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Fig. S1 Statistical box data of PEC performance (photocurrent density, onset potential
and ABPE) for the Cus3BiSs-based photocathodes sprayed at various substrate
temperatures (360°C, 380°C, 400°C and 420°C). The box plot denotes median (centre
line), mean value (dots), 25th (bottom edge of the box), 75th (top edge of the box), 95th
(upper whisker) and 5th (lower whisker) percentiles. The sample size in each column

is 10 devices. Source data are provided as a Source Data file.



120 + 360°C
{ © —— 380C
400°C

904 ©

420C

-Z" [ ohm

0 '60 I12|0I1é0I24|-0I3(IJOI3‘|30I42IOI

Z'[ ohm
Fig. S2 Nyquist plots (biased at 0.3 Vrue under AM 1.5G light irradiation with the
frequency range of 100 kHz to 0.1 Hz) of the Cu3BiS3-based photocathodes sprayed at
various substrate temperatures (360°C, 380°C, 400°C and 420°C). In the Nyquist plots,
scatter points represent the original experimental data, whereas solid lines represent
fitted curves based on the equivalent circuit shown in the inset. Source data are provided

as a Source Data file.



Table S1 Fitted EIS resistance parameters of the Cu;BiS;
photocathodes sprayed at virous substrate temperatures (360°C,
380°C, 400°C and 420°C) based on the circuits shown in the inset
of Fig. S2.

Samples at various

substrate temperature Rs/Q cm? Ry /Q cm? R, /Q cm?
360°C 18.08 83.41 101.5
380°C 14.27 82.17 30.44
400°C 22.86 83.95 105.77
420°C 20.46 84.4 339.3
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Fig. S3 XRD patterns of the Cu3BiS; films sprayed from the precursor solution with
various Cu : Bimolarratios (1:1,2:1,3:1,4:1and 5 : 1). Source data are provided

as a Source Data file.
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Fig. S4 a Chopped photocurrent density-potential curves of the Cu3BiSs3-based
photocathodes sprayed with various Cu : Bi molar ratios (1 : 1,2:1,3:1,4:1and5:
1) and b corresponding statistical box data of the PEC performance (photocurrent
density, onset potential and ABPE). The box plot denotes median (centre line), mean
value (dots), 25th (bottom edge of the box), 75th (top edge of the box), 95th (upper
whisker) and 5th (lower whisker) percentiles. The samples size in each column is 10

devices. Source data are provided as a Source Data file.
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Fig. S5 Nyquist plots (biased at 0.3 Vrue under AM 1.5G light irradiation with the
frequency range of 100 kHz to 0.1 Hz) of the Cu3BiS3-based photocathodes sprayed
with various Cu : Bimolarratios (1:1,2:1,3:1,4:1and 5 : 1). In the Nyquist plots,
scatter points represent the original experimental data, whereas solid lines represent
fitted curves based on the equivalent circuit shown in the inset. Source data are provided

as a Source Data file.



Table S2 Fitted EIS resistance parameters of the Cu;BiS,-
based photocathodes sprayed with virous Cu : Bi molar
ratios (1:1,2:1,3:1,4:1and 5: 1) based on the circuits
shown in the inset of Fig. S5

Samples with various Rs/Q Ry 1Q R, 1Q
Cu : Bi mole ratios cm? cm? cm?
Cu:Bi=1:1 44.93 823.8 2183
Cu:Bi=2:1 70.12 368.5 1304
Cu:Bi=3:1 14.27 82.17 30.44
Cu:Bi=4:1 33.85 166.5 74.42
Cu :Bi=5:1 34.99 142.3 1610
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Fig. S6 a TEM image of the prepared Cu3BiSs3 grain, and its corresponding STEM-
EDX elemental mappings of element b Cu, ¢ Bi, d S, e HRTEM image of Cu3BiS;

crystal, and f its SAED pattern.



Fig. S7 a Cross-sectional SEM images of the Pt-TiO2/CdS/Cu3BiSs electrode; EDS

mapping for the elements of b Cu, ¢ Cd and d Ti in the whole area of a.
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Fig. S8 a Cross-sectional SEM images of the Pt-TiO2/CdS/Cu3BiS; electrode before

stability test and b after 10 hours stability test.
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Fig. S9 Reflectivity curves of the Cu3zBiS3-based photocathodes with and without TiO>
layer. Source data are provided as a Source Data file.
As shown in Fig. S9, it is obvious that the reflectively of the Pt-CdS/CuzBiS3
photocathodes is relatively high than that modified with TiO> layer, indicating that the
TiO; layer can be used not only as a protective layer but also as an antireflection layer.

Therefore, the modification of the TiO; layer can further enhance the light absorption

for our photocathodes.
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Fig. S10 IMVS spectra of the a Pt-CusBiS;, b Pt-CdS/CusBiS; and ¢ Pt-

TiO,/CdS/CuzBiS; photocathode at 590 nm in a phosphate buffer solution (pH 6.5); d
Lifetime of carriers generated by these three photocathodes (The data points is
measured in a-c). Source data are provided as a Source Data file.

The IMVS measurements were carried out under 590 nm LED illumination, and
the LED light intensity was changed from 5 mW/cm? to 45 mW/cm?. Meanwhile, the
IMVS tests were performed under open circuit conditions, indicating that the IMVS test
did not involve surface redox reactions and only reflected the transfer of photogenerated
carriers inside the electrode."? As shown in Fig. S10a-c, the lowest point of the
semicircular arc was corresponding to the minimum frequency value (fuix) in the
frequency spectrumthe, and the lifetimes of the photogenerated carriers could be
obtained using the following equation:

T7=1/(27fmin) (Equation S1)

The calculated lifetimes values of the three photocathodes were shown in Fig. S9d.
It was found that the carriers lifetime of the three electrodes significantly decreased

with LED light intensity before 25 mW/cm?, and remained stable under the high-
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intensity LED light (25-45 mW/cm?). It was attributed to the generation speed of
photoexcited carriers and their recombination rate tended to balance and therefore
stabilize the carrier lifetime when we increased the LED light intensity.>? In addition,
the Pt-TiO2/CdS/CusBiS3 photocathode possessed a higher carriers lifetime than that of
the Pt-CdS/CusBiS; and Pt-CdS/CusBiS3 photocathode, indicating that the interfacial
recombination rate was decreased accompanied with the import of the ALD-TiO2/CdS

overlayer.
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Fig. S11 IMPS spectra of the a Pt-Cu3BiS;, b Pt-CdS/Cu3BiS; and ¢ Pt-
Ti02/CdS/CuzBiS; photocathode at 590 nm in a phosphate buftfer solution (pH 6.5); d
Transfer time of photogenerated carriers generated by these three photocathodes (The
data points is measured in a-c). Source data are provided as a Source Data file.

The IMPS measurements were carried out under 590 nm LED illumination, and
the LED light intensity was changed from 5 mW/cm? to 45 mW/cm?. As reported in
previous work, IMPS was carried out under short circuit conditions, which could
describe the transfer and reaction process of photogenerated carriers within the
electrode and reaction at the interface between electrode and electrolyte.!* Fig. S11a-c
shows the IMPS Nyquist plots of the three electrodes, the lowest point of the
semicircular arc was corresponding to the minimum frequency value (fuin) in the
frequency spectrumthe, and the transfer time of the photo-induced carriers could be
obtained using the following equation:

T=1/(2Ttfmin) (Equation S2)

The calculated transfer time values of the three photocathodes were shown in Fig.
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S11d. It can be found that the Pt-TiO»/CdS/CuzBiS; photocathode exhibited a lower
photo-induced carriers transfer time than that of the Pt-CdS/CuszBiS; and Pt-
CdS/Cu3BiS3 photocathode, which indicated that the charge transfer efficiency was

effectively improved with the insert of the TiO2/CdS double layer.'-?
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Fig. S12 Band schema (simulated by the SCAPS software) of the TiO2/CdS/CusBiS;

structure. Source data are provided as a Source Data file.
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Fig. S13 a Photocurrent density-time curves of Pt-TiO2/CdS/Cu3BiS; photocathode

biased at 0 Vrug, 0.3 Vrue and 0.6 Vren; Hydrogen and oxygen evolution amount from

the Pt-TiO2/CdS/Cu3BiS; photocathode at b 0 VruE, € 0.3 Vrue and d 0.6 Vren under

simulated sunlight irradiation. Source data are provided as a Source Data file.

18



_ 100
1404 - S i

= 1204 \.—80
E 100 - e 2
B 7 = >
2 ] L60 &
5 804 2
P ' 5
g 007 40 o
~ =
i £ 40 - F 9
? ] L0 £
& 20+
(o]
> i U
w - o4 =

T ) T L T K I 0

0.0 0.3 0.6 0.9

Potentail / V_, .
Fig. S14 H; gas evolution rate and Faradaic efficiency of the Pt-TiO2/CdS/Cu3BiS;

photocathode biased at various potentials (0 Vrug, 0.3 Vrug, 0.6 Vrug and 0.9 VruE).

Source data are provided as a Source Data file.
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Fig. S15 a The CdS thickness dependent photocurrent density-potential curves of the
Cu3BiS3-based photocathodes (5 min, 10 min, 15min, 20 min and 25 min for the CBD
of CdS layer) and b corresponding statistical box data of photoelectrochemical
properties (current density, onset potential and ABPE). The box plot denotes median
(centre line), mean value (dots), 25th (bottom edge of the box), 75th (top edge of the
box), 95th (upper whisker) and 5th (lower whisker) percentiles. The sample size in each

column is 10 devices. Source data are provided as a Source Data file.
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Fig. S16 UV-Vis absorption spectra of the CdS layer with various CBD times. Source

data are provided as a Source Data file.
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Fig. S17 Transit photocurrent spectrums of the Cu3zBiS3-based photocathodes modified
with different thicknesses of CdS layer (5 min, 10 min, 15min, 20 min and 25 min for

the CBD of CdS layer). Source data are provided as a Source Data file.
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Fig. S18 Visual demonstration of the Cu3BiS3-BiVO4 tandem cell under simulated

sunlight irradiation.
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Fig. S19 IPCE spectra (measured under 0.54 Vrug) of the Cu3BiS3-based photocathode,
BiVOs4 photoanode and CusBiSs3-based photocathode behind the BiVO4 photoanode.

Source data are provided as a Source Data file.
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Fig. S20 Energy diagrams of the CuzBiS3;-BiVO4 tandem cell for unbiased solar water

splitting in pH 6.5 buffer solution.
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Fig. S21 a Chopped photocurrent-potential curves and b photocurrent-time curves of
the 5x5 cm? size Pt-TiO,/CdS/CusBiS; photocathode under simulated sunlight

irradiation (active area: 21 cm?). Source data are provided as a Source Data file.
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Fig. S22 Photograph of the 5x5 ¢m? size Pt-TiO2/CdS/CusBiS; photocathode (active

area: 21 cm?) at 0 Vrug under simulated sunlight irradiation.
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