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Fig. S1. The top view of the atom arrangement of different samples. a CZCS and b 

AZCS (Zn: grey spheres, Cd: pink spheres, S: yellow spheres). 

 

 

Fig. S2. DFT enery calculations. DFT energy of CZCS and AZCS as a function of 

time at 300 K. 
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Fig. S3. HOMO and LUMO distribution calculations. a CZCS and b AZCS (Zn: 

grey spheres, Cd: pink spheres, S: yellow spheres). 

 

Fig. S4. Particle size distribution analysis. Volume distributions of AZCS and CZCS. 
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Fig. S5. XRD characterizations. XRD patterns of ZCS0, ZCSRT, ZCS200, ZCS400 

and ZCS600. 

 

Fig. S6. In situ XRD characterizations. In situ XRD patterns of ZCS0 sintering from 

room temperature (RT) to 600 °C.
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Supplementary Discussion 

To unveil the physical and chemical changes of AZCS during sintering, 

thermogravimetric (TG) analysis with a heating rate of 2 ℃/min was performed for 

AZCS. As demonstrated in Supplementary Fig. S7, it is obvious that a small amount of 

decomposition exists at 509 ℃, and the mass retention is 88.85% at 600 ℃, indicating 

that AZCS is relatively stable at this temperature. When the temperature is higher than 

700 ℃, serious decomposition of the material is observed (Supplementary Fig. S7). 

 

Fig. S7. TG analysis. TG curves of AZCS. 
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Supplementary Discussion 

X-ray photoelectron spectroscopy (XPS) was conducted to characterize the surface 

compositions and chemical states of AZCS and CZCS. The XPS survey spectra 

(Supplementary Fig. S8a) of AZCS and CZCS demonstrate the presence of Zn, Cd and 

S elements. The O 1s peak is due to the surface adsorbed H2O and CO2 molecules, as 

evidenced by FTIR (Fig. 2q). The C 1s peak is the surface contaminated carbon for 

calibration. As shown in Supplementary Fig. S8b, the S 2p1/2 and S 2p3/2 peaks of CZCS 

are located at 163.04 and 161.86 eV, respectively, which are in accordance with the 

reported literature1. In comparison, the S 2p1/2 and S 2p3/2 peaks of AZCS are negatively 

shifted by about 0.09 and 0.13 eV, suggesting the generation of S-vacancies on the 

surface of AZCS2. It is worth noting that both AZCS and CZCS show two small S 2p 

peaks at lower binding energies, which should be assigned to unbounded S2- or bonded 

to a single Zn/Cd (dissociative S2-)3. The absence of S 2p peaks at higher binding energy 

positions (>164.0 eV) proves that no S-O sulfone bridges are generated on the surface 

of both samples2. As observed in Supplementary Figs. S8c, d, the Zn 2p and Cd 3d 

peaks in AZCS also exhibit a slightly negative shift compared to its CZCS counterpart, 

which further supports the formation of S-vacancies on the surface of AZCS4. In 

addition to peaks for bond formation in ZnCdS, both Zn 2p and Cd 3d spectra exhibit 

peaks for dissociative ions5, which is consistent with the S 2p spectra. 
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Fig. S8. XPS spectra. a XPS survey, b S 2p, c Zn 2p and d Cd 3d for AZCS and CZCS. 
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Supplementary Discussion 

Since the interfacial binding between the photocatalyst and cocatalyst may also affect 

the photocatalytic activity, Raman spectroscopy was used to characterize the effect of 

Co-MoSx on the vibration modes of AZCS and CZCS functional groups, respectively. 

As shown in Supplementary Fig. S9, although Co-MoSx does not show its characteristic 

peaks on the Raman spectrum, it will affect the characteristic peaks of AZCS and CZCS, 

respectively. Since the intrinsic structures of AZCS and CZCS are different, the 

influence of Co-MoSx on their Raman peaks is also different. To exclude the effect of 

cocatalyst on the enhanced photocatalytic activity of AZCS compared to CZCS, the 

influence trend of different cocatalysts on the photocatalytic H2 evolution performance 

of AZCS and CZCS was also investigated. As shown in Supplementary Figs. S10, 11, 

when Co-MoSx, MoS2 and Pt were used as the cocatalysts, the ratios of the average H2 

evolution rates of AZCS and CZCS are 5.0, 4.7 and 4.03, respectively. 

It is worth noting that without a cocatalyst, AZCS and CZCS also have 

photocatalytic H2 evolution properties. In the first half an hour, the ratio of the H2 

evolution rates of AZCS and CZCS is 5.11, indicating that AZCS and CZCS have an 

inherent difference in photocatalytic H2 evolution performance. Owing to the sluggish 

photocatalytic reaction without a cocatalyst, the difference between the photocatalytic 

performance of AZCS and CZCS gradually decreases. It should be mentioned that the 

photocatalytic H2 production rate of AZCS gradually decreases with the irradiation time, 

while its CZCS counterpart exhibits a relatively stable photocatalytic H2 production 

rate during the same irradiation time, indicating that AZCS without cocatalyst is less 
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stable than CZCS. These experimental results are consistent with the DFT calculations 

shown in Supplementary Fig. S2. 

As shown in Supplementary Fig. S12, the color of AZCS without a cocatalyst 

appears dark green after 8 h of photocatalysis, while its counterpart with a Co-MoSx as 

cocatalyst is still yellow, indicating that cocatalyst is essential to accelerate surface 

photocatalytic reactions and thus alleviating the destroy of the photocatalyst itself by 

the photogenerated charge carriers. 

 

 

Fig. S9. Surface binding analysis. Raman spectra of AZCS, AZCS/Co-MoSx, CZCS 

and CZCS/Co-MoSx. 
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Fig. S10. Photocatalytic performance. Photocatalytic H2 evolution of AZCS and 

CZCS loaded with different cocatalysts and without cocatalyst. 

 

 

 

 

Fig. S11. Photocatalytic performance comparison with different cocatalysts. The 

ratio of H2 evolution produced by AZCS and CZCS loaded with different cocatalysts 

at different time points. 
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Fig. S12. Color comparison of different samples. Digital image shown the color of 

AZCS and AZCS/Co-MoSx after 8 h of photocatalytic reaction. 
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Fig. S13. Photocatalytic performance. H2 generation within 2.5 hours of ZCS0, 

ZCSRT, ZCS200, ZCS400 and ZCS600. 

 

 

 

 

Fig. S14. Photocatalytic performances and crystal structures of ZnxCdyS (x:y = 

1:0, 4:1, 3:2, 1:1, 2:3, 1:4, 0:1). a H2 evolution rates and b XRD patterns. 

 

 



13 

 

Fig. S15. Light absorption and AQY performance. Wavelength-dependent AQY of 

CZCS. 

 

 

 

 

Fig. S16. Photocatalytic stability performance. Photocatalytic stability performance 

of Co-MoSx/AZCS without adding cocatalyst per cycle. 
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Fig. S17. Photocatalytic performance with different amounts of cocatalysts. Effect 

of different amounts of Co-MoSx on the photocatalytic H2 evolution performance of 

AZCS. 
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Supplementary Discussion 

To further understand the underlying mechanism for the excellent photostability, SEM 

and XRD were used to characterize the changes in morphology and structure of AZCS 

without Co-MoSx loading after 8 h of photocatalysis (denoted as AZCS-8h), AZCS 

photo-deposited with Co-MoSx before photocatalysis measurement (denoted as 

AZCS/CMS), AZCS with Co-MoSx added in each cycle during 5 cycles of 

photocatalytic reaction (denoted as AZCS/5-CMS), and AZCS with Co-MoSx added 

only in the first cycle after 5 cycles of photocatalytic reaction (denoted as AZCS/CMS-

5). As shown in the Figs. S18, 19, no obvious change can be observed in both SEM 

images and XRD patterns, indicating the excellent stability of our newly developed 

AZCS photocatalyst. 

 

Fig. S18. SEM images of the photocatalysts. a AZCS-8h, b AZCS/CMS, c AZCS/5-CMS 

and d AZCS/CMS-5. 
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Fig. S19. XRD characterizations. XRD patterns of AZCS-8h, AZCS/CMS, AZCS/5-CMS 

and AZCS/CMS-5. 
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Fig. S20. Photocatalytic performance comparison of different potocatalysts. a 

AQY values6-18, b H2 evolution rate of the reported photocatalysts with built-in electric 

fields6,16,19–21 or amorphous structures22–24, as well as sulfide2,18,25,26 and COF-based27–

30 photocatalysts. 

 

 

 

Fig. S21. EIS analysis. EIS plots of ZCS0, ZCSRT, ZCS200, ZCS400 and ZCS600. 
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Fig. S22. Transient photocurrent responses in dark and under light. Transient 

photocurrent responses of ZCS0, ZCSRT, ZCS200, ZCS400 and ZCS600. 

 

Fig. S23. PL analysis. PL spectra of ZCS0, ZCSRT, ZCS200, ZCS400 and ZCS600. 
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Fig. S24. PL lifetime analysis. PL lifetime of ZCS0, ZCSRT, ZCS200, ZCS400 and 

ZCS600. 

 

Fig. S25. TG analysis. TG curves of ZS and CS.  
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Fig. S26. Photocatalytic performances and crystal structures of ACS and CCS. a 

H2 evolution generation within 2.5 hours and b XRD patterns. 

 

 

 

 

 

 

Fig. S27. Photocatalytic performances and crystal structures of AZS and CZS. a 

H2 evolution generation within 2.5 hours and b XRD patterns. 
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Table S1. Summary of crystallinities of ZCS0, ZCSRT, ZCS200, ZCS400 and ZCS600. 

Sample ZCS0 ZCSRT ZCS200 ZCS400 ZCS600 

Crystalline area 100566 227895 317438 406843 584055 

Tatol area 620775 702729 642978 619342 645222 

Crystallinity (Wc) 16.20 32.43% 49.37% 65.68% 90.52% 

Error 1.62% 1.39% 2.26% 2.90% 1.25% 
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Table S2. The calculated AQY of AZCS and CZCS at different wavelengths. 

 

2

A

the number of reacted electronsAQY 100%
the number of incident photons
2 the number of H  molecules        100%
the number of incident photons
2 100%M N H c

S P t λ

= ×

×
= ×

× × × ×
= ×

× × ×

 

Such as, when λ = 405 nm: 

6 23 34 8

9

6 23 34 8

9

2 108.88 10 6.02 10 6.626 10 3 10AQY(AZCS) 100%
0.00452 19.6 1800 405 10

40.35%
2 106.22 10 6.02 10 6.626 10 3 10AQY(CZCS) 100%

0.01119 19.6 1800 405 10
15.90%

− −

−

− −

−

× × × × × × × ×
= ×

× × × ×
=

× × × × × × × ×
= ×

× × × ×
=

 

  

 AZCS CZCS 

Wavelength 
H2 evolution in 

30 min (μmol) 

Light power 

(mW cm-2) 

H2 evolution in 

30 min (μmol) 

Light power 

(mW cm-2) 

405 nm 108.88 4.52 106.22 11.19 

420 nm 159.87 6.70 177.64 21.46 

455 nm 145.06 9.29 106.17 24.13 

470 nm 101.38 9.14 66.34 20.77 

500 nm 38.79 6.88 19.76 12.13 

520 nm 22.79 5.91 10.27 11.16 
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Supplementary Discussion 

To further understand the change of Co-MoSx cocatalyst on AZCS with and without 

additional Co-MoSx cocatalyst in each cycle during photocatalytic H2 production, ICP 

was used to investigate the amount of cocatalyst in AZCS/Co-MoSx and the supernatant 

liquid after each hydrogen evolution cycle. As listed in Supplementary Table S3, with 

additional Co-MoSx cocatalyst in each cycle, the Mo content in AZCS/Co-MoSx 

increases after 1, 5, and 10 cycles, and the supernatant liquid after 1 and 10 cycles also 

contains a small amount of Mo. However, without additional Co-MoSx cocatalyst in 

each cycle, almost no Mo signals can be detected in the supernatant liquid after 

photocatalytic hydrogen evolution for 5 cycles. In addition, the Cd contents in the 

photocatalyst and the supernatant liquid are almost unchanged from the 1st to the 10th 

cycle, indicating that AZCS itself is stable during the photocatalytic process. The above 

results indicate that not all Co-MoSx are attached to AZCS during the photo-deposition 

process, and the loading amount of Co-MoSx on AZCS is relatively stable during 

photocatalytic hydrogen evolution. However, the Co-MoSx cocatalyst gradually lose 

activity for H2 evolution (Supplementary Fig. S16). During the photocatalytic process, 

the reducible support easily forms overlayers on the surface of the cocatalyst, thereby 

affecting the redox reaction on the surface of the photocatalyst31,32. Therefore, adding 

an appropriate amount of Co-MoSx cocatalyst during the photocatalytic process is 

necessary to maintain the activity for hydrogen evolution, thereby achieving excellent 

long-term stability. 
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Table S3. Summary of Cd and Mo contents in the supernatant liquid and photocatalyst 

after photocatalytic cycle. 

Sample Photocatalyst Supernatant liquid 

cycle 1 5 10 1 10 5/N 

Cd (mg) 20.23 19.64 20.25 0.108 0.0615 0.0716 

Mo (μg) 36 48 84 13.6 8 1 

5/N represents the supernatant liquid after the fifth hydrogen evolution cycle of the 

sample without adding Co-MoSx during each cycle. 
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Table S4. Summary of the Rct values of ZCS0, ZCSRT, ZCS200, ZCS400 and ZCS600. 

Sample ZCS0 ZCSRT ZCS200 ZCS400 ZCS600 

Rct (KΩ) 62.282 204.25 506.93 516.95 770.12 
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