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Abstract 

The efficiency of solar hydrogen evolution closely depends on the fast transfer of charge carriers 

and the effective use of visible light. In this work, a novel photocatalyst SiO2/ZnCdS/Pt was 

successfully prepared to solve these two problems. An artistic structure of the photocatalyst was 

constructed and the ZnCdS was successfully wrapped on the surface of SiO2 spheres with 

uniform Pt nanoparticles (NPs) in the size of 4.1 ± 0.7 nm highly dispersed on the ZnCdS shell 

through the self-assembly method. Pt NPs can absorb the scattered light in the near field of SiO2 

spheres. With the synergistic effect of SiO2 spheres and small highly dispersed Pt nanoparticles, 

the absorption of visible light was significantly promoted. Meanwhile, the electron-hole 

recombination was also effectively inhibited, thus improving the photocatalytic activity. The 

hydrogen production activity of the highly efficient photocatalyst was as high as 8.3 mmol g-1 h-1 

under visible light (λ > 420 nm). The photocatalytic activity of SiO2/ZnCdS/Pt was 2.9 times 

higher than that of ZnCdS/Pt photocatalyst. 

Keywords: visible light, photocatalytic hydrogen evolution, self-assembly, synergistic effect, 

SiO2, Pt NPs 
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1. Introduction 

With the increase of public environmental awareness and the intensification of energy 

consumption, the development of renewable energy has attracted widespread attention.1-4 Solar 

energy is considered as the cleanest, abundant, inextinguishable and most reliable energy source. 

Therefore, converting solar energy into a form of easy-to-use energy vector has become a hot 

topic in scientific research. Hydrogen has been proposed as a substitute for fossil energy, and the 

decomposition of water into hydrogen under illumination is considered to be one of the most 

promising solar energy utilization methods.5, 6 There was an upsurge in photocatalysis after 

Fujishima and Honda reported the water decomposition reaction on TiO2 for the first time in 

1972.7-12 However, TiO2 has a wide band gap and low visible light utilization, which limits the 

photocatalytic activity under natural sunlight illumination.13 Therefore, current research of 

photocatalysis has mainly focused on the development of semiconductor materials with narrow 

band gap and highly efficient visible-light response.  

Over the past 50 years, a variety of semiconductors has been developed for hydrogen 

production, especially metal sulphides.14-17 As a bimetallic solid solution, ZnCdS has better 

performance than CdS, ZnS and ZnS/CdS mixture.18 Compared with ZnS, ZnCdS has a suitable 

band gap to absorb solar light and an appropriate band alignment for water splitting, which is 

conducive to the generation of hydrogen. But for CdS, the addition of ZnS not only overcomes 

the shortcomings of photocorrosion, but diminishes the environmental concern caused by Cd 

toxicity.16, 19 However, the occurrence in a large extent of photo-generated electron-hole 

recombination and low quantum yields limit its application.20 In order to improve the 

photocatalytic activity of ZnCdS, various methods have been used, such as the adjustment of 

morphology, 21-25 the addition of co-catalysts, 26-31 and the construction of heterojunctions.25, 32-34 
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In this work, ZnCdS was wrapped on SiO2 spheres with a diameter of 700-800 nm, which 

effectively inhibits the large-scale aggregation of ZnCdS particles. In addition, Pt nanoparticles 

(NPs) as co-catalysts were supported on the surface of ZnCdS by electrostatic interaction. 

Compared with the traditional photo-deposition method, smaller Pt NPs with more uniform 

particle size distribution were deposited by self-assembly. Meanwhile, the synergistic effect of 

SiO2 spheres and Pt NPs not only promotes the absorption of visible light, but facilitates charge 

separation and transfer, thereby significantly enhancing the photocatalytic hydrogen production 

activity. The hydrogen production activity of SiO2/ZnCdS/Pt is as high as 8.3 mmol g-1 h-1, 

which is 27 times higher than that of pure ZnCdS and 2.9 times of ZnCdS/Pt. Furthermore, the 

introduction of SiO2 spheres further greatly reduced photocorrosion, significantly increasing 

ZnCdS stability. 

2. Experimental  

2.1 Synthesis of Samples 

1. Synthesis of SiO2 spheres: SiO2 spheres were prepared via the Stöber method. In a typical 

synthesis procedure, 2 mL of tetraethyl orthosilicate (TEOS) was injected into a mixture of 40 

mL of isopropanol, 1 mL of deionized H2O and 2 mL of NH3·H2O (10.5 M) under magnetic 

stirring. After reacting for 4 h at room temperature, the colloidal spheres were collected by 

centrifugation at 8000 rpm for 6 min and washed with deionized water twice. Then, the sediment 

was dried at 60 °C to obtain SiO2 spheres. 

2. Surface modification of SiO2 spheres: 0.1 g of SiO2 spheres were dissolved in 30 mL of 

deionized water followed the ultrasonic for 20 min, then 0.03 g ethylenediaminetetraacetic acid 

(EDTA) was dissolved in the above solution with the continuous stirring for 24 h at the 
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temperature of 80 °C. After natural cooling, 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. 

The as-prepared samples were marked as SiO2/EDTA. 

3. Synthesis of SiO2/ZnCdS composites: SiO2/ZnCdS were synthesized through a facile water 

bath reaction. Typically, 0.1 g of SiO2/EDTA were dissolved in 30 mL of deionized water 

followed the ultrasonic for 20 min, and then an amount of cadmium acetate and zinc acetate were 

dissolved in the above solution with continuous stirring until the Cd2+ and Zn2+ were completely 

dissolved. After that, quantitative thioacetamide (50% excess to stoichiometric amounts of 

cadmium acetate) was added into the above suspension, the mixture was put into an 80 °C water 

bath for 6 h with continuous stirring. After the reaction was over and naturally cooled, 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. Besides, the pure CdZnS was also synthesized with 

the above method but without the adding of SiO2/EDTA. 

4. Surface modification of SiO2/ZnCdS: To functionalize the surface of SiO2/ZnCdS with the 

positive charge, 0.4 g of the as-obtained SiO2/ZnCdS was first dispersed in 200 mL of ethanol by 

sufficient sonication, followed by the addition of 2 mL of 3-aminopropyl-triethoxysilane 

(APTES). Then, the mixture was kept at 60 °C for 4 h with stirring. Afterwards, APTES-

SiO2/ZnCdS spheres were rinsed with ethanol to remove the remaining APTES moiety and then 

dried at 60 °C for further use. 

5. Preparation of citrate-stabilized Pt nanoparticles (NPs): Citrate-stabilized Pt NPs were 

synthesized according to the previous report. Typically, 26 mL of sodium citrate aqueous 

solution (2.8 mM) was added to 50 mL of hexachloroplatinic (IV) acid aqueous solution (0.4 

mM) at room temperature. The mixture was stirred to blend well and then 5 mL of NaBH4 (12 
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mM) was added dropwise with vigorous stirring. The pale-yellow solution turned dark-brown in 

5 min and was kept stirring for 4 h. The as-obtained Pt colloids should be stored in a refrigerator 

at 4 °C for further use. 

6. Synthesis of SiO2/ZnCdS/Pt composites: A certain amount of negatively-charged Pt colloids 

(0.15 mM) was introduced dropwise into the APTES-modified SiO2/ZnCdS aqueous suspension 

(1 mg/mL). The mixture was stirred vigorously for 1 h and then washed with deionized water 

twice. The sediment was dried at 60 °C and then the supported SiO2/ZnCdS/Pt composites were 

obtained. 

7. Synthesis of SiO2/ZnCdS/d-Pt: The SiO2/ZnCdS/d-Pt composite photocatalysts were 

synthesized by photodeposition method. In detail, the prepared SiO2/ZnCdS samples (0.2 g) were 

dispersed in 200 ml aqueous solution containing 10 vol% triethanolamine (TEOA), a certain 

amount of H2PtCl6 solution in a quartz flask. Then, other residual gases of the mixed system 

were removed through the vacuum. This suspension was stirred and irradiated for 30 min under 

UV-vis light (300 W Xe lamp). After that, the product was filtered and washed with distilled 

water, and finally dried in a vacuum at 60 °C overnight. 

2.2 Characterizations 

X-ray diffraction (XRD) patterns of the 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 were measured using the Micromeritics ASAP-2020 analyzer at 77 K. The 

high-resolution transmission electron micrographs (HRTEM) of the samples were obtained using 

a JEM-2100 transmission electron microscope at an acceleration voltage of 200 kV. Inductively 

coupled plasma-optical emission spectrometry (ICP-OES) was performed on Thermo Scientific 
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iCAP 7000 apparatus to determine the actual concentration of the elements in the samples. The 

Escalab 250 Xi (Thermo Scientific) X-ray photoelectron spectrometer with an Al-Kα X-ray (hν = 

1486.6 eV) was used to perform the X-ray photoelectron spectroscopy (XPS) analysis. The 

binding energy values obtained in the XPS analysis were corrected by the C 1s peak of 284.6 eV. 

UV-vis absorption spectra were measured by a UV-visible spectrometer (X-3, YuanXi 

Instruments). Photoluminescence (PL) spectra were recorded using the FLS-980 Edinburgh 

Fluorescence Spectrophotometer. Transient photocurrent response, 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 the 300 W xenon lamp with a 420 nm cut-off filter and the electrolyte 

solution was the 0.1 M Na2SO4 solution. Transient photocurrent response and EIS were measured 

at 0.5 V (vs.Ag/AgCl). The working electrodes were prepared by dispersing 2 mg sample to 2 

mL ethanol. Then, 10 μL of 0.25% Nafion was added, followed by sonication for 30 min to 

obtain 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. Electron paramagnetic resonance (EPR) signals were 

recorded on a Bruker A300-10/12/S-LC spectrometer. The 2-methyl-N-(4-pyridinylmethylene)-

2-propanamine N, N'-dioxide (POBN) was used as a trapping agent. 

2.3 Photocatalytic Hydrogen Evolution Test 

The photocatalytic hydrogen production system was performed in a quartz flask. Specific 

steps: 5mg of the photocatalyst was dispersed by magnetic stirring into an aqueous solution 

composed of 10 mL water with 0.35 M Na2S/0.25 M Na2SO3. This system was evacuated to 

remove the residual gas. Then, the photocatalytic system was irradiated with a 300 W Xe arc 
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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 which were obtained by the 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. The 

EQE was calculated through the following Eq(1). The EQE experiment was performed in a 

sealed 20 ml quartz bottle. 5 mg photocatalyst was dispersed by magnetic stirring into the 10 ml 

aqueous solution containing 0.35 M Na2S/0.25 M Na2SO3. Then, the system was evacuated and 

argon was bubbled for 10 min. The light source of the photocatalytic system was a 300 W xenon 

lamp with different filters (λ = 405 nm, 420 nm, 450 nm, 500 nm and 650 nm). 

EQE (%) = 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑡𝑟𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100 % 

            = 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2  𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 ×2 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100 % 

3. Results and Discussion 

Scheme 1 illustrates the synthesis of the SiO2/ZnCdS/Pt. Spherical SiO2 was prepared 

following the traditional Stöber method.35 Then, SiO2 spheres were modified by 

ethylenediaminetetraacetic acid (EDTA) to generate highly negative charges on the surface. As 

shown in Figure S1, the zeta potential of SiO2 spheres changed from -8.09 mV to -46.3 mV after 

the modification of EDTA. Therefore, the subsequently added positively charged Cd2+ and Zn2+ 

were strongly adsorbed on the surface of SiO2 spheres by electrostatic attraction, while S2- 

released from thioacetamide slowly combines with metal ions, forming ZnCdS wrapped on the 
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surface of SiO2 spheres. Then, the obtained SiO2/ZnCdS was modified with (3-aminopropyl) 

tiethoxysilane (APTES) to make the surface positively charged, as shown in Figure S1. 

Afterwards, the negatively charged platinum colloid with a zeta potential of -25 mV was added 

to obtain the final catalyst SiO2/ZnCdS/Pt. 

[Scheme 1 near here] 

3.1 Photocatalytic activity for H2 evolution  

Figure 1 shows the hydrogen production activity of different catalysts under visible light 

irradiation (λ > 420 nm). As shown in Figure 1(a), hydrogen production activity of samples with 

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

mass ratio of 1 showd the highest hydrogen production activity reaching up to 1 mmol g-1 h-1. 

Figure 1(b) shows the influence of Pt loading in SiO2/ZnCdS/Pt on H2 evolution. When the Pt 

loading in SiO2/ZnCdS/Pt is 2.5 wt.%, the hydrogen production activity is as high as 8.3 mmol g-

1 h-1, which is 4.2 times higher than that of 0.6 wt.% Pt, 2.5 times of 1.9 wt. % Pt and 2.8 times of 

3.1 wt.% Pt. As shown in Figure 1(c), the hydrogen production activity of pure ZnCdS is about 

0.3 mmol g-1 h-1, while the activity is increased to 1 mmol g-1 h-1 after adhering ZnCdS on SiO2 

spheres. In addition, the hydrogen production activity of ZnCdS/Pt is improved to 2.9 mmol g-1 

h-1 by Pt NPs addition. It appears that the introduction of SiO2 or Pt NPs is beneficial for the 

improvement of the photocatalytic activity. Therefore, when Pt NPs are loaded on the surface of 

SiO2/ZnCdS, the hydrogen production activity of SiO2/ZnCdS/Pt is 27 times higher than that of 

pure ZnCdS, 8 times of SiO2/ZnCdS and 2.9 times of ZnCdS/Pt, indicating that structuration of 

the components on the SiO2 spheres causes a synergistic effect between SiO2 and Pt NPs, which 

enhances the photocatalytic performance of the system. Meanwhile, catalyst SiO2/ZnCdS/d-Pt 

prepared by traditional photo-depositing Pt on SiO2/ZnCdS was used for comparison. As can be 
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seen in Figure 1(c) and Table S1, when the Pt content in the two catalysts is similar, the 

hydrogen production activity of SiO2/ZnCdS/d-Pt is only 3.5 mmol g-1 h-1, less than half of 

SiO2/ZnCdS/Pt. Some other ZnCdS-based catalysts using precious metals as promoters are 

shown Table S2, and their hydrogen production activities are much lower than that of our novel 

catalysts. 

As shown in Figure 1(d), after four cycles, the hydrogen production activity of 

SiO2/ZnCdS/Pt only decreases slightly, remaining essentially constant, indicating good stability. 

The external quantum efficiency (EQE) of SiO2/ZnCdS/Pt upon monochromatic light irradiation 

is shown in Table S3, and the EQE at 420 nm reaches a high value of 8.7 %. 

[Figure 1 near here] 

3.2 Structure Characterization 

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

S2 shows XRD patterns of the prepared five samples. There are three different distinctive 

diffraction peaks of ZnCdS located at 2θ = 26.7°, 44.2° and 52.2°, corresponding to (002), (110) 

and (112) planes of ZnCdS, respectively.36 In the case of SiO2/ZnCdS and SiO2/ZnCdS/Pt 

samples, all peaks mentioned above can be observed, but they become wider due to the lower 

crystallinity of ZnCdS and the close position of diffraction angles of SiO2 (2θ = 23°) and ZnCdS 

(2θ = 26.7°).37 In addition, there are no obvious peaks attributable to Pt species. A fact that can 

be understood that the low Pt loading and high dispersion of Pt NPs with small particle size in 

samples SiO2/ZnCdS/Pt as well as ZnCdS/Pt. 

Specific surface area and pore size distribution of the samples were obtained through the N2 

adsorption and desorption isotherms. Figure S3 shows the isotherms of these samples. These 
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measurements clearly show that all tested samples can be categorized as type IV isotherms with 

H3 hysteresis loops, which suggests that there is micro-mesoporous structure in the catalysts.38, 39 

The specific surface area of ZnCdS, ZnCdS/Pt, SiO2/ZnCdS and SiO2/ZnCdS/Pt are shown in 

Table S4. Among the four samples, SiO2/ZnCdS/Pt has the smallest specific surface area, but its 

photocatalytic hydrogen production activity is the highest, indicating that the specific surface 

area of this series of catalysts is not the main decisive factor affecting its catalytic activity.  

The microstructure and morphology of samples were investigated. As shown in Figure 

2(a), the pure SiO2 shows a spherical shape with a diameter of about 700-800 nm and a smooth 

surface. Figure 2(b) displays the TEM image of pure ZnCdS, which easily undergo 

agglomeration. Interplanar distance of 3.2 Å corresponding to the (002) plane of ZnCdS was 

measured in Figure S4, proving the successful synthesis of ZnCdS. The TEM images clearly 

reveal the structure of SiO2/ZnCdS, SiO2/ZnCdS/Pt and SiO2/ZnCdS/d-Pt samples. As shown in 

Figure 2(c), dark spheres were surrounded by a heavier black substance, in which ZnCdS was 

wrapping SiO2 spheres, generating a core-shell structure. The image of SiO2/ZnCdS/Pt was 

presented in Figure 2(d), the presence of Pt NPs can be observed. Meanwhile, interplanar 

distance of 2.2 Å corresponding to the (111) plane of Pt was found in Figure 2(e), proving the 

existence of Pt NPs. In addition, measurement of the interplanar distance of 3.2 Å corresponding 

to the (002) plane of ZnCdS was presented in Figure 2(e), further indicating that ZnCdS was 

located at the outer layer of SiO2 spheres.40, 41 Deposition of ZnCdS on SiO2 spheres inhibits its 

aggregation, which may result in a shorter charge transfer path between the layered ZnCdS and 

Pt NPs and significantly accelerate the charge transfer. HRTEM image of SiO2/ZnCdS/d-Pt 

prepared by photo-deposition presented in Figure 2(f) shows that the Pt NPs are dispersed on the 

outer layer of SiO2/ZnCdS surface. Furthermore, the dark-field transmission electron microscopy 
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(DF-TEM) images of SiO2/ZnCdS/Pt and SiO2/ZnCdS/d-Pt, given in Figures 2(g) and 2(h), 

clearly shows that the Pt NPs of SiO2/ZnCdS/Pt are much smaller than those of SiO2/ZnCdS/d-

Pt. The statistical determination of the Pt NP size provided in Figure S5 indicates that the 

average Pt NP size of SiO2/ZnCdS/Pt is 4.1 ± 0.7 nm, while Pt NPs on SiO2/ZnCdS/d-Pt have a 

much larger average particle size of 15.4 ± 2.3 nm. Comparing the photocatalytic H2 production 

rates of SiO2/ZnCdS/Pt and SiO2/ZnCdS/d-Pt, the results establish that smaller, highly-dispersed 

Pt NPs may give much more exposed active sites and effectively improve the photocatalytic 

activity, which suggests the size-dependent effect of the Pt NPs on the photocatalytic 

performance. Energy dispersive spectrum (EDS) elemental mappings of SiO2/ZnCdS/Pt and 

SiO2/ZnCdS/d-Pt are shown in Figure 2(i-o) and Figure S6(a-g). The Zn, Cd, S and Pt elements 

can be detected in SiO2/ZnCdS/Pt and SiO2/ZnCdS/d-Pt, and the distribution of the different 

elements exhibit a spherical shape, which proves that the SiO2 spheres are coated by ZnCdS, and 

Pt NPs are highly dispersed on the catalyst surface. In addition, the TEM, HRTEM images and 

EDS elemental mappings of SiO2/ZnCdS/Pt after the hydrogen production reaction are shown in 

Figure S7. It is found that the morphology and crystal phase have no observed change after 

hydrogen production reaction, which proves the stability of the catalyst. 

[Figure 2 near here] 

X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition and 

state of photocatalysts. The XPS spectra of SiO2/ZnCdS/Pt are given in Figure 3. As shown in 

Figure 3(a), there are two peaks located at binding energies of 411.6 eV and 404.9 eV, 

corresponding to Cd 3d3/2 and Cd 3d5/2, respectively, indicating that in SiO2/ZnCdS/Pt, Cd exists 

in the form of Cd2+.42 In Figure 3(b), the XPS spectrum of Zn 2p with two peaks at binding 

energies of 1044.8 eV and 1021.6 eV, are ascribed to the Zn 2p1/2 and Zn 2p3/2, respectively, 
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indicating that in SiO2/ZnCdS/Pt, Zn exists in the form of Zn2+.43 Meanwhile, the S 2p spectrum 

shown in Figure 3(c) with two components at binding energies at 162.6 eV and 161.4 eV can be 

assigned to S 2p1/2 and S 2p3/2, respectively, suggesting the sulfur element in the compound 

exists in the form of S2-.18 The Pt 4f spectrum shown in Figure 3(d) can be divided into six 

peaks. Two distinct peaks at 71.1 eV and 74.5 eV are assigned to metallic Pt, and the peaks at 

72.0 eV and 75.3 eV are attributed to the Pt2+, the other two peaks at 73.4 and 76.4 are attributed 

to the PtO2. Comparing the binding energy of metallic Pt in ZnCdS/Pt and SiO2/ZnCdS/Pt 

samples, it appears that peak assigned to metallic Pt locating at the binding energy of 71.3 shifts 

to 71.1 when ZnCdS/Pt is supported on SiO2 spheres, indicating that the electron density on Pt 

NPs increases under this condition, which should favour the electron transfer from ZnCdS to Pt 

NPs.44 The atomic ratios of SiO2/ZnCdS/Pt are shown in Table S5, and the ratio of Zn+Cd/S is 

1.25. The XPS spectra of SiO2/ZnCdS/d-Pt are shown in Figure S8, suggesting that Cd, Zn, and 

S exist respectively in the form of Cd2+, Zn2+ and S2- in SiO2/ZnCdS/d-Pt, which are the same as 

that in SiO2/ZnCdS/Pt. However, the binding energies of peaks assigned to metallic Pt of 

SiO2/ZnCdS/d-Pt sample are higher than that of SiO2/ZnCdS/Pt sample, suggesting that the 

electron density of Pt in SiO2/ZnCdS/Pt is higher than that in SiO2/ZnCdS/d-Pt, and Pt NPs 

deposited by self-assemble method facilitate charge accumulation.  

[Figure 3 near here] 

3.3 Optical and electrochemical properties of photocatalysts  

Ultraviolet-visible (UV-vis) spectroscopy was used to study the optical properties of SiO2, 

ZnCdS, ZnCdS/Pt, SiO2/ZnCdS and SiO2/ZnCdS/Pt. As shown in Figure 4(a), UV-vis spectra 

demonstrate that all the catalysts have photoabsorption in the visible region except SiO2. Figure 

S9 shows that SiO2 does not absorb any light and the absorption of Pt NPs appears as a broad 
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continuous absorption, which is due to the excitation of free electrons from the conduction band 

to a higher Fermi level.45 Compared with ZnCdS, the absorption edge of SiO2/ZnCdS shows no 

shift, while that of ZnCdS/Pt and SiO2/ZnCdS/Pt have a significant redshift, which should be 

caused by the light absorption of Pt NPs. However, the redshift of SiO2/ZnCdS/Pt is larger than 

that of ZnCdS/Pt, which is due to the scattered light absorption of Pt NPs in the near-field of 

SiO2 spheres.46, 47 

Photoluminescence spectroscopy (PL) was used for better understanding the relative charge 

separation efficiency of the photocatalysts. As shown in Figure 4(b), the emission spectra of 

these catalysts are the same, but their intensities are significantly different. The peak intensity of 

these samples follows the order of ZnCdS > SiO2/ZnCdS > ZnCdS/Pt > SiO2/ZnCdS/Pt. The 

lower PL intensity indicates the higher efficiency of electron-hole pair recombination.48, 49 It can 

be concluded that, after adding highly dispersed Pt NPs, the photogenerated electrons can easily 

transfer to the surface of the Pt NPs, meanwhile the holes remain in ZnCdS. This charge 

separation inhibits electron-hole recombination. Time-resolved fluorescence spectra (TRF), as 

shown in Figure 4(c), illustrates the photogenerated electron transfer of the photocatalysts. In the 

TRF spectra, decay plots of all catalysts are fitted using the triexponential function. The three 

lifetimes and corresponding 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. Regard the value of τ1, τ2, and τv, they are the longest for SiO2/ZnCdS/Pt, 

while these values are the shortest for ZnCdS, and SiO2/ZnCdS and ZnCdS/Pt exhibit 

intermediate values. The longest emission lifetime of SiO2/ZnCdS/Pt indicates the highest 

probability of charge carriers participating in the photocatalytic reaction process. Besides charge 

transfer, energy transfer processes quantitatively measured by the energy transfer rate constant 



 

 15 

(KENT) and energy transfer efficiency (ФENT). Compared with other three catalysts, the KENT and 

ФENT values of SiO2/ZnCdS/Pt are the highest, suggesting that the structural arrangement of 

ZnCdS/Pt on the SiO2 surface is favorable to promote the energy transfer.50, 51 The results of PL 

and TRF show that SiO2 and Pt NPs can inhibit the electron-hole recombination and promote 

charge transfer, thereby enhancing the photocatalytic performance of the catalyst. 

The separation of photogenerated charges and the transfer of electrons can be further 

investigated by photoelectrochemical experiments. The transient photocurrent response of a 

photocatalyst may be directly related to the efficiency of photogenerated charge separation.52 

Comparing the photocurrent response of the four catalysts, as shown in Figure 4(d), it appears 

that the use of SiO2 spheres as supports and the addition of Pt NPs can accelerate the separation 

of electron-hole pairs. EIS was measured to determine the contribution of the independent 

components to the electrochemical properties of different catalysts. The arc radius of the 

semicircular part of the Nyquist plot reflects the magnitude of the electrode resistance and the 

surface reaction rate. The smaller the radius of the arc, the easier the charge transfer efficiency 

from the catalyst to the electrolyte solution is. As shown in Figure 4(e), the pure ZnCdS catalyst 

shows the largest radius and SiO2/ZnCdS/Pt shows the smallest, indicating that deposition on 

SiO2 and the presence of Pt NPs can accelerate charge transfer processes on the catalyst.53 The 

overpotentials and currents of catalysts were obtained through the polarization curves in Figure 

4(f). SiO2/ZnCdS/Pt exhibits the highest current density and the lowest overpotential, indicating 

that the structuration on SiO2 and adsorption of Pt favors the process of reducing protons to 

hydrogen.45 

[Figure 4 near here] 

[Table 1 near here] 
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3.4 Photocatalytic mechanism of H2 production 

Electron paramagnetic resonance (EPR) spectroscopy can detect free radicals generated 

during the reaction, which can be involved as reaction intermediates in the mechanism of the 

photocatalytic reaction. Figure 5 shows the electron paramagnetic resonance spectra upon 

performing the photocatalytic H2 generation under visible light by four photocatalysts in the 

presence of 2-methyl-N-(4-pyridinylmethylene)-2-propanamine N,N'-dioxide (POBN) as spin 

trapping agent. Under these conditions, the peaks of POBN-H• adducts were recorded for all 

catalysts, confirming that H• radicals are intermediate species in the process of photocatalytic 

hydrogen production.54, 55 The peak intensities of POBN-H• for the four catalysts follow the 

order of ZnCdS < SiO2/ZnCdS < ZnCdS/Pt < SiO2/ZnCdS/Pt, consistent with their hydrogen 

production activity, indicating that the formation of H• radicals is enhanced by the synergistic 

effect of SiO2 and Pt NPs, thereby improving the photocatalytic hydrogen production activity. 

[Figure 5 near here] 

Based on the above discussion, there are three main reasons for the improvement of 

SiO2/ZnCdS/Pt photocatalytic activity, as shown in Scheme 2: 1) Pt NPs can absorb the scattered 

light in the near field of SiO2 spheres, which promotes the absorption and utilization of visible 

light, generating hot electrons on the catalyst; 2) The core-shell structure of ZnCdS@SiO2 

inhibits the aggregation of ZnCdS and shortens the charge transfer path between the ZnCdS 

nanoplatelets and Pt NPs, which significantly accelerates the charge transfer and effectively 

inhibits electron-hole recombination; 3) Photogenerated electrons on ZnCdS can easily transfer 

to the surface of the Pt NPs, which promotes the electron-hole separation and accelerates the 

photocatalytic hydrogen reaction. 

[Scheme 2 near here] 
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4. Conclusions 

A highly efficient SiO2/ZnCdS/Pt was successfully prepared through the self-assembly 

method of which hydrogen production activity under visible light was as high as 8.3 mmol g-1 h-

1. For this SiO2/ZnCdS/Pt photocatalyst, the ZnCdS was successfully supported on the surface of 

SiO2 spheres by sulfidation of adsorbed Zn2+ and Cd2+ cations, and Pt NPs with the uniform 

particle size distribution of 4.1 ± 0.7 nm were electrostatically attached to the SiO2/ZnCdS 

composite. The Pt NPs on SiO2/ZnCdS/Pt photocatalyst are much smaller and more efficient 

than those prepared by the photo-deposition method. The synergistic effect of SiO2 spheres and 

Pt NPs not only promotes the absorption of visible light, but accelerates the separation and 

transfer of charges, therefore, significantly increasing the rate of hydrogen production. The 

photocatalytic activity of SiO2/ZnCdS/Pt is 2.9 times higher than that of ZnCdS/Pt and 2.4 times 

of SiO2/ZnCdS/d-Pt, respectively. These results illustrate the benefits of structuration for 

multifunctional photocatalyst and the importance of design and appropriate synthesis methods to 

optimize the visible light photocatalytic hydrogen production. 
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Scheme 1 Schematic illustration of the synthesis process of SiO2/ZnCdS/Pt photocatalyst. 
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Scheme 2 Schematic illustration of the mechanism for hydrogen production over 

SiO2/ZnCdS/Pt. 
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Figure 1 (a) The photocatalytic H2-production activity of SiO2/ZnCdS with different mass ratios 

of SiO2 and ZnCdS. (b) The photocatalytic H2-production activity of SiO2/ZnCdS/Pt with 

different Pt loadings. (c) The photocatalytic H2-production activity of different samples. (d) 

Photocatalytic H2-production of SiO2/ZnCdS/Pt photocatalyst  upon four consecutive reuses. 
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Figure 2 TEM images of (a) SiO2, (b) ZnCdS, (c) SiO2/ZnCdS, (d-e) SiO2/ZnCdS/Pt, (f) 

HRTEM image of SiO2/ZnCdS/d-Pt, dark-field transmission electron microscopy (DF-TEM) 

images of (g) SiO2/ZnCdS/Pt prepared by the self-assembly method, (h) SiO2/ZnCdS/d-Pt 

prepared by the photo-deposition method, (i-o) Energy dispersive spectrometer (EDS) mappings 

of SiO2/ZnCdS/Pt. 
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Figure 3 High-resolution XPS spectra of (a) Cd 3d, (b) Zn 2p, (c) S 2p of SiO2/ZnCdS/Pt and (d) 

Pt 4f of SiO2/ZnCdS/Pt and ZnCdS/Pt. 
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Figure 4 (a) UV-vis diffuse reflectance spectra, (b) Photoluminescence spectra, (c) Time-

resolved fluorescence spectra, (d) Transient photocurrent responses under visible light irradiation, 

(e) Electrochemical impedance spectra and (f) Polarization curves of catalysts. 
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Figure 5 EPR spectra of H• trapping by POBN (POBN-H•) for (a) ZnCdS, (b) SiO2/ZnCdS (c) 

ZnCdS/Pt and (d) SiO2/ZnCdS/Pt samples. 
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Table 1 Parameters obtained from time-resolved PL decay curves. 

Samples 
τ1 (ns) 

(Rel.%) 
τ2 (ns) (Rel.%)     τv (ns)      KENT           ФENT 

ZnCdS 4.01 (57.8%) 16.5 (42.2%)         13.3         0.188       0.753 

SiO2/ZnCdS 4.22 (50.5%) 24.9 (49.5%)         21.8         0.196       0.827 

ZnCdS/Pt 4.35 (42.5%) 34.9 (57.5%)         32.3         0.201       0.874 

SiO2/ZnCdS/Pt 4.40 (38.8%) 42.2 (61.2%)         39.5         0.203       0.893 
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TOC 

 

 In this paper, an artistic structure of SiO2/ZnCdS/Pt was constructed. A synergistic effect 

between SiO2 sphere and Pt nanoparticles enhances the photocatalytic performance of the 

system. Meanwhile, catalyst SiO2/ZnCdS/d-Pt prepared by traditional photo-depositing Pt on 

SiO2/ZnCdS are less active than the catalyst SiO2/ZnCdS/Pt prepared by self-assemble method. 

The Pt nanoparticles in SiO2/ZnCdS/Pt sample are much smaller than those in SiO2/ZnCdS/d-Pt 

sample, which suggests the size-dependent effect of the Pt nanoparticles on the photocatalytic 

performance. 

 

 


