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Experimental Section

1. Apparent quantum efficiency computation

According to the literature reports [1, 2] for measuring the apparent quantum efficiency (AQE).
In the experiment, the 420 nm (L) monochromatic light, the 2.36 mW-cm 2 average intensity of
irradiation (1), and the 32.15 cm? irradiation area (A) were used. The total Hz evolution with 20 mg
of BiCeOS catalyst was 473.75 umol, which can be used to determine the number of reacted photons
(Nreac). The number of photons (Nin) illuminated to reactor is computed according to the follow

equations:

CEA (A ) ()4 32.15%2.36 % 1073 X 3600 X 5 x 420 x 10~°

N, = = 2.886 x 102!
in " hec h'c 6.626 X 1073% x 3 X 108
AOE N, eqc 1005 2 X 6.02 X 1023 x 473.75 x 107° 100% = 19.76%
= — X = X = .
¢ Nin ° 2.886 x 1021 0 0

Where: h, ¢, and t are Planck constant, light speed under vacuum, and illumination time (s),

respectively.

2. Density functional theory calculation

DFT computation was performed with the Vienna ab initio simulation package (VASP) by using
the projector augmented wave (PAW) function method [3]. 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 [4, 5]. A 2>2>2 supercell with 80 atoms was adopted for structures considered in
this study. Dispersion correction (DFT-D3) proposed by Grimme was employed to accurately

describe the VVan-Der-Waals force. In the process of geometry optimization, atomic relaxation was
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considered by referring to the Hellmann-Feynman force smaller than 0.02 eV/A. The convergence
criterion was set to have low energy of 110 eV during the electronic self-consistent loop. The
Brillouin-zone integration used the gamma-centered (2>2x1) k-point grids for the geometry

optimization [6].

3. Cycle voltammetry (CV) curve for calculation of conduction band (CB) and valence band (VB).
The CB and VB levels are calculated with the following Equations [7-9].

Ecg = _[4-8 + ( gﬁset - EOx)] eV (1)

Eyp = —[4.8 + (E}ed, — Eox)] eV (2)

where the ES%..., El¢%., and E,, are the onset potentials for oxidation and reduction reaction of

BiCeOS-3, and for the oxidation reaction of electrolyte, respectively.



Additional figures and tables
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Fig. S1 the indirect bandgap (a2 v)Y2 - hv plot from the ultraviolet visible absorption spectra of

CeOS, BIOS, and BiCeOS catalysts.
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Fig. S2 Mott-Schottky curves of BiCeOS conducting at 1000 Hz.

4



o
)

(a) BiCeOS-1
—5mV/S
— 4 mV/S

3mv/s

—2mVI/S

1mV/S

<
SN
T

Current dengsity (mA/cm?)
<) o
=N o

_08 1 1 1 1 1
-050 -048 -046 -0.44 -042 -0.40
Potential (V) Vs Ag/AgClI

0.8
< (c) BiCeOS-3
g —5mV/s
2 04F —4mvis
e 3mV/s
~ —2mVI/s
.é’ 1mV/s
2} 0.0F
c
0]
=]
=
G 041
S
>
@)

-0.8 ; ; ; ; ;
-050 -048 -046 -044 -042 -0.40
Potential (V) Vs Ag/AgCl

(e) BIOS

- —5mV/s
—4mV/s
B 3mV/s
—2mV/s

©c Q0 o o 9
o N M O @

|

-0.2
-0.4

o
[op}
T

Current densitty (mA/cm?)

-0.8 . . . . .
-050 -048 -046 -044 -042 -0.40
Potential (V) Vs Ag/AgCl

0.8
(b) BiCeOS-2
—5mV/S
—4 mV/S
04F _ smvis
—2mV/S

1mV/S

o)
~
Ll

Current densitty (mA/cm?)
o
o

-0.8 ; ; . . .
-050 -048 -046 -0.44 -042 -040
Potential (V) Vs Ag/AgCl

0.8 _
(d) BiCeOS-4
—5mVI/s
— 4mVI/s
0.4 3mV/s
—2mV/s

1 mVis

Current dengsity (mA/cm?)
=) o
B~ o

-0.8 . . . . .
-050 -048 -046 -0.44 -042 -0.40
Potential (V) Vs Ag/AgCl

0.8
(f) CeOS

&> 0.6F —5mvis

g 04 —4amv/s

A4F 3mv/s

E —2mvIs

E02F __1mvis

>\ 77
=2 00F //
2] i

c [

% '02 B Y:__—__—_—f___/——————?’(

5-0.4 -

5-06F

O

-0.8 ; ; ; ; ;
-050 -048 -046 -044 -042 -0.40
Potential (V) Vs Ag/AgCI

Fig. S3 Current density of BiCeOS, BiOS and CeQOS under different scan rates.
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Fig. S4 The dependence of AQE as a function of irradiation wavelength and UV-Vis absorption

spectrum of BiCeOS-3.

Table S1 XPS composition and physical characteristics of BiCeOS catalysts prepared with different

N2H4 contents

Mol (ae/% Ce molar O molar

olar percentage/% ol _

Catalyst P : percentage /9%| C&7Ce™ | percentage /96 | Vo/Otatice| Seer | Crystal
] (%) (%) (m?/g) | size/nm
Bi Ce S (o] Ce?* | Ce** OLattice Vo

BiCeOS-1 |37.28 | 6.07 |41.28 | 15.37 | 3.12 | 96.88 3.22 97.39 2.61 2.68 31.2 10.7

BiCeOS-2 |37.17 | 6.12 | 41.31 | 15.40 | 16.03 | 83.97 19.09 90.02 9.98 11.09 32.0 105

BiCeOS-3 |37.25| 6.09 |41.17 | 15.49 | 39.52 | 60.48 65.34 84.52 | 15.48 18.32 30.5 11.0

BiCeOS-4 |37.33| 6.31 | 40.08 | 16.28 | 47.29 | 52.71 89.72 92.11 7.89 8.57 28.1 11.3

BiCeOS-3
37.28 | 6.13 | 41.05 | 15.54 | 39.48 | 60.52 65.23 84.82 | 15.18 17.89 —_— 10.8

after reaction

Table S2 Elements contents from SEM-EDS analysis for BiCeOS catalysts

Catalyst Bi Ce S 0 Bi/Ce (%)
BiCeOS-1 36.18 5.67 40.26 17.89 15.67
BiCeOS-2 36.27 5.72 40.18 17.83 15.77
BiCeOS-3 36.00 5.63 40.32 18.05 15.64
BiCeOS-4 35.84 5.83 39.92 18.41 16.17




Table S3 The average charge carrier lifetime of BiCeOS catalysts

Catalysts A1 11 (nS) Az 12 (nS) R? Tavg (NS)
BiCeOS-1 51.961 1.946 1.406 5.172 0.991 2.162
BiCeOS-2 10.847 2.884 15.061 2.675 0.992 2.766
BiCeOS-3 9.712 3.097 12.528 3.956 0.996 3.632
BiCeOS-4 2.558 3.253 60.445 1.831 0.995 1.930
BiOS 2.181 5.636 587.359 0.928 0.992 1.032

Table S5 Reports on PHER performance over Bi-based and oxysulfide catalysts under visible light

Catalysts Sacrificial Light source AQE (%) PHER rate Ref.
(mmol/g-h)

Cr203/Rh/IrO2@Y 2 Ti205S2 Na2S/Na2S0s 300 W Xe lamp 5.3 (420 nm) 0.83 [10]
Pt/LasInsSe0s Na2S/Naz2S0s 300 W Xe lamp N/A (420 nm) 0.045 [11]
ZnS1x-050x(OH)y Na2S/Naz2S03 400 W halide lamp 3.0 (420 nm) 0.08 [12]
In0OS 10 vol.% Ethanol 150 W Xe lamp N/A 0.08 [13]
Ni-doped Mo(S,0)3x 10 vol.% Ethanol 250 W Xe lamp 29.2 (420 nm) 23.50 [14]
(Ni,In)(S,0)2x 10 vol.% Ethanol 250 W Xe lamp 26.3 (420 nm) 19.87 [15]
BisTisCrOus NaSOs 300 W Xe lamp 3.6 (420 nm) 2.832 [16]
FeS2/Bi2Ss Na2S/Na2S0s 300 W Xe lamp 12.1 (420 nm) 16.8 [17]
Cdo.5Zn0.5S/Bi2Ss3 Na2S/Na2SO3 300 W Xe lamp 19.6 (420 nm) 16.3 [18]
InBi-MOF lactic acid 300 W Xe lamp 4.27 (420 nm) 3.6 [19]
Ru/SrTiOs:Rh—(PRGO/BiVOs) | MeOH 300 W Xe lamp 1.03 (420nm) 11.0 [20]
ZnO/Ag/Bi2S3 Na2S/Naz2S03 250 W Hg lamp 1.1 (420nm) 0.218 [21]
Bi2S3/M0S2/TiO2 Na2S/Na2S0s 250 W Xe lamp N/A 2.23 [22]
Bi2S3/TiO2 50 vol% methanol 300 W Xe lamp N/A 2.46 [23]
MoS2/P25/Bi2S3 10 vol% TEOA 350 W Xe lamp N/A 2.33 [24]
BiOBI/Bi2Ss3 Na2S/Na2SO3 300 W Xe lamp N/A 0.445 [25]
BiCeOS Na2S/Naz2S03 250 W Xe lamp 19.8 (420 nm) 26.33 This work
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