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Experimental Section 

Deposition of ZnS Film by Sputtering 

ZnS ultra-thin films with different thickness were deposited on cleaned p-Si substrates by a facile magnetron 
sputtering method. Firstly, p-type silicon (300 ± 10μm thickness, 1–5 Ω·cm resistivity, (100) oriented, Suzhou 
Resemi Semiconductor Co., Ltd., Suzhou, China) was cut into small pieces (~1 × 1 cm2), then went through a 
standard RCA cleaning procedure and dried with N2. Then, ZnS thin films with different thicknesses were 
sputtered on cleaned p-Si substrates by sputtering ZnS target (99.9% purity, 60 × 3 mm with bonding Cu, Beijing 
Jing Mai Zhong Ke Material Technology Co., Ltd., Beijing, China) using magnetron sputtering equipment 
(CK400, Shenyang Topa Technology Co., Ltd., Shenyang, China). During the whole sputtering process, the power 
is fixed at 30 W, the Ar flow rate is kept at 25 sccm, the working pressure is set as 1.0 Pa, the deposition rate of ZnS 
is ~1.7 Å/s. After sputtering, samples (p-Si/ZnS) were removed in a home-made double heating source tube furnace 
for further sulfidation or annealing. 

Deposition of CdS, In2S3, MoS2 Film by Sputtering 

CdS, In2S3, MoS2 films were deposited on cleaned p-Si substrates by magnetron sputtering. The purity and 
manufacturer of the target are the same as above. The sputtering parameters referred to above. The deposition rate 
of CdS, In2S3, and MoS2 is ~1.7 Å/s, 1.0 Å/s, and 1.2 Å/s, respectively. The thickness of three films is ~40 nm. 
After sputtering process, samples (p-Si/CdS, p-Si/In2S3, and p-Si/MoS2) were removed in a home-made double 
heating source tube furnace for sulfidation. 

Deposition of Pt Layer by Sputtering 

Pt films were deposited on ZnS-coated Si surface by magnetron sputtering. The sputtering conditions were 
as follows: base vacuum of 5 × 10−4 Pa, sputtering power of 30 W, Ar flow rate of 25 sccm, working pressure of 
1.0 Pa, room temperature substrate, deposition rate of 0.1 nm·s−1, and a total deposition time of 10 s. The film 
thickness was monitored using the SI-TM508 quartz crystal microbalance. 

Sulfidation Process of n-Type Buffers 

The sulfidation process is based on a home-made double temperature zone tube furnace. On the basis of the 
purchased tubular furnace (OTF-1200X, Hefei Kejing Material Technology Co., Ltd., Hefei, China), glass fiber 
heating belt is wound 40 cm away from the center of the tube furnace to create another heating source (Schematic 
diagram of sulfidation is shown in Figure S1). High purity S powder (>99.99% purity, Beijing Jing Mai Zhong Ke 
Material Technology Co., Ltd., Beijing, China) is placed in the center of the heating belt as a sulfur source, and 
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the sample is placed in the middle of the tube furnace. Ar flow rate of 600 sccm is introduced to the tube for more 
than 30 min to eliminate possible oxygen. During the sulfidation process, Ar flow rate is kept at 600 sccm, the 
temperature of S powder (Glass fiber heating belt) is fixed at 200 ℃. Changing the setting of tube furnace to 
explore the influence of sulfidation temperature on PEC performance. For the annealing process, the difference is 
that glass fiber heating belt is not turned on throughout the whole process. After sulfidation or annealing process, 
samples were transferred to magnetron sputtering system to deposit Pt catalyst. 

Fabrication of Si-Based Photocathode 

Pt catalyst was initially deposited on samples by magnetron sputtering. After the deposition, scraping InGa 
alloy (>99.99% purity, Dongguan chemical reagent) on the back of silicon wafer to build ohmic contact. Using 
silver paste (05001-AB, SPI supplies) to connect Si substrate with Cu wire. The back and side of the electrode are 
wrapped with acid and alkali resistant epoxy resin. Using ImageJ software to acquire effective working area of 
electrode (~0.1–0.5 cm2). 

Photoelectrochemical Measurements 

The PEC measurements were carried out using three-electrode cell configuration (a Pt wire as the counter 
electrode, an Ag/AgCl electrode as the reference electrode) in the pH 5.7 phosphate buffer (containing 0.5 M 
Na2SO4, 0.25 M Na2HPO4, and 0.25 M NaH2PO4, >99.9% purity of all reagents, Aladdin) with magnetic stirring 
and N2 purging. Potentials of these PEC measurements that referred to the Ag/AgCl electrode (VAg/AgCl) were 
converted to those that referred to the reversible hydrogen electrode (VRHE) by using the following equation: 

VRHE =  VAg/AgCl + 0.059  pH + 0.197 (S1) 

A commercial AM 1.5 G solar simulator (100 mW.cm−2, LCS-100, Newport Corporation, 94011A-ES) was 
employed as simulated sunlight. The onset potential is defined as the potential at which the photocurrent density 
reaches −0.1 mA cm−2 under AM 1.5 G illumination [1,2]. To measure the barrier height of p-Si/ZnS, Mott-
Schottky test was carried out in 0.5 mM/0.5 mM K3Fe(CN)6/K4Fe(CN)6 in 1 M KCl. The test was employed 
through three-electrode cell configuration (a Carbon rod as the counter electrode, a Pt sheet electrode as the 
reference electrode) with 5 mV AC voltage signal at a frequency of 10 kHz. To know the flat-band potential and 
charge carrier density, Mott-Schottky test was carried out using a 5 mV AC voltage signal at a frequency of 2 kHz 
in 0.5 M Na2SO4 (a Pt sheet as the counter electrode, an Ag/AgCl electrode as the reference electrode). The flat-
band potential and charge carrier density can be extracted from the x-intercept and slope of the plot between the 
reciprocal of the square of capacitance per unit area, 1/C2, versus the applied voltage, V, according to the 
Mott−Schottky equation [3,4]: 

1
𝐶𝐶2

=
2

𝑒𝑒𝑒𝑒𝜀𝜀0𝑁𝑁𝐷𝐷
[𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑓𝑓 −

𝐾𝐾𝐵𝐵𝑇𝑇
𝑒𝑒

] (S2) 

where e is the electronic charge, ɛ is the relative permittivity of different n-type buffers (ε ~ 7.5 for ZnS, ε ~ 8.9 for 
CdS, ε ~ 13 for In2S3, and ε ~ 8.5 for MoS2) [5–7], ε0 is the permittivity of vacuum, KB is Boltzmann’s constant, T is 
the absolute temperature, and ND is the carrier density. The x-intercept of the linear region of the MS plot is indicative 
of the flat band potential Vfb. From the slope KMS of the lines, carrier density ND is estimated from the equation: 

𝑁𝑁𝐷𝐷 =
2

𝑒𝑒𝑒𝑒𝜀𝜀0𝐾𝐾𝑀𝑀𝑀𝑀
 (S3) 

The barrier height (Φb), was then calculated using the following relation: 

𝛷𝛷𝑏𝑏 = −𝑞𝑞𝑞𝑞𝑓𝑓𝑓𝑓 + 𝑉𝑉𝑛𝑛  

with Vn being the energy difference between the conduction band and the Fermi level, that was calculated using 
the following equation: 

𝑉𝑉𝑛𝑛 = 𝐸𝐸𝐶𝐶 − 𝐸𝐸𝐹𝐹 = 𝐾𝐾𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇
𝑁𝑁𝐶𝐶
𝑁𝑁𝐷𝐷

 (S4) 

NC, the effective density of states in conduction band which can be expressed as: 

𝑁𝑁𝐶𝐶 = 2(
2𝜋𝜋𝑚𝑚∗𝐾𝐾𝐵𝐵𝑇𝑇

𝑒𝑒2
)3/2 (S5) 
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where m* is the effective electron mass of different n-type buffers (m* ~ 0.28 for ZnS, m* ~ 0.21 for CdS, m* ~ 
0.162 for In2S3, and m* ~ 0.553 for MoS2) [5,7,8]. 

The ABPE was calculated using the following equation: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  
�𝐽𝐽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡� × [𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 −  𝑉𝑉𝐻𝐻+/𝐻𝐻2]

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
 (S6) 

where Jlight (mA/cm2) is the photocurrent density at a specific applied potential. VRHE is the applied potential versus 
RHE. VH+/H2 is the thermodynamic potential for hydrogen evolution (0 V vs. RHE), and Plight is the power of 
simulated light (100 mW/cm2). 

Characterization 

The structure of samples was characterized by X-ray photoelectron spectroscopy (Thermo-VG Scientific, 
ESCALAB 250), UV-VIS spectrum (PerkinElmer, Lambda950). 

 

Figure S1. Schematic diagram of the sulfidation process. 

 

Figure S2. S:Zn ratio under different sulfidation temperatures. 

 

Figure S3. Stability test of p-Si/ZnS/Pt electrode after 400 ℃ sulfidation. The test was carried out in phosphate 
buffer (pH 5.7) under AM 1.5 G illumination, with applied voltage of 0 VRHE. 
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Figure S4. The effects of sulfidation treatment on the PEC performance of p-Si/CdS and p-Si/In2S3 photocathodes. 
(a,d) The influence of sulfidation temperature of p-Si/CdS and p-Si/In2S3 on PEC performance. (b,e) PEC 
performance comparison before and after the sulfidation process. (c,f) ABPE comparison of p-Si/CdS and p-
Si/In2S3 before and after the sulfidation process. 

 

Figure S5. S:Zn ratio variation of the mentioned ETLs after sulfidation. The S content increased after sulfidation 
process for all buffers. Before the sulfidation process, the S:Metal ratio is 0.56, 0.67, and 0.69 for ZnS, CdS, and 
In2S3, indicating the unreasonable content of sulfur element. After the sulfidation process, this ratio increased to 
0.80, 0.82, and 0.83. 

 

Figure S6. XPS binding energy variation of Zn 2p before and after sulfidation. 
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Figure S7. The electronic and interfacial property changes of p-Si/CdS and p-Si/In₂S₃ photocathodes before and 
after sulfidation. (a,d) Comparison of flat-band potential and carrier density of p-Si/CdS and p-Si/In2S3 before and 
after sulfidation. (b,e) Comparison of absorption band gap of p-Si/CdS and p-Si/In2S3 before and after sulfidation. 
(c,f) Comparison of electrochemical impedance spectroscopy of p-Si/CdS and p-Si/In2S3 before and after 
sulfidation, measured at 0 VRHE under AM 1.5 G simulated sunlight irradiation in phosphate buffer. 

 

Figure S8. XPS binding energy variation before and after sulfidation. (a–c) CdS; (d–f) In2S3. 

 

Figure S9. FE of the p-Si/ZnS/Pt-400 ℃ photocathode tested under 0.3 V, 0 V, and −0.3 V vs. RHE during PEC 
hydrogen evolution. 

-0.3 0 0.3
0

20

40

60

80

100
97.94%94.79%

Fa
ra

da
ic

 E
ff

ic
ie

nc
y H

2 (
%

)

Potential（V vs. RHE）

p-Si/ZnS/Pt-400 ℃
91.53%



 

6 of 7  

 

Figure S10. The morphology changes of the p-Si/ZnS/Pt-400 ℃ photocathode before (a) and after (b) PEC 
hydrogen evolution under 0 V vs. RHE for 1 h. The energy-dispersive X-ray spectroscopy (EDS) mapping images 
for the p-Si/ZnS/Pt-400 ℃ photocathode before (c,d) and after (e,f) PEC hydrogen evolution under 0 V vs. RHE 
for 1 h. 

The EDS mapping results reveal that the Pt/O atomic ratio decreases from 1:3 to 1:5.6 after 1 h of operation, 
confirming significant Pt leaching. This degradation induces surface defects that promote charge recombination 
instead of effective carrier separation, leading to parasitic charge consumption and a gradual decline in 
photocurrent density. 

 

Figure S11. High-resolution XPS spectra of the p-Si/ZnS/Pt photocathode before and after 1 h PEC hydrogen 
evolution at 0 V vs. RHE. (a) Pt 4f; (b) O 1s; (c) Zn 2p; and (d) S 2p. Slight changes in Pt intensity and S:Zn ratio, 
along with increased O 1s signal, indicate partial Pt dissolution and minor surface reoxidation/stoichiometry 
changes in ZnS after operation. 
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The XPS survey and high-resolution spectra (Pt 4f, Zn 2p, S 2p, and O 1s) further confirm chemical changes 
after operation. The S:Zn ratio decreases slightly, and an increased O 1s signal indicates partial surface reoxidation 
of ZnS. The Pt 4f peak shows a small reduction in intensity, consistent with partial surface dissolution. We 
therefore attribute the ~34% photocurrent loss to a combination of (i) Pt nanoparticle detachment/dissolution and 
(ii) minor alteration in ZnS stoichiometry leading to additional surface defects and increased recombination. 
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