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Instruments. The surface morphology of the fabricated films was characterized
by field emission scan electron microscopy (FE-SEM, HITACHI SU8220, operate
at 5 kV). The surface compositions and the band diagrams of the electrode films
were investigated using X-ray photoelectron spectroscopy (XPS) and (ultraviolet
photoelectron spectroscopy (UPS) on an ESCALAB Xi* (Thermo Scientific™), and
the crystal structures were characterized by X-ray diffraction (XRD) with Cu Ka
(1.54056 A) radiation (SmartLab 9KW). The chemical structure of the films was
studied using Raman spectroscopy at room temperature (LabRAM HR800, 532

nm excitation wavelength; HORIBA JobinYvon).

Materials. Molybdenum (Mo, 99.99%), antimony selenide (Sb,Se;, 99.99%) and
selenium (Se powder, 99.99%) were purchased from Zhongnuo, Beijing, China.
Thioacetamide (C,HsNS, 99%) and Citric acid (CgHgO7, 99%) were purchased from
Innochem Reagent, Beijing, China. Indium chloride (InCl3;-4H,0, 99.99%),
Ammonium thiomolybdate ((NH4).MoS,, 99.95%) and Sodium perchlorate
(NaClOg4, 98%) were purchased from Aladdin Reagent, Shanghai, China. All the
reagents were used as received without further treatment. All aqueous solutions

were prepared with high-purity deionized water (Milli-Q, resistance 18 MQ cm™).
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Figure S1. The top view (a) and cross view (b) SEM images of Sb,Se; film.
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Figure S2. The XRD pattern (a) and Raman spectrum (b) of Sb,Se; film.
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Figure S3. The cross-view SEM images of varying thickness In,S; film grown on Sb,Ses, (a)
Snge3/InZS3-1 .5, (b) Snge3/In283-2, (C) Snge3/InQS3-3, (d) Sb28e3/In283-4.

L
a ‘e In,S,
Sb,Se, . | 1 * SbSe,
b m i, e
_ 5b25e31|n253-1l5 |
:,: I 5 A
o
; snzs.eamjzsale TR
@
§ [sb,Se,nS.3
T A
Sb,Se,/In,S.-4 (311)  (400) (440)
. A
.
JCPDS#32-4056 | 1 | |
| L L |I ||II i || il '!"'I.'ll |
10 20 30 40 50 60
26 (Degree)

Figure S4. The XRD pattern (a) and Raman spectra (b) of Sb,Se; Sb,Ses/In;S;-1.5,
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Figure S5. (a) and (b) the high-resolution transmission electron microscopy (HRTEM) images
of Sb,Ses/In,S3-2 film, (c) the HAADF-STEM image and energy-dispersive spectroscopy
elemental mapping of the Sb,Se3/In,S;-2 film. Elements detected: Se, Sb, S, and In,
respectively.
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Figure S6. The surface SEM images of Sb,Se3/MoS,.
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Figure S7. The surface SEM images of Sb,Se3/In,S3-2/MoS,.
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Figure S8. The XRD pattern of different Sb,Se3/In,S3/MoS, and Sb,Ses/MoS; films.



Figure S9. (a) the HRTEM image and (b) the HAADF-STEM and the corresponding EDS
mapping images of the Sb,Se;/MoS, films.
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Figure S10. XPS survey spectra of (a) Sb,Ses/MoS, film, (b) Sb,Se;/In,S3/MoS, film.
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Figure S11. High-resolution XPS spectra of (a), (b) Sb,Ses;/MoS;, (c), (d) Sb.Ses/In,S3/MoS,.

X-ray photoelectron spectra (XPS) fitting for the MoS, catalysts on the surface of Sb,Se; and
Sb,Ses/In,S3 photocathode. (a), (c) In the Mo 3d and S 2s regions, the three doublets of Mo 3d
are MoY!, MoV, and MoV states, represented by purple-, pink-, and orange-colored peaks,
respectively. The two peaks of S 2s are S,?", and S* states, represented by blue- and green-
colored peaks, respectively. (b), (d) In the S 2p regions, the two doublets of S 2p are S,?>", and
S?~ states and the doublet of sulfate, represented by blue, green- and dark red-colored peaks,
respectively.
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Figure S12. (a) The CV curves for MoSy/FTO in 0.1 M H,SO,. The sweep rate was10 mV s.
(b) I-t curve of MoSy/FTO at -0.35 V vs. RHE.
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Figure S13. Current density—potential curves of (a) Sb,Se; and Sb,Ses/In,S3; photocathodes,
(b) Sb,Ses/MoS, and Sb,Ses/In,S3/MoS, photocathodes in a 0.1 M H,SO,4 electrolyte under
chopped illumination (AM 1.5 G,100 mW cm-2).
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Figure S14. (a) I-t curve of Sb,Ses/In,S3-2/MoS, photocathode at 0.19 V vs RHE under
illumination (AM 1.5 G,100 mW cm-2). (b) The Faradaic efficiency of Sb,Se;/In,S3-2/MoS,
photocathode for HER. Hydrogen evolution detected by gas chromatography and the charge
passed during the photolysis of Sb,Ses/In,S3-2/MoS, photocathode at an applied potential of
0.19 V vs RHE.

To measure the amount of hydrogen produced by the photoelectrochemical process,
chronopotentiometry measurements were recorded in a sealed quartz cell (0.1 M H,SO,, as
electrolyte, Sb,Se3/In,S3-2/MoS, as work electrode) at an applied potential of 0.19 V vs. RHE
without iR compensation. Before chronopotentiometry measurement, the assembled quartz cell
was degassed by argon for 40 min. 0.5 mL of gas was analyzed by gas chromatography (GC,
Techcomp GC 7890T, Ar carrier gas, Thermo Conductivity Detector). The theoretical H,
evolution can be calculated by the amount of charge passed through electrodes. The red square
is the experimental data and the black line is the theoretical value of hydrogen, the blue square

is the corresponding Faradaic efficiency and the blue line is the average Faradaic Efficiency.
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Figure S15. Properties of the solar simulator. (a) Solar irradiance of the AM 1.5G (ASTM G173-
03) and the solar simulator. (b) The calculated photocurrents of Sb,Ses;/MoS, at 0 V vs RHE,
Sb,Ses/In,S3/MoS; at 0.19 V vs RHE and 0 V vs RHE by integrating IPCE over the photon flux

of AM 1.5

G (ASTM G173-03).
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different Sb,Se3/In,S; films measured by solid UV-Vis spectrometer.
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Figure S17. (a) Absorbance spectrum and (b) Tauc plot of Sb,Se; reference thin film. The
bandgap of Sb,Se; is determined to be 1.11 eV.
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Figure S18. (a) Absorbance spectrum and (b) Tauc plot of In,S3 reference thin film (deposited
on FTO). The bandgap of In,S; is determined to be 2.09 eV.
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Figure S19. UPS spectra of the Sb,Ses, Sb,Ses/In,S; for VB determination. The insert show the

enlarged valence band position of Sb,Se; and In,S3, respectively.

The work function (E,.« corresponding to the Fermi level), valence band (VB), and conduction
band (CB) of Sb,Se; and Sb,Ses/In,S; were determined according to following equations.

Ework = h V= (Ecutoff - EF ) equatiOn Sl
EVB = Ework + EVBM equation S2
Ey =Ey —E, equation S3

Where, the E. o is cut-off energy edge, the Egis initial edge energy, the Eygy is the energy from
valence band maximum to Fermi level, the Eg is band gap energy (obtained by UV-vis spectra),

the Eyjp is valance band energy and the E¢g is conduction band energy.

For Sb,Se; electrode,

E =21.2—(16.67—0)=4.53 eV; E,, =4.53+041=494¢V;and E ., =494-1.11=3.83eV.

work
For the Sb,Se3/In,S; heterojunction,

E =21.2—(17.15—0):4.05 eV; E,, =4.05+1.76=5.81eV;and E_, =5.81-2.09=3.72¢V.

work
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Figure. S20 The band alignment diagram of the Sb,Se3/In,S3/MoSx photocathode.

Table S1. Summary of PEC performance of recent published photocathodes.

Current Stability
Device structure density at 0 V Electrolyte Onset Potential | ABPE (do); Ref
vs RHE (V vs. RHE) (%) Ti 0% :
2 me
(mA cm)
Mo/Sb;Ses/In,S4/TiO,/MoS, 27 0.1 M H,SO, 0.39 2.6 | 100%;1.5h ;g'ri
FTO/AU/Sb,Ses/CdS/TiO./Pt 20 pH 1 H,SO, 05 3.40 - 1
FTO/AU/Sb,Ses/TiOo/RuO, 30 pH 1 H,SO, 0.41 2.33 - 1
FTO/Aul/bilayer 1N
SE,S0/TIOOn Pt 30 pH 1 H,S0, 0.32 - 100%; 10h | 2
Mo/Sb,Ses/TiO,/Pt 20.2 1 M H,SO, 0.57 136 | 85%;10h 3
FTO/Cu:NiOy/Sb,Ses/TiO,/Pt 17.5 pH 1 H,SO4 0.34 -- 75%; 4 h 4
FTO/AU/Sb,Sey/TiO/Ceo/Pt 17 pH 1 H,S0, 0.55 ~ 98%; 10 h 5
FTO/AU/Sb,Ses/TiO»/MoS, 14 1M H,SO, 0.2 ~ 70%; 2 h 6
FTO/AU/ Sb,Ses/CdS/TIO,/Pt 13.5 pH 1 H,S0, 0.47 - 73%: 3 h 7
n+p-Si/AL,Oz/MoS, 34.5 pH 0.3 H,SO, 0.35 ~2 | ~100%:40h | 8
~ o/ -
n+p-Si/MoS, 175 1M H,SO, 0.4 ~p | T100%:100 1 g
N+p-Si/Ti-TiO/MoSy 16 1 M HCIO, 0.33 ~ 75%: 10 h 10
FTO/AU/CU,0/TiOo/M0S .y 6.3 1 M KOH ~0.5 ~ | ~100%;10h | 11
FTO/AU/CU,0/AZOITIO
Witz 2 57 pH 1 H,SO, 0.46 - ~7%7h | 12
/MoSx
GaAs/GalnP,/TiO,/g-MoS, 8.5 1 M H,S0,4 0.2 - 80%; 20 h 13
AU/INP/TiMoS, 15.8 1 M HCIO, 0.62 — | ~100%;2h | 14
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Figure S21. IMPS spectra of Sb,Ses/MoS, and Sb,Ses/In,S3/MoS, photocathodes at various

potential.



Table S2. The values of resistances and capacitances in fitted EC.

. R Rouik Chuik Rt CH
Device Structure S 4 Y ¢
Q) Q) (F) Q) (F)
Sb,Ses/MoS, 14 .4 31.6 1.19u 22.4 1.34m

Sb,Ses/In,S3-1.5/MoSy 15.6 29.2 3.24y 7.66 2.3Tm

Sb,Ses/In,S3-2/MoSy 11.8 17.4 4.48u 6.42 5.73m

Sb,Ses/InyS3-3/MoSy 10.57 21.3 3.61p 6.95 5.11m

Sb,Ses/In;S3-4/MoSy 12.0 45.7 1.05u 9.20 1.61m
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