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1. Experimental section

1.1 Material synthesis

  Other materials, CuS, ZnS, CdS and CuS/CdS were prepared according to the 

CuS/ZnS synthetic conditions. Binary metal sulfide CuS, ZnS and CdS were 

synthesized by mixing the corresponding metal substance and sulfur powder in the 

grinding tank. The molar ratio of metal to sulfur powder is 1:1 and the mass ratio of 

grinding medium to material is 20:1. Reactant grinding for 5 h at working frequency 

of 50 Hz.

  Synthetic raw material of CuS/CdS composite is copper powder, cadmium powder 

and sulfur powders with molar ratio 1:1:2. The mass ratio of grinding medium to 

added precursor materials is 20:1. Reactant grinding for 5 h at the working frequency 

of 50 Hz. 

1.2 Characterization techniques

  The crystal phases of the products were characterized by powder X-ray diffraction 

(XRD) (Bruker D8 ADVANCE) with Cu-Kα irradiation at 20 kV. The chemical 

composites of the samples were analyzed by X-ray photoelectron spectroscopy (XPS, 

Thermo Fisher ESCALAB XI+). The morphology, microstructure and element mapping 

of the obtained products were measured with microscopy (SEM) (Thermo Fisher) 

equipped with an energy dispersive X-ray (EDS) spectrometer operating at 20 kV and 

transmission electron microphology (TEM) (FEI Systems) spectrometer operating at 

200 kV. Fourier translation infrared (FT-IR) spectra of as synthesized products was 

studied over the range of 4000-400 cm-1 using FT-IR spectrometer (WQF-530). The 

Brunaure-Emmett-Teller (BET) specific surface areas of the products were measured 

by nitrogen (N2) adsorption-desorption at 300 K (ASAP 2460). Photoluminescence (PL) 

spectrum was obtained in Steady-state fluorescence spectrometer (Hitachi F-4700). 

UV–vis Diffuse Reflectance spectrum (DRS) was obtained with standard BaSO4 

method for obtaining energy band and light absorption information of the material 

in SHIMADZU UV2600 spectrophotometer. UV-vis spectrophotometer (Agilent Cary 

60) was used to observe concentration of MB, RhB and MO. The total organic carbon 

content (TOC) was detected by a total organic carbon analyzer (vario TOC).
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1.3 Photocatalytic studies

  Photocatalytic degradation efficiency is defined as follows:1

                 Dffegradation eiciency (%) = (1-Ct/C0)×100%             (S1)

  Where, C0 and Ct represents the concentration of the organic dye solution at the 

adsorption-desorption equilibrium and the concentration at different irradiation 

time, respectively.

  The photocatalytic degradation rate of dyes were estimated at solid-liquid 

interface using a Langmuir-Hinshelwood pseudo-first order kinetic expression as 

mentioned follows:2

                              ln (C0/Ct) = kt                         (S2)

  In order to investigate the stability of photocatalyst, taking the CuS/ZnS and 

CuS/CdS composites as a representative, the stability of its degradation of MB 

aqueous solution was explored. Collect the catalyst after the photocatalysis and add 

50 mL new MB aqueous solution with a concentration of 15 mg/L. Repeat the 

photocatalysis experiment for 4 times. The stability of prepared composites was 

evaluated by comparing the degradation effect of MB aqueous solution during the 

cycle.

2. Mulliken electronegativity theory

  In general, the potentials of the conduction band (CB) and valence band (VB) 

edges of CuS, ZnS and CdS were determined by adopting the well-known Mulliken 

electronegativity theory:3

           ECB = χ - Ee - 0.5Eg                                     (S3)

            Ee = 4.5 eV                            (S4)

            EVB = ECB + Eg                                          (S5)

  Where, ECB is the conduction band edge potential, χ denotes the electronegativity 

of the semiconductors, which is expressed as the geometric mean of the absolute 

electronegativity of the constituent atoms present in the semiconductor and the 

electronegativity is calculated as the arithmetic mean of the atomic electron affinity 

and first ionization energy. The reported χ values of CuS, ZnS and CdS are ca. 5.27 eV, 

5.26 eV and 5.05 eV, respectively, and Eg is the energy of the free electrons on the 

hydrogen scale, which is 4.5 eV.4,5 Eg is the band gap of the semiconductor. 
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According to the UV-vis spectra and Tauc approach, we can obtain the band gaps of 

CuS, ZnS and CdS. Therefore, according to this formula, we can obtain the energy 

band edge level of semiconductor photocatalyst. 

3. Figures and Tables

Fig. S1 Comparison of photocatalytic activities of different molar rations for MB degradation.

Fig. S2 PL spectra of (a) CuS, ZnS, CuS/ZnS and (b) CuS, CdS, CuS/CdS.
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Fig. S3 Band gap plots of (a) CuS, (b) ZnS, (c) CdS, (d) CuS/ZnS and (e) CuS/CdS as Tauc plots for 
estimation.

Fig. S4 CuS/ZnS and CuS/CdS composites degrade MB in the dark condition.



7

Fig. S5 UV adsorption spectra of MB, RhB and MO (a-c) CuS/ZnS, (d-f) CuS/CdS.

Fig. S6 CuS/ZnS and CuS/CdS composites degrade tetracycline (TC).
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Fig. S7 SEM images of (a) CuS/ZnS and (b) CuS/CdS after recycling.

Fig. S8 XRD patterns of (a) CuS/ZnS and (b) CuS/CdS after cycling.

Table S1 BET surface areas and pore volumes of CuS, ZnS, CdS, CuS/ZnS and CuS/CdS.

SBET(m2/g) Vpore(cm3/g) Dpore(nm)

CuS 1.7945 0.011434 28.0422
ZnS 19.5852 0.067396 12.2789
CdS 9.0276 0.033755 12.9270

CuS/ZnS 3.6297 0.014217 12.8491
CuS/CdS 5.4593 0.071322 13.2057
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Table S2 Observed pseudo-first order rate constants, R2 values, maximum degradation (%) of 
samples.

Dye Samples Dye Degradation Efficiency (%) Rate Constant (min-1) (R2) value

CuS 83.19 0.06483 0.9859

ZnS 32.46 0.01609 0.9017

CdS 28.43 0.01355 0.9258

CuS/ZnS 96.74 0.13864 0.9389

CuS/CdS 97.70 0.1520 0.9391

MB 8.67 0.00359 0.9265

MB

MB (no H2O2) 6.63 0.00267 0.9365

CuS 97.52 0.11976 0.9974

ZnS 29.26 0.01269 0.9719

CdS 25.83 0.0114 0.9705

CuS/ZnS 98.04 0.15927 0.9544

CuS/CdS 97.97 0.16035 0.9526

RhB 8.17 0.00277 0.9809

RhB

RhB (no H2O2) 5.43 0.00177 0.9797

CuS 84.93 0.02266 0.9901

ZnS 28.03 0.00351 0.9962

CdS 19.23 0.00267 0.9569

CuS/ZnS 89.00 0.02631 0.9981

CuS/CdS 84.88 0.02322 0.9897

MO 7.87 0.00111 0.8910

MO

MO (no H2O2) 1.53 0.00016 0.9763
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Table S3 Comparison of the CuS/ZnS and CuS/CdS photocatalysts for the dye degradation 
comparable with the other CuS-based photocatalysts.

Table S4 Total organic carbon content removal efficiency of CuS/ZnS and CuS/CdS composites.
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