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1. Experimental Section 

 

1.1 Apparent quantum efficiency computation 

According to the literature reports for measuring the apparent quantum efficiency (AQE) [1, 2]. 

The experiment was measured under the photocatalytic reaction conditions of monochromatic light 

of 420 nm (λ), average radiation intensity (I) of 3.52 mW/cm2, and irradiation area (A) of 32.75 cm2. 

The total H2 evolution with 50 mg of ZnMoOS-3 catalyst was 812.59 μmol, which can be used to 

determine the reacted photons (Nreac). The number of photons (Nin) illuminated to the reactor is 

computed according to the following equations: 
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1.2 Electrochemical measurements 

The electrochemical performance of the ZnMoOS catalyst was evaluated at room temperature 

using a three-electrode system and an electrochemical workstation. The catalyst, acetylene black, and 

polytetrafluoroethylene were uniformly coated on a titanium mesh (1 cm  1 cm) in a mass ratio of 

8: 1: 1. The working electrode was prepared by drying the coated sample in an oven at 85 oC for 4 

hours. Cyclic voltammetry was used to assess the voltage stability of the catalyst using a 1.0 M KCl 

and 5 mmol/L Fe2+/Fe3+ electrolyte solution. Mott-Schottky (MS), electrochemical impedance 

spectroscopy (EIS), transient photocurrent (TPC), linear sweep voltammetry (LSV), and cyclic 

voltammetry (CV) were performed in a 1 M Na2SO4 solution at a pH value of 6.8. 
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1.3 Details of computational models and parameters 

All spin-polarized calculations were performed using first-principles calculations within the 

framework of density functional theory (DFT), as implemented in the Vienna Ab initio Simulation 

Package (VASP) [3, 4]. The interaction between valence and core electrons was described using the 

frozen-core projector augmented wave (PAW) method and the generalized gradient approximation 

(GGA) [4, 5]. The kinetic energy cutoff was set to 500 eV. Brillouin zone sampling was carried out 

using the Monkhorst-Pack scheme, with grids of 3×3×1 for structural optimization, 5×5×1 for self-

consistent calculations, and 7×7×1 for charge density difference calculations. Long-range van der 

Waals (vdW) interactions were included using the DFT-D3 dispersion correction. The ZnOS and 

ZnMoOS-3 models were constructed as 3×3×1 supercells. Additionally, dipole correction was 

applied during all calculations. 

The hydrogen evolution reaction (PHER) involves the adsorption of a proton on the catalyst 

surface, followed by molecular hydrogen generation via desorption. Using the computational 

hydrogen electrode (CHE) method, the adsorption energy of hydrogen (H*) is calculated as: 

∆𝐸∗  =  𝐸𝐻∗ ‒ 𝐸∗ ‒ 
1

2
𝐸𝐻2

                       (1) 

where EH* is the total energy of the studied catalyst with one adsorbed H atom. E* and 𝐸𝐻2
 is the 

energy of the catalyst and H2 in the gas phase, respectively. The Gibbs free energy change (ΔGH*) can 

be calculated by [6] 

∆𝐺𝐻∗  =  ∆𝐸𝐻∗  +  ∆𝐸𝑍𝑃𝐸  ‒  𝑇∆𝑆𝐻∗                  (2) 

where ∆EZPE denotes the zero-point energy change of the adsorbed H atom on the catalyst surface, 

which is calculated to be 0.04 eV [6]. Furthermore, ΔSH* is the entropy change of H* intermediate, 

which is estimated to be a constant value of -0.20 eV at 300 K [6]. This means that 
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∆𝐺𝐻∗  =  ∆𝐸𝐻∗  +  0.24 𝑒𝑉                    (3) 

In addition, the electron transfer of the model is intuitively evaluated by the charge density 

difference (CDD), which is defined as following equation: 

𝜌 =  𝜌
𝑇

 ‒ 𝜌
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

 ‒  𝜌
𝐻

                       (4) 

where 𝜌𝑇, 𝜌𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡, and 𝜌𝐻 are the electron of the H state adsorbed on the ZnOS or ZnMoOS-3, free 

ZnOS or ZnMoOS-3, and isolated H atom, respectively. 
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2. Additional Figures 
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Fig. S1 The survey XPS spectrum of ZnMoOS-3 
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Fig. S2 (a) (ahv)2 versus hv curves of ZnMoOS, ZnOS, and ZnS. 
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Fig. S3 Mott-Schottky curves of ZnS, ZnOS, ZnMoOS-1, ZnMoOS-2, ZnMoOS-3, and ZnMoOS-4 

at 1000 kHz. 
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Fig. S4 Current density-potential plots of (a) ZnS, (b) ZnOS, (c) ZnMoOS-1, (d) ZnMoOS-2, and (e) 

ZnMoOS-4. 
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Fig. S5 Variation of PHER rate with the ZnMoOS, ZnOS, and ZnS amount. 
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Fig. S6 PHER of ZnMoOS, ZnOS, and ZnS at different pH values. 
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Fig. S7 Dependence of AQE ZnMoOS-3 as a function of irradiation wavelength, combining the 

UV−vis absorption spectrum. 
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Fig. S8 Top views and side views of the (a) ZnOS and (b) ZnMoOS-3. Band structures for (c) ZnOS, 

and (d) ZnMoOS-3 

 

 

Fig. S9 (a) Band structures and (b) ELF for ZnMoOS-1. 
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3. Additional Tables 

 

Table S1 Crystallinity, crystallite size, SBET, and XPS analyses of ZnOS and ZnMoOS catalysts 

Catalyst 
Elements percentage (%) Mo4+/ 

Mo 4++ Mo 6+ 

(%) 

Crystallinity 

(%) 

Crystal 

size 

(nm) 

SBET 

(m2/g) Zn Mo O S 

ZnS 44.23 -- 10.02 45.75 -- 80.25 1.8 29.6 

ZnOS 42.88 -- 16.17 40.95 -- 75.43 2.2 35.9 

ZnMoOS-1 41.27 8.68 11.42 38.63 15.68 62.30 2.8 45.6 

ZnMoOS-2 41.36 8.75 11.59 38.30 24.22 55.24 2.9 52.3 

ZnMoOS-3 41.40 8.95 12.11 37.54 25.00 49.61 4.0 64.7 

ZnMoOS-4 41.41 8.78 12.36 37.45 26.88 47.79 3.3 54.0 

ZnMoOS-3 

after reaction 
41.36 8.92 12.58 37.14 24.98 48.99 3.8 64.2 

 

Table S2 Elemental analyses tested by XRF  

Catalyst Zn (%) Mo (%) O (%) S (%) 

ZnS 44.34 -- 10.08 45.58 

ZnOS 42.84 -- 16.18 40.98 

ZnMoOS-1 41.25 8.67 11.44 38.64 

ZnMoOS-2 41.34 8.74 11.60 38.32 

ZnMoOS-3 41.41 8.97 12.12 37.50 

ZnMoOS-4 41.43 8.79 12.34 37.44 

ZnMoOS-3 

after reaction 
41.38 8.93 12.56 37.13 
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Table S3 Elemental analyses tested by SEM-EDS 

Catalyst Zn (%) Mo (%) O (%) S (%) 

ZnS 44.25 -- 10.11 45.64 

ZnOS 42.85 -- 16.17 40.98 

ZnMoOS-1 41.26 8.68 11.43 38.63 

ZnMoOS-2 41.35 8.76 11.58 38.31 

ZnMoOS-3 41.41 8.98 12.10 37.51 

ZnMoOS-4 41.45 8.81 12.32 37.42 

ZnMoOS-3 

after reaction 
41.39 8.94 12.56 37.11 

 

Table S4 Average charge carrier lifetime of ZnMoOS and ZnOS 

Catalyst A1  τ1 (ns)  A2  τ2 (ns)  R2 τavg (ns) 

ZnS 1935.21 1.22 0.54 6.82 0.9945 1.216 

ZnOS 822.23 1.27 4.15 4.05 0.9898 1.314 

ZnMoOS-1 124.86 1.75 2.38 5.14 0.9974 1.930 

ZnMoOS-2 62.17 1.88 3.09 5.51 0.9986 2.342 

ZnMoOS-3 8.80 3.29 2.14 6.31 0.9992 4.250 

ZnMoOS-4 251.71 1.48 3.73 4.94 0.9985 1.643 
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Table S5 Reports on PHER performance over ZnS-based catalysts under visible light 

Catalyst Sacrificial agent Light source AQE/AQY (%) 
PHER rate 

(mmol/g/h) 
Refs. 

Mo-Sv-ZIS Na2S/Na2SO3 300 W Xe AQY 21.24 (420 nm) 5.739 [7] 

MoS2/O-ZnIn2S4 Na2S/Na2SO3 300 W Xe AQY 2.53 (420 nm) 4.002 [8] 

CdS/Ni-Mo-S 10 vol% C6H15NO3 300 W Xe N/A 0.838 [9] 

Mo/S/g-C3N4 10 vol% CH3OH 300 W Xe N/A 0.294 [10] 

Zn-Cd-Mo-S Na2S/Na2SO3 300 W Xe AQE 6.9 (420 nm) 23.32 [11] 

Mo/S-In2S3 10 vol% C6H15NO3 300 W Xe AQE 10.23 (420 nm) 5.45 [12] 

CdIn2S4@MoS2 10 vol% C6H15NO3 300 W Xe N/A 0.539 [13] 

ZnO@ZnS Na2S/Na2SO3 300 W Xe AQE 2.58 (420 nm) 2.4 [14] 

ZnO/ZnS/CdS Na2S/Na2SO3 300 W Xe N/A 2.64 [15] 

ZnS/TiO2 Na2S/Na2SO3 300 W Xe N/A 1.718 [16] 

CdS/MoS2/ZnS Na2S/Na2SO3 300 W Xe AQY 8.55 (420 nm) 11.902 [17] 

ZnS/ZnAl-LDH 50 vol% CH3OH 300 W Xe N/A 4.41 [18] 

ZnIn2S4/ZnS Na2S/Na2SO3 300 W Xe N/A 8.5 [19] 

ZnO@ZnS@FeOOH 10 vol% CH3OH 300 W Xe N/A 0.53 [20] 

CdIn2S4/ZnS Na2S/Na2SO3 300 W Xe AQE 2.15 (365 nm) 3.74 [21] 

CdIn2S4/ZnS Na2S/Na2SO3 300 W Xe N/A 10.80 [22] 

ZnS/NiS Lactic acid 300 W Xe AQE 30.4 (420 nm) 10.64 [23] 

Ni2P/ZnS/g-C3N4 Na2S/Na2SO3 250 W Xe N/A 3.991 [24] 

ZnO/ZnS/Co3O4 10 vol% CH3OH 300 W Xe N/A 0.153 [25] 

NiCo2O4@ZnS Na2S/Na2SO3/NaCl 300 W Xe N/A 0.88 [26] 

Fe3O4@ZnS Na2S/Na2SO3/NaCl 300 W Xe N/A 3.9 [27] 

ZnxCd1−xS/ZnS Lactic acid 300 W Xe AQE 10 (420 nm) 16.7 [27] 

Zn-AgIn5S8/ZnS Na2S/Na2SO3 300 W Xe N/A 0.892 [28] 

Cu2O/CuS/ZnS Na2S/Na2SO3 5 W LED N/A 1.109 [29] 

ZnMoOS-3 Na2S/Na2SO3 300 W Xe AQE 18.6 (420 nm) 41.6 
This 

work 
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