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Cu2ZnSnS4 nanocrystals (CZTS NCs), MoS2 nanosheet (NS) and MoS2-CZTS 
nanocomposite (NC) have been synthesized using solvothermal route. Structural 
characterization of samples have been done by XRD, Raman spectroscopy, HR-TEM. 
Samples have optically characterized by UV-Vis absorption, photoluminescence (PL) and 
time co-related single photon counting (TCSPC) study. The XRD, HR-TEM and Raman 
spectroscopy established tetragonal kesterite phase for both CZTS NCs and MoS2-CZTS 
NC. Enhancement of efficiency of CZTS NCs to degrade methylene blue (MB) dye, 
illuminated by visible light, have been observed by loading 1 wt.% MoS2 NS and found to 
be ~100% in only 15 minutes.  This is due to efficent transfer of charge carriers at p-CZTS 
and n-MoS2 heterojunction interface, confirmed by quenching of PL intensity and decrease 
in average lifetime of carriers. 
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1. Introduction 
 
The water pollution is an important issue of modern civilization. Among different industries, 

the textile industry is mainly responsible for water pollution because of its large consumption of 
water for dyeing and washing of fabrics, producing water waste containing dyes which are very 
harmful to living organism. MB dye is used widely in textile industry. There are different techniques 
to remove the organic dye from waste water like filtration, [1] chemical oxidation, [2] 
electrochemical treatment [3,4] etc. but adsorption [5,6] as well as photocatalysis are the most 
promising technique in large scale dye degradation due to its simplicity and cost-effectiveness [7–
13]. Semiconducting nanomaterials have snatched attention of recent research due to their enormous 
catalytic applications. After absorbing light flux, a semiconductor photocatalyst generates exciton 
which dissociate at the defect state or interface of the semiconducting material resulting free charge 
carriers. This carriers decrease the electron acceptors or oxidize the donor species [14]. 

Copper Zinc Tin Sulfide (CZTS), a quaternary p-type semiconductor, constituting earth 
abundant, eco-friendly non-toxic material has attracted much more attention towards energy 
harvesting [15–19], thermoelectricity [20], battery application [21] as well as photocatalysis due to 
its optimum optical band gap value (bulk band gap is 1.5 eV) and large absorption coefficient (~104 

cm-1) over solar spectrum [22–25]. Due to low band gap, there is a tendency of recombination of the 
free charge carriers. To overcome this problem, one of the most promising approach is to make a 
composite of 3D nanomaterials with 2D materials like transitional metal dichalconide (TMDC) 
because 2D materials possessing high charge carrier mobility and large surface area, dissociate the 
electron hole pairs easily compared to the bare 3D nanomaterials [26]. Among the TMDC, MoS2 
layer structured nanomaterial is the champion one because of its large charge carrier mobility (~200 
cm2 V-1 S-1), dangling bond free surface and unsaturated d-orbitals of transitional metal [27,28]. 
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However, 2D TMDC suffer from very poor light absorption ability due to its atomic level thickness, 
causing limited functionalities in photocatalytic application [29]. 

The making of composite MoS2-CZTS NC utilizes advantages of 2D materials i.e. high 
surface to volume ratio and large carrier mobility as well as that of the CZTS nanomaterials which 
comprises high optical absorption ability over solar spectrum. Gogoi et al. investigated the 
performance of MoS2-CZTS NC towards photocatalytic degradation of Rhodamine B organic 
pollutant and showed 97% degradation efficiency for 40 minutes irradiation time [30]. Shi-Jen Lin 
et al synthesized hydrothermally Ag/hybridized CZTS/1T-2H MoS2 photocatalyst and found greater 
photocatalytic ability compared to the bare CZTS [31]. Enna Ha et al studied the photocatalytic 
activity towards hydrogen generation of CZTS/MoS2/ r-GO hybrid and showed the transportation 
of photoexcited electrons of CZTS to MoS2 through r-GO backbone [32]. 

In this work, we have successfully synthesized MoS2 NS using facile hydrothermal method 
and CZTS NC as well as MoS2-CZTS NC are grown using simple one pot solvothermal technique. 
The MoS2-CZTS NC shows excellent photocatalytic performance compared to bare CZTS NC and 
MoS2 NS towards degradation of MB taken as model dye. 

 
 
2. Experimental 
 
2.1. Materials 
Analytical grade Sodium molybdate dehydrate [Na2MoO4.2H2O], Copper (II) Acetate 

monohydrate [(CH3COO)2Cu.H2O], Zinc Nitrate hexahydrate [Zn(NO3)2.6H2O], Tin (II) Chloride 
dehydrate [SnCl2.2H2O] and ethylene diamine (EDA) were purchased from Merk, India. Thiourea 
[CH4N2S] is purchased from Himedia, India. 

 
2.2. Synthesis of nanocrystals 
The solvothermal process was adopted to synthesize nanomaterials as it is a single step, easy 

and cost effective way [33]. The morphology and dimension of the nanomaterial can be controlled 
by varying the solvent, surfactant and with different reaction parameters like temperature, time and 
pH value of the precursor solution [34]. 

Herein, MoS2 NS is synthesized with the method used by Manikandan et al. [35]. In brief, 
precursor solutions were prepared by adding 0.1 M Na2MoO4.2H2O to 15 ml deionized water in one 
beaker and 0.6 M thiourea to another beaker containing same amount of deionized water. Both the 
solution were kept under stiring. After 30 minutes, thiourea solution was poured drop wise to the 
Na2MoO4.2H2O solution. Stirring continued for further 20 minutes. The solution was taken in a 
autoclave with Teflon linnig, covering with a steel jacket. Then, the sealed autoclave was transferred 
to a preheated furnace maintaining 200 ⁰C for reaction time of 24 hours. Next, the autoclave was left 
to be cooled naturally. After cooling to RT, precipitate was centrifuged at 5000 rpm three times with 
double distilled water and two times with ethanol for removing by-products and unreacted ions. 
Finally, the precipitate was dried in air at 60 ⁰C for 12 hours to get desired nanomaterials. 

Similar strategy was taken to synthesize CZTS NCs and MoS2-CZTS NC. 30 ml solvent 
was prepared by water and EDA in the ratio of 3:1. 0.038 M Coppe (II) acetate monohydrate was 
dissolved in the 20 mL of aforesaid solution and kept under stirring. After the salt completely 
dissolved, 0.022 M zinc nitrate hexahydrate and 0.02 M tin (II) chloride dehydrate were added one 
by one to solution and stirring was continued for further 30 minutes. 10 ml 0.16 M thiourea solution 
was prepared separately and poured to the aforesaid solution drop wise under vigorous stirring to 
obtain a uniform blue coloured solution. Then, the similar step was followed as mentioned for MoS2 
NS synthesis. For synthesis of MoS2-CZTS NC, 1% gm-wt of MoS2 NS was added to precursor 
solution and rest procedure was same as preparation of CZTS NCs. 

 
2.3. Characterization 
XRD of powder samples was performed by x-ray diffractometer (Rigaku Miniflex II using 

Cu Kα radiation, λ = 0.15418 nm) with 2θ values between 20⁰ to 80⁰ operated at 30 kV/10 mA. 
Raman spectroscopy was performed for wavenumber 200 cm-1 to 700 cm-1 using Raman 
spectrometer (LabRAM HR Evolution, Horiba) with 532 nm laser with power of 1 mW. TEM and 
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HR-TEM measurement was carried out by FEG-TEM (JEOL, JEM 2100F). The UV-Vis absorption 
study was done for wavelength ranging from 200 nm to 800 nm by Cary 5000 UV-Vis-NIR 
spectrophotometer and photoluminescence was characterized by fluorescence spectrophotometer 
(Hitachi F-7000). The photoluminescence lifetime of carriers measurement was carried out by 
TCSPC study (DeltaFlex, Horiba Scientific). The samples are excited with Delta Diode laser with 
wavelength 467 nm and decay profile is recorded with respect to time.  

 
2.4. Measurement of photocatalytic activity 
Photocatalytic activity measurement of samples were executed in degrading aqueous 

solution of MB dye illuminated by visible light, radiated from 1000 watt halogen lamp (Phillips). 
50 ml solution of MB dye in deionized water was prepared at concentration of 10 mg/L. 10 mg 
sample was added to that dye which was stirred at 500 rpm for 1 h under dark for adsorption 
desorption equilibrium. Then, the light was illuminated to dye solution containing nanomaterials 
with continuous constant stirring so that the photocatalyst can be uniformly illuminated. After that, 
4 ml of the dye solution was taken in regular interval and centrifuged for removing nanomaterials. 
Degradation efficiency was investigated by measuring change of the characteristic absorbance peak 
height of dye solution with respect to time using UV-Vis-NIR spectrophotometer.  

 
 
3. Results 
 
3.1. XRD analysis 
XRD analysis is the basic and very important study to detect the phase and structure of a 

crystal. The powder XRD pattern of as grown CZTS NCs, MoS2 NS and MoS2-CZTS NC are 
demonstrated in Fig. 1a. The x-ray peaks of CZTS NCs, positioned at 2θ values of 28.38⁰, 32.87⁰, 
47.30⁰, 56.10⁰, 69.35⁰ and 76.41⁰ will be indexed planes as (112), (200), (220), (312), (008) and 
(332) respectively. The results tally with tetragonal kesterite structure (JCPDS Card No: 26-0575) 
with the lattice constant values a = 5.43 Å, b = 5.43 Å and c = 10.90 Å [36]. Beside this, the XRD 
profile of MoS2 NS indicates the broadening of diffraction peaks due to weakly crystallization of as-
grown nanosheets. The peaks corresponding to 2θ values of 13.40⁰, 32.43⁰, 35.45⁰ and 57.50⁰ are 
arrived due to (002), (100), (102) and (110) planes respectively which confirms the hexagonal 
structure and well matched with the JCPDS Card No: 37-1592 [37]. The XRD pattern MoS2-CZTS 
NC reveals that there is no distinct characteristic diffraction peak corresponding to MoS2 phase. This 
is due to the presence of very small weight ratio (1wt. %) as well as weak crystallinity of MoS2 NS 
compared to CZTS NCs [32]. Moreover, MoS2 NS does not affect the crystal phase and not produce 
any binary or ternary by-products. The diffraction peaks of MoS2-CZTS NC are appeared at 2θ 
values of 28.69⁰, 33.06⁰, 47.58⁰, 56.39⁰, 69.50⁰ and 76.62⁰ corresponding to (112), (200), (220),  
 
 

 
 

Fig. 1. (a) XRD profiles corresponding to CZTS NCs, MoS2 NS and MoS2-CZTS NC; (b) Raman spectra 
correspond to CZTS NCs and MoS2-CZTS NC. 
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(312), (008) and (332) planes respectively which are very similar to the CZTS kesterite phase. The 
values of lattice constant are computed as a = b = 5.40 Å and c = 10.70 Å. However, the existence 
of MoS2 is established by Raman spectra, TEM and energy dispersive spectroscopy (EDS) elemental 
mapping. The average crystallite size is measured using Debye-Scherrer relation- 

𝑃𝑃 = 0.9𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

              (1) 

 
where 𝜆𝜆 is wavelength of incident Cu-α x-ray radiation (1.545 Å). 𝛽𝛽 is full width at half maxima 
(FWHM) and 𝜃𝜃 is Bragg angle. The approximate crystal size is computed as ~19.98 nm and ~20.49 
nm for CZTS NCs and MoS2-CZTS NC respectively, which consequences that the presence of small 
amount of MoS2 NS does not influence the particle size effectively. 

 
3.2. Raman spectroscopy 
Raman measurement is important for structural homogeneity of as-synthesized crystal. 

Furthermore, in case of chalcogenides based quaternary semiconducting nanomaterials, it is 
necessary to perform Raman measurement because there is a probability of growing binary and 
ternary secondary phases and XRD profile of those phases are too close to desired kesterite phase 
to identify distinctly. Fig. 1b depicts the Raman spectra of CZTS NCs and MoS2-CZTS NC. The 
characteristic peak at 333 cm-1 along with a secondary peak at 289 cm-1 are arrived for CZTS NC, 
which confirm the kesterite phase. The peak at 333 cm-1 is due to A mode of sulphur around the 
metal atoms and the peak at 289 cm-1 is because of the longitudinal optical (LO) mode vibration of 
cations [38]. Apparently, for MoS2-CZTS NC, beside two CZTS peaks at 287 and 334 cm-1, two 
additional peaks with small intensity are found at 380 and 407 cm-1, which are characteristic peaks, 
originating due to the E1

2g and A1g mode of 2H phase semiconducting MoS2 respectively [39]. The 
peak at ~380 cm-1 (𝐸𝐸2𝑔𝑔1  mode) is for in-plane mode vibration of molybdenum and sulphur atoms in 
opposite direction to each other. The peak at ~407 cm-1 is for out-of-plane vibration of those atoms. 
No peaks are found corresponding to any unwanted binary and/or ternary phase in Raman spectra 
of CZTS NCs and also in MoS2-CZTS NC, indicating the purity of as-synthesized samples. Raman 
data also reveals that the coexistence of MoS2 and CZTS into the as-synthesized MoS2-CZTS NC, 
which could not be attributed by the XRD measurement. 

 
 

 

 
 

Fig. 2 (a-c) TEM, HRTEM and SAED images corresponding to CZTS NCs; (d-f) TEM, HRTEM and SAED 
images correspond to MoS2-CZTS NC. 
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3.3. TEM and HRTEM analysis 
TEM measurement is important to determine morphology, crystal structure and crystallite 

size of nanomaterial. Fig. 2 illustrates the TEM, HR-TEM and SAED pattern of as grown CZTS 
NCs and MoS2-CZTS NC. The particle distribution of CZTS NCs and MoS2-CZTS NC are shown 
in Fig. 2a and Fig. 2d respectively and the crystallite size is ~17 nm and ~19 nm. The values of 
interplanar spacing are found to be 0.31 nm of both samples for (112) plane obtained from Fig. 2b 
and Fig. 2e. The SAED pattern of CZTS NCs and MoS2-CZTS NC are displayed in Fig. 2c and Fig. 
2f respectively. The distinct circular rings indicate the diffraction from different planes. In case of 
CZTS NCs, the ring corresponding to (200) diffraction plane is absent, which may be attributed to 
the very weak intensity corresponding to this plane as seen in XRD profile. Fig. 2e clearly indicates 
that the formation of MoS2-CZTS NC where nanocrystalline CZTS are grown over 2D MoS2 NS. 
Hence, in-situ heterojunctions are formed by n-type MoS2 and p-type CZTS. Additionally, the 
heterojunctions offer large interfacial contact area which is highly recommended for superior charge 
carrier transfer as well as for obstructing carrier recombination. These are the significant conditions 
to enhance the photocatalytic activity. The EDS elemental mapping is performed to confirm the 
existence of different elements in the MoS2-CZTS NC. Fig. 3a shows the area selected for elemental 
mapping and Fig. (3b – 3f) depict the HAADF images of MoS2-CZTS NC which show mapping of 
Cu, Zn, Sn, S and Mo atoms respectively illustrating well distribution of all the elements. 

 
 

   
(a)                                               (b)                                                  (c) 

   
(d)                                               (e)                                                  (f) 

 
Fig. 3. HAADF images corresponding to MoS2-CZTS NCs shows well distribution of individual elements; (a 

– selected area of MoS2-CZTS NC; b – copper; c – zinc; d – tin; e – sulfur and f – Molybdenum). 
 
 
3.4. Optical absorption property 
The optical absorption study is essential to determine the band gap values and also to 

investigate the ability of the nanomaterials in the field of photocatalysis and photovoltaic 
applications under solar spectrum. The absorption spectrum are recorded in 200 to 800 nm 
wavelength range and Fig. (4a - 4c) demonstrate the variation of absorbance of MoS2 NS, CZTS 
NCs and MoS2-CZTS NC respectively. It is clearly seen that the absorbance is affected significantly 
while loading of MoS2 NS for synthesizing MoS2-CZTS NC. The band gap values are calculated 
using Tauc equation for direct band gap materials- 
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 (𝛼𝛼ℎ𝜈𝜈)2 = 𝐶𝐶(ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔)                                                     (2) 
 
where 𝛼𝛼 is the optical absorption co-efficient, C is constant and  Eg is optical band gap. The inset to 
Fig. (4a and 4b) display the variation of  (𝛼𝛼ℎ𝜈𝜈)2 with respect to photon energy (ℎ𝜈𝜈). By extrapolating 
the linear segment of the graph on the x axis (photon energy), the band gaps are estimated. The band 
gaps are found to be 1.51 eV for MoS2 NS and 1.67 eV for CZTS NC. The enhancement in band 
gap for CZTS NC compared to bulk counterpart is attributed to size reduction of the materials [40]. 
For MoS2, band gap value depends on the layer number [41]. The band gap is 1.8 eV for monolayer 
MoS2, whereas, it is 1.2 eV for bulk counterpart. The estimated values of band gap are well matched 
with the literature [30,42–44]. 
 
 

 

 
 

Fig. 4.  Absorbance spectra of (a) MoS2 NS, (b) CZTS NCs (inset showing Tauc plot to determine band gap) 
and (c) MoS2-CZTS NC. 

 
 
3.5. Photoluminescence and TCSPC study 
The study of photoluminescence (PL) properties is an effective and important method to 

detect impurity or defect states present in the synthesized samples. It also give information about 
charge transfer mechanism in heterostructure.  PL spectra of CZTS NCs and MoS2-CZTS NC using 
710 nm excitation are illustrated in Fig. 5a. Apparently, there are two peaks arrived for bare CZTS 
NC. The peak, arrived at 751 nm is due to transition of electrons between bands. Besides, the high 
intensed peak, positioned at 791 nm is due to the electron transition from the defect states present 
near the conduction band to the valence band. On the other hand, only one small peak around 749 
nm is observed while loading MoS2 NS to CZTS. The PL intensity is fully quenched around 791 nm 
implying the transportation of photoexited electrons from the conduction band of CZTS NCs to the 
conduction band of MoS2 NS which is favorable for photocatalytic application [45]. 
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The charge transfer phenomenon is also established by time co-related single photon 
counting (TCSPC) spectra. The photoluminescence lifetime of the carriers is calculated by decay 
data fitting with multi exponential equation- [46] 

 
𝐼𝐼(𝑡𝑡) = 𝐼𝐼0 ∑ 𝐴𝐴𝑛𝑛𝑁𝑁

𝑛𝑛=1 𝑒𝑒
−𝑡𝑡

𝑇𝑇𝑛𝑛�                    (3) 
 

𝑇𝑇𝑎𝑎𝑎𝑎 = ∑𝐴𝐴𝑛𝑛𝑇𝑇𝑛𝑛
∑𝐴𝐴𝑛𝑛

                      (4) 

 
where, 𝐼𝐼0 is the number of initial photons, 𝐴𝐴𝑛𝑛 is the pre-exponential factor indicating the percentage 
of the initial number of photons with lifetime 𝑇𝑇𝑛𝑛. The photoluminescence decay curve of CZTS NC 
and MoS2-CZTS NC with excitation 467 nm and emission 700 nm is demonstrated in Fig. 5b and 
Fig. 5c respectively. The decay curve of CZTS NCs is fitted well with bi-exponential function, 
whereas, the decay data of MoS2-CZTS NC is fitted with tri-exponential function. The fitting 
parameters have been displayed in Table 1. Additionally, The residuals vs. time plot with χ2 values 
(1.17 for CZTS NCs and 1.19 for MoS2-CZTS NC) are illustrated in Fig. 5d and 5e. The values of 
the average lifetime are estimated using equation (4) and found to be 0.19 ns and 0.13 ns for CZTS 
NCs and MoS2-CZTS NC respectively. The reducing in average lifetime of the carriers reveals that 
the photo-induced charge transfer occurred at the CZTS NCs to MoS2 NS interface which confirms 
the quenching phenomenon of the PL spectra [47,48]. 

 
 

Table 1. Parameters to calculate average photoluminescence lifetime of carriers. 
 

Sample A1 
(%) 

A2 
(%) 

A3 
(%) 

T1 
(ns) 

T2 
(ns) 

T3 
(ns) 

Average 
Lifetime (ns) 

CZTS NC 97 3 - 0.12032 2.71528 - 0.19 
MoS2-CZTS NC 48.4 48.4 3.2 0.10142 0.10142 1.27506 0.13 
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(a)                                                                                  (b) 

  
(c) 

   
(d)                                               (e) 

 
Fig. 5. (a) PL spectra, TCSPC decay spectra of (b) CZTS NCs and (c) MoS2-CZTS NC; Residuals vs. time 

(ns) plot with χ2 of (d) - CZTS NCs and (e) – MoS2-CZTS NC. 
 
 
3.6. Photocatalytic activity 
The photocatalytic potential of as-synthesized nanomaterials are displayed in the Fig. 6 

where we have studied the absorbance of the aqueous solution of MB dye as a function of 
wavelength which reflects the degradation mechanism under illumination of visible light. MB is one 
of the azo dye which reveals major absorbance bands at 293 nm (π-π* transition) and 663 nm (n-π* 
transition) for UV-Visible absorption spectra. There is another peak, like shoulder of peak positioned 
at 663 nm, appeared at 610 nm must be due to 0-1 vibronic transition [49]. Here, we have focused 
only the main characteristic peak positioned at 663 nm. This absorbance profile of MB is almost 
unchanged over a period of 12 hours under illumination of light suggesting that the MB dye itself is 
stable and cannot be degraded over time. It is observed that the peak height gradually decreases with 
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time under illumination in presence of MoS2 NS, CZTS NCs and MoS2-CZTS NC shown in Fig. 
(6a-6c) respectively. It seems that the dye is degraded with time effectively in presence of 
nanomaterials, act as photocatalyst, under illumination of visible light. The percentage of 
degradation or degradation efficiency is computed using following equation [50]- 

 
% of degradation = 𝐶𝐶0−𝐶𝐶

𝐶𝐶0
× 100                              (5) 

 
where 𝐶𝐶0 and 𝐶𝐶 represent the initial concentration of MB dye and the concentration at any instant t 
respectively. The degradation efficiencies are estimated as ~ 70 % and ~ 92 % for MoS2 NS and 
CZTS NCs respectively under illumination of light for 60 minutes whereas, for MoS2-CZTS NC it 
is found to be ~100 % for 15 minutes irradiation time only. The photocatalytic degradation kinetics 
was also studied to investigate degradation mechanism. The degradation of MB dye obeys pseudo 
first order reaction. The rate constant (k) is attributed from the relation [51]- 
 

ln � 𝐶𝐶
𝐶𝐶0
� = −𝑘𝑘𝑘𝑘                (6) 

Fig. 6d ilustrates time vs. ln(𝐶𝐶/𝐶𝐶0) graph alongwith linear fitting of the data. The linear 
nature of graph confirms the first order reaction kinetics of the photocatalytic degradation process. 
The k values are found to be 0.02924, 0.04844 and 0.28285 min-1 for MoS2 NS, CZTS NCs and 
MoS2-CZTS NC respectively. 

 
 
 
 
 
 
 

 

 
 

Fig. 6.  Absorbance spectra of aqueous solution of MB dye in presence of (a) MoS2 NS, (b) CZTS NCs and 
(c) MoS2-CZTS NC under illumination of visible light; (d) 𝑙𝑙𝑙𝑙 𝐶𝐶0

𝐶𝐶
 𝑣𝑣𝑣𝑣 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 graph to determine rate constant. 

 
 
Apparently, MoS2 NS and CZTS NCs exhibit good photocatalytic behaviour but CZTS 

loaded with MoS2 NS shows excellent performance towards visible light driven degradation of 
organic dyes. When visible light is irradiated to semiconducting material with suitable band gap, the 



780 
 
excitons are generated and separated into free electrons (e-) and holes (h+). In bare CZTS NCs and 
MoS2 NS, there is a tendency of recombination of those photogenerated e- and h+ which inhibits the 
photocatalytic performance. On the other hand, excellent photocatalytic performance is observed for 
MoS2-CZTS NC. This can be attributed to more active sites present in MoS2-CZTS NC to make 
reaction with aqueous solution of dye and there is a pathway of charge transfer in the junction of 
CZTS and MoS2 which is due to preferable band alignment as shown in schematic diagram (Fig. 7). 

The charge transfer mecanism of the heterojunction under illumination of light is illustrated 
as follows. Fig. 7 represents the equilibrium condition of n-MoS2/p-CZTS heterojunction where the 
fermi energy (EF) is same for both sides. The depletion region (shaded with blue colour) is formed 
in the heterojunction in which a built in electric field is created. The values of electron affinity (χ) 
of the n-MoS2 NS and p-CZTS NCs are 4.3 eV and 3.7 eV respectively which make suitable band 
alignment for transferring charge carriers [52,53]. Under irradiation of visible light, which is 
obviously having greater energy than the band gap energy values of both CZTS NCs and MoS2 NS, 
electrons of VB of both sides (p and n) can undergo a transition to CB leaving holes. Hence, 
photogenerated charge carriers are formed which move in opposite directions i.e. electrons travel 
towards n-MoS2 side and holes to p-CZTS because of built-in field and suitable bending of band 
[54]. Thus it resists the e- and h+ recombination. The occurrence of charge separation is confirmed 
by quenching phenomenon of PL intensity (Fig. 5a) and also decrease in PL lifetime (Fig. 5b and 
Fig. 5c), while making composite CZTS NCs with MoS2 NS. Furthermore, the high absorption 
coefficient of CZTS NCs enhances the photogenerated charge carrier concentration. Moreover, the 
high charge carrier mobility of MoS2 NS as well as high quality junction of CZTS and MoS2 (Fig. 
2e) accelerate the charge separation process which consequences greater number of e- and h+ in the 
MoS2-CZTS NC. Additionally, MoS2 NS offers two dimensional sheet for CZTS NC to prevent 
themselves from agglomeration which results stable and well uniform dispersion of nanomaterials 
in the solvent. 

 

 
 

Fig. 7. Schematic of band alignment MoS2-CZTS NC and photocatalytic mechanism. 
 
 
The dye degradation mechanism can be explained as follows. Under illumination of light, 

the photogenerated holes and electrons move to the surface of the semiconducting photocatalysts 
(MoS2 NS, CZTS NCs and MoS2-CZTS NC ) where they can undergo redox reaction with the 
organic pollutant. The electrons may reduce the adsorbed oxygen which is available in the surface 
of the photocatalyst, to the superoxide radical anion O2

−∗. The holes can easily make reaction with 
water at the photocatalyst surface and generate hydroxyl radical OH∗ , which is responsible mostly 
for dye degradation. The superoxide O2

−∗ can further undergo a reaction with H2O and producing 
H2O2 which may degraded to OH∗. Finally, OH∗ radical degrades dye by producing CO2 and H2O 
with byproducts. The possible reactions are as follows- 
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CZTS + hν → CZTS(e− + h+) 
O2 + e− → O2

−∗ 
H2O + h+ → OH∗ + H+ 

O2
−∗ + H2O → H2O2 

H2O2 → OH∗ 
OH∗ + Dye → CO2 + H2O + Degradaed product𝑠𝑠. 

 
 
4. Conclusion 
 
In summary, TEM, Photoluminescence as well as Raman spectra clearly indicate the 

formation of MoS2-CZTS nanocomposite. Individually CZTS NC is better than MoS2 NS as far as 
photocatalytic activity in degradation of MB dye is concerned. CZTS NC is also not found to be 
very efficient in this respect. But MoS2-CZTS NC presents itself as one of the promising 2D-3D 
composite material in the field of the photocatalytic dye degradation. In this paper we have 
established the capability of MoS2-CZTS nanocomposite (NC) as an efficient catalyst in the visible 
light for photocatalysis applications. 
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