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1. Experimental section 

1.1. Characterization 
In order to analyse the crystalline structures, the samples were characterized by X-ray 

diffraction using a Dandong Fangyuan DX-2700A X-ray diffractometer with Cu Kα radiation, 
ranged from 10° to 80°. The morphologies of the samples were determined with a field emission 
scanning electron microscopy (FESEM, Hitachi SU8020), transmission electron microscopy 
(TEM, FEI Talos F200X) and a high-resolution transmission electron microscopy (HRTEM). 
Elemental analysis of the samples was conducted by an energy dispersive X-ray spectrometer 
(EDS) attached to TEM. Laser Raman spectrometer (Raman, Renishaw in Via Reflex) was used to 
analyse the composition and structure of the materials. The chemical state of the samples was 
analysed by an X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI). UV–visible 
diffuse reflectance spectra (UV-vis DRS) were measured using a Shimadzu UV-3600plus 
spectrometer with BaSO4-coated integration sphere in the region of 220-800 nm. The Zeta 
potentials of the samples were measured by Zetasizer nano (Malvern Zetasizer Nano ZS90). The 
photoluminescence spectra for the samples were investigated on a steady-state fluorescence 
spectrometer (PL, OmniFluo-960) with an excitation wave length of 325 nm. A Kelvin probe 
apparatus (Bruker Dimension Icon) was detected the work function and surface potential (SP), 
And it was calibrated by the highly oriented pyrolytic graphite as a standard reference surface.

1.2. Photocatalytic activity measurement 
The photocatalytic H2 production test was carried out in an airtight quartz reactor. 40 mg of 

photocatalyst was dispersed into 80 mL lactic acid aqueous solution (10 vol%) by ultrasonication 
about 5 min. Prior to irradiation, the solution in the reactor was bubbled with N2 for 10 min to 
remove the dissolved oxygen. During the reaction, the mixture was constantly stirred by a 
magnetic stirrer and the solution was kept at room temperature through cooling water circulation 
system. A 300 W Xe lamp (CEL-HXF300F3, Beijing China Education Au-light Co., Ltd., China) 
with a 400 nm UV-cut-off filter was used as visible light source to conduct the H2 production 
reaction. 1 mL gas was regularly extracted from the photocatalytic reactor and determined by gas 
chromatograph (GC7920-T, China), assembled with a thermal conductivity detector (TCD) and a 
5 Å molecular sieve column with N2 as the carrier gas. The apparent quantum yield (AQY) was 
measured under the same photocatalytic reaction condition and irradiated by the 300 W Xe lamp 
with the 420 nm band-pass filter. The Xe lamp was used as the light source through a filter cutting 
off with an intensity of 35 W/m2. The irradiation area is 15.19 cm2. The AQY was calculated 
according to the equation below: 

𝐴𝑄𝑌 =
2 × 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100%



1.3. Photoelectrochemical measurements 
All the electrochemical measurements were measured on a CHI660E electrochemical work 

station (Chenhua Instrument, Shanghai, China) with a standard three electrode system. The 
preparation method of working electrodes are as follows. 10 mg of the as-synthesized sample was 
dispersed into a mixed solution containing 10 μL of 5 wt % Nafion solution and 1 mL of absolute 
ethanol. Then, 30 μL of the slurry was dipped onto the surface of the indium tin oxide (ITO) glass 
substrate with an area of 1 cm × 1 cm. The saturated calomel electrode (SCE) and Pt plate were 
used as reference and counter electrodes, respectively. 0.5 M Na2SO4 solution was used as the 
electrolyte. Transient photocurrent measurements were carried on in an above-motioned standard 
three-electrode system. A 300 W Xe lamp with the UV cut-off filter was used to provide the 
visible light source (λ ≥ 400 nm). The Electrochemical impedance spectroscopy (EIS) 
measurements were also carried out with the above-mentioned working electrodes in the CHI660E 
three-electrode system under the same conditions in dark. During the measurement, the frequency 
was in the range of 0.1 to 105 Hz. The Mott-Schottky plots were also recorded using the CHI660E 
three-electrode system at an AC frequency of 500, 1000 and 1500 Hz in 0.5 M Na2SO4 solution.

1.4 Density function theory (DFT) calculation details
The Density functional calculation (DFT) was performed for Ni substitution and no 

substitution Co using Materials studio which depends on the first principal calculation by applying 
the following conditions: Generalized Gradient Approximation (GGA) for the exchange-
correlation function in the framework of Perdew Burke Ernzerhof (PBE). The Brillourin zone was 
sampled with Monkhorst mesh 2× 4 × 2 through all the computational process. The energy cutoff 
was set to 400 eV. The convergence threshold for self-consistent calculations was 2.0e-6 eV per 
atom and the force on each atom less than 0.05 eV/Å was set for convergence criterion of 
geometry relaxation.



Fig. S1. (a) Comparison of PHP rate at different temperatures and loading amount. (b) 
Comparison of photocatalytic H2 production rates in different samples.

Fig. S2. XRD patterns of the CdS and the composite photocatalysts.



Fig. S3. SEM images of (a) Ni-CoP-300, (b) Ni-CoP-350, (c) Ni-CoP-400, (d) Ni-CoP-450 
and (e) Ni-CoP-500.



Fig. S4. (a) FESEM and (b) TEM images of the Ni-CoP-350, (c) the EDS mappings of the 
Ni-CoP-350. (d-h) EDS mapping of C, N, P, Co and Ni obtained from the area in (c), (h) The 
content ratio of each element in Ni-CoP-350.



Fig. S5. (a) TEM and (b-d) HRTEM images, (e) HAADF-STEM image and (f-k) the 
corresponding EDS mappings of the 7% Ni-CoP/CdS photocatalyst.



Fig. S6. High-resolution XPS spectra of (a) Cd 3d, (b) Co 2p, (c) Partial enlargement view of 
Co 2p, (d) Ni 2p, (e) Partial enlargement view of Ni 2p of the as-prepared x% Ni-CoP/CdS and 
Ni-CoP. (x=3, 5, 7, and 9)



Fig. S7. (a) UV-vis diffuse reflectance spectra of the samples, (b) Tauc plots of CdS, (c) 
Mott–Schottky plots of CdS measured at different frequencies of 500, 1000 and 1500 Hz.

Fig. S8. Steady-state photoluminescence (PL) spectra of samples with different temperature 
of Ni-CoP. And the ratio of Ni-CoP with different temperature and CdS is 7%.

Fig. S9. XRD patterns of the 7% Ni-CoP/CdS photocatalyst before and after stability test of 
photocatalytic H2 production under visible light irradiation.



Fig. S10. FESEM images of the 7% Ni-CoP/CdS photocatalyst before (a) and after (b) 
stability test of photocatalytic H2 production under visible light irradiation.



Fig. S11. (a-d) TEM and HRTEM images, HAADF-STEM image (e) and the corresponding 
EDS mappings (f-k) of the 7% Ni-CoP/CdS photocatalyst after stability test of photocatalytic H2 
production under visible light irradiation.



Table S1. Photocatalytic hydrogen production has been reported in the literature.
Catalysts Hydrogen 

production 
rate 

(umol/h/g)

Hydrogen 
production rate 

of CdS 
(umol/h/g)

stability References

7% Ni-CoP/CdS 28357 1873 no obvious decrease This work
CdS–ZnO0.5 805.5 66.9 slightly decrease 1

0.75% wtPt/CdS 13000 2400 slightly decrease 2

10.3% CdS@Zn-C 6600 1400 no obvious decrease 3

CdS/Ag2S/NiS 48280 1030 decrease 4

CdS-10% Ti3C2Tx 15400 4800 no obvious decrease 5

C-ZnO/CdS-4 20250 830 decrease 6

Au@HCS@PdS 16350 146 no obvious decrease 7

Table S2. Zeta potential of the CdS and Ni-CoP
Sample CdS Ni-CoP

Zeta potential (mV) -25.5 + 52.4
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