion chromatograph
with Pac CS12 A 4>250 mm (ICS), was further used to determine the NH3s concentration. The testing

conditions as listed in the table S1.

Table S1 ICS determine the conditions of the NH3 concentration

Conditions Details Conditions Details
Analytical column lon Pac CS12 A 4X250 mm Run time 15 min
Protective column lon Pac CG12A 4X50 mm Detector Conductivity detector
20 mM Methyl sulfonic acid CDRS 600 (4 mm)
Leacheate . Suppressor . .
aqueous solution Self-circulation inhibition
Flow rate 1.0 mL/min Sample injector AS-DV
Sample volume 10 ul Sampling mode Automatic sampling




3. Density functional theory calculation

The density functional theory (DFT) calculation was performed with the Vienna ab initio
simulation package (VASP) by using the projector augmented wave (PAW) function method [7]. A
plane-wave basis set was adopted to expand the smooth part of wave functions. The generalized
gradient approximation (GGA) with Perdew—Burke-Ernzerhof (PBE) function was used for
considering the electron exchange and correlation effect [8, 9]. A 2>2>2 supercell with 52 atoms was
adopted for structures considered in this study. Dispersion correction (DFT-D3) proposed by Grimme
was employed to describe the Van-Der-Waals force accurately. In the process of geometry
optimization, atomic relaxation was considered by referring to the Hellmann-Feynman force smaller
than 0.02 eV/A. The convergence criterion was set to have low energy of 1x10° eV during the
electronic self-consistent loop. The Brillouin-zone integration used the gamma-centered (2>2x1) k-
point grids for the geometry optimization [10]. Bader charge population analysis was used to compute
the atomic charge [11,12]. The adsorption energy (Eags.) of adsorbates is calculated from the equation:

Eads. = Etot. — Ecat. — En2

where the Eiot, Ecat, and Enz represent the total energy of the complex of the catalysts and N», the

energy of the catalysts, and the energy of the isolated N2 molecule, respectively.



Additional figures and tables
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Fig. S1 The ultraviolet-visible absorption spectra of BiVO4, and BiVOS catalysts converted to (a)

the (ahv)? - hv plots for the direct bandgap calculation and (b) the (a&v)Y? - hv plots for the indirect

bandgap calculation.
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Fig. S2 (a-d) Mott-Schottky curves of BiVO4 and BiVOS catalysts conducting at 1000 Hz.
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Fig. S3 FTIR spectra of BiOS, BiVO4, and BiVOS catalysts.
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Fig. S4 The standard curve of (a) Nessler’s reagent, (b) indophenol bule, and (c) ion chromatography

for ammonium ion concentration detection.




Table S2 XPS composition and physical characteristics of BiVO4 and BiVOS catalysts

Molar percentage /% O molar Al
A .
Catalyst p Y percentage /% | e+4y/5+) Anion/ | Sger | Crystal
. Cation | (m?/g) |size /nm
Bi \Y; S O | Ovatice| Vo (%)
BiVO, 16.65 | 16.69 | — | 66.66 | 100 — — 2.00 26.8 135
BivVOS-1 | 17.42 | 17.35 | 4.36 | 60.87 | 93.17 | 6.83 3.45 1.88 31.2 11.8
BiVOS-2 17.76 | 17.70 | 7.08 | 57.46 | 77.49 | 22.51 17.86 1.82 31.9 11.3
BivVOS-3 | 18.24 | 18.18 | 8.46 | 55.12 | 82.74 | 17.26 11.62 1.75 325 11.1
BivVOS-4 | 18.56 | 18.49 | 9.58 | 53.47 | 91.68 | 8.32 5.35 1.70 32.7 10.8
BiVOS-2
. 17.77 | 17.66 | 7.12 | 57.45 | 77.55 | 22.45 17.91 1.82 — 11.4
after reaction

Table S3 Element contents from SEM-EDS analyses for BiVO4 and BiVOS catalysts

Catalyst Bi \Y/ S O Bi/V
BiVO, 16.47 16.39 — 67.14 0.993
BiCeOS-1 17.34 17.53 4.18 60.95 0.993
BiCeOS-2 17.60 17.76 6.99 57.65 0.992
BiCeOS-3 18.03 18.26 8.34 55.37 0.992
BiCeOS-4 18.33 18.64 9.25 53.78 0.994

Table S4 Element contents from XRF analyses for BiVO4 and BiVOS catalysts

Catalysts Bi Vv S O Bi/Ce

BiVO, 16.61 16.69 — 66.70 0.995
BiCeOS-1 17.61 17.59 4.23 60.57 0.992
BiCeOS-2 17.83 17.79 7.01 57.37 0.994
BiCeOS-3 18.16 18.11 8.40 55.33 0.994
BiCeOS-4 18.50 18.48 9.39 53.63 0.993




Table S5 The average charge carrier lifetime of BiVO4 and BiVOS catalysts

Catalysts A 11 (NS) A 2 (nS) R? | Tavg (NS)
BiVO4 73737.926 1.023 692.698 3.729 0.991 1.113
BivVOS-1 1991.507 4,982 140955.125 1.525 0.996 1.678
BiVOS-2 78690.627 2.575 8817.568 5.797 0.999 3.224
BiVOS-3 8457.489 4.213 377682.855 2.386 0.998 2.455
BiVOS-4 | 659945.746 1.784 6592.964 4.162 0.997 1.838

Table S6 the testing results via Nessler’s reagent, indophenol blue and ion chromatography method

Catalysts Nessler’s fea%em indophenf)l bJue ion chroma:[og[aphy
(bmol g h ™) (bmol g h ™) (Hmol gt h™)
BiVOS-1 120.2 124.9 1125
BiVOS-2 563.6 541.0 519.5
BiVOS-3 406.1 385.7 378.4
BiVOS-4 98.9 92.2 87.6

Table S7 Adsorption energy (Ea, €V) and bond length (Lo, A) of N2 on perfect-BiVOas, V0-BiVOs4,
perfect-BiVOS, and Vo-BiVOS (0 0 2) surface. Electron transfer (Et) of N2 molecule. ‘+’ represents

that the electrons are transferred to the catalyst atom.

Adsorption N=N bond Electron
Catalyst

energy/ eV length /A transfer
N2 molecule — 1.102 —
Perfect-BiVO, -0.08 1.113 +0.01
Vo-BiVO, -0.10 1.117 +0.06
Perfect-BivVOS -0.15 1.120 +0.04
Vo-BiVOS -0.52 1.148 +0.22




Table S8 The literature-reported catalysts for photocatalytic N> fixation

AQE/QY and
] Reaction | Sacrificial | NH3 evolved NHs analysis . Ref.
No. | Catalysts Light source . STA conversion
medium agent | umolgth? methods o (Year)
efficiency
. . 117.77 Nessler’s reagent [13]
1 CeO2-BiFeOs UV-vis Water none —
umol g ht | method (2020)
. . . Water,
) TiO2/SrTiO3/g- simulated solar - - 2192.0 Nessler’s reagent [14]
ethano ethano —
CsN4 light (10%, viv) umol gt h? method (2020)
0, VIV
Water,
simulated solar 385.0 Nessler’s reagent [15]
3 Ag-KNbOs . ethanol ethanol —
light (10%, Vi) umol gt ht | method (2019)
0, VIV
Water,
o 715 Nessler’s reagent [16]
4 | LaCoOs:Er*/ATP visible ethanol ethanol —
(10%, Vi) umol gt ht | method (2019)
0, VIV
. Bi-BILWO simulated solar Wat 86.0 Nessler’s reagent [17]
i-Bi2WOs ater none —
light umol g h™ | method (2019)
) simulated solar 160.0 Nessler’s reagent [18]
6 ¢c-PAN-Bi2WOs . Water none —
light umol g ht | method (2018)
. Mo-BisO-B 300 W Xe lamp Wat 122.9 Nessler’s reagent [19]
0-BisO7Br ater none —
(4> 420 nm) umol gt ht | method (2021)
8 Fe-BIOB 300 W Xe lamp Wat 46.1 Nessler’s reagent [20]
e-BiOBr ater none —
(4> 420 nm) umol gt ht | method (2021)
_ 206.0 AQE= 0.38% [21]
9 SrTiOs 300 W Xe lamp | Water none lon chromatography
umol gt h? at 420 nm (2021)
Naz2SO0s3
10 | Mo-doped Wis0 300 W Xe lamp NaSO 195.50 Nessler’s reagent AQE=0.33% [22]
o-doped W1s0Oag aqueous a2S0s3
P (4> 420 nm) ql i umol gt h?t method at 400 nm (2018)
solution
Water,
1 | AgTio 300 W Xe lamp thanol thanol 78.60 Indophenol-blue AQE=0.82% [23]
u/Tio2 methano methano
(4> 420 nm) (10%, viv) umol gt h?t method at 550 nm (2018)
0, VIV
1 Hydrogenated 300 W Xe | Water and 1.30 Nessler’s reagent AQE=2.42% [24]
e lam none
Bi2M0Os P air mmol gt h? | method at 420 nm (2016)
300 W Xe lamp 355.20 Nessler’s reagent [25]
13 | ZnsIn2Se Methanol | methanol —
(2> 420 nm) mgLtg? method (2020)
) 300 W Xe lamp Nessler’s reagent [26]
14 | Br-doped BiOCI Water none 6.30 yumol-h™* —
(2> 420 nm) method (2019)
Indophenol-blue
325.0 method and *H- [27]
15 | MoS2 500 W Xe lamp | Water none ) —
pumol g1 h | NMR with 15N (2017)
isotope labeling
Cu-doped 18.90 Nessler’s reagent AQE=0.74% at [26]
u-dope .
16 . P 300 W Xe lamp | Water none method and ion 380 nm
TiO: umol g h? (2019)
chromatography =0.23% at 420 nm

10




Indophenol-blue
. 1.02 method and *H- AQE=1.80% [29]
17 | Fe-doped BiOCI 300 W Xe lamp | Water none ]
mmol g1 h? | NMR with 15N; at 420 nm (2019)
isotope labeling
Nessler’s reagent
method, *H NMR,
) 300 W Xe lamp 382.68 [30]
18 | Fe-doped BiOBr Water none o mass spectroscopy —
(2> 420 nm) umol gt h with 5N isotope (2020)
labeling
. . 300 W Xe lamp 90.70 Nessler’s reagent [31]
19 | Bi2MoOs/BiOBr L Water none —
visible light umol gt ht | method (2019)
2 KW Xe lamp o [2]
20 | P-doped g-C3sN4 Water none 0.20 pmol-h lon chromatography | STA=0.1%
(4> 420 nm) (2018)
Water,
5.99 Nessler’s reagent [32]
21 | S-doped g-CsN4 500 W Xe lamp | methanol | methanol —
mmol gt h? | method (2018)
(4%, viv)
. Nessler’s reagent
Defected BisO4Br 380.0 ) AQE=1.59% [33]
22 300 W Xe lamp | Water none ..., | methodand ion
nanosheets umol gt h chromatography at 400 nm (2019)
’3 BisO7Br 300 W Xe lamp Wat 1.38 Nessler’s reagent AQE=2.3% [34]
ater none
nanotubes (4> 420 nm) mmol gt h? | method at 420 nm (2017)
Yb3*/Tm?* co- 15.06 Nessler’s reagent [35]
24 300 W Xe lamp | Water none —
doped CeFs umol g h* | method (2022)
35.8 . [36]
25 | WOs/CdS 300 W Xe lamp | Water none ion chromatography —
umol gt h? (2022)
Water,
66.35 Nessler’s reagent [37]
26 | Cu20/SnS2/Sn0O2 300 W Xe lamp | ethanol ethanol —
umol gt h?t method (2021)
(20%, viv)
209 . [38]
27 | La/M0Oaz« 300 W Xe lamp | Water none ion chromatography —
umol gt h? (2022)
) 38.4 . [39]
28 | AgPt-TiO2 300 W Xe lamp | Water none ion chromatography —
umol gt h? (2021)
Water,
133.8 Nessler’s reagent [40]
29 | Pt/N-MoS: 300 W Xe lamp | methanol | methanol —
umol gt h? | method (2020)
(10%, v/iv)
Water,
Ag/B-doped g- 305 Nessler’s reagent [41]
30 300 W Xe lamp | methanol | methanol —
CsN4 umol g7t h™* | method (2020)
(5%, viv)
Water,
) 256 Nessler’s reagent [42]
31 | UiO-66 300 W Xe lamp | methanol | methanol —
umol gt h? | method (2021)
(5%, viv)
Water,
Pt/Bi- 38.57 Nessler’s reagent [43]
32 300 W Xe lamp | methanol | methanol —
KTaosNbo-s03 umol g7t h™* | method (2022)
(5%, vIv)

11




38.2 44
33 | Au/(Bi0O)2CO3 300 W Xe lamp | Water none ion chromatography — [44]
umol gt ht (2017)
. 364.2 Nessler’s reagent [45]
34 | Ag/AgBr-3-Bi2Os | 400 W Xe lamp | Water none —
umol gt h™* | method (2019)
. Naz2S03 576.11 Nessler’s reagent AQE= 0.53% [46]
35 | BiO QDs-g-CsN4 300 W Xe lamp Na2S0s3
(1 mM) umol gt h™* | method at 420 nm (2021)
. 500 W Xe lamp | ethanol 43.61 Nessler’s reagent [47]
36 | g-CsN4/Bi2M0Os ethanol —
(A>420nm)  [(17.1 mM) umol gt h™* | method (2020)
i AQE=2.18%
300 W Xe lamp 563.6 Nessler's reagent at 420 nm This
37 | BiVOS Water none ' method and ion
(4> 420 nm) umol g h? STA=0.071% work
chromatography
at AM1.5G

12
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