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The efficiency of photocatalytic solar hydrogen evolution closely depends on the charge separation and the 

effective use of visible light. In this work, a highly efficient photocatalyst SiO2/ZnCdS/NiS was synthesized 

through the self-assembly (ZnCdS loading to SiO2) and photo-deposition method (NiS loading to ZnCdS). The 

synergistic effect of SiO2 and NiS NPs can effectively promote photoelectron generation and separation, thereby 

enhancing photocatalytic performance. The hydrogen production activity of the efficient photocatalyst was  as 

high as 8.4 mmol g-1h 1 under visible light (λ > 420 nm), 8.4 times of SiO2/ZnCdS, 4.4 times of ZnCdS/NiS and 

2.6 times of SiO2/ZnCdS/Pt. DFT calculations indicate that NiS, as a catalytic center, is beneficial for electron 

accumulation and further improves the hydrogen evolution. Meanwhile, loading of NiS to ZnCdS also improves 

the water adsorption capacity of photocatalyst, which is conducive to photocatalytic water decomposition. 
 

 

 

1. Introduction 

Since the photocatalytic decomposition of water over TiO2 was 

firstly reported by Fujishima and Honda in 1972 [1], the photocatalytic 

hydrogen production from water has attracted widespread attention, 

mainly concerned with developing good photocatalysts [2–8]. An  effi- 

cient photocatalyst should be with a suitable conduction band position 

to reduce H+ to H2, and a moderate band gap to absorb visible light. In 

addition, the photo-generated electrons and holes generated from the 

photocatalyst should be separated effectively. Meanwhile, good photo- 

catalytic stability is also necessary. As a solid-state solution, ZnCdS has 

better properties than ZnS, CdS, and ZnS/CdS mixtures [9,10]. Through 

tuning the molar ratio of Zn and Cd, band edge positions for photo redox 

reactions and band gaps for light absorption of ZnCdS can be efficiently 

adjusted, and the best ratio has been achieved [11,12]. 

There are various preparation methods of photocatalyst, including 

coprecipitation, hydro/solvothermal treatment, etc. However, the pre- 

pared ZnCdS are prone to aggregation, which inhibits the transfer and 

separation of photogenerated electrons and holes [13–16]. Many 

advanced materials, such as reduced graphene oxide (rGO), metal- 

–organic frameworks (MOFs), and graphitic carbon nitrides (g-C3N4) 

were employed to composite with ZnCdS. One of its most important 

functions is to eliminate the aggregation and thus decrease the particle 

size of ZnCdS to achieve better catalytic activity and stability [17–19]. 

Large area SiO2 is a common support of nanoparticles (NPs). Excitingly, 

in addition to inhibiting the aggregation of oxide or sulfide, researchers 

reported that spherical SiO2 can scatter light and make supported 

semiconductors generate more hot electrons [20,21]. Therefore, the 

spherical SiO2 was selected as a carrier in the present photocatalytic 

system. 

The addition of co-catalysts is an effective way to improve the pho- 

tocatalytic activity of the semiconductor. Noble metals, such as Pt [22], 

Au [23], Ag [24], and Pd [25] have been widely used as co-catalysts to 

promote the separation and transfer of charges and surface reactions, 

while the scarcity and high cost extremely limit their large-scale appli- 

cation. Therefore, non-noble metals (Fe, Co, Ni, Mo) are much more 

promising [26–32]. Among them, Ni-based materials, especially NiS 

[33,34], attracted wide attention owing to their excellent performance 
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as co-catalysts [31,35]. 

Herein, a highly efficient photocatalyst SiO2/ZnCdS/NiS was pre- 

pared through the photo-deposition method, which performs a 

hydrogen production activity of 8.4 mmol g-1h  1 and 2.6 times that of 

SiO2/ZnCdS/Pt. The results indicate that the synergistic effect of SiO2 

enhancing light absorption and NiS NPs inhibiting electron-hole 

recombination and accelerating the charge transfer, both effects 

enhancing the photocatalytic performance. DFT calculations further 

suggest that NiS NPs, as reaction sites accumulate electrons, which can 

be subsequently be transferred to the H+  from water, therefore pro- 

moting the H2 evolution. In addition, loading of NiS to ZnCdS also im- 

proves the water adsorption capacity of photocatalyst, being conducive 

to photocatalytic water decomposition. 

2. Experimental section 

 
2.1. Photocatalysts preparation 

Synthesis of SiO2 spheres: SiO2 spheres were prepared via the Stöber 

method. Briefly, 2 mL tetraethyl orthosilicate (TEOS) was added into a 

mixture with 40 mL isopropanol, 1 mL deionized H2O and 2 mL 

NH3⋅H2O (10.5 M) under magnetic stirring. After reacting for 4 h at 

room temperature, the colloidal spheres were collected by centrifuga- 

tion at 8000 rpm for 6 min and washed with DI water twice. Then, the 

sediment was dried at 60 ◦C to obtain SiO2 spheres. 

Surface modification of SiO2 spheres: 0.1 g SiO2 spheres were added in 

30 mL deionized water followed by the ultrasound for 20 min. Then, 

ethylene diamine tetraacetic acid (EDTA) was added with constant 

stirring for 24 h at the temperature of 80 ◦C. After cooling to room 

temperature, the products were collected by centrifugation and washed 

with ethanol and deionized water for three times. Afterwards, the ma- 

terial obtained was dried at 60 ◦C for 12 h in air. The as-prepared sample 

was named as SiO2/EDTA. As shown in Table S1, the zeta potential of 

SiO2 spheres changed from 41.2 mV to 57.2 mV after the modifica- 

tion with EDTA. 

Synthesis of SiO2/ZnCdS composites: SiO2/ZnCdS was prepared by a 

facile water bath reaction. Typically, 0.1 g SiO2/EDTA was added in 30 

mL deionized water followed by the ultrasound for 20 min. Then, a 

certain amount of cadmium acetate and zinc acetate was dissolved in the 

above solution with continuous stirring. After the two metal salts were 

completely dissolved, quantitative thioacetamide (50 % excess to stoi- 

chiometric amounts of cadmium acetate) was added into the above 

suspension, the mixture was put into an 80 ◦C water bath for 6 h with 

constant stirring. After cooling to room temperature, the products were 

collected by centrifugation and washed with ethanol and deionized 

water for three times, and then dried at 60 ◦C for 12 h in air. Similarly, 

the pure ZnCdS was prepared without the addition of SiO2/EDTA. 

Synthesis of SiO2/ZnCdS/NiS composite photocatalysts: SiO2/ZnCdS/ 

NiS and SiO2/ZnCdS/Pt were prepared by the photodeposition method. 

Specifically, the as-prepared SiO2/ZnCdS (0.02 g) was dispersed in an 8 

mL aqueous solution. Then, nickel acetate aqueous solution (1 mL) and 

thiourea aqueous solution (1 mL) with different concentrations were 

added. Afterwards, gases in the system were evacuated and the sus- 

pension was irradiated with a 300 W Xe lamp for 1 h under ultra- 

violet–visible (UV–vis) light. After that, the product was filtered and 

washed with distilled water and ethanol. The obtained material was 

dried at 60 ◦C overnight in a vacuum. Different from SiO2/ZnCdS/NiS, 

SiO2/ZnCdS/Pt was prepared from a 10 mL suspension of 0.02 g SiO2/ 

ZnCdS, 10 vol% triethanolamine (TEOA) and a certain amount of 

H2PtCl6. Then, gases in the system were removed through the vacuum 

and suspension was irradiated for 30 min under UV–vis light (300 W Xe 

lamp). 

2.2. Characterizations 

 
X-ray diffraction (XRD) patterns of samples were recorded on a 

Philips X’ pert Pro diffractometer with Cu Kα radiation (λ 0.15418 

nm). The Brunauer-Emmett-Teller (BET) specific surface areas of sam- 

ples were measured by using a Micromeritics ASAP-2020 analyzer at 77 

K. The high-resolution transmission electron micrographs (HRTEM) of 

the samples were obtained by using a JEM-2100 transmission electron 

microscope at an acceleration voltage of 200 kV. A Escalab 250 Xi 

(Thermo Scientific) X-ray photoelectron spectrometer with an Al-Kα X- 

ray (hν 1486.6 eV) was used to perform X-ray photoelectron spec- 

troscopy (XPS) analysis. The binding energy values obtained in XPS 

analysis were corrected by the C 1 s peak of 284.6 eV. UV–vis absorption 

spectra were measured by a UV–visible spectrometer (X-3, YuanXi In- 

struments). Photoluminescence (PL) spectra were recorded by using a 

FLS-980 Edinburgh fluorescence spectrophotometer. Transient photo- 

current response and electrochemical impedance spectroscopy (EIS) 

spectra were measured on a CHI-660C electrochemical workstation with 

a standard three-electrode system. The three-electrode configuration 

includes a working electrode, a platinum plate as a counter electrode, 

and Ag/AgCl (saturated KCl) as a reference electrode. The light source 

was a 300 W xenon lamp with a 420 nm cutoff filter and the electrolyte 

solution was 0.1 M Na2SO4 solution. Transient photocurrent response 

and EIS were measured at 0.5 V (vs Ag/AgCl). 10 μL 0.25 % Nafion was 

added into 2 mL ethanol solution with 2 mg sample dispersed, followed 

by sonication for 30 min to form a slurry. The suspension was dropped 

onto a conductive glass (FTO) sheet (1 cm 2 cm) and dried in an oven 

at 100 ◦C for 10 h to obtain the working electrodes. Electron para- 

magnetic resonance (EPR) signals were recorded on a Bruker A300-10/ 

12/S-LC spectrometer with 2-methyl-N-(4-pyridinylmethylene)-2-prop- 

anamine N, N′-dioxide (POBN) as a trapping agent. 

 
2.3. DFT calculation 

 
In this study, all the DFT calculation was carried out with the Vienna 

Ab initio Simulation Package (VASP) version 5.4.4, projector augmented 

wave (PAW) method and the Perdew-Burke-Ernzerhof (PBE) function. 

The electron wave function is expanded by a plane wave with the kinetic 

energy cutoff of 350 eV. The convergence accuracy of energy values and 

atomic force were set as 1 10 6 eV and 0.02 eV/Å, respectively. A 2 

2 1 Monkhorst-Pack k-point mesh was used to model ZnCdS and 

ZnCdS/NiS. The most stable configuration after optimization is shown in 

Figure S1. In order to accurately describe the nonnegligible van der 

Waals forces, van der Waals (vdW) correction was applied in all the 

calculations via the DFT-D3 method. 

 
2.4. Photocatalytic hydrogen evolution test 

 
The photocatalytic hydrogen production system was performed in a 

quartz flask. 5 mg photocatalyst was dispersed in an aqueous solution (8 

mL H2O and 2 mL triethanolamine) by magnetic stirring. Gases in the 

system were evacuated, and then, the photocatalytic system was irra- 

diated with a 300 W Xe arc lamp with an ultraviolet cutoff filter (λ > 
420 nm) under magnetic stirring. The hydrogen production is analyzed 

by a gas chromatograph (GC-7900, TCD, Ar as the carrier gas and 5 Å 

molecular sieve column.). 

The external quantum efficiency (EQE) was measured at 405 nm, 

420 nm, 450 nm and 500 nm monochromatic wavelength, respectively, 

by using a 300 W Xe lamp with a monochromator. The output intensities 

were determined by a NOVA II laser power meter (Ophir Photonics). The 

distance between the light source and the catalytic reaction device is 5 

cm. And the EQE was calculated through the following Eq. (1): 

EQE 
number of reacted electrons 

number of incident photons 

numberofevolvedH2molecules*2 

numberofincidentphotons 
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Scheme 1. Schematic illustration of the synthesis process of the SiO2/ZnCdS/NiS. 

 
 

Fig. 1. (a) Photocatalytic H2 production activity of SiO2/ZnCdS and SiO2/ZnCdS/NiS with different mass ratios of SiO2 and ZnCdS. (b) Photocatalytic H2 production 

activity of different samples. (c) Photocatalytic H2 production of the SiO2/ZnCdS/NiS photocatalyst compared with SiO2/ZnCdS/Pt. 

 
3. Results and discussion 

Scheme 1 illustrates the synthesis of SiO2/ZnCdS/NiS. SiO2 spheres 

were firstly modified by ethylenediaminetetraacetic acid (EDTA) to 

generate highly negative charges on the surface. As shown in Table S1, 

the zeta potential of SiO2 spheres changed from 41.2 to 57.2 mV after 

the modification of EDTA. Therefore, the subsequently added positively 

charged Zn2+  and Cd2+  were strongly adsorbed on the surface of SiO2 

spheres   by   electrostatic  attraction,  while  S2–    released  from   thio- 

acetamide slowly combines with metal ions, forming ZnCdS dotted on 

the surface of SiO2 spheres. Afterwards, aqueous nickel acetate and 

thiourea solutions at different concentrations were added into the sus- 

pension of SiO2/ZnCdS. The final SiO2/ZnCdS/NiS was obtained 

through a photodeposition method. 

3.1. Photocatalytic activity for H2 evolution 

 
Fig. 1 shows the H2 production rates of  different  photocatalysts  

under visible light irradiation (λ > 420 nm). As shown in Fig. 1a, 

hydrogen production activity of SiO2/ZnCdS and SiO2/ZnCdS/NiS with 

different mass ratios of SiO2 and ZnCdS were studied, in which the 

catalyst with a SiO2 and ZnCdS mass ratio of 8 shows the highest H2 

production activity. For the SiO2/ZnCdS ratio of 8, the H2 production 

activity of SiO2/ZnCdS is 1 mmol g-1h 1, and the activity of SiO2/ 

ZnCdS/NiS reaches 8.4 mmol g-1h 1. Figure S2 shows the influence of 

the concentration of nickel acetate precursors (used to prepare catalyst) 

on the performance of photocatalyst. When the concentration of nickel 

acetate is 1 mg mL 1, the activity of the as-prepared catalyst is the 

highest. As shown in Fig. 1b, the H2 production rate of pure ZnCdS is 

only about 0.4 mmol g-1h 1. While the H2 production rate increases to 

1.0 mmol g-1h 1 after supporting ZnCdS on SiO2 spheres. In addition, 

the H2 production rate of ZnCdS/NiS is improved to 1.9 mmol g-1h 1 by 

the addition of NiS NPs. It appears that the addition of SiO2 or NiS NPs is 

beneficial for the enhancement of photocatalytic activity. Therefore,  

when NiS NPs were deposited on the SiO2/ZnCdS, the H2 production   

rate of SiO2/ZnCdS/NiS is as high as 8.4 mmol g-1h 1, which is 21 times 

higher than that of pure ZnCdS, 8.4 times of SiO2/ZnCdS and 4.4 times of 

ZnCdS/NiS, indicating that structuration of the components on the SiO2 

spheres causes a synergistic effect between SiO2 and NiS NPs, which 

enhances the photocatalytic performance of the system. Figure S3 shows 

the photocatalytic H2 production activity of SiO2/ZnCdS/NiS using 

methanol and Na2S/Na2SO3 as the sacrificial agents. When methanol 

was used as sacrificial agent, there was no hydrogen formed. Compared 

with triethanolamine, the hydrogen production rate of SiO2/ZnCdS/NiS 

greatly decreased to 1.9 mmol g-1h 1 when using Na2S/Na2SO3 as the 

sacrificial agent. In addition, in order to prove the advantage of self- 

assembly and photo-deposition method, the H2 production activity of 

samples prepared by mechanical mixture were obtained, as shown in 
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Fig. 2. TEM images of (a) SiO2, (b) ZnCdS, (c) SiO2/ZnCdS and (d) SiO2/ZnCdS/NiS. HRTEM image (e), DF-TEM image (f) and EDS mappings (g-l) of SiO2/ 

ZnCdS/NiS. 

Figure S4. The H2 productions of SiO2/ZnCdS-Mix and SiO2/ZnCdS/NiS- 

Mix are 0.04 mmol g-1h 1 and 0.63 mmol g-1h 1, respectively, which are 

much lower than that of SiO2/ZnCdS (1.0 mmol g-1h 1) and SiO2/ 

ZnCdS/NiS (8.4 mmol g-1h 1) prepared by self-assembly and photo- 

deposition method. To put the photocatalytic activity of SiO2/ZnCdS/ 

NiS  into   context,  the  catalyst  SiO2/ZnCdS/Pt  prepared   by  photo- 

deposition method was prepared for comparison. As can be seen in  

Fig. 1c and Table S2, the hydrogen production of SiO2/ZnCdS/Pt is only 

3.2 mmol g-1h 1, less than half than that of SiO2/ZnCdS/NiS. A litera- 

ture survey of the photocatalytic activity reported for other ZnCdS-based 

catalysts using metals as promoters are summarized in Table S3. As it 

can be seen there, the hydrogen production activities reported for these 

ZnCdS materials are much lower than that achieved for SiO2/ZnCdS/NiS 

in the present work. 

As shown in Figure S5, after four cycles, the hydrogen production 

activity of SiO2/ZnCdS/NiS remains  essentially  constant,  indicating 

good photocatalytic stability. The external quantum efficiency (EQE) of 

SiO2/ZnCdS/NiS upon monochromatic light irradiation is shown in 

 
Table S4, and the EQE at 420 nm reaches a high value of 8.8 %. 

 
3.2. Structure characterization 

 
X-ray diffraction (XRD) was used to investigate the phase structure of 

photocatalysts. Figure S6 shows XRD patterns of the prepared five 

samples. There are three different distinctive diffraction peaks located at 

2θ = 26.7◦, 44.2◦ and 52.2◦, corresponding to (002), (110) and (112) 

planes of ZnCdS, respectively. In the case of SiO2/ZnCdS and SiO2/ 

ZnCdS/NiS, all peaks mentioned above can be observed, but become 

much weaker due to the lower crystallinity of ZnCdS and the close po- 

sition of diffraction angles of SiO2 (2θ 23◦) and ZnCdS (2θ 26.7◦). 

Compared with ZnCdS, after the addition of NiS, there is no obvious 

change in the XRD pattern of ZnCdS/NiS with no peaks attributable to 

NiS species. The lack of detectable diffraction bands of NiS can be 

attributed to its low loading, high dispersion and small particle size of   

NiS in samples ZnCdS/NiS and SiO2/ZnCdS/NiS. Besides, the XRD 

pattern of SiO2/ZnCdS/NiS after four consecutive reuses was presented 
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Fig. 3. High-resolution XPS spectra of Cd 3d (a), Zn 2p (b), S 2p (c) and Ni 2P (d) of different samples. 
 

in Figure S7. It can be clearly observed that there is no obvious differ- 

ence on the fresh and regenerated SiO2/ZnCdS/NiS, indicating good 

stability of SiO2/ZnCdS/NiS. 

Specific surface area and pore size distribution of the samples under 

study were determined from the N2 adsorption and desorption iso- 

therms. As shown in Figure S8, all tested samples can be categorized as 

type IV isotherms with H3 hysteresis loops, which suggests that there are 

micro-mesoporous structure in the catalysts [36–38]. The specific sur- 

face area of ZnCdS, ZnCdS/NiS, SiO2/ZnCdS and SiO2/ZnCdS/NiS are 

collected in Table S5 and varies from 30.6 to 5.2 m2/g. Among these four 

samples,  SiO2/ZnCdS/NiS  has  the  smallest  specific  surface  area,  but 

with the highest photocatalytic hydrogen production activity, indicating 

that the specific surface area is not the main decisive factor affecting the 

catalytic activity of the series of photocataysts. The fact that SiO2/ 

ZnCdS/NiS with the lowest specific surface area exhibits the highest 

photocatalytic activity further confirms the synergistic effect between 

SiO2 and NiS NPs enhancing the H2 production. 

The microstructure and morphology of samples were investigated. 

As shown in Fig. 2a, SiO2 exhibits spherical shape with a diameter of 

about 600–800 nm and a smooth surface. Fig. 2b displays the TEM 

image of pure ZnCdS, which easily undergoes agglomeration. An inter- 

planar distance of 3.2 Å corresponding to the (002) plane of ZnCdS was 

measured, as shown in Figure S9, indicating the successful synthesis of 

ZnCdS. The TEM images clearly reveal the structure of SiO2/ZnCdS and 

SiO2/ZnCdS/NiS samples. The TEM images clearly reveal the structure 

of SiO2/ZnCdS and SiO2/ZnCdS/NiS samples. As shown in Fig. 2c, dark 

spheres were heterogeneously coated by smaller black hemispherical 

black substance in which ZnCdS located at the outer layer of SiO2 

spheres. The TEM image of SiO2/ZnCdS/NiS was presented in Fig. 2d. 

SiO2 spheres unevenly coated by ZnCdS and NiS NPs, presenting a rough 

surface can be clearly observed, which is different from the image of 

sample SiO2/ZnCdS, suggesting the existence of NiS NPs. Meanwhile, an 

interplanar distance of 2.6 Å corresponding to the (101) plane of NiS is 

displayed in Fig. 2e, proving the NiS NPs presence. In addition, the 

measurement of an interplanar distance of 3.2 Å corresponding to the 

(002) plane of ZnCdS is also given in Fig. 2e. In addition, TEM images of 

SiO2/ZnCdS with different mass ratio were shown in Figure S10. When 

the ratio of SiO2 to ZnCdS is 16:1, it’s hard to observe ZnCdS on the 

surface of the silicon spheres from Figure S10a. When increasing the 

proportion of ZnCdS in SiO2/ZnCdS until SiO2 and ZnCdS ratio of 4, in 

Figure S10c, SiO2 spheres were heterogeneously coated by a larger 

amount of irregular black hemispherical ZnCdS, compared with that of 

SiO2 and ZnCdS ratio of 8 (Fig. 2c and S10b). With the further increase of 

ZnCdS until SiO2 and ZnCdS ratio of 2, as shown in Figure S10d, dark 

irregular spheres were unevenly coated by smaller black hemispherical 

black substances, indicating more ZnCdS located at the outer layer of 

SiO2 spheres. Furthermore, the dark-field transmission electron micro- 

scopy (DF-TEM) image and energy dispersive spectrum (EDS) elemental 

mappings of SiO2/ZnCdS/NiS with SiO2 and ZnCdS mass ratios of 8 

shown in Fig. 2f-l indicates the presence of Zn, Cd, S and Ni elements in 

SiO2/ZnCdS/NiS. The distributions of the transition metal elements 

exhibit a spherical shape, indicating the SiO2 spheres are coated by 

highly-dispersed ZnCdS, and NiS NPs. TEM images of the SiO2/ZnCdS/ 

NiS  photocatalyst  after  four  consecutive  reuses  are  presented  in 

Figure S11. Measurements of  the  interplanar distance of  2.6 Å corre- 

sponding to the (101) plane of NiS and 3.2 Å corresponding to the (002) 

plane of ZnCdS can be observed in Figure S11b, further indicating good 

stability of SiO2/ZnCdS/NiS catalyst. 

X-ray photoelectron spectroscopy (XPS) was employed to investigate 

the chemical composition of photocatalysts. The XPS spectra of Cd 3d, 

Zn 2p, Ni 2p and S 2p in different samples are shown in Fig. 3. As pre- 

sented  in  Fig. 3a, there  are  two peaks  located at  binding energies of 

411.7 eV and 405.0 eV, corresponding to Cd 3d3/2 and Cd 3d5/2, 

respectively, suggesting that Cd exists in the form of Cd2+ in SiO2/ 

ZnCdS/NiS [39–41]. And Cd exists in the form of Cd (II) in ZnCdS and 

SiO2/ZnCdS as well. Fig. 3b displays the XPS spectrum of Zn 2p, showing 
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Fig. 4. (a) UV–vis diffuse reflectance spectra, (b) photoluminescence spectra, (c) time-resolved fluorescence spectra, (d) photocurrent responses under visible light 

irradiation and (e) electrochemical impedance spectra of catalysts. 
 

two peaks at binding energies of 1045.3 eV and 1022.3 eV, are assigned 

to the Zn 2p1/2 and Zn 2p3/2, respectively, indicating that Zn exists in the 

form of Zn2+ in SiO2/ZnCdS/NiS [42]. Again, it is proven that Zn stays in 

the form of Zn (II) in ZnCdS and SiO2/ZnCdS. As shown in Fig. 3c, two 

 
Table 1 

Parameters obtained  from time-resolved  PL decay curves.  

    Samples τ1 (ns) (Rel.%) τ2 (ns) (Rel.%) τv (ns) KENT ΦENT  

 

the compound exists in the form of S2-[43,44]. The high-resolution Ni 2p ZnCdS/NiS 4.48 (72.85) 21.35 (27.15) 15.27 0.176 0.0393 

spectrum given in Fig. 3d can be divided into four peaks. Two distinct SiO2/ZnCdS/ 4.68 (66.35) 35.75 (33.65) 29.38 0.186 0.0397 

peaks at binding energies of 856.6 and 874.5 eV correspond to Ni 2p3/2 

and Ni 2p1/2, which indicates the appearance of Ni (II) and is consistent 

with the formation of NiS. And two satellites are located at 861.9 eV and 

880.4 eV [45,46]. It can be concluded that Zn, Cd and S exists in the form 

of Zn2+, Cd2+ and S2- in photocatalysts of ZnCdS, SiO2/ZnCdS and SiO2/ 

ZnCdS/NiS. Compared with SiO2/ZnCdS/NiS, the binding energy of Cd 

3d, Zn 2p in SiO2/ZnCdS shifts to lower energy, which suggests the 

electron shift from ZnCdS to NiS when NiS as co-catalyst [47,48]. 

 
3.3. Optical and electrochemical properties of ZnCdS, ZnCdS/NiS, SiO2/ 

ZnCdS and SiO2/ZnCdS/NiS catalysts 

Ultraviolet–visible (UV–vis) spectroscopy was employed to study the 

optical properties of ZnCdS, ZnCdS/NiS, SiO2/ZnCdS and SiO2/ZnCdS/ 

NiS. Fig. 4a shows the UV–vis spectra of as-prepared samples, demon- 

strating all the catalysts have photoabsorption in the visible region. 

Compared with ZnCdS, there is no shift on the absorption edge of SiO2/ 

ZnCdS, while that of ZnCdS/NiS and SiO2/ZnCdS/NiS have a significant 

red shift, which should arise from the light absorption of NiS NPs. 

However, the red shift for SiO2/ZnCdS/NiS is larger than that of ZnCdS/ 

NiS due to the scattered light absorption of NiS NPs in the near-field of 

SiO2 spheres [20,21,49]. 

Photoluminescence (PL) spectroscopy was used for a better under- 

standing of the relative charge separation efficiency of these photo- 

catalysts. The higher PL intensity indicates the higher efficiency of 

electron-hole pair recombination [50]. As shown in Fig. 4b, the emis- 

sion spectra of these photocatalysts are the same, but with considerably 

        NiS  

 

different intensities, especially higher for ZnCdS. The PL intensity of 

these samples follows the order of ZnCdS > SiO2/ZnCdS > ZnCdS/NiS > 

SiO2/ZnCdS/NiS. Compared with only introducing SiO2, deposition of 

NiS NPs inhibits the recombination of electrons and holes with higher 

efficiency, probably due to the easy migration of photogenerated elec- 

trons to NiS NPs, meanwhile the holes remain in ZnCdS. In Fig. 4c, time- 

resolved fluorescence (TRF) measurements agrees with the migration of 

photogenerated electrons to NiS, the emission becoming longer lived. 

The signal decays of all photocatalysts could be adequately fitted to a 

three consecutive first-order function. The three lifetimes and the cor- 

responding percentage of charge carriers are listed in Table 1, in which 

τ1, τ2, and τv represent the radiation lifetime, the lifetime of the non- 

radiation phase and the average lifetime, respectively [51]. The values 

of τ1, τ2, and τv of these photocatalysts follow the order of ZnCdS < 

SiO2/ZnCdS < ZnCdS/NiS < SiO2/ZnCdS/NiS, showing the effect of NiS 

slowing down electron/hole recombination. The  longest  emission  time 

of SiO2/ZnCdS/NiS indicates a highest probability of charge carriers in 

participating in the photocatalytic reaction. Besides charge transfer, 

energy transfer processes are quantitatively measured by the energy 

transfer rate constant (KENT) and energy transfer efficiency (ФENT). Ac- 

cording to the values of KENT and ФENT in Table 1, SiO2/ZnCdS/NiS with 

highest value indicates that the structural arrangement of ZnCdS/NiS on 

the SiO2 surface is favourable to promote the energy transfer. The results 

of PL and TRF illustrate that the synergistic effect of SiO2 and NiS NPs 

effectively inhibits the electron-hole recombination and considerably 

promotes    charge    transfer,    thereby    enhancing    the    photocatalytic 

peaks appearing at binding energies of 162.7 eV and 161.6 eV can be ZnCdS 4.12 (83.75) 11.23 (16.25) 6.58 0.154 0.0374 

ascribed to S 2p1/2 and S 2p3/2, respectively, suggesting the element S in SiO2/ZnCdS 4.32 (80.15) 15.65 (19.85) 9.68 0.168 0.0389 
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Fig. 5. (a) The charge distribution and density of ZnCdS/NiS, (b) the adsorption energies of a single water molecule on different sites for ZnCdS and ZnCdS/NiS. 
 

performance of the photocatalyst. 

Photoelectrochemical experiments were also carried out to investi- 

gate the separation of photogenerated charges and the migration of 

electrons to the electrode. Comparing the photocurrent response of these 

four photocatalysts, as shown in Fig. 4d, SiO2/ZnCdS/NiS with the 

highest photocurrent density confirms the advantage of the use of SiO2 

spheres as supports and deposition of NiS NPs co-catalyst to enhance the 

separation of electron-hole pairs [52–54]. In addition, the electro- 

chemical impedance spectroscopy (EIS) was further used to determine 

the contribution of the independent components to the 

 
 

 

Fig. 6. EPR spectra of H• trapping by POBN (POBN-H•) for (a) ZnCdS, (b) SiO2/ZnCdS (c) ZnCdS/NiS, and (d) SiO2/ZnCdS/NiS. 
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Fig. 7. Mott-Schottky plot of (a) ZnCdS, (b) NiS (c) Plot of (αhυ)-2 versus (hυ) for band-gap calculation of ZnCdS (d) Schematic diagram for the promotion effect of 

NiS on the photocatalytic H2 evolution of ZnCdS under visible sunlight. 
 

photoelectrochemical properties of the different materials. The arc 

radius of the semicircular part of the Nyquist plot reflects the surface 

reaction rate and the magnitude of the electrode resistance. The smaller 

the radius of the arc, the higher the efficiency of the charge transfer from 

the photocatalyst to the electrolyte solution [55,56]. Fig. 4e shows that 

pure ZnCdS exhibits the largest radius and SiO2/ZnCdS/NiS the smallest. 

This indicates that the loading of ZnCdS on SiO2 and the deposition of 

NiS NPs can accelerate the charge transfer on the catalyst to the solution. 

 
3.4. DFT calculations 

 
After confirming that NiS NPs not only effectively inhibit electron- 

hole recombination and also considerably promote  charge  transfer, 

the first-principles density functional theory (DFT) was used to further 

investigate the catalytic mechanism. The charge distribution and density 

of ZnCdS/NiS are displayed in Fig. 5a, in which the blue and orange 

parts represent the depletion and accumulation of electrons, respec- 

tively. The redistribution of electron density for ZnCdS/NiS, with elec- 

tron depletion mainly on the ZnCdS surface and electron accumulation 

on NiS. The calculations indicate that electron accumulation on NiS is 

beneficial for its role as reaction site, promoting the hydrogen evolution. 

In addition, for a better understanding of the interaction between the 

ZnCdS or ZnCdS/NiS with water molecules, the adsorption energies of 

ZnCdS and ZnCdS/NiS for one water molecule was calculated and the 

results presented in Fig. 5b. The more negative value the adsorption 

energy is, the stronger the water adsorption is. Comparison of the 

adsorption energies of different adsorption sites on ZnCdS and ZnCdS/ 

NiS for a single water molecule leads to the conclusion that after 

deposition of NiS, the water adsorption capacity of ZnCdS/NiS becomes 

enhanced, which should be favorable for photocatalytic water 

decomposition. 

3.5. Photocatalytic mechanism of H2 production 

 
Electron paramagnetic resonance (EPR) spectroscopy was used to 

detect free radicals as reaction intermediates generated in the photo- 

catalytic reaction. Fig. 6 shows the EPR spectra of four ZnCdS materials 

by performing the photocatalytic H2 production in the presence of POBN 

as a spin-trapping agent. The peaks of POBN-H adducts with different 

intensities were recorded for all photocatalysts under visible light irra- 

diation, confirming that H radicals are intermediate species in the 

process of photocatalytic hydrogen production. The peak intensities  of 

POBN-H• for the four photocatalysts follow the order of ZnCdS < SiO2/ 

ZnCdS < ZnCdS/NiS < SiO2/ZnCdS/NiS, which is  consistent with their 

hydrogen production activity, suggesting the formation rate of H• rad- 

icals is promoted under the synergistic effect of SiO2 and NiS NPs, 

thereby enhancing the photocatalytic hydrogen evolution performance. 

The band potentials of ZnCdS was investigated. The plot of (αhυ)2 vs 

hυ is given in Fig. 7c, the extrapolation of the linear region shows the 

optical band-gap Eg of the ZnCdS is about 2.21 eV. The Mott-Schottky 

plots in Fig. 7a and 7b show that  ZnCdS  is  a  n-type  semiconductor 

with a Femi level of 0.55 V(vs NHE), and the Femi level of NiS is 1.17 V 

(vs NHE) [57]. ZnCdS with a flat band potential (Vfb) of 0.55 V (vs  

NHE), considering that the Vfb of n-type semiconductor is usually ~0.1 V 

more positive than the ECB, the conduction band (CB) edge of ZnCdS 

was estimated to be 0.65 (vs NHE). Thus, based on the DRS data for the 

optical bandgap (Eg  2.21 eV) and the equation, Eg  EVB-ECB, the   valence 

band (VB) top of ZnCdS was determined to be 1.56 eV. Ac- cording to the 

DFT calculation and EPR results, the reaction mechanism can be inferred 

as presented in Fig. 7d. The Fermi level of ZnCdS is located  higher  than 

that  of  NiS,  indicating that electrons  from  NiS are 

excited into the CB of ZnCdS upon irradiation, which is also confirmed 

by the DFT calculation. Then the electrons will react with H+ from H2O 
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to produce H2 through the intermediacy of H⋅ (supported by EPR results) 

and the holes left on VB will be consumed by sacrificial agents. This 

process effectively separated electrons and holes and inhibited their 

recombination, thus greatly improving the activity of photocatalytic 

hydrogen production. 

Based on the above discussion, the improvement of SiO2/ZnCdS/NiS 

with enhanced photocatalytic activity can be attributed to the following 

reasons. (1) NiS NPs promote the scattered light absorption in the near 

field of SiO2 spheres, thereby increasing the utilization of light, gener- 

ating hot electrons on the photocatalyst. (2) the synergistic effect of SiO2 

and NiS NPs can effectively inhibit the electron-hole recombination and 

accelerate the charge transfer, in which the photogenerated electrons 

can easily migrate to NiS NPs, meanwhile the holes remain in ZnCdS, 

thereby enhancing the photocatalytic performance. (3) Electrons accu- 

mulation is realized by NiS deposition, that is beneficial for further 

providing electrons to H+ from water, therefore promoting hydrogen 

evolution [58]. In addition, loading of NiS NPs on ZnCdS improves the 

water adsorption capacity of photocatalyst, being more conducive to the 

photocatalytic water decomposition. 

4. Conclusions 

In this work, a highly efficient noble metal-free photocatalyst SiO2/ 

ZnCdS/NiS has been successfully prepared through the photodeposition 

method, of which the hydrogen production activity under visible light is 

as high as 8.4 mmol g-1h 1, 8.4 times of SiO2/ZnCdS and 4.4 times of 

ZnCdS/NiS, indicating that the synergistic effect of SiO2 and NiS NPs can 

effectively inhibit the electron-hole recombination and accelerate the 

charge transfer, thereby enhancing the photocatalytic performance. 

Apparent quantum efficiencies at the visible range edge as high as 8.8 % 

for H2 evolution have been reached. The experimental results have been 

rationalized by DFT calculations that show that the presence of NiS NPs 

improves the water adsorption capacity of photocatalyst, being more 

conducive to the photocatalytic hydrogen production. Meanwhile, NiS 

becomes an electron accumulation site, this fact together with favorable 

water adsorption being beneficial for providing electrons to H+, there- 

fore promoting hydrogen evolution. Excitingly, the photocatalytic ac- 

tivity of SiO2/ZnCdS/NiS is 2.6 times that of SiO2/ZnCdS/Pt, indicating 

the importance of design to optimize photocatalyst for hydrogen 

production. 
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