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Supplementary Methods

Materials. Analytical grade reagents were used directly without further purification. 

Indium chloride (InCl3), thioacetamide (TAA), nickel chloride hexahydrate (NiCl2, 

99.0%), and cobalt (II) chloride hydrate (CoCl2, 99.0%) were bought from Shanghai 

Macklin Biochemical Technology Co., Ltd. Zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O) and ethanol (AR) were bought from Shanghai Aladdin 

Biochemical Technology Co., Ltd. Carbon paper (CP, TGP-H-120) was obtained from 

Suzhou Sinero Technology Co., Ltd. 2-Propanol (IPA, AR) was bought from Shanghai 

Titan Scientific Co., Ltd. Sulfuric acid (AR) was purchased from Guangdong Guangshi 

Regent Technology Co., Ltd. Deionized water (DI water, ≥18 MΩ) was obtained from 

ultrapure water system.

Synthesis of ZnIn2S4. In a representative experiment, InCl3 (1 mmol), TAA (4 mmol), 

and Zn(CH3COO)2·2H2O (0.5 mmol) were dissolved in 50 mL of DI water and stirred 

at room temperature for 30 min. The solution was transferred to a 100 mL stainless steel 

autoclave and maintained at 180 °C for 18 hours. After cooling to room temperature, 

the yellowish powder (ZnIn2S4 or ZIS) was separated by centrifugation, followed by 

washing with DI water and ethanol three times and drying at 60 °C overnight.

Preparation of CP-ZIS. 400 mg of ZIS was dispersed in 40 mL of ethanol and 

sonicated for 40 minutes to obtain a homogeneous dispersion. The dispersion was then 

sprayed uniformly onto a piece of carbon paper (2 × 10 cm2) several times to achieve a 

mass loading of 15 mg cm-2 and dried in an oven overnight. The ZIS-coated carbon 

paper (CP-ZIS) was then cut into 2 × 2 cm2 for further use.



Synthesis of Sv-ZIS. As-prepared CP-ZIS was electrochemically desulfurized in the 

H-cell using a two-electrode configuration. The anode was CP-ZIS (2 × 2 cm2), the 

cathode was a Pt electrode, and the electrolyte was 0.5 M H2SO4. The electrochemical 

desulfurization of CP-ZIS was conducted for varying periods at different voltages to 

prepare Sv-ZIS with varying degrees of desulfurization (vacancy). The optimal sample 

by electrochemical desulfurization at -3.5 V for 10 minutes was denoted as Sv-ZIS.

Synthesis of Sv-ZIS-M SACs. In a typical synthesis of monometallic Sv-ZIS-Co, as-

prepared Sv-ZIS was held in place with a clamping device and immersed in 60 mL of 

IPA containing 10 mM CoCl2 in a photo-reactor with a quartz window. Single-atom 

deposition of Co was carried out under various light intensities (suns), wavelengths, 

and deposition periods. The material obtained by an optimal deposition at a light 

intensity of 10 suns for 1.5 hours was defined as Sv-ZIS-Co. The preparation of Sv-

ZIS-Ni was identical to Sv-ZIS-Co, except that 10 mM CoCl2 was replaced by 10 mM 

NiCl2. For bimetallic Sv-ZIS-CoNi, a higher concentration of CoCl2 and NiCl2 (20 mM) 

was adopted in ethylene glycol to obtain a similar loading to monometallic variants. 

Monometallic samples were photodeposited in IPA, while bimetallic Sv‑ZIS‑CoNi was 

deposited in ethylene glycol (EG). This is because of a higher solubility of metal salts 

in EG and a better tolerance to photothermal load to prevent excessive solvent 

evaporation during 10‑sun irradiation

Material characterization. The following equipment was used: STEM (Titan Cubed 

Themis G2300, 200 kV), HRTEM (JEOL JEM-F200, 200 kV),  X-ray diffraction 

(XRD) patterns were collected on a Rigaku Smartlab Powder X-ray diffractometer 



using Cu Kα radiation (40 kV, 40 mA) at room temperature, XPS measurements were 

carried out in a Thermo Scientific Nexsa system with an Al Kα (hν = 1,486.7 eV) as the 

excitation source for XPS, and the XPS data was calibrated by C 1s spectrum (binding 

energy is 284.8 eV). Electron paramagnetic resonance (EPR) measurement was 

conducted on a Bruker EMX PLUS spectrometer with a 9.054 GHz magnetic field. 

Raman spectra were obtained using a LabRAM HR Evolution Raman spectrometer 

with an excitation wavelength of 325 nm to analyze the composition. The light 

absorption property was investigated using the PERSEE T700 UV-vis 

spectrophotometer, with barium sulfate as a standard reference. The sulfide test kit, 

using methylene blue colorimetry, was purchased from the Hach company (product #: 

181732, Hach method 8131).

Degree of desulfurization by UV-vis. To prevent the escape of H2S, the S-containing 

extracted solution was immediately neutralized with NaOH to a pH of 7, producing 

Na2S and Na2SO4. A certain amount of solution was collected and diluted to the 

detection range (typically 50 to 100 times dilution). Then, the diluted solution was 

determined by UV-vis spectra using a commercial sulfur test kit. The concentration was 

determined by external calibration curves using a series of standard Na2S solutions from 

0.01 to 0.5 mg mL-1.

Turnover frequency (TOF). In photocatalytic water splitting (e.g., ZnIn₂S₄ systems), 

the Turnover Frequency (TOF) is a critical metric for evaluating the intrinsic activity 

of catalysts, representing the number of reaction cycles per active site per unit time. 

Below is the professional calculation method:
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Apparent quantum yield (AQY). The AQY was measured under the same reaction 

conditions as the photocatalytic test, except that the incident light was supplied by a 

300W Xe lamp equipped with specific band-pass filters to achieve the desired 

monochromatic incident wavelengths (375, 420, 475, 520, and 600 nm). AQY was 

roughly calculated based on the following equation:
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Density functional theory (DFT) calculations. Density functional theory (DFT) 

simulations (1, 2) were performed using the Vienna ab initio Simulation Package 

(VASP) with a plane-wave basis set and the projector augmented-wave (PAW) method. 

(3, 4) To model the exchange-correlation effects, the generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional(5) was 

employed, supplemented by Grimme's DFT-D3 dispersion(6) correction to account for 

van der Waals interactions. A plane-wave energy cutoff of 450 eV was applied 

throughout the calculations. A 4 × 4 × 1 supercell of the ZnIn2S4 (001) surface was 

constructed for the simulations. To mimic bulk-like conditions, the atoms in the bottom 

three atomic layers were fixed during structural relaxation, while a vacuum layer of 15 

Å was introduced along the c-axis to eliminate spurious periodic interactions. Brillouin-



zone integrations were conducted using a gamma-centered k-point grid. Structural 

optimizations proceeded until the maximum force on any atom fell below 0.02 eV Å-1, 

with an energy convergence threshold of 10-5 eV. Transition states were identified via 

the climbing-image nudged elastic band (CI-NEB) method and the dimer algorithm, 

ensuring residual forces remained under 0.05 eV Å-1. 

The Gibbs free energy (ΔG) was evaluated using the thermodynamic relation:

Δ𝐺 =  Δ𝐸 +  Δ𝑍𝑃𝐸 ‒ 𝑇Δ𝑆

where ΔE represents the total energy from DFT, ΔZPE denotes the zero-point energy 

correction, and TΔS accounts for temperature-dependent entropic effects.



Figure S1. (a-c) The TEM images of ZIS at various magnifications; (d) an enlarged 

image of the red box area in (c). The lattice spacings of 0.32 nm and 0.24 nm in Figure 

S1D represent the (102) and (103) planes of ZIS, respectively. 



Figure S2. (a-d) EDS mapping and (e) the corresponding energy spectrum of ZIS.

As shown in Figure S1, pristine ZIS shows a characteristic multi-layered nanosheet 

morphology in high-resolution transmission electron microscopy (HRTEM) images. 

Clear lattice fringes can be observed in pristine ZIS, whose lattice spacings of 0.32 and 

0.24 nm are assignable to the (102) and (103) crystal planes (JCPDS: 65-2023).(7-9) 

The corresponding energy-dispersive X-ray spectroscopy (EDS) mappings in Figure 

S2 confirm the stoichiometric ratio of ZnIn₂S₄ and uniform distribution of Zn, In, and 

S elements across the sample.



Figure S3. The XRD patterns of ZIS, CP-ZIS and carbon paper (CP). The XRD pattern 

in Figure S3 reveals typical peaks at 21.6°, 27.7°, 39.8°, 47.2°, 52.4°, and 76.4°, 

corresponding to the (006), (102), (108), (110), (116), and (213) crystal planes of ZIS, 

respectively.(10) An additional peak associated with the carbon paper at around 27° 

could be observed and will not be detailed further.

Figure S4. Electrochemical desulfurization and subsequent photodeposition of Co and 

Ni single atoms to synthesize bimetallic Sv-ZIS-CoNi.



Figure S5. (a) CV curves of blank CP and CP-ZIS in an electrolyte of 0.5 M H2SO4, 

showing a prominent peak at ~ -1.5 V from the desulfurization of ZIS; (b) I-t curves at 

various voltages to prepare Sv-ZIS with different desulfurization degrees.

Figure S6. (a, b) UV-vis spectra of external calibration standard using a Na2S solution; 

(c) Calibration curve of Na2S in UV-vis (R2 = 0.999) at 660 nm.



Figure S7. (a) Colorimetry using a commercial sulfide test kit to determine the presence 

of extracted sulfide after electrochemical desulfurization; (b, c) UV-vis spectra of the 

extracted S solutions; (d) Concentrations of the extracted sulfur under various voltages.



Figure S8. (a) Colorimetry using a commercial sulfide test kit to determine the presence 

of extracted sulfide after electrochemical desulfurization; (b, c) UV-vis spectra of the 

extracted S solutions; (d) Concentrations of the extracted sulfur after various periods.



Figure S9. The XRD patterns of ZIS, CP-ZIS, and the sample after sulfur extraction 

for 10 minutes at -5.0 V, showing the appearance of XRD peaks from carbon paper due 

to the detachment of ZIS.



Figure S10. (a-f) Atomic resolution STEM images of monometallic Sv-ZIS-Co; (g) 

selected area electron diffraction (SAED) pattern of (a), showing a highly crystalline 

structure of ZIS.



Figure S11. (a-e) The EDS mappings and (f) corresponding energy spectrum of 

monometallic Sv-ZIS-Co, showing the uniform distribution of Co across the sample.

Figure S12. HAADF-STEM images of Sv-ZIS-CoNi without false color. (a) Atomic 

resolution HAADF-STEM image and (b) the enlarged view of the white box in (a). The 

inset shows the corresponding SAED pattern;



Figure S13. (a-f) Filtered EDS mappings of Sv-ZIS-CoNi.

Figure S14. Background-subtracted EDS elemental spectrum of Sv-ZIS-CoNi.



Figure S15. The EDS mappings of the sample without electrochemical desulfurization.

Figure S16. (a) The mass loading of Co single atoms in monometallic Sv-ZIS-Co under 

various light intensities and (b) the corresponding XRD patterns.



Figure S17. The EDS mappings and the corresponding energy spectrum of Sv-ZIS-Co 

under a light intensity of 10 suns. The loading of Co is determined as 16.1 wt%.

Figure S18. Validation of photothermal effect during photodeposition of single atoms, 

showing the surface temperatures of the CP-ZISs under various light intensities (suns).



Figure S19. (a) Wavelength dependence of photodeposition in preparing monometallic 

Sv-ZIS-Co, showing a good correlation between the mass loading of Co (left) and the 

UV absorption spectrum of ZIS (right); (b) the corresponding XRD patterns.

Figure S20. The EDS mappings and the corresponding energy spectrum of the Sv-ZIS-

Co under a light intensity of 10 suns with a 420 nm cut-off wavelength. The loading of 

Co is determined as 1.2 wt%.



Figure S21. The EDS mappings of bimetallic Sv-ZIS-CoNi. The Co and Ni loadings 

are determined to be 4.8 and 6.7 wt%, respectively.

Figure S22. (a) XPS Zn 2p and (b) In 3d core-level spectra of ZIS, Sv-ZIS, 

monometallic Sv-ZIS-Co, Sv-ZIS-Ni, and bimetallic Sv-ZIS-CoNi.



Figure S23. The EDS mappings and the corresponding energy spectrum of Sv-ZIS-Ni. 

The Ni loading is determined as 16.1 wt%.

Figure S24. The UV absorption spectra of pristine ZIS, defective ZIS (Sv-ZIS), and 

bimetallic Sv-ZIS-CoNi.



Figure S25. The photoluminescence (PL) spectra of pristine ZIS, defective ZIS (Sv-

ZIS), and bimetallic Sv-ZIS-CoNi.

Figure S26. Time-dependent hydrogen evolution over Sv-ZIS-CoNi. Data points 

represent the mean values from repeated measurements, and the error bars indicate the 

standard error, highlighting the reproducibility and experimental variability.



Figure S27. Post-reaction structural and compositional characterization of Sv-

ZIS-CoNi. (a) XRD patterns of fresh and spent Sv-ZIS-CoNi, showing that the 

characteristic reflections can still be identified after reaction, indicative of the retained 

crystalline structure; (b) HRTEM image of the spent sample, revealing clear lattice 

fringes with interplanar spacings of 0.450 nm (006), 0.299 nm (102), and 0.195 nm 

(110); (c) Dark field STEM image and corresponding EDS elemental mappings of (d) 

In, (e) S, (f) Co, (g) Ni, and (h) Zn for the spent Sv-ZIS-CoNi, confirming the 

homogeneous spatial distribution of all constituent elements after catalysis.



Figure S28. The optimized adsorption configuration of Co/Ni single atoms on the ZIS 

surface. Color scheme: pink for Zn, yellow for In, grey for S, dark blue for Co, and light 

blue for Ni.



Figure S29. The differential charge density of Sv-ZIS-CoNi, showing the electron 

accumulation (yellow) and depletion (cyan) regions. The color scheme used is as 

follows: purple for Zn, yellow for In, grey for S, dark blue for Co, and light blue for Ni.



Table S1. The amount of sulfur extraction at different voltages for 5 minutes.

Voltage (V) Concentration (mM) H2S (mg) Degree of sulfur 
extraction (%)

-2.5 0.179 0.168 0.6

-3.0 0.262 0.247 0.8

-3.5 0.843 0.794 2.8

-4.0 1.052 0.990 3.5

-4.5 1.302 1.226 4.4

-5.0 1.682 1.583 5.6

-5.5 0.767 0.722 2.6

-6.0 0.215 0.202 0.7

-6.5 0.147 0.138 0.5

The operation at more negative voltages (such as -5.0 V) results in structural distortion 

of ZIS in the XRD patterns and the emergence of unwanted Zn3In2S6 phases. To this 

end, an optimal voltage of -2.5 V, without structural distortion, was selected for further 

studies, which yielded a desulfurization degree of 0.6%.

Table S2. The amount of sulfur extraction after various periods at -3.5 V.

Time (minutes) Concentration (mM) H2S (mg) Degree of sulfur 
extraction (%)

0 0.056 0.058 0.2

1 0.228 0.234 0.7

3 1.659 1.695 5.7

5 1.988 2.031 6.8

10 2.579 2.635 8.9

15 2.077 2.122 7.1

20 1.682 1.718 5.8

25 1.576 1.611 5.4



Table S3. Effect of concentration and deposition sequence on photodeposition.

Sample Co (wt%) Ni (wt%)

Sv-ZIS-10 Co-10 Ni 0.4 10.6

Sv-ZIS-10 Co-1 Ni 1.7 5.3

Sv-ZIS-10 Ni-10 Co 1.1 1.5

Sv-ZIS-10 Co & 10 Ni 1.0 7.5

Sv-ZIS-10Co & 1 Ni 3.0 4.0

Samples were prepared under 10 suns for 1.5 hours. Sv-ZIS-10 Co-10 Ni was prepared 

by sequential deposition of Co in 10 mM CoCl2 and then Ni in 10 mM NiCl2. Sv-ZIS-

10 Co & 10 Ni was prepared by co-deposition of Co and Ni in 10 mM CoCl2 and 10 

mM NiCl2 simultaneously. We found that the deposition sequence and concentration of 

metal precursor have a profound impact on the final metal loading of bimetallic Sv-

ZIS-CoNi samples.

Table S4. Effect of light intensity on photodeposition for 1.5 hours.

Light intensity Co (wt%) Ni (wt%)

10 suns 3.5 4.7

15 suns 3.9 11.9

Samples were prepared by co-deposition in 10 mM of CoCl2 and 10 mM of NiCl2. 

Table S5. Effect of irradiation period on photodeposition.

Period (hour) Co (wt%) Ni (wt%)

1.5 3.5 4.7

2.5 5.0 7.0

3.0 3.9 11.1

Samples were prepared by co-deposition in 10 mM of CoCl2 and 10 mM of NiCl2. 



Table S6. Effect of concentration in an optimal deposition period (1.5 hours) and light 

intensity (10 suns).

Concentration (mM) Co (wt%) Ni (wt%)

10 mM CoCl2 & 10 mM NiCl2 3.5 4.7

20 mM CoCl2 & 20 mM NiCl2 4.6 6.9

Table S7. Effect of catalyst loading (on CP) on photodeposition.

15 mg cm-2 Co (wt%) Ni (wt%) 8 mg cm-2 Co (wt%) Ni (wt%)

1.5 hours 3.5 4.7 1.5 hours 3.7 4.8

2.5 hours 5.0 7.0 2.5 hours 4.1 5.8

3.0 hours 3.9 11.1 3.0 hours 4.0 5.2

Table S8. The optimal samples of monometallic and bimetallic SACs.

Sample Co (wt%) Ni (wt%)

Sv-ZIS-Co 14 ~ 16% --

Sv-ZIS-Ni -- 14 ~ 16%

Sv-ZIS-CoNi ~ 5% ~ 6%

ZIS-CoNi * N.D. N.D.

* ZIS-CoNi stands for the sample prepared without electrochemical desulfurization. Co 

and Ni single-atoms were unable to deposit on unmodified ZIS via photodeposition.

Table S9. The elementary composition results from XPS

Element Area Atom (%) Element Area Atom%

C 1s 21038 34.98 S 2p 27748 22.75

Zn 2p 65433 6.86 Co 2p 44300 7.61

In 3d 326904 18.81 Ni 2p 81343 10.29



Table S10. Performance tracker for the photocatalytic hydrogen (H2) evolution over 

ZnIn2S4-based photocatalysts.

Photocatalyst Sacrificial 
agent Light source

H2 evolution 
rate

(mmol g-1 h-1)

Ref.

Co-P/ZnIn2S4
10 vol.% lactic 

acid
300 W Xe lamp 

(λ > 420 nm) 7.84 (11)

Co-doped ZnIn2S4
0.25 M Na2SO3 

+ 0.35 M Na2S
500 W Xe lamp 

(λ> 400 nm) 1.00 (12)

O-doped ZnIn2S4
0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 420 nm) 2.12 (13)

N-doped ZnIn2S4
10 vol.% 
TEOA

300 W Xe lamp 
(λ > 400 nm) 11.09 (14)

ZnIn2S4 with sulfur 
vacancies

10 vol.% 
TEOA

300 W Xe lamp 
(λ > 400 nm) 13.48 (15)

ZnIn2S4 with active 
(110) facet exposure

20 vol.% 
TEOA

300 W Xe lamp 
(λ > 420 nm) 1.94 (16)

MWCNTs/ZnIn2S4
0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 420 nm) 6.84 (17)

Carbon nanofiber 
@ZnIn2S4

0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 420 nm) 3.17 (18)

Carbon nanodots 
/ZnIn2S4

0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 420 nm) 4.15 (19)

Co/NGC@ZnIn2S4
1 mL TEOA + 

5 mL H2O
300 W Xe lamp 

(λ > 400 nm) 11.27 (20)

ZnIn2S4 with sulfur 
vacancies/g-C3N4

20 vol.% 
TEOA

300 W Xe lamp 
(λ > 420 nm) 6.10 (21)

Mo2C/ZnIn2S4
10 vol.% 
TEOA

300 W Xe lamp 
(λ > 400 nm) 22.11 (22)

ZnIn2S4/CdS 0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 400 nm) 5.68 (23)



L40N5ZIS 0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 420 nm) 9.74 (24)

Co9S8@ZnIn2S4
20 vol.% 
TEOA

300 W Xe lamp 
(λ > 400 nm) 6.25 (25)

ZnIn2S4/CdIn2S4
0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 420 nm) 12.67 (26)

ZnIn2S4/NaNbO3
10 vol.% 
TEOA 300 W Xe lamp 30.04 (27)

ZnIn2S4/CaTiO3
0.25 M Na2SO3 

+ 0.35 M Na2S
300 W Xe lamp 

(λ > 420 nm) 22.19 (28)

ZnIn2S4/Mo2C
10 vol.% 
TEOA

300 W Xe lamp 
AM 1.5 G 42.80 (29)

g-C3N4/ZnIn2S4/NiS 10 vol.% lactic 
acid

300 W Xe lamp 
(λ > 420 nm) 16.31 (30)

CuInS2/ZnIn2S4
0.25 M Na2SO3 

+ 0.35 M Na2S
150 W Xe lamp 

(λ > 420 nm) 3.43 (31)

Sv-ZIS-CoNi 10 vol.% 
TEOA

300 W Xe lamp 
(λ > 420 nm) 51.47 This 

work



Table S11. The turnover frequency (TOF) value of SACs in catalytic performance.

Catalyst H2 evolution rate
(mmol g-1 h-1) Method Co loading Ni loading TOF (h-1)

Sv-ZIS-Co 33.0 EDS 16.1 wt% N.A. 12.1

Sv-ZIS-Ni 35.2 EDS N.A. 16.1 wt% 12.8

EDS 4.8 wt% 6.7 wt% 27.8
Sv-ZIS-CoNi 51.5

XPS 7.6 atom% 10.3 atom% 23.0

The influence of vacancy is not considered in the TOF calculation.

Table S12. Details on the light intensity and catalytic performance at various 

wavelengths, and the results of AQY.

Wavelength 
(nm) The mean H2 production in 30 mins Light power (Xe lamp)

375 15.8 μmol 0.070 W

420 35.6 μmol 0.170 W

475 31.5 μmol 0.247 W

520 17.8 μmol 0.354 W

600 0.57 μmol 0.223 W



Detailed calculations of the AQYs at various wavelengths:

(1) λ = 375 nm,
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