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Hierarchical zeolites containing embedded Cd0.2Zn0.8S as a 

photocatalyst for hydrogen production from seawater 

Yue Yuan†a, Feng-Juan Wu†a, Shi-Tian Xiao†a, Yi-Tian Wang†a, Zhi-Wen Yin†a, Gustaaf Van 

Tendelooab, Gang-Gang Changa, Ge Tiana, Zhi-Yi Hu*a, Si-Ming Wu*a, Xiao-Yu Yang*a 

Uncovering an efficient and stable photocatalytic system for 

seawater splitting is a highly desirable but challenging goal. Herein, 

Cd0.2Zn0.8S@Silicalite-1 (CZS@S-1) composites, in which CZS is 

embedded in the hierarchical zeolite S-1, were prepared and show 

remarkably high activity, stability and salt resistance in seawater.  

Hydrogen production from seawater is an important 

strategy to generate energy from renewable resources.1-5 From 

a global perspective, seawater is the most abundant natural 

resource and sun light is the greatest energy source. Therefore, 

photocatalytic splitting of seawater to produce H2 has 

enormous potential.6,7 However, this process is hindered by the 

various components in seawater including ions, microbes, 

etc.3,6,8 Specifically, most photocatalysts developed for this 

purpose, thus far, are not resistant to electrochemical corrosion 

or surface fouling by these seawater constituents.9-11 As a result, 

great interest exists in identifying methods to shield 

photocatalysts from problematic ions in seawater by 

incorporating them in porous corrosion resistant support 

materials like zeolites.12,13 

Zeolites have a high chemical and thermal stability, along 

with advantageous features including unique pore structures, 

large specific surface areas and strong adsorption capacities.14-

16 Zeolites have been found to be very effective in seawater 

desalination due to their strong absorption of cations.17-19 

Although zeolites have an excellent ion selectivity, they typically 

possess micropores,16 sizes that often limit their ability to 

embed nano-scale semiconductors.20 In contrast, hierarchical 

zeolites not only possess inherent microporosity, they have 

mesoporosity or even macroporosity.21 Approaches for the 

synthesis of hierarchical zeolites include removal of the 

framework atoms, templating methods, zeolitization of the 

preformed solids and silanization-based methods.16,22 The range 

of pore sizes in hierarchical zeolites prepared using these 

methods induce a loss of absorbed nanoparticles such as 

nanocatalysts. This problem can be mitigated by introducing 

confinement features into the zeolites like hollow hierarchical 

structures comprised of microporous shells and macroporous 

cores. In addition to blocking the aggregation of nano-

catalysts,23 embedment in micropores in these types of 

hierarchical zeolites screen the catalysts from ions and 

substances in seawater that lead to corrosion and fouling. 

Owing to its suitable band gap and high visible light 

absorption capacity, the semiconductor CZS is an efficient 

photocatalyst for solar H2 production.24,25 However, similar to 

CdS, pure CZS tends to aggregate to form large particles and a 

photocorrosion layer,26,27 which leads to a low catalytic activity 

and stability. In this study, we prepared and investigated a new 

family of photocatalysts, CZS@S-1, containing different 

percentages of CZS, embedded in the hierarchical zeolite, S-1. 

The results demonstrate that 20% CZS@S-1 effectively 

photocatalysis H2 production under UV-vis irradiation and 

possesses a high salt tolerance and stability.  

The CZS@S-1 composites were prepared using the 

pathway shown in Fig. 1. In this route, 100 nm mesoporous silica 

(100 nm MS) was firstly synthesized. The lamellar closed pore 

zeolite S-1 was then prepared by a solid phase method with 

tetrapropylammonium hydroxide (TPAOH) as template and 

adding 1-octyl-3-methylimidazolium tetrafluoroborate 

([OMIM]BF4). Finally, one-step solvothermal reaction of S-1 

with various amounts of Cd(Ac)2, Zn(Ac)2 and Na2S produced the 

CZS@S-1 composites.28 
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Fig. 1 Schematic illustration of the preparation of CZS@S-1. 

CZS@S-1 composites were characterized by using SEM and 

EDX (Fig. S1, S2 and S3). SEM images shows that S-1 has a 

smooth surface, a hollow pore structure and thickness of about 

300-600 nm. It indicates that the synthetic sequence result in 

the formation of molecular sieves with a lamellar closed pore 

structure. As shown in Fig. S1cd, unembedded CZS 

nanoparticles have a diameter of about 10-20 nm, and they 

have an obvious tendency to agglomerate to form massive 

structures. SEM images of CZS@S-1 composites (Fig. S1e-j) 

demostrate that inclusion in S-1 effectively reduces the 

agglomeration of CZS nanoparticles and improves their 

dispersion. As the content of CZS in CZS@S-1 composites is 

increases, the density of CZS nanoparticles on the S-1 surface 

increased gradually, but agglomeration of excess nanoparticles 

occurs when the content of CZS is high. EDX elemental mapping 

(Fig. S3) confirms that Si, O, Cd, Zn and S are uniformly 

distributed throughout this composite. 

 
Fig. 2 (a) HAADF-STEM image of 20% CZS@S-1, (b) HR-HAADF-STEM image of zone1 in (a), (c) iDPC-STEM 

image of zone2 in (a), (d) 3D tomographic reconstruction, (e) 3D reconstruction along the z-axis, (f) 

HAADF-STEM image of orthoslices obtained from the 3D reconstruction (x-y plane, perpendicular to the 

z-axis) (g) 3D reconstruction along the y-axis, (h) HAADF-STEM image of an orthoslice obtained from the 

3D reconstruction ( x-z plane, perpendicular to the y-axis) of 20% CZS@S-1. 

HAADF-STEM analysis (Fig. 2b) shows that the diameter of 

the CZS nanoparticles in 20% CZS@S-1 is about 10 nm. The 

HAADF-STEM images also reveal the existence of lattice fringes 

with lattice spacings of 0.33 and 0.21 nm assigned to the (111) 

and (220) crystal planes of CZS.29 This observation suggests that 

the composite has a well-defined crystal structure. In addition, 

a clear five-member ring MFI structure can be seen by viewing 

the iDPC-STEM image of 20% CZS@S-1 in Fig. 2c, again 

indicating that the composite has high crystallinity. 

To further study the hierarchical structure of S-1 and the 

distribution of CZS nanoparticles, a 3D tomographic 

reconstruction of 20% CZS@S-1 was performed. The internal 

section from the reconstructions (Fig. 2d-h and S4) shows that 

macropores are present inside the zeolite crystal, forming 

microporous shells and macroporous cores in hierarchical S-1. 

Moreover, the internal macropores are partially occupied by 

CZS nanoparticles, demonstrating again that CZS nanoparticles 

not only exist on the outer surface of S-1, but they are also 

distributed in the internal macropores. 

 
Fig. 3 (a) XRD patterns of CdxZn1-xS, (b) XRD patterns , (c) N2 adsorption/desorption isotherms and (d) 

corresponding pore size distributions of S-1, 10% CZS@S-1, 20% CZS@S-1, 30% CZS@S-1 and CZS. 

The location of the diffraction peaks of CZS between those 

of ZnS and CdS indicate that CZS is a solid solution of CdxZn1-xS 

rather than a mixture of ZnS and CdS (Fig. 3a).28 XRD patterns of 

CZS@S-1 composites containing different weight percentages 

of CZS are displayed in Fig. 3b. The XRD pattern of S-1 alone 

indicates its the MFI structure.30,31 In addition, strong 

characteristic peaks associated with S-1 and CZS and weak 

background noise in the XRD patterns indicate that the crystal 

structure of S-1 is not changed by in‐situ embedding of the 
CZS.32 With an increase of CZS composition, intensities of the 

CZS XRD peaks increase gradually, while S-1 XRD peaks gradually 

decrease, reflecting the two-phase composition of S-1 and CZS 

in these composites.  

The composition and chemical states of S-1, 20% CZS@S-1 

and CZS were elucidated using XPS. Compared with those in the 

spectrum of S-1 (Fig. S5cd), the peaks corresponding to Si 2p 

and O 1s in the spectrum 20% CZS@S-1 are both shifted towards 

lower binding energies.33 Also, compared with those in the 

spectrum of CZS (Fig. S5ef and 4d), the peaks associated with Cd 

3d, Zn 2p and S 2p in 20% CZS@S-1 all shift towards higher 

binding energies, which is plausibly because of the electrostatic 

interaction existing between the doping material and the 

substrate material.34 

Specific surface areas and pore diameter distributions of 

the CZS@S-1 composites were determined by analysis of N2 

adsorption-desorption isotherms (Fig. 3cd and Table S1). 

Isotherms of all composites (Fig. 3c) belong to the type IV group, 

revealing that they have mesoporous structures.35 Notably, CZS 

were found to contain mesoporous pores which might be a 

consequence of voids formed by aggregation of the 
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nanoparticles.28 The specific surface areas of the CZS@S-1 

composites fall between those of S-1 and CZS, and that they 

decrease at first and then remain unchanged with increases in 

the CZS content. This phenomenon could be caused by 

simultaneous growth of the CZS nanoparticles in the pores and 

on the surface of S-1. Specifically, when the CZS content is low, 

an increase in the CZS content leads to growth of CZS 

nanoparticles in pores which causes a decrease in the specific 

surface area of CZS@S-1. As the content of CZS increase, the 

growth of CZS nanoparticles in S-1 pores reaches saturation and 

the specific surface area plateaus. 

 
Fig. 4 (a) Photocatalytic H2 production activities of S-1, 10% CZS@S-1, 15% CZS@S-1, 20% CZS@S-1, 25% 

CZS@S-1, 30% CZS@S-1 and CZS in simulated seawater, (b) Photocatalytic H2 production activity of 20% 

CZS@S-1 and CZS in varying concentrations of aqueous NaCl, (c) Photocatalytic H2 production promoted 

by 20% CZS@S-1 and CZS in simulated seawater during different time cycles, a certain amount of 

sacrificial agent is added during each cycle, and (d) XPS S 2p spectra of 20% CZS@S-1 and CZS. 

The appearance of the characteristic peaks of five-

membered ring MFI structure from FT-IR spectra (Fig. S6) of 

CZS@S-1 matches with XRD analysis that the MFI structure of S-

1 is not changed by incorporation of CZS.36,37 UV-vis DRS were 

collected on CZS@S-1 composites and CZS. CZS strongly absorbs 

light of λ＜500 nm (Fig. S7a), which correspond to its band gap 

of 2.68 eV based on the Tauc plot shown in Fig. S7b. In 

comparison, the CZS@S-1 composites have shorter wavelength 

absorption edges and wider band gaps. Also, as the CZS content 

increases, the absorption edge values of the composite first 

increases and then plateau, and the band gaps first decrease 

and then plateau. Photoelectrochemical measurements show 

that CZS@S-1 composites have lower transient photocurrent 

responses (Fig. S8a) and larger arc radius in EIS Nyquist plots 

(Fig. S8b) than does CZS, which is due to the decease of 

conductivity caused by the coating of S-1. The Mott-Schottky 

curves of CZS@S-1 show a slightly positive shift compared with 

those of CZS (Fig. S9). The calculated band position of CZS is 

shown in Fig S10.  

The photocatalytic H2 production activities of the CZS@S-1 

composites containing different weight percentages of CZS 

were determined using UV-vis light irradiation along with Na2S 

and Na2SO3 as sacrificial agents (Fig. 4a and Table S2). As shown 

in Fig. 4a, the photocatalytic H2 evolution rate is negligible when 

S-1 is used as the photocatalyst, and CZS displays a finite but 

small (H2 evolution 9.8 mmol h−1g−1
CZS) photocatalytic H2 

production activity. In comparison, CZS@S-1 composites 

containing an appropriate amount of CZS have significantly 

enhanced photocatalytic H2 production activities. Specifically, 

as the CZS content increases from 10 to 20 wt%, the H2 

evolution rate reaches a maximum (21.7 mmol h−1 g−1
CZS), which 

is 2.2-fold higher than that of pure CZS (Fig. 4a). A further 

increase in the content leads to a reduction in the 

photocatalytic activity, which may be caused by the 

agglomeration of excessive CZS. The photocatalytic H2 

production activities of 20% CZS@S-1 and CZS in different 

concentrations of aqueous NaCl show that the H2 evolution rate 

of the CZS catalyzed process decreases with increasing NaCl 

concentration, whereas the H2 evolution rate of the 20% 

CZS@S-1 catalyzed reaction first increases then decreases with 

increasing NaCl concentration (Fig.4b). In addition, the 

photocatalytic H2 evolution rates of 20% CZS@S-1 are 1.3-, 2.2- 

and 1.3-fold higher in 0, 3.5 and 10 wt% of NaCl, respectively, 

than that of an equivalent per unit weight of CZS. 

In addition to photocatalytic activity, stability is also an 

essential feature that needs to be evaluated. Stability tests were 

performed on the photocatalysts by measuring activities during 

4 on-off cycles over a 12 h period(Fig. 4c and S11). The results 

(Fig. 4c) show that 20% CZS@S-1 in simulated seawater retains 

over 90% of its activity after 4 cycles, while CZS retains only 56% 

of the starting value. Also the morphology and structure of 20% 

CZS@S-1 display no obvious change after 12 h illumination in 

simulated seawater, which demonstates its excellent structural 

stability (Fig. S12 and S13). 

 
Fig. 5 The mechanism illustruction of CZS@S-1 for H2 production from seawater. 

Based on the above results, the possible mechanism of 

zeolite embedding photocatalyst for H2 production from 

seawater is shown in Fig. 5. The as-prepared S-1 has good light 

transmittance and is of sheet structure, so light can penetrate it 

to reach the inside. Moreover, the hierarchical zeolite S-1 has a 

microporous shell and a macroporous core. The macropores in 

the internal structure serve as a platform for encapsulation of 

CZS to protect it from aggregation and photocorrosion. This is 

evidenced by the higher activity of CZS@S-1 over that of CZS in 

pure H2O (Fig. 4b). In addition, the microporous shell blocks 

cations through an ion exchange process,17-19 and thus 

photocorrosion of CZS and side reactions are greatly 

suppressed. Moreover, the acidic environment of the zeolite 

framework is beneficial for H2 prodution.38 Therefore, under 

light irradiation, photoelectrons generated on CZS react with 

the enriched H+ in the zeolite structure to produce H2, and the 

holes are consumed by sacrificial agents. As a result, the unique 
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CZS@S-1 structure leads to improved photocatalytic H2 

production activity and stability in seawater (Fig. S14, Fig 4c). 

We proposed a simple method to prepare the hierarchical 

zeolite S-1 containing embedded nano-photocatalyst CZS. 20% 

CZS@S-1 possesses a higher photocatalytic activity and stability 

than CZS, owing to its hierarchical nature composed of a 

microporous surface and macroporous interior which 

respectively function to screen against corrosive ions and to 

disperse embedded photocatalyst molecules.  
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