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1 Experimental Section
1.1 Experimental Details 
1.1.1 Chemicals

All reagents (analytical grade) were purchased directly from Aladdin Industrial Corporation and used without further purification. Deionized water was used in the experiments.

1.1.2 Synthesis of Zn0.67Cd0.33S, Zn0.67Cd0.33S-Sex and Zn0.67Cd0.33S-Tey
ZCS, ZCSS and ZCST were prepared by an ethylenediamine-assisted hydrothermal method. Briefly, Zn(NO3)2 hydrate and Cd(NO3)2 hydrate (molar ratio of Zn2+/Cd2+=2:1) were first added to 50 mL of aqueous cysteine solution (Cys, 6 mmol). Then 20 mL of ethylenediamine solution was added and stirred for 30 min to form a stable homogeneous solution. At this time, the amino group (-NH2) of ethylenediamine was coordinated to metal ions (Zn2+ and Cd2+) via lone pair of electrons to form a complex. Subsequently, Na2SeO3 aqueous solution (0.1 M) was rapidly added to the above prepared complex solution with vigorous stirring for 30 min to fully couple the amino complexes with Se ions in the new solution. The above solution was was transferred to 100 mL Teflonlined stainless-steel autoclaves. It was kept at 130 °C for 6 h and then cooled naturally to room temperature. These products were washed with distilled water and ethanol to remove the remaining ions and impurities and a yellow precipitate was collected. The products were then completely dried in an oven at 60 °C to obtain a final powder named Zn0.67Cd0.33S-Sex (ZCSS, x=0.2%, 0.3%, 0.4%, 0.5%, 0.6% and 0.7%) nanoflower structure. Wherein, the Zn0.67Cd0.33S-Tey (ZCST, y=0.1%, 0.2%, 0.3%, 0.4%, 0.5%, and 0.6%) nanoflower structure was obtained by replacing the Na2SeO3 aqueous solution (0.1 M) with the Na2TeO3 aqueous solution (0.1 M) in accordance with the above steps. As a reference, pure Zn0.67Cd0.33S nanoflower structures, briefly recorded as ZCS, were prepared using the same method described above. On the other hand, Zn0.67Cd0.33S nanospheres (ZCS- nanospheres) were obtained by direct preparation in aqueous solution.

1.1.3 Synthesis of Ni SA-Zn0.67Cd0.33S-Sex and Ni SA-Zn0.67Cd0.33S-Tey
Ni SA-Zn0.67Cd0.33S-Sex (Ni SA-ZCSS) nanoflower structures were prepared by photoreduction method. Firstly, Ni(CH3COO)2 (0.1 M) aqueous solution was slowly added dropwise into the dispersed aqueous solution of ZCSS powder, and Ni2+ ions were adsorbed on the surface of the ZCSS nanoflowers by electrostatic adsorption. It was then rapidly stirred and heated at 60 °C for 1 h. The above suspension was then cooled to room temperature. Subsequently, it was washed with water and collected by centrifugation to obtain a yellow-green powder named α Ni-ZCSS (α=0.2wt%, 0.5wt%, 0.8wt%, 1.1wt% and 1.4wt%) where 0.8wt% Ni-ZCSS nanoflower structure was recorded as Ni SA-ZCSS. Similarly, following the above steps, β Ni-ZCST (β = 0.2 wt%, 0.5 wt%, 0.1 wt%, and 1.4 wt%) was added to the ZCSS powders. 0.2wt%, 0.5wt%, 0.8wt%, 1.1wt% and 1.4wt%), where 0.8wt%-ZCST nanoflower structures were recorded as Ni SA-ZCST.

1.2 Characterizations
The morphology of the samples was obtained on a Scanning Electron Microscope (SEM, SUPRA55, Carl Zeiss, Germany) and a transmission electron microscope (FEI Talos F200XG2 AEMC, Thermo Fisher Scientific, USA). The presence of single atoms was determined by Aberration-corrected Transmission Electron Microscopy (FEI Titan G2 60-300, FEI Corporation, USA). The crystal structure of the samples was examined by an X-ray diffractometer (XRD, Empyrean, Panalytical, Holland). The UV-Vis diffuse reflectance absorption spectra (UV-Vis DRS) and fluorescence spectra (PL, excitation wavelength 266 nm) of the samples were measured at the Solar Quantum Efficiency Test System (SCS10-X150-DSSC, Zolix Instruments Co., Ltd.). The surface elements and valence states of the catalysts were detected using an X-ray photoelectron spectrometer (Thermo Scientific K-Alpha, Thermo Fisher Scientific, USA). In this, Al-Kα was used as the X-ray source and C1s (284.8 eV) energy spectrum was used for energy correction. Time-resolved photoluminescence spectroscopy (TRPL) was tested on a transient fluorescence spectrometer (Edinburgh FLS1000, UK). The specific content of elemental Ni in the catalyst was obtained by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700, USA). The catalysts were tested by infrared thermography on an infrared thermal imager (FLIR T540, USA) using video recording. Powder samples were taken for pressing and a 300 W Xenon lamp was used as a light source. UV photoelectron spectroscopy (UPS) was tested on a ThermoFisher ESCALAB250Xi UV spectrometer with an external bias of 10 eV. Bruner-Emmett-Taylor specific surface area (SBET) and pore size distribution were recorded on a fully automated specific surface area analyzer (ASAP2460, USA). Zeta potential was determined using a Zeta Potential-Particle Size Analyzer (Malvern Zetasizer Nano ZS90, UK) with a pH of 6.9. Contact angle tests were performed on a Contact Angle/Surface Tension Measuring Instrument (JY-82B Kruss DSA, Kruss GmbH, Germany). An appropriate amount of powder sample was taken and pressed into molded tablets using an infrared tablet press and tested by the automatic droplet calibration system of the device a drop of water on the surface. In order to study the local structure and electronic state of the catalyst, X-ray absorption spectra (XAS) were collected at the XAFCA@SSLS beamline at the Singapore line station with an electron beam energy of 700 MeV. In situ X-ray photoelectron spectrum spectra (In situ XPS) were obtained at an X-ray photoelectron spectrometer (PHI5000 VersaprobeIII XPS, Japan). In a typical test, the XPS test was first performed in the dark, and then the XPS data were collected once more after turning on the light source for 10 min. 
1.3 Photocatalytic Hydrogen Evolution (PHE)
The photocatalytic hydrogen production was tested in a specific hydrogen production unit (CELSPH2N, Beijing China Education Au-light Co., Ltd.). In the photocatalytic process, catalyst powder (10 mg) was firstly weighed and added into 50 mL of 0.25 M Na2SO3 and 0.35 M Na2S·9H2O aqueous solution, and ultrasonicated for 20 min to form a homogeneously dispersed solution. The mixed solution was then transferred to a special quartz reactor (250 mL). The reactor was connected to a hydrogen unit equipped with a cooling water circulator (LX-300, NO: N201208A1964) to provide a constant temperature of 10 °C. The conditions of illumination was a 300 W Xenon lamp configured with a 420 nm cut-off filter. The area of hydrogen production was recorded by gas chromatography GC-7920, TCD, N2 carrier gas), and the efficiency of photocatalytic hydrogen production was evaluated using the relevant equations.

In addition, the apparent quantum efficiency (AQE) is an important parameter for evaluating the photocatalytic performance. It represents the ratio of the amount of hydrogen (or other products) produced in the photocatalytic reaction to the number of photons absorbed by the system. It reflects the efficiency of photocatalytic materials in utilizing light energy. To calculate the AQE, the amount of hydrogen produced under monochromatic light was measured using a series of single wavelength filters (420 nm) under the same test conditions. The AQE of the catalyst was calculated as:1
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1.4 Photoelectrochemical measurements
The photocatalytic electrochemical tests were performed on an electrochemical workstation (CHI660E, CHENHUA, China) using a conventional three-electrode system. First, a solution (2 mg/4 mL) formed by dispersing catalyst powder in ethanol was uniformly coated onto the conductive surface of conductive glass (ITO, 10*10 mm) by spin-coating method. The above sample-coated conductive glass was then calcined at 100 °C for 2 h under nitrogen atmosphere to bring the sample into closer contact with the conductive surface as a working electrode. Finally, the prepared electrode, platinum sheet electrode and Ag/AgCl electrode corresponded to the working electrode, counter electrode and reference electrode in the three-electrode system, respectively. Na2SO4 (0.1 M) solution was chosen as the electrolyte for the testing process. A 300 W Xenon lamp (PLS-SXE300, Beijing trusttech Co., Ltd.) with a cut-off filter (λ ≥ 420 nm) was used as the excitation light.
The conversion formula for the different electrode potentials is as follows:2
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1.5 Calculational methods and models
All the spin-polarized DFT calculations were conducted in the Vienna ab-initio simulation package (VASP)3 with the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional of generalized gradient approximation (GGA).4 The projector-augment wave (PAW) method5 was used to treat the electron-ion interactions. The plane-wave cut-off energy was set to 450 eV. The van der Waals interactions was described by employing Grimme’s DFT-D3 method.6 All the atomic structures were fully relaxed until the total energy and residual force reaching the convergence threshold of 10-5 eV and 0.02 eV/Å. To avoid the interactions between neighboring slabs, a vacuum thickness of 20 Å was added along the direction perpendicular to the surface. The 3 × 3 × 1 Monkhorst-Pack mesh was applied for Brillouin zone sampling during the structural optimization of these slab models. 

The adsorption energy of hydrogen (ΔE*H) was calculated with the following formular of ΔE*H = E*H − E* − 1/2EH2, where E*H and E* are the total energy of catalyst with and without adsorption of H atom, respectively; EH2 is the energy of the H2 molecule.7 In order to evaluate the HER activity of proposed catalysts, the adsorption free energy of hydrogen (ΔG*H) was calculated by ΔG*H = ΔE*H + 0.25, where the 0.25 is the free energy correction including zero-point energy and entropy.8 Furtherly, the theoretical overpotential for HER (ηHER) is given by ηHER = − |ΔG*H |/e.9
Based on the experimental observations, the (101) crystallographic plane of ZnCdS was employed as the model surfaces for all the studied systems (Figure S13), where the (3 × 3) supercells were used, and the bottom layers (circling with blue frame) were fixed to mimic the bulk and the other layers were fully relaxed. Compared with the Zn/Cd-terminal surfaces, the more stable S-terminal surface was adopted, because the metals in the former are highly unsaturated. As shown in Figure 2b and 2c, one of the surface S atoms was replaced by Se/Te atom to simulate the Se/Te doped surfaces. Then the Ni atom was loaded on the hollow sites composed by two S and one Se/Te atoms (Figure 2d and 2e). To find the most stable configuration for H adsorption on these surfaces, all the possible positions were tested, including top site, bridge site, hollow site etc. 
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Figure S1. A comparison of the photocatalytic hydrogen evolution performance of a typical ZnCdS-based catalyst for the last five years.
Figure S1 shows a comparison of the photocatalytic hydrogen evolution performance of a typical ZnCdS-based catalyst for the last five years. Currently, the Ni SA-ZCSS and Ni SA-ZCST materials of this work have the highest photocatalytic hydrogen production activity. This work fully demonstrates the effectiveness of SACs.
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Figure S2. Simple preparation schematics and SEM image for a) ZCS-nanosphere, b) ZCS, c) ZCSS and d) ZCST.
A brief preparation schematic and SEM image of the heterogeneous atom-doped catalyst is illustrated in Figure S2. Zn0.67Cd0.33S nanospheres (ZCS-nanosphere) obtained by hydrothermal method in Figure S2a. Interestingly, the ethylenediamine molecule containing two amino groups (-NH2) induced the formation of a homogeneous “nanoflower” structure of Zn0.67Cd0.33S (ZCS) by lone-pair electron coordination with the metal ions (Zn2+ and Cd2+) during the catalyst synthesis, as shown in Figure S2b. The synthesis of smaller surface layered nanoflower structures can be controlled after doping with Se and Te ions of the same sulfur main group, respectively in Figures S2c and S2d. 
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Figure S3. a) BET curves of ZCS-nanosphere, ZCS, ZCSS and ZCST.
Figure S3 shows a positive increase in the specific surface of ZCS nanoflower structures compared to ZCS-nanospheres. However, after the addition of Se or Te ions with gradually increasing ionic radii, respectively, the decrease in grain size leads to a gradual decrease in specific surface due to lattice distortion and strain effects.
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Figure S4. a) XRD patterns of ZCS-nanosphere and ZCS.
Figure S4 illustrates the XRD pattern of ZCS displayed eight peaks at 2θ = 25.1°, 26.8°, 28.4°, 37.3°, 44.2°, 48.5°, 51.8°and 55.5°, which could be assigned to the (100), (002), (101), (102), (110), (103), (200) and (004) planes of the hexagonal ferrite phase (JCPDS No. 40-0835), respectively.28 The ZCS was prepared by solvent heating with ethylenediamine has better crystallinity than ZCS-nanospheres. In addition, the ionic radius of the dopant atoms is larger than that of the S atoms, which leads to lattice expansion and surface tensile strain.
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Figure S5. XRD patterns of ZCS and ZCSSx (x=0.2, 0.3, 0.4, 0.5, 0.6 and 0.7).
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Figure S6.  XRD patterns of ZCS and ZCSSy (y=0.1, 0.2, 0.3, 0.4, 0.5 and 0.6).
Figure S5 shows that the XRD peak is shifted to a small angle for different Se atomic content of doped Zn0.67Cd0.33S (ZCSS), which is consistent with the Bragg correction equation. The above phenomenon also indicates that the heterogeneous atoms were successfully doped in the ZCS lattice. Meanwhile, the Te-doped Zn0.67Cd0.33S (ZCST) also conforms to this phenomenon, as shown in Figure S6. 
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Figure S7. a, d) TEM images, b, e) HRTEM and c, f) Selected-area diffraction pattern of ZCSS and ZCST, respectively.
The TEM images of Figure S7 show the obvious lamellar structures on the surfaces of ZCSS and ZCST, whose lattice stripes d = 0.32 nm both correspond to the (101) crystalline surfaces. Selected-area diffraction pattern confirm the polycrystalline structure of the catalysts in Figures S7c and S7f.

Table S1. ICP-MS results of ZCSS, Ni SA-ZCSS, ZCST and Ni SA-ZCST.
	Samples
	Se (%)
	Te (%)
	Ni (%)

	ZCSS
	0.52
	--
	--

	Ni SA-ZCSS
	0.36
	--
	0.69

	ZCST
	--
	0.35
	--

	Ni SA-ZCST
	--
	0.23
	0.52
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Figure S8. Ni K-edge k3χ(k) functions of the all samples.
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Figure S9. Wavelet Transformation for the k2-weighted EXAFS signal of Ni foil, NiS, NiO and Ni(OH)2 reference.
Table S2. The best-fit analysis of EXAFS for samples
	Condition
	Pair
	CN
	R (Å)
	σ2 (10-3Å2)
	∆E0 (eV)
	R factor

	Ni foil
	Ni-Ni
	12*
	2.48±0.01
	5.9±0.3
	5.6±0.4
	0.002

	Ni SA-ZCSS
	Ni-O
	1.3±0.7
	1.98±0.03
	3.0*
	-5.6±1.1
	0.02

	
	Ni-S
	2.6±0.5
	2.32±0.04
	4.2*
	9.2±6.4
	

	
	Ni-Zn
	1.5±0.8
	2.54±0.03
	6.8*
	9.2±6.4
	

	Ni SA-ZCST
	Ni-O
	1.1±0.5
	1.97±0.02
	3.3*
	-5.1*
	0.02

	
	Ni-S
	2.6±0.4
	2.32±0.02
	5.2*
	6.8±4.0
	

	
	Ni-Zn
	1.4±0.5
	2.54±0.02
	6.4*
	6.5±3.5
	


aCN is the coordination number for the absorber-backscatter pair, R is the average absorber-backscatter distance, σ2 is the Debye-Waller factor, and ∆E0 is the inner potential correction. *S02 was fixed to 0.75 as determined from Ni foil fitting. The accuracies of the above parameters are estimated as CN, ±20%; R, ±1%; σ2, ± 20%; ∆E0, ±20%. 
The data range used for data fitting in k-space (∆k) and R-space (∆R) are 3.0-12.0 Å−1 and 1.0-2.6 Å for Ni SA-ZCSS, respectively. 3.0-12.3 Å−1 and 1.0-2.6 Å for Ni SA-ZCST, respectively.
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Figure S10. a) XPS survey spectra, b) Zn 2p, c) Cd 3d, d) S 2p, e) Se 3d, f) Ni 2p spectra of Ni SA-ZCCS.
The surface elemental composition and electronic chemical states of Ni SA-ZCSS and Ni SA-ZCST were analyzed by X-ray photoelectron spectroscopy (XPS). As shown in Figure S10, the elements Zn, Cd, S and Ni can be detected in Ni SA-ZCSS, which is consistent with the EDS results. Due to the low content of Se, no significant signal is shown. In addition, the peaks located at 1021.68 and 1044.82 eV were attributed to its 2p3/2 and 2p1/2 orbitals, respectively, which correspond to typical Zn2+. The peaks at 405.22 and 444.91 eV correspond to Cd 3d5/2 and Cd3/2, respectively. The peaks centered at 161.67 and 162 eV were attributed to the S 2p3/2 and S 2p1/2, respectively, which are the characteristic peaks of S2-.29, 30 A pair of peaks at 163.11 eV and 168.98 eV are assigned to the S-Se bonds31, which fully confirms the successful doping of Se atoms. The Ni 2p3/2 and Ni 2p1/2 orbital binding energies were 860.83 eV and 870.58 eV, respectively, corresponding to Ni2+.
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Figure S11. a) XPS survey spectra, b) Zn 2p, c) Cd 3d, d) S 2p, e) Te 4f, f) Ni 2p spectra of Ni SA-ZCCT.
Figure S11 shows the Ni SA- ZCST composition of Zn, Cd, S, Te, and Ni as well as the elemental valence states. A more pronounced Te signal is shown due to the unique thermoelectric properties of Te atoms. 

[image: image14.png]Zn2p Zn 2p,
ar ..
Ni SA-ZCST _Mzc_i[/\___

0 0

= LT T T T
: ML = zest

£ _ £

> Ni SA-ZCSS ;

2 3 Ni SA-ZCSS

[ o

£ zcss 8

- £

L/ zcs zcs
1050 1045 1040 1035 1030 1025 1020 1015 414 412 410 408 406 404 402
Binding energy (eV) Binding energy (eV)
CI Ni SA-ZCST

‘@ [NisA-zcss v

= =

H 5

5 5

2 2

[7] [7]

8 5

£ £

50 52 60

Binding energy (eV)

595 590 585 580

Binding energy (eV)

575 570




Figure S12. a) Zn 2p, b) Cd 3d XPS spectra of ZCS, ZCSS, Ni SA-ZCSS, ZCST and Ni SA-ZCST, c) Se 3d XPS spectra of ZCSS and Ni SA-ZCSS, e) Te 4f XPS spectra of ZCST and Ni SA-ZCCT.
In Figure S12, compared with ZCS, both Zn 2p and Cd 3d were shifted to high binding energies in ZCSS and ZCST, respectively, indicating that the electrons were more clustered around Se atoms or Te. On the other hand, Zn 2p and Cd 3d were again shifted to higher binding energy compared to ZCSS and ZCST, indicating that electrons are transferred to Ni atoms. Due to the low selenium content, no significant changes in selenium were observed. In contrast, the binding energy of Te 4f was shifted to a lower binding energy, indicating the electron-absorbing property of Te atoms. 
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Figure S13. Top and side views of the most stable configurations for a) ZCS(101), b) ZCSS(101), c) ZCST(101), d) Ni SA-ZCSS(101) and e) Ni SA-ZCST(101) surfaces. The yellow, green, orange, rose red, gray, and blue balls represent the S, Se, Te, Cd, Zn, and Ni atoms, respectively.
Table S3. The adsorption energies (in eV) of H atom at various sites on the studies systems.

	
	S
	Se
	Te
	Ni

	101
	-1.48
	--
	--
	--

	Se+101
	-1.42
	-1.08
	--
	--

	Te+101
	-1.33
	--
	-0.55
	--

	Ni+Se+101
	-0.67
	-0.58
	--
	-0.04

	Ni+Te+101
	-0.63
	--
	-0.51
	0.00
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Figure S14. Comparison of photocatalytic H2 evolution activities of a, b) ZCS-nanosphere, ZCS, ZCSSx (x=0.2, 0.3, 0.4, 0.5, 0.6 and 0.7) and c, d) ZCSS0.5, αNi-ZCSS0.5 (α=0.2%, 0.5%, 0.8%, 1.1% and 1.4%)
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Figure S15. Comparison of photocatalytic H2 evolution activities of a, b) ZCS-nanosphere, ZCS, and ZCSTy (y=0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) and c, d) ZCST0.2, βNi-ZCST0.2 (β=0.2%, 0.5%, 0.8%, 1.1% and 1.4%)
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Figure S16. A brief summary of relevant types of catalysts in recent years.

Table S4. The net charge (in e) of S/Se/Te/Ni/H atoms on the studied systems, where the negative values denote the gained electrons and positive values represent the loss electrons. The net charge for S atoms is the average value.

	
	S
	Se
	Te
	Ni
	H

	101
	-0.83
	--
	--
	--
	--

	Se+101
	-0.84
	-0.54
	--
	--
	---

	Te+101
	-0.84
	--
	-0.23
	--
	--

	Ni+Se+101
	-0.84
	-0.48
	
	0.4
	--

	Ni+Te+101
	-0.84
	--
	-0.18
	0.27
	--

	101+H
	-0.83
	--
	--
	--
	0.04

	Se+101+H
	-0.84
	-0.24
	--
	--
	-0.03

	Te+101+H
	-0.84
	--
	0.12
	--
	-0.16

	Ni+Se+101+H
	-0.85
	-0.25
	--
	0.35
	-0.05

	Ni+Te+101+H
	-0.85
	--
	0.02
	0.26
	-0.10
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Figure S17. Top and side views of the charge density difference plots for a) ZCSS(101), b) ZCST(101), c) Ni SA-ZCSS(101) and d) Ni SA-ZCST(101) surfaces. The yellow and cyan regions denote electron accumulation and depletion, respectively with an isosurface of 0.002 e/bohr3. The yellow, green, orange, rose red, gray, and blue balls represent the S, Se, Te, Cd, Zn, and Ni atoms, respectively.
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Figure S18. Charge density for a) ZCS(101), b) ZCSS(101), c) ZCST(101), d) Ni SA-ZCSS(101) and e) Ni SA-ZCST(101) surfaces.
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Figure S19. In situ XPS spectra of a) Se 3d of Ni SA-ZCSS, and b) Te 3d of Ni SA-ZCST.
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Figure S20. The calculated bandgap of a) ZCS, b) ZCSS and c) ZCST.
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Figure S21. UV-vis DRS of a) ZCS, ZCSS0.2, ZCSS0.5, ZCSS0.7 , and b) ZCS, ZCST0.1, ZCST0.2, ZCST0.6.
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Figure S22. PL spectra of ZCS, ZCSS, Ni SA-ZCSS, ZCST and Ni SA-ZCST.
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Figure S23. a) I-t curves and b) EIS spectra of the ZCS, ZCS, ZCSS, Ni SA-ZCSS, ZCST and Ni SA-ZCST.
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Figure S24. Infrared thermal video of ZCS, ZCSS, Ni SA-ZCSS and ZCST, Ni SA-ZCST after 30 min (Video acceleration 100x).
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