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SYNOPSIS 
The thesis entitled “Surfactant-Free Synthesis of Metal Chalcogenides and their Role 

as Catalyst for Environmental Remediation and Electrochemical Oxygen Evolution 

Reaction (OER)” comprises of five chapters   

Chapter 1: Introduction 

The introduction chapter is a combination of a literature survey for nanomaterials 

comprising the definition of nanomaterials, classification, modes of synthesis, and 

applications. Various methods used for the synthesis of nanomaterials and their merits 

and demerits are discussed. Other than the reported methods used for the synthesis of 

nonomaterials, the method developed in our lab, pronounced as hexamethyldisilazane 

(HMDS) assisted method, has been discussed, and its advantages are compared to other 

reported methods. Besides these, their different properties, including catalytic, optical, 

dielectric, and magnetic properties, have also been discussed. Various kinds of suitable 

applications for environmental remediation and oxygen evolution purposes have been 

explained. The implications of the use of surfactants on catalytic properties and their 

remedy involving the surfactant-free synthesis of nanocatalysts have been discussed. 
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Chapter 2: Importance of Clean Surfaces on the Catalyst: SnS2 Nanorings for 

Environmental Remediation  

Chapter 2 describes the synthesis of SnS2 nanocrystals and the effect of surfactants on the 

catalyst's surface and its catalytic activities. We have produced SnS2 nanomaterials in two 

ways, without surfactant and with surfactant polyethyleneglycol (PEG). The presence and 

absence of surfactant molecules had significant effects on the morphology of particles 

produced. We have obtained ring-type morphology for surfactant-free (sf-SnS2NRs), and 

flowers-like for PEG stabilized SnS2 (peg-SnS2NF). In both cases, the synthesis was 

performed in a single step by HMDS-assisted method under inert conditions in the 

presence or absence of PEG. The nanomaterials synthesized were characterized by 

different analytical and spectroscopic techniques, including PXRD, FESEM, TEM, BET, 

RAMAN, UV-visible, and XPS. The average sizes of particles calculated for sf-SnS2NR 

and peg-SnS2NF were estimated to be ~50 nm and ~100 nm, respectively. The influence 

of surfactants was conveyed by carrying photocatalysis for the degradation of toxic 

organic dyes (Rh B and MB) and inorganic chemical Cr(VI). In both cases, the sf-SnS2 

NRs showed supremacy in its catalytic behavior, degrading more than 95% of both the 

contaminants in a short period compared to peg-SnS2NF. The overall enhancement in 

photocatalysis for sf-SnS2NRs is because of open access to active sites and an 

enhancement in interfacial charge transfer on its surface compared to peg-SnS2NF. The 

catalysts stability performed upto a certain number of cycles predicted a long shelf life 

with retaining its structure and morphology. 
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Chapter 3: A Simplistic Approach for the Synthesis of CuS-CdS Heterostructure: A 

Novel Photocatalyst for Oxidative Dye Degradation 

This chapter explains the possibility of improving the catalytic performance by the 

formation of heterostructures between nanomaterials. From this perceptive, we have 

designed and developed CuS-CdS heterostructures. Thus, in this chapter, the direct 

synthesis of CuS-CdS based mesoporous composite materials and their photocatalytic 

activity are described. In this study, a series of CuS micro flowers (mf) decorated with 

varying amounts of CdS nanoparticles (NP) have been synthesized successfully in a 

controlled manner. Relatively easy synthesis of material along with its surfactant-free 

clean surfaced heterojunction accentuates the reliability of the protocol described here. 

Full characterization of these semiconducting materials was accomplished with a series of 

analytical techniques, which include powder x-ray diffraction (PXRD), scanning electron 

microscopy (SEM), tunnelling electron microscopy (TEM), x-ray photoelectron 

spectroscopy (XPS), UV-Vis, IR, BET and lifetime studies. Upon varying the 

concentration of precursor of Cd in the reactions, the resulting materials exhibited a well-

demarcated change in morphologies ranging from undifferentiated mass to well-

differentiated flower-like architectures. The thoroughly characterized composite was 

accessed finally for its potential photocatalytic activity for the degradation of organic 

dyes. The results showed 96.0% degradation of rhodamine B (RhB) over 10 minutes and 

94.7% degradation of methylene blue (MB) over 9 minutes. This observed rate of 

degradation was much higher than that observed in the case of pure CuS (62.0% of RhB 

and 50.2% of MB). 
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Chapter 4: Chalcopyrite with Magnetic and Dielectric Properties: An Introductory 

Catalyst for 4-Nitrophenol Reduction 

The progress for the development of active, stable, and economic catalysts for the 

chemical transformation of noxious chemicals to benign is of primary importance. In this 

chapter, we have explored the formation of a ternary transition metal chalcogenide-

CuFeS2 for the first time using the HMDS-assisted synthetic method and its catalysis for 

4-nitrophenol (4-NP) reduction to 4-aminophenol (4-AP) by this material for the first 

time. The synthesis of surfactant-free chalcopyrite, sf-CuFeS2 by wet-chemical one-pot 

HMDS-assisted synthetic method was accomplished. Various analytical and 

spectroscopic techniques carried on for the physical characterization of the material 

produced. From the observation of magnetic properties, the material chalcopyrite was 

found to be paramagnetic. The dielectric constant and dielectric loss were also 

determined, and they were decreasing with an increase in frequency. The dielectric 

behavior of the material was explained by Maxwell-Wagner theory of polarization, and 

the dielectric constant of the as-synthesized sample was found to be 3.176 at 100 ºC and 

500 kHz. The potential catalytic activity was confirmed by performing the reduction of 4-

nitrophenol (4-NP) to 4-amino phenol (4-AP) in the presence of sodium borohydride 

(NaBH4) in aqueous medium at room temperature. The catalyst showed about 90% yields 

in the reduction reactions, which can be attributed to easy-access to active sites 

invigorated by the absence of surfactant molecules. Reusability tests performed upto five 

cycles, determined the well stability and retention of activity for catalyst. 
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Chapter 5: Boosting the Bifunctional Catalytic Role of Cobalt Iron Chalcogenide-

Co0.8Fe0.2L2 (L = S and Se) as an Electrochemical OER Performer and a 

Photocatalyst for Cr(VI) Reduction 

In this segment of the thesis, we have described the development of two novel series of 

ternary transition metal chalcogenides-Co0.8Fe0.2L2 (L = S, Se) [Co0.8Fe0.2S2 and 

Co0.8Fe0.2Se2] using HMDS-assisted approach. The bifunctional role of these materials is 

explored for electrochemical OER performance and photocatalytic reduction of Cr(VI). 

The Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 were synthesized by taking two different chalcogenide 

sources, thiourea and selenium powder. The different physicochemical properties of 

Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 were scrutinized by various analytical and spectroscopic 

techniques, including PXRD, FESEM, TEM, BET, XPS, and UV-visible. As an 

electrocatalyst, the materials depicted well electrochemical water splitting properties for 

OER (345 and 350 mV @ɳ10 as overpotential value and 52.4 and 84.5 mV/dec Tafel 

values for Co0.8Fe0.2Se2 and Co0.8Fe0.2S2, respectively). Comprehensive catalytic 

properties showed Co0.8Fe0.2Se2 as a superior electrocatalyst than Co0.8Fe0.2S2. When 

tested for photocatalytic reduction of Cr(VI) at pH value 3, Co0.8Fe0.2S2 showed its best 

performance with a 96% reduction of Cr(VI) and 91% for Co0.8Fe0.2Se2. The difference in 

catalytic properties is probably because of the dissimilarity in morphology. The catalysts 

retained their catalytic ability for 1500 CV cycles for OER performance and five cycles 

in Cr(VI) reduction.  
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CHAPTER – 1 

Abstract 

The introduction chapter comprises a general discussion about the nanomaterials and 

their applications, and chalcogenides of main-group and transition metals. The metal 

chalcogenides include the binary and ternary compositions, also their composites. 

Further, the methods used for the synthesis of nanomaterials, particularly metal 

chalcogenides and their catalytic applications, have been discussed. The chapter also 

included the description of the widely practiced synthetic methods such as the 

hydrothermal method, sol-gel process, precipitation technique, microwave approach, 

chemical-vapor deposition method, and the electrochemical deposition method. Various 

types of applications discussed are; catalysis (4-nitrophenol reduction), photocatalysis 

(oxidation of dyes and detoxification of Cr(VI) to Cr(III)), and electrocatalytic water 

splitting (OER). The chapter also included a description of some crucial properties like 

optical, magnetic, and dielectric properties. The introduction chapter also explains the 

problems associated with surfactants on the catalytic properties and our synthetic 

approach (HMDS -assisted synthetic approach) to produce surfactant-free catalysts. In 

the end, the primary purpose of the work included in this thesis has been highlighted. 
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Introduction 

1.1. Nanomaterials and Nanotechnology 

The materials distinguished from their bulk counterparts in having at least one of the 

dimensions in the nanoscale range or the order of 10
-9

 m are called nanomaterials. The 

nanomaterials mostly vary in size between 1-100 nm and are ultrasmall particles. This 

small size gives them properties entirely different from their bulk. The branch of science 

which deals with the nanomaterials, including their synthesis, characterization, and 

properties, is called nanoscience. The technology involved in this whole process, which is 

the integration of chemistry, physics, and biology, accompanied by the fundamentals of 

science and engineering, is termed as nanotechnology.  

The advancement in science and technology provided new ways to design and 

characterize the nanoscale range materials. The materials synthesized at the nanoscale, 

for example, possess excellent optical, thermal, biological, magnetic, and electrical 

properties that make them usable in advanced applications. In the nanoscale regime, 

alteration of some physical and chemical properties occurs, and this change introduces 

new properties to the materials. The objects surrounding a human are mostly on the 

macro scale, it is only through high-resolution microscopes they deal with the nano-

objects, so it is the contact tip surface which acts as a medium of communication between 

these two worlds. Nanotechnology never overpowers microtechnology; instead, it always 

remained close to microtechnology, making its studies deeper and more explored.  

Nanomaterials can be obtained from different sources like natural or human 

efforts. They can be engineered into particular architecture under certain critical 

conditions with sophisticated instruments to have desired properties. For example, some 

the sources include single metallic semiconductors (e.g, Al, Cu, Ag, Au, Ni, Ti, Ce, Sr 

and Co etc) [1], or their combinations either with S, Se or O and/or with polymers in the 

form of binary, ternary or composites with different stoichiometries (CdS, ZnS, CuS, 

FeS, NiS) [2], (TiO2, Fe2O3, CuO) [3], (CuInS2, CuFeS2, NiCo2S4) [4], (CuS/ZnS, 

CuS/CdS, CdS/ZnS) [5], (V2O5/PEDOT/MnO2, graphene/PEDOT/MnO2, 

PANI/CuS/RGO) [6]. The examples for the natural sources are; bio based, organic 

materials (e.g., collagen, gelatin, laminin, carbon nanotubes) [7] and inorganic material 
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(e.g., CaCO3 [8], SiO2 [9], CaSO4 [10], Al2O3 [11]). Nanomaterials have been obtained in 

different shapes and morphology (Figure 1.1). The shapes vary from (nanocubes, 

hexapods, octahedral) [12], nanoprisms [13], urchins [14], tetrahexahedra [15], star-

shaped [16], nanoplates [17], nanospheres [18]. Besides shape and morphology, the 

dimensions or size plays a crucial role in determining the various Physico-chemical 

combinations of properties of nanomaterials. Based on the dimensions, we have 0D, 1D, 

2D, and 3D categories of nanomaterials. 

 

 

Figure 1.1. Depiction of morphological diversification of nanomaterials as reported by 

different literatures [Ref. 12-18]. 

1.2. Classification of Nanomaterials 

Different perspectives were given at different times regarding the classification of 

nanomaterials. Some scientists classified the nanomaterials based on size or dimensions, 

according to shape or morphology, based on the nature of sources, while according to 
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suitable applications. Keeping in view the above clause of classifications, we have 

enlisted some classifications here and discussed them briefly. 

1.2.1. On the basis of Dimensions. 

Several nanomaterials with excellent properties and applications have been synthesized. 

So the demand to classify them is a prerequisite criterion. Gleiter et al. made the first 

attempt at the classification of nanomaterials [19]. Their classification was based merely 

on crystal structure and chemical composition. However, this classification had some 

shortcomings, as it did not consider aspects like dimensions [20]. Pokropivny and 

Skorokhod in 2007 elaborated on the classification of nanomaterials by including all the 

dimensions related to materials like 0D, 1D, 2D, 3D [21]. So different classifications 

given for nanomaterials based on dimensions are depicted in Figure 1.2. 

 

 

Figure 1.2. Portrayal of dimensional classification of NMs (a) nanospheres and 

nanoclusters illucidating zero dimensional (b) nanowires and nanorods showing one 

dimensional (c) networks, prisms, sheets and plates as two dimensional (d) cubes as three 

dimensional nanomaterials. 

1.2.2. On the basis of Materials. 

Based on the type of materials we have nanomaterials classified as follows 

(a) Carbon based Nanomaterials. 

Carbon-based nanomaterials are the materials with their skeleton entirely made up of 

carbon. Carbon itself exists in different polymorphs like graphene, diamond, fullerenes, 

carbon nanotubes, and carbon fibers. All these have been obtained in the nanoforms 

though some are difficult to prepare on nanoscale like diamond. These materials possess 

a hallow or layered structure with each layer interconnected to one another through some 
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non-covalent interactions like hydrogen bond, ionic forces, π-π interactions, which helps 

them to bind when prepared in nanoscale. It is through these interactions with the organic 

moieties that make them suitable adsorbent materials. They show enhancement in their 

properties when produced in nanoscale and perform well in different applications like 

electrochemical sensing, electrochemical water splitting, biological applications, and 

tissue engineering [22]. Some of the carbon-based nanomaterials are shown in Figure 1.3 

[23].  

 

Figure 1.3. Depiction of carbon based nanomaterials [23].  

(b) Organic or Bio based Nanomaterials 

Organic or bio based nanomaterials have their origin wholly from natural sources like 

animals or plants. Through some covalent or noncovalent interactions, they get 

constructed into some impressive structures. The most important ones include cyanine 

derivatives, porphyrin, liposomes, DNAs and RNAs, chitin, and chitosan. These are 

having some interesting medicinal applications like in photothermal cancer therapy or 

imaging. 

(c) Inorganic based Nanomaterials 

They are mostly inorganic metals or their combinations with each other or with oxygen or 

sulfur, e.g., Cu, Cd, Ag, Au, Zn, Ni-Fe, ZnO, and Fe2O. The inorganic or metal 

nanoparticles possess an important characteristic feature of localized surface Plasmon 

resonance due to which they show unique optical properties. The metallic nanoparticles 

showing this important property are Ag, Au, and Cu; this is because of the broadness 

featuring in their visible spectrum [24].  
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(d) Composites  

The composite materials are formed by combinations of either inorganic metals or metal 

ions with polymers or bio based compounds. Some exciting materials are inorganic-

organic hybrid perovskites, pmofs, mofs (zeolites), polymer/MX composites (where 

polymer = PANI (polyaniline), polypyrole, polythiophene, M = Sn, Ni, Cu, Cd, X = S, O, 

Cl). 

1.3. General Synthetic Approach and Applications 

A number of synthetic methods were adapted at different times by different people for the 

synthesis of nanomaterials. All these methods differ from one another either in synthetic 

modes or in one or two other conditions like temperature, time, ways of synthesis, 

feasibility of reaction, scalability etc. But overall all the synthetic methods were enlisted 

in two approaches namely, Top to Bottom and Bottom to Top approaches (Figure 1.4).  

  

Figure 1.4. Schematic view of the two ways of synthesis for nanomaterials: top to bottom 

and bottom to top approach. Both the techniques involve various steps making the 

synthesis easy and possible. 
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1.3.1. Top to bottom method 

Top to bottom approach can be defined as the slicing of bulk material to get it into nano 

dimensions. Mostly, the materials are obtained in this method by mechanical pathways 

like mechanical ball milling and attrition. Many nanostructures have been produced by 

mechanical ball milling, including both amorphous and crystalline materials under inert 

conditions [25]. Here some of the crystal facets are removed to introduce superior 

properties into the crystal. One of the hurdles in the top to bottom approach is that it leads 

to imperfections or defects within the material, causing crystal destruction. The crystal 

defects, in turn, produce challenges while designing material. By top to bottom approach, 

it easy to scale up the production of materials, and therefore, it played a magnificent role 

in the nanoworld. 

1.3.2. Bottom to Top method 

Bottom to top approach can be defined as the stacking or assembling of material from the 

bottom. It is somehow similar to the construction of a new building starting from bricks, 

but here stacking of atoms. Living creatures around us can be considered a perfect 

example of a bottom-to-top approach where scaling or assembling occurs at the cellular 

level. The approach has achieved unlimited feats for designing and synthesis of 

nanomaterials. Colloidal dispersions can achieve the production of many nanomaterials. 

This approach finds its practical utility for the synthesis of thermoelectric materials [26].  

1.3.3. Applications of Nanomaterials 

As nanotechnology advances, the materials prepared at different levels find their practical 

utility [27]. Nanomaterials have fascinating physical and chemical properties, allowing 

their special applications to be more advanced than the substances of the same structure. 

Application of nanomaterials covers a diversified area from natural sciences, engineering, 

and medical, agricultural to interdisciplinary areas [28]. Table 1.1 shows the diversified 

applications of differently synthesized nanomaterials. 
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Table 1.1. Applicability of various nanomaterials in distinct fields. 

S. 

No. 

Materials Applications Ref. 

1. Ag–TiO2, Fe2O3, ZnO–SnO2, ZnO–CdS@Cd. Photocatalysts  [29] 

2. Cu(InxGa1−x)Se2, Co3O4, CsPbBr3, CH3NH3PbI2Br Photovoltaic’s [30] 

3. Sb2Se3, CdTe, SnO2, GeS, WS2, ZnO, MoS2 Photodetectors [31] 

4. TiO2, Pt–Ir, NiO–Au, PtAu/G-CNTs, CuO, ZnO Sensors [32] 

5. Ni/Ni3Fe/B-CNT, CoSnS@CNT, Co0.5Fe0.5S@N-

MC 

Water splitting [33] 

6. CoFe2O4–TiO2, ZnO & CdO NPs, CdS, Ag@AgCl  Dye degradation [34] 

7. ZY-CS, TiO2, Pd/TiO2, Fe2O3/ZrO2@ZrO2, Cu2O CO2 conversion [35] 

8. Ag NPs, ZnO–Au composites, AgFON, Copper 

NPs 

SER’s [36] 

9. CuS, CuS and ZnO/Zn(OH)2 NPs, ZnSe@ZnS QDs, 

ch-Cu composite 

Medicine [37] 

10. MoS2–MoO3, MWCNTs, GaN LED’s [38] 

11. (VOxNy-xC) NPs, NiCo2O4, ZnCo2O4, NiO/Ni(OH)2 Supercapacitors [39] 

12. Co3O4 NMs, Ca(OH)2-coated ZnO, NiCo2O4 for 

Ni/Zn battery 

Batteries [40] 

13. PbTe, ZnO–TiO2–SiO2 Nc’s, ZnS Np’s, ZrS2 Non linear optics [41] 

 

1.4. Metal Chalcogenides and their Synthesis 

The combinations of metals (main group or transition) with any of the chalcogenides are 

called metal chalcogenides. The term ‘chalcogenide’ is mostly confined and specified for 

group VIA of the periodic table. Although VIA starts from oxygen to polonium but 

mostly combinations with sulfur, selenium, and tellurium had been studied thoroughly. 

Metal chalcogenides exist in different stoichiometric forms with different potential 

activities. Combinations of metal chalcogenides with graphene, carbon nitride, graphene 

oxide, nickel foam, which acts as a support for them to form various types of 

heterostructures, enhances their applicability. 



9 
 

The transition metal chalcogenides themselves are categorized as mono, di, tri, and tetra 

depending upon the number of transition metals present. The most common 

stoichiometry possible is either 1:1 or 1:2. The monochalcogenides are designated as MX 

(M = main group or transition metal, X = S, Se, Te). They generally crystallize in zinc 

blende structure. The dichalcogenides are represented as MX2 (M = transition metal, X = 

a chalcogenide). The most widely studied is sulphide among these. They generally 

crystallize in cadmium diiodide or molybdenum disulphide crystalline structure. Some of 

the important examples of metal chalcogenides are enlisted as: SnS2, Bi2S3, Sb2S3, CuS, 

CdS, ZnS, CuSe2, WSe2, CoSe2, NiCo2S4, Cu3BiS3, MoS2, BiVO4, and CuInGaSe2.  

The research interests for designing advanced functional nanomaterials are increasing 

because of their size and shape dependent properties. The present-day nanomaterials are 

designed and fabricated in a way that they are used in different fields based on their 

properties [42-48]. So the design and fabrication of chalcogenide nanomaterials with 

controlled size and morphology are of prime importance in this era of nanotechnology. 

Here some of the well-practiced synthetic methods for nanomaterial synthesis have been 

discussed.  

1.4.1. Hydrothermal method 

Hydrothermal synthesis is defined as a mode of synthesis under a closed system. It is a 

controlled synthesis of materials in aqueous solution in a closed vessel at a temperature 

above 100 °C, and more than the atmospheric pressure built within [49, 50]. Proper 

control over the reaction parameters (including pH, duration, temperature, and pressure) 

in the hydrothermal approach is required for the specific application. The whole reaction 

set up consists of Teflon enclosed within a steel autoclave to bear high temperature and 

pressure [Figure 1.5]. The hydrothermal and solvothermal approaches differ from each 

other by the mere presence of a solvent, for hydrothermal, it is water and while for 

solvothermal an organic solvent other than water. The materials prepared by 

hydrothermal methods show high crystallinity compared to other methods. On the other 

side, it is a time-consuming process, and since the reaction takes place in a closed system, 

there is no knowledge about the physical stature of the reaction mixture. Under these 

conditions, the reaction mixture may develop internal complications. 
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Figure 1.5. Showing a picture of an autoclave used to carry a hydrothermal reaction. 

Numerous nanomaterials have been synthesized by the hydrothermal approach. This 

method was used extensively to synthesize oxides of W, Mo, V, and some kinds of 

phosphates [51-60]. The much convenient hydrothermal approach provides access to 

those phases which are not possible by other synthetic ways [61]. Some of the functional 

nanomaterials prepared by hydrothermal methods reported in different pieces of literature 

are enlisted below. 

Azam et al. synthesized zinc selenide nanoparticles by the hydrothermal method 

involving different surfactants (CTAB, SDS, PEG-600, and 4000) at 180 °C with various 

time ranges. Hydrazine played the central role as a reducing agent. [62]. 

 

Scheme 1.1: Synthesis of zinc selenide nanoparticles  

Caixin et al. by surfactant-assisted hydrothermal approach synthesized SnO2 nanorods. 

Here the surfactant CTAB directed the growth of 1D nanorods of rutile phase SnO2. The 

SnO2 nanorods thus prepared have diameters of ca. 40–100 nm [63].  

 

Scheme 1.2: Synthesis of tin oxide nanoparticles  

Xiaodi et al. using the hydrothermal approach, ionic liquid ([BMIm][SeO2(OCH3)]) for 

Se source, successfully synthesized ZnSe hollow nanospheres.  The hollow nanospheres 



11 
 

were monodispersed. The ionic liquid performs the dual role of being a precursor for Se 

and a stabilizer for the one-pot production of ZnSe nanostructures. [64]. 

 

Scheme 1.3: Synthesis of zinc selenide nanoparticles  

Sugarthi et al. successfully synthesized three batches of ternary chalcogenide AgBiS2 by 

solvothermal approach within a temperature range of 140 C to 180 C (temperature 

difference of 20 C) followed by calcination. The materials prepared presented a different 

morphology in all the three batches confirmed by FESEM [65]. 

 

Scheme 1.4: Synthesis of silver bismuth sulphide nanoparticles  

Kaiqiang et al. synthesized MoSSe nanostructures by one-pot hydrothermal assisted 

synthesis at a high temperature of 200 °C and 24 h duration. The ratio of selenium and 

thiourea were changed to give different stoichiometries of MoS2(1-x)Se2x [66]. 

 

Scheme 1.5: Synthesis of molybedenum sulphide selenide nanoparticles  

Subramanian et al. synthesized MnO2 nanomaterials by hydrothermal technique. The as-

synthesized materials with a mix of nanorod and plate type morphology worked as an 

excellent electrode material for supercapacitors [67]. 

 

Scheme 1.6: Synthesis of manganese oxide nanoparticles  
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1.4.2. Sol-gel method 

The sol-gel approach is one of the best ways of synthesizing nanomaterials from the 

precursor solutions and finally molding it to the desired shape and structure bestowed 

with superior properties. A suitable mixture of raw material solution acts as a precursor 

for the desired materials to be fabricated in this process. The frequently used materials as 

precursors are oxides and chlorides of metals, which subsequently undergo hydrolytic 

and condensation reactions. The metal oxides have either (M-O-M) or (M-OH-M) 

linkages, through which the metals remain intact to each other. This sort of linkage gives 

rise to polymeric solution formation, which results in a diphase gel-like formation in 

which both solid and liquid forms coexist. This gel-like material finally results in the 

intricate formation of either discrete particles or polymers. This technique has rapidly 

enlarged to different fields of science and technology [68]. 

The benefit of the sol-gel technique is that the material's density is enhanced at a 

satisfactory level compared to the other available techniques. Being a cheap and low 

temperature-assisted technique, we can easily control the material's chemical 

composition. The materials fabricated through the sol-gel approach show many potent 

applications in various fields like in optical and electronic areas, energy conversion, and 

bio-sensing and medical fields [69, 70]. Figure 1.6 gives an illustration of the 

nanomaterial synthesized through the sol-gel technique [71]. Some of the important 

functional nanomaterials prepared by sol-gel methods are itemized below. 

  

Figure 1.6. CuO nanoparticle synthesis by sol-gel technique [71]. 
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Vijay et al. revealed the successful synthesis of cadmium sulphide/cadmium selenide 

core-shell heterojunction by the sol-gel synthetic approach. The reports claim a redshift 

in the photoluminescence spectrum, making the materials suitable for DSSCs [72].  

 

Scheme 1.7: Synthesis of cadmium sulphide/cadmium selenide nanoparticles  

Lemine et al. using the sol-gel approach, successfully carried the synthesis of Fe3O4 

nanomaterials. The magnetite nanoparticles had a size distribution of 8 nm [73]. 

 

Scheme 1.8: Synthesis of magnetite nanoparticles 

Jie et al. claimed the fabrication of copper-tin-sulphide film as a base material for solar 

cells using a sol-gel approach. Various films were prepared by changing the copper ratio 

to tin from 1.6 to 2.0 while keeping sulphur to metal ratio constant as 2.0 [74]. 

 

Scheme 1.9: Synthesis of copper tin sulphide nanoparticles 

Man et al. claimed the synthesis of TiO2-Ag nanoparticles through the sol-gel chemical 

approach using reducing agent sodium citrate tribasic dihydrate. When it is used as a 

catalyst, by varying the concentration of Ag in materials, the photocatalytic reduction of 

4-nitrophenol was found to increase [75].  

 

Scheme 1.10: Synthesis of titanium oxide-silver nanoparticles 
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Prasad et al. synthesized zinc doped cadmium sulphide nanoparticles by sol-gel method 

and developed their thin films using the spin coating method. The films were developed 

with varying concentrations of zinc. An enhancement in the thermoelectric property was 

observed with each incremental variation of zinc [76]. 

 

Scheme 1.11: Synthesis of zinc doped cadmium sulphide nanoparticles  

 

1.4.3. Precipitation method 

The precipitation method is used for the extraction of a solid mass from a solution. It is a 

process of settling down the insoluble materials under the influence of gravity or due to 

density. During settling, the particle size may vary from time to time. Different 

explanations and theories were put forward time by time to enlighten the precipitate 

formation. The factors affecting the particle size for precipitate formation include the 

precipitate's solubility, the temperature at which the precipitation reaction is carried, 

components amount, and the frequency of mixing of reagents. The main contributors to 

precipitate development are nucleation and growth. Nucleation comprises of a 

combination of small tiny entities together to form a stable product. The small entities 

can be ions, atoms, or molecules which get attracted to each other, forming a stable 

product. In contrast, growth involves the formation of larger size particles but in lesser 

numbers. A general reaction scheme for precipitation method is shown in Figure 1.7. 
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Figure 1.7. Synthethic Pathway of CuS by precipitation method [77]. 

Precipitation finds its practical applicability in many applications, e.g., in pigment 

formation and desalination of water. Some of the crucial nonomaterials produced by the 

precipitation route are enlisted below. 

Babu et al. synthesized CuS NPs with different phases using the co-precipitation method. 

The CuS nanomaterial was synthesized using water as a reaction medium. The different 

sources of Cu (CuCl, CuCl2, and CuSO4) were employed to determine the effect on the 

properties of synthesized CuS nanoparticles [77]. 

 

Scheme 1.12: Synthesis of copper sulphide nanoparticles 

Andrade et al. synthesized magnetite Fe3O4 nanoparticles using the co-precipitation route. 

The magnetic Fe3O4 nanoparticles were doped with different metal cations, including 

Ce
4+

, Co
2+

, Mn
2+

, and Ni
2+

, and their effects on properties were studied. An enhancement 

in methylene blue photodecomposition was prevalent using doped Fe3O4 as 

photocatalysts. While studying the effect of doping on electrical properties, it was noticed 

that Co decreased the resistivity and Ce, Mn and Ni increased [78]. 
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Scheme 1.13: Synthesis of magnetite nanoparticles 

Tahir et al. claimed the successful synthesis of cadmium silver-sulphide heterostructures 

by precipitation method using polyvinylpyrrolidone as a template. The materials 

synthesized were tested for biological activities with different bacterial stains. An 

enhancement in activities was observed as the concentration of cadmium sulphide was 

increased [79]. 

 

Scheme 1.14: Synthesis of cadmium sulphide-siler sulphide nanoparticles 

Sharareh et al. reported the synthesis of nickel ferrites through the co-precipitation 

method. Mn-doped the nickel ferrite materials and its effect on structural and magnetic 

properties were elucidated. A preferable change in structural and magnetic properties was 

observed [80]. 

 

Scheme 1.15: Synthesis of manganese doped nickel ferrite nanoparticles  

1.4.4. Microwave method 

Microwave synthesis is the approach of synthesis in which microwaves are utilized in 

order to perform a reaction. Microwaves are the high-frequency radiations which will 

generate heat in any materials with mobile charge carriers. The heat is produced either 

due to collision like in the case of solvent molecules or due to electric current generation 

because of mobile charge carriers. This process produces heat within the materials. The 

heating effect produced in microwave synthesis is different from conventional heating. In 

conventional heating, much heat is wasted first in raising the temperature, heating the 

surroundings of the reaction vessel, furnace, or an oil bath while the core material 

initially remains unheated, due to which it takes too much time to complete a reaction. In 
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microwave synthesis, the radiations remain confined to the sample and in a closed 

system. Consequently, the loss of heat radiations is prevented hence taking lesser time, 

and reactions are reproducible. Microwave synthesis is most common in organic fields 

[81] and has been extended to synthesize inorganic nanomaterials also [82]. The 

microwave-assisted synthetic approach is extended easily to industrial processes like in 

food processing [83-86]. It is considered the most effective way to control macroscopic 

morphology and crystallite size [87]. Figure 1.8 gives the diagrammatic representation of 

the microwave technique. 

  

Figure 1.8. Microwave assisted synthetic approach of nanoamterials [87].  

Badria et al. claimed the synthesis of silver sulphide nanomaterials by adopting the 

microwave technique. The materials were synthesized using different concentrations of 

surfactant sodium dodecyl sulfate (SDS) for time duration of 10 minutes and 700W 

power. The silver sulphide nanomaterials proved to be suitable photocatalysts for the 

degradation of methyl green dye [88]. 

 

Scheme 1.16: Synthesis of silver sulphide nanoparticles  

Shkir et al. successfully synthesized strontium doped PbS by adding different strontium 

loadings applying a microwave-assisted synthetic approach. The nanomaterials 

developed with different Sr amounts showed an enhancement in their physical properties 
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like in PL intensity, dielectric properties, and electrical properties. Overall, an 

enhancement in the optical properties was confirmed on doping with strontium [89]. 

 

Scheme 1.17: Synthesis of strontium doped lead sulphide nanoparticles  

David et al. reported the synthesis of cobalt-metal organic framework structures with 

platelet like morphology by microwave synthetic approach. The Co-MOF materials were 

transformed into cobalt-carbon nanocomposite discs by heating them above 800 °C. The 

materials performed the role of an electrode in sodium-ion batteries [90]. 

 

Scheme 1.18: Synthesis of cobalt-carbon nanoparticles  

Iqbal et al. highlighted the synthesis of zinc vanadate nanoparticles by applying 

microwave. The nanoparticles thus synthesized were utilized for the photolysis of 

methylene blue dye degradation [91]. 

 

Scheme 1.19: Synthesis of zinc vanadate nanoparticles  

Luo et al. utilized microwave synthetic approach to successfully synthesize Sb2Se3 

nanostructures by a simple variation of solvents volume in EG and water. The 

synthesized materials with nanowires and microrod type morphology performed the best 

role as the anode in LIBs [92]. 
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Scheme 1.20: Synthesis of antimony selenide nanoparticles  

Zhang et al. claimed the successful synthesis of carbon nitride-copper oxide 

heterojunctions by microwave synthetic pathways. The heterojunctions were studied for 

their catalytic applications to decompose NH4ClO4 while heating them at different 

temperatures. An overall high value of thermal decomposition was achieved under the 

influence of carbon nitride-copper oxide heterojunctions [93]. 

 

Scheme 1.21: Synthesis of carbon nitride-copper oxide nanoparticles  

1.4.5. Chemical-Vapour Deposition method 

The Chemical-Vapour Deposition (CVD) process involves heating the precursor 

substrates to a high-temperature vapor phase and depositing the required materials on a 

solid stratum. The CVD method has good commercial acceptance for the formation of 

thin films or coatings necessary for semiconductor formation on an industrial scale. By 

CVD, films of micrometers range can be deposited, which is advantageous for this 

method. This technique can achieve reasonable control over morphology, crystalline 

nature, and stoichiometries. PACVD (plasma-assisted chemical vapor deposition) and 

LCVD (laser chemical vapor deposition) variants of CVD have received special attention. 

[94]. 

Siyuan et al. claimed a successful production of mono and bi-layered molybdenum 

selenide and their films by adopting a modified version of the chemical vapor deposition 

technique by introducing a reverse flow strategy. Good control over nucleation and 

morphology was reported by merely controlling the temperature and time. The technique 
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is recognized as a way to synthesize transition metal dichalcogenide crystals on a large 

scale and consistent. [95]. 

 

Scheme 1.22: Synthesis of molybedenum selenide nanoparticles  

Zhao et al. successfully synthesized MoTexSe2-x films by using the CVD approach. The 

group claimed that a well-tuning of band edge could be achieved by merely changing the 

Te concentration. The synthesized materials based on Raman spectra were confirmed in 

having 2H-phase [96]. 

 

Scheme 1.23: Synthesis of telurim doped molybedenum sulphide nanoparticles  

Giannazzo et al. successfully synthesized the molybdenum sulphide monolayer by using 

the chemical vapor deposition approach. The MoS2 monolayers were studied by 

conductive force AFM to find their contribution in grain boundaries resistance 

measurements using SiO2/Si as support. [97]. 

 

Scheme 1.24: Synthesis of molybedenum sulphide nanoparticles  

Chen et al. successfully utilized the CVD approach to lead the synthesis of layered 

MoSe2 by bringing variations in Mo to Se ratio, hydrogen flux, and the temperature at 

which layer formation occurs. The group also reported the synthesis of MoSe2 

nanoribbons utilizing different substrates by this ambient pressure CVD approach. [98]. 

 

Scheme 1.25: Synthesis of molybedenum selenide nanoparticles 
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1.4.6. Electrochemical Deposition Technique  

An electrochemical deposition involves depositing a thin and compact coating on a 

conductive material as a substrate. The coating is done with the desired material, i.e., a 

metal, metal oxide, or a salt. The process is carried in an electrochemical cell (Figure 1.9) 

containing an electrolyte of the desired coated material or its complex form [99]. The 

metaphysical and optical properties like morphology, stoichiometry, conducting behavior 

of the semiconductor materials can be controlled well by the electrochemical deposition 

approach [100]. The electrochemical deposition technique involves an electrolyte 

solution containing ions in continuous motion by applying an electric field. The ions are 

involved in exchanging electrons and holes at their respective electrodes and hence 

getting deposited there [100].  

 

Figure 1.9. The electrochemical set up showing the deposition of indium films using a 

three electrode system [99]. 

Waldiya et al. achieved the electrochemical deposition of CdTe using an ionic liquid-

([BMIM][Ac]) at an elevated temperature of 90 °C, and with Cd:Te ratio equals to 2. The 

prepared material served as a superior catalyst for photoelectrochemical water splitting 

for hydrogen evolution reactions [101]. 
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Scheme 1.26: Synthesis of cadmium teluride nanoparticles  

Li et al. reported successful doping of antimony selenide by the electrochemical 

deposition technique. The doped materials prepared as cracked layers showed superior 

optical properties and were investigated by cyclic voltammetry to determine their 

electrochemical behavior [102]. 

 

Scheme 1.27: Synthesis of bismuth doped antimony sulphide nanoparticles 

Tang et al. reported the successful fabrication of antimony selenide (Sb2Se3) on titanium 

oxide nanotube arrays by utilizing the electrochemical deposition method. The materials 

were used as catalysts for the 4-nitrophenol reduction with 93.5% conversion  [103]. 

 

Scheme 1.28: Synthesis of antimony sulphide nanoparticles on titanium oxide 

Ngo et al. used electrochemical deposition technique to obtain the thin films of Sb2Se3. 

The thin films of antimony selenide served as an excellent light absorber material for 

photoconversion cells due to TiO2/Sb2Se3/CuSCN heterostructure formation [104]. 

 

Scheme 1.29: Synthesis of antimony sulphide nanoparticles  

Pinaki et al. synthesized tin selenide thin films by electrochemical deposition method. 

The films were prepared by applying 0.5 V potential with silver-silver chloride as 

reference electrode. The tin selenide materials were used as photocatalysts in presence of 

H2O2 for the photooxidative decomposition of MB & malachite green [105]. 
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Scheme 1.30: Synthesis of tin sulphide nanoparticles  

1.5. Properties of Metal Chalcogenides 

Varieties of nanomaterials were prepared with different size, shape, and morphology. The 

overall physical and chemical properties of nanomaterials depended on their 

characteristics, like size and shape. Some of the crucial properties of metal chalcogenides 

are discussed below. 

1.5.1. Optical properties 

Nanomaterials exhibit unique optical properties compared to bulk counterparts.  This 

uniqueness is because there is a continuum of band levels-conduction and valence bands 

in bulk counterparts, while in the case of semiconductor nanomaterials, they have 

intrinsic fundamental levels estranged from each other by ~0.3–3.8 eV [106, 107]. 

Chalcogenide semiconductor nanomaterials have bandgaps lying in between UV and 

visible to near IR, e.g., such as ZnS, CdS, and PbS. The cadmium based chalcogenides of 

the type CdX (X = S, Se, Te) are widely studied because the bandgap can be easily tuned. 

For example, Covin et al. claimed the production of organic/inorganic composite LEDs 

using p-paraphenylene vinylene and CdSe. They observed that the emission colour 

changed from red to yellow at low voltages, which was arising from metal layers only 

while as at high voltage to green colour predominantly from the polymer matrix. So this 

hybrid LED shows tunability in colour due to voltage fluctuations [108].  

Likewise, Nazzal et al. reported a cadmium selenide composite with 

polymethylmethaacrylate (PMMA) for gas sensing properties. The nanoparticles 

immersed in PMMA were irradiated to light both before and while measuring the gas 

sensing properties. Based on PL intensity, it was observed that while exposing the 

samples to triethylamine, the intensity increased, and the reverse was observed for 

benzylamine [109]. Divya et al. claimed the combined synthesis of CdS and ZnS together 



24 
 

in one ternary system as CdZnS by a novel Exploding Wire Technique (EWT). In 

combination, optical properties got changed with a bandgap value of 2.4–3.6 eV 

somewhat wider than pure phases. This change is because the optical property depends 

on the size [110].  

1.5.2. Catalytic activity 

Noble metal nanomaterials were excessively used as catalysts and got tremendous 

scientific interests because of their inimitable physio-chemical properties [111, 112–114]. 

The combination of noble metal and a metal oxide or sulphide as a catalyst has shown 

portable applicability in different fields. For example, they are used as photocatalyst for 

toxic chemical degradation, photo energy conversion, water-splitting, carbon dioxide 

reduction, and electron transfer processes [115,116]. Pt and other noble metals, due to 

their high stability and proper bandgap, are considered prominent catalysts but costly, 

less abundance hampers their use for large-scale applications. Therefore, the search for 

the development of catalysts that can be used as substitutes for noble metal catalysts is in 

demand [117, 118].  

Transition metal chalcogenides (TMCs) have been used as substitutes for noble 

metal elements for electro- and photocatalytic activities. Transition metal chalcogenides 

of the general formula MX (where M = Mo, W, Ni, Co, Cd, Cu, Ti; X = S, Se, Te, Po) 

have received enormous research interests because of their excellent activity like those of 

Pt [119, 120]. However, TMCs suffer from low conductivity, low absorption coefficients, 

larger bandgaps, high charge recombinations, photocorrosion at the electrodes [121]. 

These issues can be overcome by doping, morphological and size changes, forming 

heterojunctions with other semiconductors having low bandgaps and high surface area 

[122]. The doping or composite formation will improve the overall catalysis rate due to 

the synergism between the semiconductor materials. This synergistic effect would reduce 

the charge recombination rate, improves the absorption coefficient, promotes or extends 

the absorption in the entire visible spectrum, prevents the photocorrosion at electrodes, 

and an overall enhancement in the number of active sites [123]. Besides transition metal 

chalcogenides, the main group metal chalcogenides and their composites have been 
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prepared for an overall enhancement of the catalytic activity, e.g., SnS2, C3N4/SnS2, 

3D/2D In2S3/SnS2 heterojunction, CdS– SnS2 [124]. However, they also suffer from 

similar shortcomings as that of TMCs and also need the same treatment. 

1.5.3. Magnetic properties 

An atom or a molecule with an unpaired electron will produce a magnetic field due to 

which it behaves like a tiny bar magnet. Compared to their bulk counterparts, 

nanomaterials show well-defined magnetic properties that can be easily tuned [125]. The 

magnetic materials are classified as diamagnetic, paramagnetic, ferromagnetic, 

ferrimagnetic, and antiferromagnetic based on their response to an external magnetic field 

[126]. For nanomaterials, the magnetism dates back to 1949 since the revolutionary work 

by Lious Neel by coming forward with the first representation explaining the magnetic 

relaxations in magnetic nanoparticles (MNPs). At present, the interest in studying the 

magnetic nanoparticles aroused enormously because of exceptionally different properties 

from those of bulk counterparts, which mostly fall in the nano regime [127]. Based on 

this, MNPs have shown diversified applications in different fields of science. 

1.5.4. Dielectric Constant properties 

A material is said to be a dielectric material when it behaves like an insulator because of 

the high value of specific resistance and negative temperature coefficient of resistance. 

On applying the electric field to a dielectric material, the polarization occurs, which 

causes the displacement of charges, making the positive charge be placed along the 

direction of the exterior field while the negative charge is the opposite. The dielectric 

constant properties of materials can be explained clearly by Maxwell’s theory and Koop's 

theory based on grain boundaries and grains as a function of frequency [128]. According 

to both theories, the grain boundaries become active in a lower frequency range, which 

mostly contributes towards polarization. At the high-frequency range, the grains get 

activated, which mostly contributes to enhancing the conduction of materials.  

Dielectric property explains the energy storing capacity of the material like 

capacitors. Different reports are there about the dielectric constant of nanomaterials. For 

example, Kamran et al. synthesized NiCrxFe2−xO4 nanoparticles by varying Cr 
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concentration following the sol-gel approach. The frequency-dependent dielectric 

properties of the materials were studied, confirming that the dielectric constant achieved 

maximum value for NiCr2O4 [129]. Devmunde et al. synthesized nickel ferrites following 

the sol-gel approach to study the effect on dielectric properties of materials with different 

cadmium concentrations. The results claimed that ferrites followed the trend as predicted 

by the Maxwell Wagner hypothesis [130]. Pankaj et al. claimed the synthesis of 

manganese ferrite nanoparticles by a PVP-assisted auto combustion method. The 

dielectric properties of manganese ferrite materials were confirmed within the frequency 

range of (20 KHz–2 MHz) at a temperature variation of (100 K - 400 K), the dielectric 

properties were observed to follow the Maxwell-Wagner hypothesis. [131]. 

1.6. Catalytic Applications of Metal Chalcogenides 

As discussed in Section 1.5.2 (Table 1.1), Catalysis is the most potent application of 

nanomaterials. Nanomaterials as catalysts are classified as homogeneous and 

heterogeneous catalysts. Homogeneous catalysts are limited because of their non-

recoverability from the reaction mixture after catalysis, while heterogeneous catalysts can 

be recovered easily and environmentally benign [132]. The metal chalcogenides (MCs) 

are regarded as one of the best catalytic materials in photovoltaic conversion, water 

oxidation, dye degradation, organic transformations. As quantum dots, MCs show 

excellent optical absorption properties and absorb easily in the visible region [133]. 

Different substrates were also used to synthesize metallic or transition metal-based 

heterogeneous catalysts explicitly to enhance catalytic activities, e.g., carbon [142], 

nickel foam [134], silica [135], graphene oxide [136], and polymers [137]. Some of the 

superior catalytic performances of metal chalcogenides are discussed in the following 

sections. 

1.6.1. Photooxidation and Reduction of dyes and Cr(VI) 

As discussed above to overcome water pollution different approaches were adopted like 

adsorption [138], chlorination [139], coagulation [140], ion flotation [141], membrane 

process [142], and sedimentation [143]. However, these were with the disadvantage that 

the process was not complete in a one-go. It is needed to be further purified by another 
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step leading to the complexity of the processes. So the search for the development of new 

approaches involving oxidation or reduction processes like biodegradation [144], Fenton 

[145], photofenton [146], photocatalytic [147], ozonation [148]. Among these, the most 

compatible technique is using photocatalysts. 

A nanocatalyst has a higher surface area than bulk materials, which directly influences 

the photocatalysis by providing an ample amount of active sites. The overall mechanism 

responsible for the degradation of pollutants involving photocatalysis is shown in scheme 

1.31. In general, when a photocatalyst interacts with the light, photogenerated charge 

carriers like electrons and holes are produced. These charge carriers interact with the 

dissolved oxygen and H2O to produce peroxide O
2•-

 and hydroxide OH
•
 radicals, 

respectively. The active radicals target the pollutants (organic dyes or inorganic 

chemicals), which finally led to its decomposition [149].  

 

Scheme 1.31. Schematic representation of mechanism involving detoxification of dyes 

and Cr(VI) reduction. 

Yating et al. synthesized heterojunction between WO3 and CuS as (WO3@CuS). The 

composite materials with sheet-like morphology performed well in the detoxification of 

dyes and inorganic chemicals [150]. Wang et al. claimed the synthesis of a heterojunction 

between CoS2/gC3N4-rGO by the solvothermal method. The composites served the 

purpose of a photocatalyst for Cr(VI) reduction reactions [151]. Arif et al. claimed the 
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heterojunction formation of Ni−Co−S/SDS using the aqueous phase as a solvent. The 

composites immensely helped in the neutralization of dyes and Cr(VI) [152]. Daljit et al. 

claimed the synthesis of tin selenide/tin oxide heterojunction using the co-precipitation 

method. The materials played a better photocatalytic role in the neutralization of toxic 

dyes like RhB and MB dyes [153]. 

1.6.2. 4-Nitrophenol Reduction 

When present in excess, some of the aromatic compounds are toxic and considered 

pollutants. For example, 4-nitrophenol (4-NP) has been declared by a US-based 

ecological safeguard organization as the most common contaminant from the aromatic 

family [154]. So its conversion to less toxic and useful compounds like aminophenol and 

the strategies by which this kind of conversion is possible is the demand of time [155]. 

Various approaches were established time by time for 4-NP reduction, e.g., degradation 

by microbes [156], electro-fenton method [157], degradation by photocatalysts [158], 

electrochemical approaches [159]. In these techniques, overall catalysts played a 

dominant role because of its excellent properties like high surface area and a higher 

number of active sites. Still, these methods have faults which hamper their further usage 

like the agglomeration of nanoparticles [160].  

The transformation of 4-NP to 4-AP was explained by using the Langmuir-Hinshellwood 

model. According to this mechanism, at first, sodium borohydride gets activated into 

borohydride ion by transferring its hydrogen on the catalyst's surface. In this mixture of 

three components, the catalyst's surface also acts as a base for the 4-NP adsorption and 

NaBH4. The adsorption of both the sodium borohydride and its activation to borohydride 

ion and 4-NP adsorption on the catalyst surface is reversible and fast. Hydrogen atoms 

released by NaBH4 on the catalyst's surface get attracted to the 4-NP resulting in the 

reduction of 4-NP to 4-AP [161]. This step is fast and hence a rate-determining step. 

After the completion of the reaction and 4-AP formation, the desired product leaves the 

catalyst surface (Figure 1.10).  
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Figure 1.10. Mechanism for 4-NP reduction to 4-AP [162].  

Some important reports about the 4-nitrophenol reduction to 4-aminophenol by different 

literatures is exemplified as follows: 

Sukanya et al. successfully synthesized chromium selenide nanomaterials using 

hydrothermal approach. The chromium selenide nanomaterials electrocatalytically 

resulted in the reduction of 4-NP to 4-AP [163]. 

Zhang et al. synthesized cobalt selenide nanomaterials using surfactant assisted 

solvothermal method. The nanocatalysts having bundle like morphology served as better 

catalysts for 4-nitrophenol reduction to 4-aminophenol [164]. 

Azam et al. synthesized cadmium sulphide nanomaterials using a single source precursor. 

The materials with nanosheet and nanorod like morphology showed better performance 

for 4-nitrophenol reduction [165]. 

Yuxiao et al. claimed the synthesis of a biphasic molybdenum sulphide heterostructure 

consisting of a 1-T and 1-H phase by hydrothermal approach. It is a composite with 

silicon carbide (MoS2/SiC) consisting of two phases of molybdenum sulphide resulted in 

superior photocatalysis of 4-nitrophenol reduction. [166].  

1.6.3. Electrochemical Water splitting (oxygen evolution reaction-OER) 

Water splitting consists of two main reactions hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER). The hydrogen evolved could serve as the efficient and 

cleanest fuel for energy purposes and as a substitute for renewable energy sources. It 

involves two important electrode systems-cathode at which HER takes place and anode at 

which OER finds its route [167]. Mostly noble metals like Pt, Ir, and Ru were designated 
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to be superior electrocatalysts for water-splitting, but being cost-effective, less in 

abundance, and lesser stability has put a barrier in their practical applications [168]. An 

excellent electrocatalyst should be cheaper, abundantly available, stable, working as a 

bifunctional electrocatalyst in both the acidic and basic mediums [168, 169]. 

Electrocatalytic OER is typically a complex process because it involves the transfer of 

four electrons and the creation of O-O linkage, and it requires excess potential than the 

theoretical potential of 1.23 V relative to normal hydrogen electrode. At the same time, 

HER is a two-electron transfer process [170]. OER is defined as the oxidation process 

involving water and hydroxyl moieties as depicted by the following equations: 

 

The mechanistic illustration of 4- electron process involved in OER pathways is shown in 

Figure 1.11.  

 

Figure 1.11. Illustration of 4-step electron process involved in OER in an alkaline 

medium [171]. 

Some important reports about the electrochemical OER performance by different 

literatures are exemplified as follows:  
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Yecan et al. synthesized 3D superstructures of iridium, wherein each structures were built 

of ultrathin nanosheets of iridium as an excellent electrocatalyst for oxygen evolution 

reaction with low onset potential [172]. 

Xuan et al. synthesized NiFeS nanomaterials using precursors of Prussian blue analogues 

by hydrothermal method with sea urchin morphology and that worked as superior 

electrocatalysts for OER functioning [173]. 

Luo et al. successfully produced copper cobalt sulphide using carbon cloth as substrate, 

which showed good OER performance for water splitting with a minimum overpotential 

of 276 mV @10 mA cm
−2

 [174] 

Zhou et al. successfully synthesized iron doped cobalt sulphide using a hydrothermal 

method which worked as best electrocatalyst for water oxidation with minimum 

overpotential of 290 mV [175]. 

1.7. Scope of Thesis 

1.7.1. Definition of problem 

Careful scanning of all synthetic procedures reported in section 1.4 reveals that some 

organic or polymeric molecules are added to control the particle size while synthesizing 

the nanoparticle. These organic surfactant molecules are known by distinctive names 

such as stabilizers, passivating agents, and protecting agents. These molecules play a 

significant role during the synthesis of nanoparticles by way of protecting the surfaces. 

They also prevent the uncontrollable oxidation of nanomaterials, control the particle size, 

prevent the particle growth rate, and allow the particle soluble in various solvents. These 

organic molecules surrounding the particles as capping, and they are not removed entirely 

after the reaction, or at least some part of it is retained. These residual substances, i.e., the 

materials other than the active compounds, create an inorganic-organic interface. These 

intimate interfaces influence the properties of the materials and subsequently, the 

applications [176]. E.g., they prevent the interfacial electron transfer or reduce the charge 

mobility, or blocks the active sites present on the surface of materials, hence significantly 

affects its catalytic properties [177]. 
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1.7.2. Hexamethyldisilazane (HMDS) assisted synthetic method 

To circumvent the problem of unwanted organic moieties with active inorganic 

nanomaterials, our group members earlier developed a surfactant-free scheme to 

synthesize colloidal nanocrystals. The method involves using hexamethyldisilazne 

(HMDS) (Figure 1.12), which serves not only the sole purpose of being a reaction 

medium but also a reductant and a stabilizing agent. 

 

Figure 1.12. The structure of Hexamethyldisilazane (HMDS). 

The metal precursors were mostly taken in the form of chlorides because they have better 

solubility in HMDS, while powder of S, Se, or thiourea was used to form chalcogenides. 

This reaction was identified to pass through the formation of polymeric [SN(SiMe3)]x  as 

an intermediate. These trimethylsilyl groups help in the formation of active metal ions by 

forming trimethylhalide. It was also observed that the presence of trimethylsilyl helps to 

prevent the aggregation of nanoparticles during the reaction. The reaction is carried under 

inert conditions because HMDS is sensitive to moisture (Scheme 1.32).  
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Scheme 1.32. The general reaction sequence of HMDS-assisted synthesis to produce 

nanomaterials.  

Some of the important reactions carried using HMDS–assisted synthetic method produce 

different kinds of metal chalcogenide nanocrystals are discussed as follows. Our group 

members have synthesized copper sulphide microflowers without any organic part using 

the HMDS method (scheme 1.33). The microflowers were formed due to the self-

assemblage of copper sulphide nanoflakes. The reaction passes through the S-N 

transitional formation stage, which leads to the development of copper sulphide 

microflowers. This intermediate helps in the formation of CuS microflowers by 

eliminating trimethylsilyl chloride [178]. 

Similarly, CdS nanoparticles were successfully synthesized (scheme 1.34) without an 

external surfactant's involvement by the HMDS approach. These nanomaterials worked 

as photocatalysts to eliminate the toxicity of Cr(VI) by converting it to Cr(III) [179]. 

Later, the method was extended to synthesize a heterostructure between silver and silver 

sulphide (scheme 1.35). These heterodimers were formed in a single step reaction [180].  

 

Scheme 1.33: Synthesis of copper sulphide nanoparticles  

 

Scheme 1.34: Synthesis of cadmium sulphide nanoparticles 
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Scheme 1.35: Synthesis of silver-silver sulphide heterodimers 

Apart from the binary metal chalcogenides, the HMDS-assisted method was useful for 

producing different stoichiometric variations. The surfactant-free Ni3S4 nanoparticles 

were prepared through the HMDS synthetic approach (scheme 1.36), and it was evaluated 

for its catalytic role in the transformation of organic nitroarenes with hydrazine [181]. 

Bismuth sulphide was also produced by the same approach and studied for its 

photoresponsive behavior (scheme 1.37) [182]. 

 

Scheme 1.36: Synthesis of nickel sulphide nanoparticles 

 

Scheme 1.37: Synthesis of bismuth sulphide nanoparticles   

1.7.3. Aim of the present work 

Many binary and a few ternary metal chalcogenides have been produced in our lab. 

Those materials were evaluated for their various applications and performed better as a 

catalyst or photoresponsive materials. In this present work, using the HMDS-assisted 

synthetic approach, we have been able to synthesize many binary, ternary metal 

chalcogenides as well as composites with superior catalytic properties. In all these 

reactions, HMDS itself played the sole role as a reaction medium, a stabilizing agent, and 

a reductant, so no external stabilizers are added. By washing the materials with organic 

solvents and applying vacuum after completing the reaction, we could annihilate the 

residual impurities of precursors and HMDS from our reaction mixtures.  

In this present work, by using one pot HMDS-assisted approach, we are successful in 

synthesizing various highly crystalline and high purity grade nanomaterials like SnS2 

(with and without surfactant polyethylene glycol-PEG), CuS/CdS heterojunctions by 
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varying the concentration of cadmium precursor, chalcopyrite-CuFeS2, and two novel 

cobalt-based chalcogenides-Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 as illustrated in Figure 1.13. 

All these heterojunctions synthesized are evaluated for their role in catalytic processes. 

The nanomaterials synthesized by the HMDS approach have shown great enhancement in 

their properties. Herein, we are reporting photocatalytic dye degradation (RhB, MB, and 

MO), reduction of Cr(VI), 4-nitrophenol reduction, and electrochemical water splitting 

for oxygen evolution reaction, where the surfactant-free nanomaterials catalyze all these 

reactions.   

 

 

Figure 1.13.  Illustration of the synthesis of various nanomaterials synthesized by 

HMDS-assisted method. 
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CHAPTER – 2 
Importance of Clean Surfaces on the Catalyst: SnS2 Nanorings for 

Environmental Remediation 

Abstract 

The main focus of this chapter is the synthesis of SnS2 nanomaterials with (peg-SnS2NF) 

and without (sf-SnS2NR) the involvement of the organic template and the comparative 

study of their catalytic activities. The synthesis of these materials was achieved in a 

single-step procedure aided by hexamethyldisilazane (HMDS). These nanoparticles were 

subjected to X-ray diffraction, transmission electron microscopy, scanning electron 

microscopy, Raman spectroscopy, and UV−vis spectroscopy analyses to investigate their 

structural, topographical, surface, and optical properties. The present work suggests that 

the surfactant-free SnS2 nanoring (sf-SnS2NR) catalyst has lower surface area compared 

to the poly(ethylene glycol)-stabilized SnS2 nanoflower (peg-SnS2NF) catalyst but shows 

high activity under visible light for the photoreduction of Cr(VI) and the photocatalytic 

degradation of organic dyes. The work exposed the importance of the clean surfaces on 

the catalyst and is expected to have a high impact on the photocatalytic activity of the 

SnS2 nanomaterial. The study also endorses the utility of the HMDS-assisted synthetic 

method for the production of multifunctional semiconductor tin disulfide nanomaterials 

with multiple potential applications. 

  

ACS Omega 2019, 4, 14970−14980 
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2.1. Introduction 

The scientific community is always working for the development of an efficient and 

economical method for the elimination of pollutants such as organic dye molecules and 

heavy metal ions from aqueous solutions [1]. Among the heavy metal ions, especially, 

hexavalent chromium compounds Cr(VI) are highly lethal, carcinogenic, and pollutants 

found recurrently in wastewater from industrial processes [2−4]. The semiconductor-

based photocatalytic reduction of Cr(VI) and disintegration of organic pollutants have 

gained importance due to its remarkable advantages, such as direct use of clean and safe 

solar energy, reusability, and low cost [5−8]. The multifunctional materials possessing 

more than one property are more attractive for potent technological applications [9]. 

 Among the semiconducting metal sulphides, tin disulphide (SnS2) can harvest 

visible light, which makes them promising sensitizers for wide band gap semiconductors 

and photocatalysts [10]. Until now, numerous morphologies of SnS2 nanostructures, such 

as fullerene-like nanoparticles [11], nanobelts [12], nanosheets [13], and nanoflakes [14], 

have been produced successfully. Synthesis of these materials was achieved by adopting 

various methods such as laser ablation [15], template assisted solvothermal processes 

[12], coevaporation [16], and the sol−gel synthetic route [17]. However, almost all these 

materials were covered by either organic surfactant molecules or other inorganic 

materials. Such a covering of the surfaces precludes any interaction that supposed to 

happen on their surfaces and thus leading to the reduced catalytic activity compared to 

the potential expected from the materials. There are efforts to increase the activity and 

performance of the SnS2 catalyst by modifying their properties with dopants and by 

making nanocomposites [10b−h]. However, there are no reports on synthesizing and 

using SnS2 nanomaterials with unhindered free surfaces.  

 Here in this chapter, we report the synthesis of surfactant-free SnS2 nanorings (sf-

SnS2NR) having free surfaces by adopting a modified HMDS-assisted chemical synthetic 

procedure. The systematic studies on the effect and importance of the clean surface on 

the catalyst and morphology-controlled synthesis of SnS2 at nanolevel are also being 

performed. The unique multifunctional ability of the tin sulfide nanorings as 

photocatalysts in both removals of organic dyes, rhodamine B (Rh B) and methyl orange 
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(MO), and the reduction of the polluting inorganic system like Cr(VI) are explored. We 

have also produced SnS2 nanoflowers (peg-SnS2NF) with the poly(ethylene glycol) 

(PEG) template, carried out a comparative study, and explained the superiority of sf-SnS2 

NR over peg-SnS2NF toward the reduction of Cr(VI) and degradation of organic dye 

molecules. 

2.2. Experimental Section 

2.2.1. Materials 

Tin(IV) chloride (SnCl4·5H2O, 99%), hexamethyldisilazane (HMDS, 99%), and thiourea    

(TU) (99%) were purchased from Sigma-Aldrich, USA. Potassium dichromate (K2Cr2O7, 

99%), Rh B (99%), and MO (99%) were obtained from Merck, India. All chemicals were 

used without any further purification. 

2.2.2. Synthesis Section 

2.2.2.1. Synthesis of Surfactant Free-SnS2 Nanorings (sf-SnS2NR) 

Surfactant-free tin disulphide (sf-SnS2) nanomaterials were prepared by a one-pot 

approach using standard Schlenk line techniques under an inert atmosphere. The typical 

procedure is as follows. The precursors of tin (SnCl4·5H2O = 0.200 g, 0.57 mmol) and 

sulphur (thiourea = 0.086 g, 1.14 mmol) were added in a 1:2 ratio and were mixed with 

excess hexamethyldisilazane (HMDS) (5 mL, 23.85 mmol) in a 100 mL two-necked flask 

under a N2 atmosphere (Table 2.1). The temperature was raised and refluxed for 3 h to 

complete the reaction. After cooling, the obtained yellow particles were collected by 

centrifugation and washed with abundant deionized water and methanol to remove 

unreacted starting materials. Finally, the product was dried under vacuum at 120 °C for 3 

h before further analysis. 

2.2.2.2. Synthesis of PEG-SnS2 Nanoflowers (peg-SnS2NF) 

To prepare peg-SnS2NF, we have followed the same experimental procedure as 

mentioned above. Additionally, poly(ethylene glycol) (PEG-400) (10 mL) was added to 

the reaction flask containing other reactants: tin and sulphur sources, (Table 2.1) and 
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HMDS. After completion of the reaction, the resultant yellow powder was isolated and 

washed many times with  deionized water (3 × 20 mL) followed by methanol (3 × 20 

mL) repeatedly, separated by centrifugation, and dried at 120 °C for 3 h for analysis. 

Table 2.1. Reaction Conditions for the Synthesis of SnS2 Diverse Nano architectures. 

S.no. Amount of 

SnCl4.5 H2O in 

(g) 

Amount of 

thiourea 

(TU) (g) 

Amount 

of HMDS 

(mL) 

Amount of 

surfactant 

(PEG) (mL) 

Morphology 

1 0.2 0.16 5 mL No surfactant Rings 

2 0.2 0.16 5 mL 10 ml flowers 

3 0.2 0.16 0 mL No surfactant No reaction 

 

2.2.3. Photocatalytic Activity  

2.2.3.1. General Description of Photocatalytic Activity Test 

The photocatalytic activities of both sf-SnS2NR and peg-SnS2NF were assessed from the 

experiment of degradation/reduction of different pollutants. All of the photocatalytic tests 

were performed under standard conditions at room temperature with exposure to natural 

sunlight, which covered the entire wavelength distribution of the light in the visible 

region.  

 The photocatalyst (SnS2 or peg-SnS2; 30 mg) was added to 60 mL of either Rh B (5 

mg/L), MO (5 mg/L), or Cr(VI) (100 mg/L of pH 3) aqueous solution separately. Then, 

the reaction mixtures were stirred under dark for 1 h under the open environment at room 

temperature to ensure the formation of the adsorption−desorption equilibrium between 

the catalyst and reactants. Then, from the stock solution, 60 mL of suspension was 

positioned inside a beaker and irradiated with the sunlight. After regular intervals of time, 

3 mL of a sample was taken and centrifuged at 3000 rpm to remove the catalyst. The 

concentrations of the reaction mixture in the supernatant solution were determined by 

recording absorption spectra. A gradual decrease in the characteristic absorption peak at 

550 nm (Rh B), 450 nm (MO), and 350 nm (Cr(VI)) was noted, and each experiment was 
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repeated twice. The reduction and degradation efficiency was calculated by using the 

following eq-1: 

η = (C0 − C)/C0 × 100%              (1) 

The photocatalytic degradation rate of Cr(VI) and organic dyes followed the 

Langmuir−Hinshelwood eq-2 

  ln(C0/C) = kappt                         (2) 

Where kapp is the apparent rate constant of the pseudo-first order, t is the irradiation time, 

and C0 and C are the initial and instant residual concentrations of the Cr(VI), Rh B and 

MO solution. Reduction and degradation experiments were carried out on a recycled 

SnS2 sample to study the stability of the SnS2 photocatalyst. 

2.2.3.2. Cr(VI) Reduction Test 

The photocatalytic reaction was performed at room temperature. In a beaker, 30 mg of 

photocatalyst and 60 mL of 100 mg L
−1

 K2Cr2O7 aqueous solution (pH = 3) were stirred 

for a sufficient amount of time to reach the adsorption−desorption equilibrium. Then, it 

was exposed to sunlight to initiate the reaction. To confirm the photocatalytic reduction 

of Cr(VI), we have performed few controlled reactions by following our previous article 

[18, 19]. The Cr(VI) reduction to Cr(III) was confirmed by forming a metal complex with 

2,6-pyridine dicarboxylic acid (PDCA).  

2.2.3.3. Degradation of Organic Dyes 

The photocatalytic dye degradation experiments were performed by measuring the optical 

absorption of the organic pollutants. By determining the peak intensity of the dye against 

time in the presence of catalyst under visible light irradiation, the photocatalytic activity 

was studied. Thirty milligrams of sf-SnS2 NR or peg- SnS2 NF was utilized for the 

degradation of 60 mL of 5 mg L
−1

 solutions of Rh B and MO respectively. 
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2.2.3.4. Catalyst Reproducibility and Stability  

Initially the stability of synthesized SnS2 nanostructures was checked by execution of 

XRD studies on the samples stored up to 1 month. All the photocatalytic experiments 

were repeated several times by varying the amounts of catalyst and concentrations of the 

substrates. The reduction of Cr(VI) and dye degradation were carried out up to 10 times 

with the recycled SnS2 catalyst to check the stability of the catalyst and reproducibility of 

the obtained results. At the end of each cycle, the photocatalyst was recovered by 

centrifugation, washed with 1 M nitrite acid solution and deionized water to diminish the 

amount of Cr(III) and organic dyes deposited on the surface of the catalyst, and dried 

under vacuum at 60 °C for 4 h. 

2.2.4. Instrumentation 

XRD patterns of the products were collected at room temperature using a Bruker D8 X-

ray diffractometer (XRD) with a scan rate of 1° min
−1

 in a 2θ range from 10° to 80° (Cu 

Kα = 1.54 Å; operating current = 30 mA; operating voltage = 40 kV). Surface 

morphology, particle size, and energy-dispersive spectroscopy (EDS) were studied using 

an Ultra 55 Carl Zeiss instrument (operating voltage = 10 kV). To do TEM 

measurements, the as synthesized nanomaterials were suspended in isopropanol followed 

by sonication for 3 min and then dispersed on carbon-coated copper grids (200 mesh). 

Images were acquired using an FEI Technai G2 20 STEM with a 200 kV acceleration 

voltage.  

 The Raman spectra were recorded using a Renishaw microscope at a wavelength of 

632 nm. A JASCO 5300 spectrophotometer was used to record the Fourier transform 

infrared (FT-IR) spectra on the KBr pellet containing the samples. Solid-state UV−vis 

absorption spectra were recorded with a Shimadzu UV-3600 UV−vis spectrometer. 

UV−vis diffuse reflectance spectra of the as-synthesized SnS2 materials were recorded 

and transformed into the absorption spectra using the Kubelka−Munk function. The direct 

band gaps of SnS2 nanostructures were obtained from the Tauc plot (where n = 1/2). 

Solution-phase UV spectra during photocatalysis reactions were recorded using a 

JASCO-V770 UV−vis spectrophotometer. Surface area and pore size analyses were 
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determined from the BET studies, and BET analysis was recorded by the Quantachrome 

Instruments. 

2.3. Results and Discussion 

2.3.1. Synthesis, Characterization, and Morphological Analysis 

In this chapter we have discussed about the synthesis of SnS2 nanostructures with two 

important themes-one without an organic surfactant molecule and other with a good 

amount of surfactant (PEG) covering the surface of the particles. Simple 

reactants/reagents were used to synthesize these materials by single-step procedure to 

minimize residuals and impurities (Scheme 2.1).  

The method utilized could successfully evolve two types of morphologies, 

without any surfactant involvement it yielded sf-SnS2 NR and with the addition of 

surfactant PEG it incubated peg-SnS2NF. In these reactions, the role of HMDS was 

multiple since it acted as a solvent, reducing agent and also decorated the surroundings 

like the capping agent during the reaction. In the presence of metal sources and thiourea, 

HMDS led to the formation of a polymeric network by preventing the aggregation of the 

nanostructures. After the completion of reaction by applying high vacuum and by 

washing, HMDS and other residual impurities of precursors were easily removed and 

stoichiometric SnS2 nanostructures were obtained. In this reaction setup the HMDS 

molecules served as medium for the reaction but didn’t form a part of either source 

materials or the product, and so reaction was termed as the HMDS assisted synthesis. 

 

 

Scheme 2.1. Schematic Illustration of Synthesis of sf-SnS2NR and peg-SnS2NF. 
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The typical X-ray diffraction patterns aided us to explore the structural properties of the 

as-synthesized SnS2 nanostructures (Figure 2.1a). The peaks were indexed according to 

JCPDS data card no. 23-0677, and the corresponding peaks confirmed the formation of 

the hexagonal structure of SnS2 [20]. No peaks other than the characteristic peaks of SnS2 

nanostructures were observed, hence confirming the phase purity of the sample. The 

samples were further investigated by Raman spectra (Figure 2.1b) for the signature of 

vibrational modes of the SnS2 material. The spectra of both samples showed the strong 

characteristic peaks at 313.78 and 313.56 cm
−1

 for the sf-SnS2NR and peg-SnS2NF 

samples respectively, which could be assigned to the A1g mode of SnS2 [21]. 

 

Figure 2.1. Primary characterization of SnS2 nanocatalyst. (a) XRD pattern of sf-SnS2NR 

and peg-SnS2NF. (Hexagonal SnS2 (JCPDS no. 23-0677)). (b) Raman spectroscopy of 

the SnS2 nanostructures. 

 Figure 2.2a displays optical absorption by SnS2 nanostructures within the UV and 

visible light spectra of wavelength ranging 250−700 nm. The absorption maximum of the 

materials lays around 385 nm [22]. The broad spectrum of both the nanostructures and 

the shift in wavelength of peg-SnS2 in the visible region of could be explained on the 

basis of quantum confinement. Since the absorption falls in the visible region and the 

bandgap determined by the Tauc method was found to be around 2.50 eV hence 

confirming a good photocatalytic nature of the materials. The band gaps determined from 

DRS spectra recorded for both the nanorings and nanoflowers (Figure 2.2b) were 2.55 

and 2.45 eV, respectively [23]. 
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Figure 2.2. Optical study of SnS2 nanostructures. (a) UV−vis DRS spectra of sf-SnS2NR 

and peg-SnS2NF samples. (b) Band gap calculations of the SnS2 nanostructures. 

 The morphology of the resulting powdered sample from the reaction was analyzed 

by field emission scanning electron microscopy (FESEM) and transmission electron 

microscopy (TEM). The typical low- and high magnification FE SEM images of the sf- 

SnS2 (Figure 2.3a, b) clearly revealed that the sample is built of with nanorings 

(represented as sf-SnS2NR) with an average diameter of 50 nm. Similarly the low- and 

high magnification FESEM images of the as-synthesized peg-SnS2 nanostructures 

(Figure 2.3c, d) displayed the nanoflower (represented as peg-SnS2NF) morphology with 

an average diameter of 100 nm. Even after the vigorous ultrasonic treatment, the 

hierarchical structures maintained their integrity showing the structural stability of the 

products. 
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Figure 2.3. Morphological study of SnS2 nanostructures. (a, b) low and high FESEM 

micrographs of sf-SnS2NR. (c, d) low and high FESEM micrographs of peg-SnS2NF. 

Analysis by TEM also confirmed the formation of nanorings of the sf-SnS2 and 

nanoflowers of peg-SnS2 nanostructures (Figure 2.4a, b and d, e). 

 

Figure 2.4. TEM data for the SnS2 nanostructures: (a, b) sf-SnS2NR, (d, e) peg-SnS2NF, 

and (c, f) selected area diffraction pattern for both SnS2 nanostructures. 
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The diffraction pattern (Figure 2.4c) consists of polycrystalline rings that can be indexed 

to the SnS2 phase (standard diffraction file no. 23-0677). The rings were continuous and 

devoid of any separate bright spots indicating the crystalline nature of sf-SnS2NR. A 

diffraction pattern (Figure 2.4f) for peg-SnS2NF showed the amorphous ring pattern 

indicating that the PEG had indeed stabilized the SnS2NF.  

The X-ray photoelectron spectroscopy (XPS) was recorded to conclude the 

chemical composition and bonding configuration of the as-synthesized materials. The 

XPS spectrum (Figure 2.5a, survey spectrum sf-SnS2NR) revealed the presence of Sn and 

S elements only, and no other elements like N or Si were noticed. These findings clarified 

that synthesized materials were free from the surfactant on the surfaces of the catalyst. 

The obtained results were in consistent with the XRD and EDS results. 

 

Figure 2.5. XPS spectrum of the as synthesized sf-SnS2NR for the elements: (a) survey 

spectrum, (b) Sn 3d, and (c) S 2p. 
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Characteristic high-resolution XPS spectra of Sn 3d and S 2p are shown in Figure 2.5 b, 

c. The binding energies of Sn 3d5/2 (487.66 eV), Sn 3d3/2 (496.12 eV), and S 2p3/2 (163.30 

eV) in SnS2 nanostructures were in agreement with the reported characteristic values of 

Sn
4+

 and S
2−

 in SnS2 [24]. 

The broad band peak at 545 cm
−1

 in the FTIR spectrum of sf-SnS2NR was due to 

the vibration of Sn−S bands (Figure 2.6). The absence of any peak related to HMDS in 

the FTIR spectrum of Figure 2.6 b confirmed the complete absence of the capping agent 

on the surfaces of SnS2 nanorings [18]. The presence of the signature of PEG (Figure 2.6 

d) in the FTIR spectrum confirmed that PEG has effectively worked as a surfactant to 

stabilize SnS2 NF.  

 

Figure 2.6. FTIR spectra of the as synthesized SnS2 nanostructures: (a) sf-SnS2NR and 

(b) peg-SnS2NF. 

The photocatalytic application is mainly dependent on surface contact, and hence, the 

surface area of the materials is an essential factor. We have determined the surface area 

by the nitrogen adsorption−desorption isotherm for both the SnS2 nanostructures (Figure 

2.7). It was observed clearly that both the materials were mesoporous, and the BET 

surface areas for sf- SnS2 NR and peg-SnS2 NF were 26.33 and 33.60 m
2
g
−1

, respectively. 
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The surface area of the flower-like nanostructures was found to be higher than that of the 

ring-like nanostructure. This observation was quite the opposite of the catalytic activity 

performance (vide infra). 

 

Figure 2.7. Nitrogen adsorption−desorption isotherm of the SnS2 nanomaterial: (a) sf-

SnS2NR and (b) peg-SnS2NF. 

2.3.2. Photoreduction of Cr(VI) to Cr(III) 

The results displayed in Figure 2.8 elucidate the photocatalytic reduction of aqueous 

Cr(VI) (at pH 3) using sf-SnS2NR and peg-SnS2NF as catalysts under visible light 

irradiation. Few controlled reactions (Figure 2.9) were performed wherein the direct 

photolysis (in the absence of catalyst) or catalysis (in the absence of light) alone could 

not drive the reduction of Cr(VI). Therefore, the reduction of aqueous Cr(VI) was the 

photocatalytically driven reaction completely rather than simple physical adsorption of 

Cr(VI). The formation of photoreduced product Cr(III) from the toxic Cr(VI) in all these 

reactions was confirmed by coordinating it with PDCA (Figure 2.10) [18]. 
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Figure 2.8. Photocatalytic reduction of Cr(VI) to Cr(III) using SnS2 nanostructures as the 

photocatalyst. (a, b) The absorption spectra showing a gradual decrease in the typical 

peak intensity at λmax = 350 nm, by using sf-SnS2 NR, corroborating 99% reduction of 

Cr(VI) in 10 min and by using peg-SnS2 NF, 84% reduction of Cr(VI) in 18 min. (c, d) 

The recyclability of the SnS2 nanostructures. 
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Figure 2.9. Controlled reactions of Cr(VI) reductions, Rh B and MO degradation 

reactions. 

 

Figure 2.10. UV–vis spectra of PDCA treated solutions of K2Cr2O7, K2Cr2O7 reduced 

with NaHSO3, and photoreduced K2Cr2O7 with SnS2 nanoparticles. 

In the presence of the sf-SnS2 NR catalyst, the toxic Cr(VI) reduction happened 

swiftly with a reaction rate of 0.244 min
−1

, approached 99% reduction, and reached the 

equilibrium in 10 min. While in the case of peg-SnS2 NF, a reaction rate of 0.0982 min
−1
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was observed and approached only 84% reduction in 18 min. Hence, the sf-SnS2NR acts 

as a more active photocatalyst for the reduction of Cr(VI) compared to photocatalysts in 

earlier reports (Table 2.2). Interestingly, in the case of catalytic decomposition of 

hydrogen peroxide, Zboril and co-workers also noticed high catalytic activity of iron(III) 

oxide nanoparticles having relatively lesser surface area [25]. All these results supported 

our assumption clearly on the importance of clean surfaces on catalysts rather than the 

larger surface area.  

Table 2.2. Comparison table of numerous catalysts with various dopant materials for 

Cr(VI) reduction. 

Catalyst Cr(VI) conc. Catalyst Time (min) Ref 

SnS2 100 ml of 50 mg L
-1

 100 mg 120 [26] 

SnS2 50 ml of 50 mg L
-1

 50 mg 90 [27] 

RGO-SnS2 300 ml of 100 mg L
-1

 200 mg 120 [28] 

MOSF-SnS2 50 ml of 50 mg L
-1

 50 mg 100 [29] 

CNF-SnS2 50 ml of 50 mgL
-1

 50 mg 90 [30] 

g-C3N4/SnS2 100 ml of 50 mg L
-1

 40 mg 50 [31] 

Ag2S-SnS2 70 ml of 50 mg L
-1

 70 mg 60 [32] 

SnO2- SnS2 80 ml of 2 x10
-4

 M 20 mg 180 [33] 

SnS2-TiO2 80 ml of 100 mg L
-1

 40 mg 100 [34] 

*SnS2 60 ml of 100 mg L
-1

 30 mg 10 Present work 

 

2.3.2.1. Effect of Amount of Catalyst and Pollutant Cr(VI) 

It was necessary to understand the catalyst loading parameters after the results above 

confirmed about the stability and rapid photocatalytic activity of the sf-SnS2 NR toward 

the reduction of toxic Cr(VI). Therefore, the effect of the concentration of Cr(VI) and the 

amount of catalyst on the rate of the reaction were studied while keeping the other 
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parameters constant. Figure 2.11 shows the reduction of Cr(VI) when the catalyst (sf-

SnS2NR) quantities were varied. The irradiation time required for the complete reduction 

of Cr(VI) decreased with increasing initial dosage of the SnS2 photocatalyst. It was 

observed that kapp depends on the concentration of the Cr(VI) solution and the amount of 

catalyst added. When the amount (between 0.15 and 0.60 g L
−1

) of sf-SnS2 NR catalyst 

was varied, there was an incremental change in the photocatalytic performance. The rate 

constant of the reduction reaction had the linear relationship (from 0.01507 to 0.81122 

min
−1

) with the amount of catalyst dosage. The increase of the efficiencies of Cr(VI) 

reduction with the increase of the initial amount of SnS2 can be ascribed to the increase in 

both absorbed light and the numbers of surface active sites. These results suggested that 

the photocatalytic activity of sf-SnS2NR could be improved by increasing the amount of 

catalyst. 

 

Figure 2.11. Influence of amount of catalyst on the photocatalytic reduction of toxic 

Cr(VI) to nontoxic Cr(III) using sf-SnS2NR as the photocatalyst. Catalyst dosage had a 

linear relationship with the rate constant. 

Furthermore, Figure 2.12 depicts the effect of initial concentration of Cr(VI) aqueous 

solution on the photocatalytic reduction of Cr(VI) while keeping the catalyst dosage (sf-
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SnS2 NR) constant. It was established that the efficiencies of reduction of Cr(VI) in 

photocatalytic systems consisting of 100 and 200 mg L
−1

 Cr(VI) were observed to be 99 

and 81%, respectively (Rate constants were 0.244 and 0.088 min
−1

). The decrease in the 

efficiencies of the reduction reaction with the increase of initial Cr(VI) concentration can 

be attributed to the following two aspects. First, since the reaction occurs on the surface 

of the photocatalyst, the limited surface active sites of the photocatalyst are not sufficient 

at higher Cr(VI) concentration. Second, Cr(VI) in a high concentration can absorb the 

visible light (420−480 nm), thus decreasing the proportion of light received by the SnS2 

photocatalyst. 

 

Figure 2.12. Influence of concentration of Cr(VI) (catalyst dosage constant, 0.03 g) on 

the photocatalytic reduction of toxic Cr(VI) to nontoxic Cr(III) using sf-SnS2 NR as the 

photocatalyst. (a) 0.10 g of Cr(VI) and (b) 0.20 g of Cr(VI). Concentration of Cr(VI) had 

an inverse relationship with the rate constants. 

2.3.2.2. Effect of pH on Cr(VI) Reduction  

The effect of pH on the photocatalytic reduction of Cr(VI) in the presence of sf-SnS2 NR 

was examined by keeping the photocatalyst dosage constant and varying the initial pH 

from 3 to 5. It was noticed that the photocatalytic reduction of Cr(VI) was retarded with 

increased pH (Figure 2.13). There was a gradual decrease in the rate constant: 0.24475 

min
−1

 at pH 3 and 0.09406 min
−1

 at pH 5. It was witnessed that the Cr(VI) reduction at 

low pH was much higher than that in a high pH condition. It was assumed that the 

increased dissolution of sf-SnS2 NR and along with lower concentration of H
+
 in high pH 
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was responsible for the decreased photocatalytic activity. This is because at low value of 

pH the HCrO4
  
 is the prevailing species, with the result the catalysts surface gets enriched 

with protonation so accumulation of positive charge takes place which enhances the 

attraction between catalysts surface and HCrO4
 
 [35].  

 

Figure 2.13. pH effect on Cr(VI) reduction by SnS2 nanorings. 

2.3.2.3. Stability and Reusability 

The stability and reusability of any photocatalyst during the photocatalytic reaction are 

critical factors for its industrial usage. Therefore, it is necessary to study the stability of 

the as-synthesized sf-SnS2NR in the photocatalytic reduction reactions involving aqueous 

Cr(VI). The recyclability of the catalyst for photocatalytic reduction of Cr(VI) is 

illustrated in Figure 2.8c. The performance of the sf- SnS2NR photocatalyst did not show 

any significant loss up to 10 cycles. This revealed the durability of sf-SnS2NR as the 

photocatalyst in the reduction of aqueous Cr(VI). While checking the reusability of both 

the SnS2 nanostructures for 10 cycles, it was observed that there was only 5% efficiency 

loss for sf-SnS2 NR, whereas, in the case of peg-SnS2NF, the efficiency loss was 5−10% 

(Figure 2.8c, d). 
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We have analyzed the catalyst after completion of the 10
th

 cycle using SEM and EDAS to 

identify the accumulation of Cr on the catalyst surface. There are no adsorbed chromium 

ions found over the catalyst surface (Figures 2.14 and 2.15). The XRD pattern of the 

materials was recorded after photocatalytic reduction, and no appreciable change in the 

XRD pattern occurs after the reduction process (Figure 2.16). It implies that the sf-SnS2 

NR had high stability and did not corrode during the photocatalytic reduction of Cr(VI), 

which showed its potential applications for the treatment of polluted water. 

 

Figure 2.14. Elemental analysis by the energy dispersive X-ray spectroscopy. Atomic 

ratios were matched with the theoretical values. a) EDAX spectrum of fresh SnS2 

Catalyst. b) EDAX spectrum of reused SnS2 Catalyst. 
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Figure 2.15. Morphological studies for the used catalyst of SnS2 nanorings. 

 

Figure 2.16. PXRD spectra of the reused SnS2 nanostructures. Since there was no 

significant changes in the corresponding peaks. 

2.3.2.4. Morphology Effect and the Importance of Clean Surface on the Catalyst 

As confirmed above in the photocatalytic reduction of Cr(VI), the ring-like 

nanostructures were more efficient than nanoflower-like morphology (Figure 2.8). The 

rates of photocatalytic reduction of Cr(VI) by sf-SnS2NR and peg-SnS2NF were 

compared by varying the quantity of the catalysts (Figure 2.11). In every case, the sf-

SnS2NR showed superior photocatalytic activity than the peg-SnS2NF. The variance in 
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the photocatalytic activity of both the SnS2 nanostructures may be explained by the 

collective action of several factors. Except the specific surface area, almost all the factors 

were the same as revealed by the various characterization techniques, and it can be said 

that the difference in photocatalytic activity of SnS2 nanomaterials was influenced 

exclusively by a single parameter that is, clean surfaces and morphology. 

It is known that the adsorption and desorption of molecules on the surface of 

catalysts directly affect the photocatalytic process. Thus, the clean and surfactant free 

surfaces on the catalyst and high surface area of the porous sf-SnS2NR allowed more 

number of surface coordination sites exposed to the solution than the peg-SnS2NF. 

Moreover, the presence of clean surfaces on the catalyst surface helped more efficient 

transportation of the reactant molecules to the active sites and, thus, enhances the 

efficiency of photocatalysis. So overall, the combination of low surface area and 

surfactant-free surfaces of the sf-SnS2NR make nanorings a better material for the 

photocatalytic reduction of Cr(VI) compared to the peg-coated nanoflower-peg-SnS2NF.  

SnS2 having a central metal ion with the d
10

 configuration favors the separation of 

photogenerated charges due to the highly dispersive conduction band. Afterward when 

exposed to light the capture of photoexcited electron at the conduction band takes place. 

In this process, the separated electron commonly a photogenerated electron is involved in 

the reduction of Cr(VI) to generate Cr(III) [34]. As an evidence of the photoinduced 

interfacial charge transfer process, the photoluminescence (PL) and time-resolved 

photoluminescence (TRPL) of sf-SnS2NR were recorded and compared with those of 

peg-SnS2NF (Figure 2.17). The sf-SnS2 NR showed a less intense PL peak compared to 

the peg-SnS2NF (Figure 2.17a). This observation suggested that the interfacial charge 

transfer on sf-SnS2 NR inhibited the recombination of photoinduced charge carriers [36]. 

For further confirmation time-resolved transient photoluminescence decay (TRPL) 

spectrum was recorded to understand this process (Figure 2.17b). The average lifetime 

(⟨τ⟩) of sf-SnS2NR (1.30 ns) was found to be less than that of peg-SnS2NF (2.49 ns). This 

drop in the lifetime points to the effective separation of charge carriers on sf-SnS2NR. 

When the transient photocurrent responses are studied, the sf-SnS2 NR showed a good 

response compared to peg-SnS2NF (Figure 2.18). 



88 
 

 

Figure 2.17. (a) Steady-state PL spectra of sf-SnS2NR and peg-SnS2NF. (b) Time-

resolved transient PL decay of sf-SnS2NR and peg-SnS2NF. 

This phenomenon occurs because of the smooth transfer of generated electrons 

from the conduction band (CB) to the valence band (VB) of sf-SnS2NR, and this 

assumption was validated with the quenching of emission. 

 

Figure 2.18. Transient photocurrent responses for the sf-SnS2NR and peg-SnS2NF. 

2.3.7. Photocatalytic Degradation of Dyes 

Apart from checking the toxic Cr(VI) reduction reactions, the synthesized sf-SnS2NR was 

assessed for the degradation of toxic organic dyes contaminating water like Rh B and 
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MO. Figure 2.19 illustrates the degradation of Rh B by visible light irradiation (sunlight) 

in the presence of the sf-SnS2NR. When the controlled reactions were performed, no 

reaction took place in the absence of light and SnS2 catalyst samples, indicating the 

importance of the photocatalyst for the degradation of the dye (Figure 2.9). After addition 

of the photocatalyst, a rapid decrease in peak intensity was observed. The complete 

degradation of 60 mL of 5 mg L
−1

 Rh B with 30 mg of sf-SnS2NR was observed in only 

12 min. The apparent rate constant (kapp) calculated from the linear plot of ln[At]/[A0] 

versus time was found to be 0.1744 min
−1

. While in the case of peg-SnS2 NF, it took 

nearly 36 min to degrade the dye and the rate constant (kapp) was calculated as 0.04695 

min
−1

 (Figure 2.19a, b). The decrease in absorption intensity of Rh B at λmax with 

progression of the reaction time without any shift of the absorption wavelength suggested 

complete de-functionalization of the Rh B chromophores. 

 

Figure 2.19. Photocatalytic activities of the SnS2 nanostructures in the degradation of Rh 

B dye. (a, b) Photocatalytic reduction of Rh B using sf-SnS2NR and peg-SnS2NF as the 

photocatalyst. (c, d) The recyclability of the SnS2 nanostructures. 
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The efficiency of the sf-SnS2 NR photocatalyst for the degradation of the MO dye was 

also tested (Figure 2.20). Exceptional efficiency was observed in the case of MO with a 

rate constant (calculated from the linear plot of ln[At]/[A0] vs time) of 0.06752 min
−1

 and 

dye degradation time of 30 min for 60 mL of 5 mg L
−1

 MO dye with 30 mg of sf-SnS2NR 

(Figure 2.20a, b). While in the case of peg- SnS2NF, it took nearly 48 min to degrade the 

dye, and the apparent rate constant (kapp) was calculated as 0.03313 min
−1

. In these cases, 

no noticeable degradation and no shift in peak positions were observed in the absence of 

the SnS2 catalyst under the same experimental conditions. Hence, we found that the sf-

SnS2 NR serves as the best photocatalyst for the photocatalytic reactions.  

 

Figure 2.20. Photocatalytic activities of the SnS2 nanostructures in the degradation of 

MO dye. (a, b) Photocatalytic reduction of MO using sf-SnS2NR and peg-SnS2NF as the 

photocatalyst. (c, d) The recyclability of the SnS2 nanostructures. 

The catalysts were reused in the water purification to determine the durability of 

the photocatalyst. For this purpose, the reaction mixture was centrifuged after each run of 
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the reactions to separate the catalyst. Then, the regenerated catalyst was reused with the 

fresh reactants in the subsequent cycle of the photocatalytic reaction under the same 

experimental conditions. The results showed that the sf-SnS2NR could be used repeatedly 

for at least 10 times without significant deactivation. However, the peg-SnS2NF 

displayed a gradual decrease in dye degradation after five cycles. The peg- SnS2NF was 

not robust since it contained big-sized SnS2 nanoflowers that may perhaps be leached 

easily in the liquid phase reaction. 

The clean surfaces remarkably enhanced the separation efficacy of photoinduced 

charge carriers on sf-SnS2 NR through the photoinduced interfacial charge transfer. The 

mechanism of photoreduction of Cr(VI) and degradation of RhB and MO is illustrated in 

Figure 2.21. Due to the narrow band gap, the sf-SnS2NR can be excited by sunlight 

efficiently to produce electron−hole pairs. Due to the availability of free and clean 

surfaces on the catalyst, the generated charges will quickly be promoted to the excited 

state. Simultaneously, the recombination of electron−hole pairs was suppressed owing to 

the direct reduction and oxidation of pollutants. In the photocatalysis progression, the 

photogenerated holes were trapped by the hydroxyl groups (or H2O) on the catalyst 

surface to yield OH· radicals. Meanwhile, the dissolved oxygen molecules react with 

electrons and yield superoxide radical anions, O2
·−

, which on protonation generate the 

hydroperoxy HO2, radicals. This radical forms the hydroxyl radical OH
·
, which involves 

the decomposition of the organic dye. While as the electrons and superoxide radicals 

cause the reduction of Cr(VI) to Cr(III). Altogether, the efficient charge separation on the 

clean surfaces affords the enhanced photocatalytic activities. Therefore, all these findings 

undoubtedly express the importance of clean surfaces on catalysts to achieve high 

catalytic performance [37].  
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Figure 2.21. Schematic representation of mechanism of the SnS2 photocatalyst. 

2.4. Summary 

In this chapter, by utilizing the simple wet chemical approach, surfactant-free SnS2 

nanorings (sf-SnS2NR) and PEG-stabilized SnS2 nanoflowers (peg-SnS2NF) were 

prepared at gram scale. The developed semiconductor tin disulphide nanomaterials 

showed multiple potential applications, especially in photoreduction and 

photodegradation. It was emphasized that as synthesized SnS2 nanostructures exhibited 

great photocatalytic activity in the reduction of carcinogenic Cr(VI) to nontoxic Cr(III) 

under ambient conditions. The SnS2 nanostructures efficiently degraded mutagenic dyes 

(MO and Rh B) to nontoxic products in a shorter period. The improved photoactivities 

are ascribed to the effective charge transfer across the clean surfaces of the catalyst, as 

evidenced by the electron microscopic analyses and steady-state and time-resolved 

transient photoluminescence decay studies. In all cases, the reusability of the sf-SnS2NR 

photocatalyst was excellent over many cycles.  

The excellent photocatalytic behavior of SnS2 can be credited to the following 

factors. (i) The clean surfaces on the catalyst enhanced electron mobility in the nanorings. 

(ii) The specific 2D morphology of the ring structure also contributed to the efficient 

charge carrier separation in the material. Therefore, the present work provides new 
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insight into developing photocatalysts with clean surfaces for the effective charge 

separation and photocatalytic remediation of pollutants from wastewater.  
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CHAPTER-3 
A simplistic approach for the synthesis of CuS-CdS heterostructure: A 

novel photo catalyst for oxidative dye degradation 

Abstract 

In this chapter, we have discussed improving the catalytic activities of nanostructures by 

forming a heterojunction besides surfactant-free synthesis. Direct synthesis of CuS-CdS 

based mesoporous composite materials and their photocatalytic activity is delineated. In 

this study, a series of CuS micro flowers (mf) decorated with varying amounts of CdS 

nanoparticles (NP) have been synthesized successfully in a controlled manner. Relatively 

easy synthesis of material along with its surfactant-free clean surfaced heterojunction 

accentuates the reliability of the protocol described here. Full characterization of these 

semiconducting materials was accomplished with a series of analytical techniques, which 

include powder x-ray diffraction (PXRD), scanning electron microscopy (SEM), 

tunnelling electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS), UV–vis, 

IR, BET and lifetime studies. Upon varying the concentration of precursor of Cd in the 

reactions, the resulting materials exhibited a well-demarcated change in morphologies 

ranging from undifferentiated mass to well-differentiated flower-like architectures. The 

thoroughly characterized composite was accessed finally for its potential photocatalytic 

activity for the degradation of organic dyes. The results showed 96.0% degradation of 

rhodamine B (RhB) over 10 min and 94.7% degradation of methylene blue (MB) over 9 

min. This observed rate of degradation was much higher compared to that observed in the 

case of pure CuS (62.0% of Rh B and 50.2% of MB). 
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3.1. Introduction 

Nefarious chemical by-products from various small as well as large industrial units have 

created menace of environmental pollution, and the problem is aggravating at an 

alarming rate. For instance, the contamination of water by various industrial sewages, 

including the organic dyes, poses a difficult task to handle [1–4]. Towards a viable 

solution, many biological, as well as physical treatment procedures, including adsorption, 

ultrafiltration, and coagulation, was developed. Unfortunately, all strategies were limited 

either by their complicacy or expensiveness [5, 6], and therefore, for a practical solution 

to these hazards, there is a need to develop more specific and environmentally benign 

strategies.  

Among the many treatment protocols developed over the years for the treatment 

of contaminated water, the semiconductor-based catalytic treatment materials picked up 

full acceptance. In this context, metal chalcogenides, especially CuS and CdS, which 

exhibited peculiar properties including suitable band gap and required electronic band 

position, makes them ideal visible light active semiconducting photocatalysts for 

wastewater treatment [6–8]. Although, CuS, a p-type semiconductor having a narrow 

bandgap (Eg = 2.0–2.2 eV) is an efficient visible-light photo catalyst for wastewater 

treatment [9–11]. Nevertheless, the immediate recombination of charge carriers that are 

generated on exposure to visible light limits the efficiency as a photocatalyst. Therefore, 

many modified CuS based composite nanostructures were synthesized with different 

synthetic modifications, including heterojunction formation, doping with some other 

active metals. 

The materials obtained by various modifications exhibited better photocatalytic 

activity applications compared to the parent compounds. For instance, Liu et al. reported 

the synthesis of CuS-modified Bi2S3, which showed enhanced visible-light photocatalytic 

performance towards rhodamine B (RhB) degradation [12]. Similarly, Lee et al. Carried a 

successful fabrication of CuS (p-type) and ZnO (n-type) nanoarrays using stainless steel 

mesh as support. This material exhibited the ability to function as a photo catalyst for the 

decomposition of acid orange under visible light irradiation [7, 13]. Soltani et al. 

produced ZnS and CdS nanoparticles with absorption spanning into the visible region that 
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showed better durability towards photo-erosion [14]. Sunita et al. synthesized TiO2/CuS 

core-shell nanostructure that was useful to degrade methylene blue in a time of 60 min of 

exposure to radiations [15]. Basu et al. synthesized ZnO/CuS heterojunction, which 

worked as an excellent catalyst for the photodecomposition of methylene blue (MB) at 

room temperature [16]. These composite materials eased the charge transfer through 

heterojunctions by means of increasing the separation of electron-hole pairs [17].  

Zhu et al. performed efficient photocatalytic degradation of the tetracycline 

hydrochloride on the α-Fe2O3@CN composite under the visible light [18]. Wei et al. 

synthesized a series of different nanostructures like SiO2 nanoparticles, MoS2 based 

polymer composites, and magnetic graphene oxide composites via mussel inspired 

chemistry and were used successfully for the removal of toxic organic dyes like Congo 

red, methylene blue respectively [19]. Similarly Jorfi et al claimed the synthesis of a 

series of diverse nanomaterials comprising of Fe-TiO2/rGO, ZnO/TiO2 on r-GO substrate 

and Fe3O4–TiO2–Ag. They used these materials as the catalysts for photocatalytic 

degradation of rhodamine B, photocatalytic decontamination of phenol and petrochemical 

wastewater, and photocatalytic degradation of 4-chlorophenol (4-CP) respectively [20]. 

The observations described above explain that the creation of heterostructure between 

semiconductors leads to the improved catalytic activities in photo catalysis.  

It is propounded that a heterostructure between CuS and CdS would establish 

better contact between these two materials through the formation of heterojunction. CuS 

and CdS are active individually, under visible light irradiation. Further, the synthetic 

procedure with better control over tuning the bandgap of these individual materials has 

been well established in the literature. However, the faster recombination rate of photo 

generated excitons reduces their catalytic activity. The presence of heterojunction can 

lead to an enhanced charge separation by transferring charge carriers. This process could 

induce an increase in the mobility of charge carriers and the stability of the material, and 

so finally, its photocatalytic activity [21–26]. Moreover, the availability of free and 

unprotected surfaces is critical to enhance the catalytic activity of nanoparticles further. 

Therefore, a method that can deliver the nanocomposites devoid of stabilizing molecules 

like surfactants, which otherwise hamper their photocatalytic activity is worth to look for 

[27]. 
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This chapter describes a novel approach for the synthesis of well-constructed 

micro/nano composite materials of CuS micro flowers (mf) decorated with CdS 

nanoparticles (NP). The work includes the preparation of a series of CuS-CdS composites 

(CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-3) and investigation of their potential 

catalytic activity towards the degradation of organic dyes like rhodamine B and 

methylene blue. We observed that the catalytic performance shown by assynthesized 

composites towards the reduction of organic dyes is far better as compared to pure CuS 

nanomaterials. Further, enhancement in the catalytic activity of nanocomposites has also 

been verified by studying the lifetime of photo generated charge carriers using the FLTM 

technique. The presence of a clean-surface path for photo generated charges in these 

highly stable CSD composites extended the recyclability of the catalyst in the degradation 

reactions [27]. Therefore, this work is expected to sensitize newer ways for the 

improvement of a lowcost and competent photo catalysts for wastewater treatment. 

3.2. Experimental Section 

3.2.1. Materials 

Copper nitrate (Cu(NO3)2·3H2O), cadmium chloride (CdCl2, anhydrous), thiourea 

[H2NC(S)NH2] and hexamethyldisilazane [(Me3Si)2NH] (HMDS) were procured from 

Sigma Aldrich. The chemicals of analytical grade were used as such without further 

purification. 

3.2.2. Synthesis of CuS decorated with CdS micro/nano composite materials  

In a typical reaction, cadmium chloride (CdCl2, anhydrous), (n mmol; where n = 0, 0.5, 1, 

2, and 3) copper (II) nitrate trihydrate (Cu(NO3)2·3H2O) (4 mmol) and thiourea 

[H2NC(S)NH2] (3 mmol) were added into 7 mL of HMDS in a reaction vessel. The 

reagents in the vessel were stirred continuously for 6 h at 140 °C using a magnetic stirrer 

under continuous supply of nitrogen gas using Schleck lines. Subsequently, the 

assimilated precipitate was separated by centrifugation, filtered, and then washed using 

deionized water and ethanol for 3–4 times each. At final, the products were dried by 

applying vacuum. The products, CuS mf decorated with CdS NP (CuS-CdS micro/nano 
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composites) were named as CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-3 respectively 

for the products obtained from the reactions wherein the amounts of CdCl2 used in these 

reactions were 0, 0.5, 1, 2 and 3 mmol. 

3.2.3. Photocatalytic activity 

The aqueous solutions of rhodamine B (Rh B) and methylene blue (MB) were separately 

prepared by adding each 10 mg L
-1

 in deionized water. From this stock solution of dyes, 

60 mL was placed in a beaker for the experiment, which was then supplemented with 30 

mg of CuS-CdS micro/nano composites [CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-3]. 

Afterwards, the solution was stirred in dark for about 30 min to ensure the establishment 

of an adsorption–desorption equilibrium before being illuminated to sunlight. Then the 

dispersion was exposed to sunlight while being continuously stirred. At a regular time 

interval, about 3 mL of the suspension was removed, centrifuged for catalyst separation 

and the liquid then placed in cuvette to study absorption properties. The UV–vis 

absorption spectra were recorded by continuously repeating the above procedure, the 

characteristic absorption peaks at 553 nm for Rh B and 660 nm for MB were monitored 

to follow the catalytic degradation process. The decrease in the intensity of colour of 

toxic organic dyes while carrying photo catalysis reaction was noticed. This reaction was 

found to follow a first order reaction kinetics and the rate of degradation was calculated 

by the following formula; 

Degradation (%) = (1- Ct/C0) ×100%     (1) 

Here, C0 is the initial concentration and Ct the concentration of the dye at time t. To 

highlight the stability and reusability of the catalyst, the same materials used one time 

were centrifuged from the solution and washed to be reused as in aforementioned steps. 

3.2.4. Instrumentation 

XRD patterns of the synthesized products were collected at room temperature using 

Bruker D8 X-ray diffractometer (XRD) at a scan rate of 1°min
−1

 (CuKα=1.54 Å; 

operating voltage =40 kV; operating current = 30 mA) in a 2θ range from 10  to 80 . The 

morphological texture (FESEM), energy dispersive spectroscopy (EDS) were studied 
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using an Ultra 55 Carl Zeiss instrument at an operating voltage of 10 kV. The synthesized 

materials were made into suspension in isopropanol by sonicating for 2−3 min. It was 

drop cast on carbon-coated copper grids (200 mesh) for the TEM analyses. FEI Technai 

G2 20 STEM with a 200 kV acceleration voltage was used to capture TEM images. 

JASCO 5300 spectrophotometer was used to analyse the Fourier transform infrared (FT-

IR) spectra (KBr pellet). The optical properties were confirmed by studying the UV/Vis 

absorption spectra of samples in the solid and liquid states (for photo catalysis) using 

JASCO-V770 UV/Vis spectrometer, wherein barium sulphate was used as the filler. BET 

studies were carried to determine surface area and pore size analysis, which were 

conducted on the Quantachrome instruments. The X-ray photoelectron spectra (XPS) 

were obtained using a Thermo scientific Escalab 250Xi spectrometer with Al−Kα 

radiation. The lifetime studies were performed by using MicroTime 200 resolved 

confocal fluorescence setup from PicoQuant equipped with an inverted microscope, a 485 

nm pulsed laser source used for excitation. 

3.3. Results and Discussion 

3.3.1. Synthesis and characterization 

Using HMDS-assisted synthetic method, we have synthesized (Scheme 3.1) five different 

CuS mf decorated by CdS NP by varying the amount of cadmium source (anhydrous 

CdCl2) and fixing the amounts of copper and sulphur sources [Cu(NO3)2·3H2O, 4 mmoL 

and H2NC(S)NH2, 3 mmol] in the synthesis. Accordingly, for the amounts of CdCl2 of 0, 

0.5, 1, 2 and 3 mmol, the products (CuS mf decorated by CdS NP) obtained were named 

as CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-3 respectively. In this synthetic process, 

HMDS was proven to react with sulphur in presence of metal salts to form [S-N(SiMe3)]n 

polymer as an intermediate, which would release S
2˗

 ion. Also, this intermediate controls 

the growth of the particles during the reaction. Formation of stable Si-Cl bond drives this 

reaction and yields Me3SiCl as a side product. Although HMDS played manifold roles; as 

a solvent, a reducing agent, as the stabilizing agent since it behaves like surfactant and 

halts the growth of the particles during the synthesis, yet no atom of HMDS forms the 

composition of the product materials. Therefore, the reaction is termed as the HMDS–

assisted synthesis.  
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Scheme 3.1. Schematic illustration of surfactant free CdS decorated CuS nanostructures. 

Powder X-ray diffraction (XRD) data confirmed the formation of the CuS-CdS 

micro/nano composite materials in the HMDS-assisted synthesis.  Figure 3.1 portrays the 

XRD patterns of the samples of nanocomposites with different Cd concentrations. 

 

Figure 3.1. PXRD patterns of CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-3 with varying 

amounts of CdCl2 in the reaction while keeping all other reaction conditions same. 

All the peaks in the figure correspond to the hexagonal CuS phase (JCPDS No. 65–3556). 

The XRD patterns of synthesized composites did not specify the characteristic peaks 

related to other materials, hence confirming high phase purity embedded with lesser 
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loadings of CdS on CuS. However, XRD analysis provided subtle proof for the presence 

of detached CdS in the materials even for the samples obtained in presence of 1−3 mol% 

Cd source. Nevertheless, the presence of cadmium was confirmed by X-ray photoelectron 

spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDS) analysis (vide 

infra). Only the difference observed in the PXRD patterns was the increase of intensity of 

(102) peak and the decrease in the intensity of (110) and (116) peaks. This change in the 

peak intensity can be attributed to the addition of Cd
+
 and Clˉ ions while synthesizing the 

composite materials that resulted in a subtle change in the stoichiometry of copper 

sulphides. No change in phase as well as in the composition of synthesized composites 

was observed [28]. Based on Scherer equation, the peak-width analysis of PXRD spectra 

showed an average crystallite size of ∼30−40 nm. 

 The elemental distribution of the synthesized composites was analysed by energy 

dispersive X-ray spectroscopy (EDS) analysis, which revealed that Cu, Cd and S 

elements were homogeneously distributed throughout the composite (Figure 3.2). The 

atomic weight ratios of Cu, Cd and S were found 45.6, 25.3 and 29.12 for CSD-1 

respectively.  

 

Figure 3.2. EDS spectrum of fresh CuS/CdS materials (CSD-1). 

The valence states of Cu and Cd atoms in the composite were investigated with X-ray 

photoelectron spectroscopy (XPS) (Figure 3.3).  
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Figure 3.3. XPS analysis of CSD-1 in the Cu 2p, Cd 3d and S 2p regions. (a) Survey 

spectrum of the composite material. (b–d) showing the binding energies of Cd, Cu and S 

respectively for CSD-1. 

 The survey (Figure 3.3a) scans show that all main peaks, though the intensities were 

different, could be indexed to Cu, Cd and S of CSD-1 sample, which was the most active 

catalyst examined in this work. The XPS spectrum of Cd 3d shown in Figure 3.3b 

revealed a doublet at 404.6 and 411.4 eV corresponding to Cd
2+

 3d5/2 and 3d3/2 core-

levels in CdS confirming the presence of Cd
2+

 in CdS. Similarly, figure 3.3c displays 

XPS spectrum of Cu 2p for CSD-1 mf, showing the binding energies of Cu 2p3/2 and Cu 

2p1/2 core-level signals at 932.6 and 952.4 eV respectively. These peaks are being 

characteristic for Cu
2+

 in CuS compound, existence as Cu(II) was confirmed. For Cu 2p, 

the symmetrical shape of peaks confirms the existence of copper in the catalyst as CuS. 

Besides two main peaks, a weak satellite peak approximately at 943.2 eV further 

confirmed the paramagnetic nature of Cu
2+

. The core-level XPS spectrum of S 2p is 

shown in Figure 3.3d. For the sample of CSD-1 obtained with the addition of CdCl2, two 
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foremost peaks located at 161.85 eV (S 2p3/2) and 162.6 eV (S 2p1/2) were observed. 

These peaks were ascribed to S
2−

, specifying the presence of two different metal 

sulphides (CuS and CdS) in the composite. For Cu 2p1/2 and S 2p the peaks observed at 

951.9 eV for former and 161.8 eV for latter were found to be slightly shifted to lower 

binding energy region due to CdCl2 addition, confirming the presence of more Cu
+
 on the 

surface in CSD-1 [29, 30]. 

3.3.2. Structural and morphological analysis 

From the FESEM (Figure 3.4) images of CSD-0 (where there was no Cd) showed 

nanofiber like particles and developing of mf (Figure 3.4a-b). Interestingly, after the 

addition of Cd precursor to the reaction, the morphology transformed into flower-like 

structure for the sample of CSD-0.5 but with inhomogeneous sizes and thin petals (Figure 

3.4c). Further increase in the amount of CdCl2 to the reaction (for CSD-1, Figure 3.4d-e) 

resulted in the formation of well-developed microflower-like structure with highly thin 

porous petals. With another increment in CdS content, the mf developed to somewhat 

relaxed structure with its petals seeming to expand in space but associated with the 

decrease in density of pores (sample CSD-2, Figure 3.4f and g). After the addition of 

final increment of CdS, the mf grew to highly dense and thick sheet like diverse flowers 

accompanied with reduction in the density of pores of CSD-3 (Figure 3.4h and i). These 

stepwise incremental changes in the CdS addition clearly highlighted the change in 

morphology from messy to thin porous like microflowers. These changes finally ended 

up by completely transforming morphology to well-developed thick sheet and high 

particle density flowers confirming the regular deposition of CdS particles on flowers. 
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Figure 3.4. SEM images of different CSD composites: (a–b) CSD-0, (c) CSD-0.5, (d–e) 

CSD-1, (f–g) CSD-2 and (h–i) CSD-3. 

 Further evaluations about morphological transformation were confirmed from 

studying TEM measurements (Figure 3.5). Figure (3.5a, for CSD-1 and Figure 3.6a, c, e 

and g for CSD-0, CSD-0.5, CSD-2, and CSD-3) shows the TEM images of CSD 

composite materials. From the figure, it is clear that all the TEM images are almost in 

close confirmation with their corresponding SEM images with flowers becoming more 

porous and thin up to CSD-1 and after that with further enhancement in CdS 

concentration the overall thickness increases but with the decrease in porosity. The 

elemental mapping (Figure 3.5c, d, e, and f, for CSD-1) further confirms the distribution 

of elements (Cu, Cd, and S) present in the composite materials. To understand the 

crystalline nature of the mesoporous network, the synthesized composites were subjected 

to selected-area electron diffraction (SAED), which presented (Figure 3.5b for CSD-1 

and Figure 3.6b, d, f, and h for CSD-0, CSD-0.5, CSD-2 and CSD-3) a sequence of 

diffused Debye-Scherer rings corresponding to the zinc blende structure of CdS, agreeing 

well with XRD results. These results confirmed the successful deposition of CdS 

particles on the CuS surface.  
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Figure 3.5. TEM image, SAED patterns and Elemental mapping from SEM of CSD-

1composite: (a, b) TEM images and SAED patterns of CSD-1. (c, d, e and f) elemental 

mapping of CSD-1. 

 

Figure 3.6. TEM images and SAED patterns of CSD-0, CSD-0.5, CSD-2 and CSD-3: (a, 

c, e and f) TEM images and (b, d, f and h) SAED patterns. 

Consistency in all, data from XRD, XPS, SEM and TEM confirmed the well-defined 

synthesis of mesoporous composite materials compromising of covellite (CuS) and cubic 

CdS nanostructures [29]. 
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3.3.3. Clean surface area and optical properties 

As discussed earlier in the chapter 2, the availability of free surface of the micro and 

nanoparticles for the catalytic activity is the key for their success in catalysis. The main 

side product in the synthesis described here is Me3SiCl and it can be removed from the 

reaction mixture by vacuum along with HMDS used in the reactions. Since no other 

surfactant molecules are used in the synthesis, and starting materials [thiourea, 

Cu(NO3)2.3H2O and CdCl2] are removed by washing with water and ethanol, the product 

is supposed to have clean surfaces. EDAS analysis did not show any signature of silicon 

in the products. As exemplified in different works of literature that an external surfactant 

hinders the catalytic activity of a catalyst by decreasing the generation of electron-hole 

pairs, their mobility and puts a barrier for access towards the active sites on catalysts 

surface. For better catalytic activity, to circumvent the problem of surfactant molecules, it 

is necessary to develop surfactant free nanostructures. In this regard, the FTIR spectrum 

of CSD-1 material (Figure 3.7) showed that there are no significant signals for the 

materials. For visual comparison, the FTIR spectrum (Figure 3.7a) of the HMDS is 

presented as well. These observations explain clearly that CSD materials discussed here 

have clean surfaces and can be suitable materials for catalysis. 

 

Figure 3.7. FTIR spectrum of CdS decorated CuS nanostructures (CSD-1 sample) (b). 

For visual comparison FTIR spectrum of HMDS presented (a). 
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In order to evaluate the specific surface area and corresponding pore structure, we have 

carried out the nitrogen adsorption-desorption isotherms (BET) for the CSD materials 

(Figure 3.8). A sample of CSD-1 exhibited type IV isotherms and its specific surface area 

was calculated to be 18.1m
2
g

-1
. The obtained surface area is not so much higher but still 

CSD-1 showed the best photocatalytic activity among all these composite catalysts. This 

is due to the existence of special hierarchical structure and highly porous nature of petals, 

providing a good number of active sites for catalytic activities, together. These results are 

in good agreement with the FTIR analysis which states that the as synthesized catalysts 

are having clean and free (free from surfactants) surfaces. 

 

Figure 3.8. BET surface area analysis of CuS/CdS nanostructures (CSD-1). Nitrogen 

adsorption-desorption isotherm. 

The optical properties of composite catalysts were confirmed from UV–vis 

absorption spectra (Figure 3.9). It is observed that all the catalysts show similar 

absorption, mostly in the visible region with broad peak absorption in the 500-700 nm 

range. Still, CSD-1 shows superior photocatalytic activity as compared to other samples. 

This increased activity might be due to some morphological changes giving CSD-1 a 

particular hierarchical type structure which might cause some slight changes in the 
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absorption spectra, but overall the absorption spectra of all the samples remain unaffected 

[31]. The average band gap values calculated from the absorption data was 2.29 eV for 

CSD materials. 

 

Figure 3.9. UV-visible spectrum of all catalysts (CSD-0, CSD-0.5, CSD-1, CSD-2, CSD-

3) (a) and band gap (b) for different concentrations of Cd. 

3.3.4. Photocatalytic properties 

Rh B and MB represent the most commonly used organic dyes at industrial scale and 

therefore are used as probe molecules predominantly while studying the heterogeneous 

catalysis. Therefore, to evaluate the photocatalytic potential of CSD materials, the time 

dependent photo degradation of Rh B and MB dyes was studied. A set of control 

experiments for CSD-1 material (Figure 3.10) which include one without catalyst 

(photolysis) and another one without the visible light intervention but in the presence of a 

catalyst (catalysis). These reactions revealed the photocatalytic potential of CSD 

materials in the presence of visible light, divulging the importance of both catalyst and 

light to impact the dye degradation. 
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Figure 3.10. Controlled reactions of Rh B and MB dyes using CSD-1. (a, c) 

Photocatalysis (b, d) catalysis. 

The photocatalytic ability of CSD composite materials (CSD-0, CSD-0.5, CSD-1, 

CSD-2, CSD-3) were tested individually. All the composite materials showed varying 

photocatalytic activity towards the degradation of toxic organic dyes Rh B and MB. The 

lowest photo degradation efficiency was observed for CSD-0 sample compared to the 

other CSD materials that are having definite amounts of CdS, which could be attributed 

to the effect of morphology. From above analysis, it is clear that the photocatalytic 

activities were enhanced obviously by loading CdS on to CuS surfaces. However the 

trend was not followed regularly with a series of CSD materials. Among these composite 

materials, the sample CSD-1 showed the highest photocatalytic activity towards Rh B 

and MB dyes which is matching well with the photocatalytic degradation kinetics. With 

CSD-1 catalyst, there was a rapid decrease in the intensity of absorption peak with 

increasing time of exposure. The degradation of Rh B and MB dye solutions was 
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observed to be 96.04% after 10 min for former and 94.69% after 9 min for latter 

respectively (Figure 3.11a, c) and remained at a relatively stable level after this time.  

 

Figure 3.11. (a and c) are the optical absorption profiles for the RhB and MB dyes under 

visible light irradiation using the CSD-1 sample. (b and d) are the recyclability studies for 

the composite material [CSD-1] in the photodecomposition of RhB and MB respectively. 

The photocatalytic activity of other composite materials (CSD-0, CSD-0.5, CSD-2, CSD-

3) towards the degradation of Rh B and MB shown by their UV–vis absorption spectrum 

are represented in Figure 3.12 and 3.13 respectively.  



116 
 

 

Figure 3.12. Controlled reactions of Rh B degradation experiments for (a) CSD-0, (b) 

CSD-0.5, (c) CSD-2, (d) CSD-3. 

 

Figure 3.13. Controlled reactions of MB degradation experiments for (a) CSD-0, (b) 

CSD-0.5, (c) CSD-2, (d) CSD-3. 
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The photocatalytic degradation of Rh B and MB using CSD composite materials were 

found to follow the first order kinetics. The first-order rate constant is calculated by the 

following equation-2 [32]. 

                                                 ln(C/C0) = −kt                (2) 

Where C0 is the initial concentration of organic dyes, C is the concentration at time t, and 

k is the first-order rate constant (min
-1

), and t is the irradiation time (min). From Figure 

3.14a c, it is observed that the samples prepared by adding different amounts of Cd, have 

different photocatalytic abilities. The rate constant of photodecomposition when plotted 

against time as per Eq. 2 gave a straight line for all the CSD materials (Figure 3.14b and 

d) confirming the first order kinetics of the degradation of organic dyes. The correlation 

between the reaction rate constant and the amount of CdS in the composite materials was 

also plotted (Figure 3.15).  

 

Figure 3.14. (a, c) Relative concentration (C/C0) of Rh B and MB using as prepared 

composite materials by varying CdCl2 concentrations under visible light. (b, d) The linear 

fit plots of ln(C/C0) vs. time of the data in (a, c) for CSD heterojunctions. 
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Figure 3.15. Showing the relationship between the reaction rate constant and CdS 

content for all the five samples (CSD-0, CSD-0.5, CSD-1, CSD-2, CSD-3) (a) 

Rhodamine b. (b) Methylene blue. 

 Data in Table 3.1 and plots (Figure 3.14) explain that CSD-1 with the appropriate 

CdS amount can achieve the optimal photo degradation efficiency. The first-order rate 

constant (K/min) of CSD-1 mf for the degradation of Rh B (0.22205/min) is much higher 

than that of CSD-0 (0.05659/min) and CSD-0.5(0.0676/min). A similar trend was 

observed for MB degradation, were the rate constant for CSD-1 mf (0.17709/min) was 

much higher than that of CSD-0 (0.04072/min). 

Table 3.1. The first order rate constants, R
2
 values, maximum degradation (%) and time 

required for maximum degradation for the Rh B and MB by CSD mf. 

 

Sample 

 

     Kapp 

(CuS/CdS) 

 

R
2
 

 

Maximum 

Degradation 

(%) 

Time taken for 

maximum 

degradation (min) 

 RhB MB RhB MB RhB MB RhB MB 

CSD-0 0.0566 0.0407 0.76371 0.95213 62.04 50.21 17 14 

CSD-0.5 0.0676 0.0480 0.73335 0.89161 66.99 58.57 12 11 

CSD-1 0.2221 0.1771 0.96082 0.94981 96.04 94.69 10 9 

CSD-2 0.0839 0.0775 0.70341 0.93671 78.76 73.18 13 12 

CSD-3 0.0415 0.0597 0.68105 0.97541 53.03 62.13 15 13 
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The durability of the catalyst was evaluated by recycling the catalyst in the photo 

degradation reactions of Rh B and MB in aqueous solutions. Again CSD-1 holds the best 

durability than others (Figure 3.11b and d). Table 3.2 compares the catalytic efficiencies 

of many catalysts with CSD composite materials and shows increased catalytic activity of 

CSD-1 compared to other reported systems [12-16, 33–37]. The data clearly explains that 

the heterostructures between two binary metal chalcogenides will increase the catalytic 

activity towards organic dye degradation experiments and the importance of clean 

surfaces on the catalyst surfaces. 

Table 3.2. Comparison table for the various heterostructure catalysts for the 

photocatalytic degradation of organic dyes. 

Catalyst Pollutant Conc. Catalyst amount Time (min) ref 

CuS/Bi2S3 

CuS/ZnO 

CdS/ZnS 

TiO2/CuS 

10 mg/L 

2 x 10
-5 

M 

10 mg/L 

10
-5

 M 

0.1g/L 

20 mg/50 mL 

100 mg/L 

30 mg/L 

300 

40 

360 

60 

[12] 

[13] 

[14] 

[15] 

ZnO/CuS (1.0 x 10
-5 

M) 2cm x 2cm/50 mL 300 [16] 

CuS/Bi2S3 2 x 10
-5

 10mg/L 0.050 g/L 150 [33] 

CuS/ZnS 10
-5

 10mg/L 0.050 g/L 60 [34] 

CuS/TiO2 10 mg/L 0.100 g /L 180 [35] 

CuS-rgo 4 mg/L 0.1 g/L 120 [36] 

CdS-rGo 10 mg/L 0.160 g/L 150 [37] 

CuS/CdS 5 mg/L 0.030 g/L 10 This work 

 

3.3.5. Structural influence of the degradation reactions.  

 The mechanism for the performed photo degradation of organic dyes by using CSD 

composite materials is presented in Figure 3.16 [38]. According to this mechanism, 

irradiation of CSD composite materials with natural light resulted in the generation of 

electron and hole pairs. Owing to the driving force attained from the heterostructures with 

reduced potential energy, the electrons were transferred easily to the conduction band of 
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CdS. This whole process, in turn, resulted in the formation of super oxygen radicals (·O2) 

because of the combining of these electrons with absorbed O2 on the surface. At the same 

time, the photo generated holes were transferred to CuS from CdS and generated 

hydroxyl radicals (·OH). At the end, the organic dyes (Rh B and MB) could be degraded 

efficiently into smaller molecules such as CO2 and H2O by these strongly oxidizing 

species generated in the process.  

 

Figure 3.16. The sketch of the band energy level and charge transfers involved in CSD 

photo catalysts. 

 The photocatalytic activity of any synthesized catalyst has both the synergistic as 

well as antagonistic contributions from many underlying factors. Concerning the catalyst 

described here, there is also scope for both types of factors to operate. For instance, (1) If 

individual CuS or CdS generate photo-induced charges, those charges can recombine 

easily resulting in the decreased photocatalytic activity; (2) specific surface area of the 

catalyst is the main influencing factor of the efficiency of photo degradation; (3) The 

formation of heterostructure due to its synergistic effect plays a pivotal role in facilitating 

the parting away of photo induced charges, thus resulting in the enhancement of mobility 

of charge carriers, hence an overall increase in photocatalytic activity [39]. 

 In the newly created CuS-CdS heterojunction described here, there was an increase 

in sizes of flower petals with the addition of CdS loadings and a simultaneous increase in 
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porosity from CSD-0 to CSD-1. Further, there was a decrease (CSD-2 to CSD-3) in the 

porous cavities of the petals with a further increase in CdS loading. This decrease in the 

porosity reflected as the lowest adsorption and catalytic activities in relation with their 

less surface area. Even though CSD-1 has relatively low BET surface area, the adsorption 

capability of CSD-1 was slightly higher than others. This increased activity was due to 

highly porous nature and clean surfaces on the catalyst, which provided more catalytic 

active sites. The availability of surfactant free-surface of photo catalyst facilitates 

efficient contact with organic contaminants and enhanced charge carrier transfer and 

thereby presenting the highest photocatalytic decomposition of organic dyes (Rh B and 

MB) [40]. The enhanced photocatalytic activity was further authenticated from the 

lifetime studies, as shown in Figure 3.17. The lifetime studies supported our activity 

performance; the average lifetime for the CSD-1 is less (2.78 ns) compared to other 

materials [CSD-0, 3.22 ns; CSD-0.5, 3.08 ns; CSD-2, 3.12 ns, and CSD-3, 2.82 ns] [40, 

41] which shows its better photocatalytic potential.  

 

Figure 3.17. Life time studies for composite materials. (a) CSD-0, (b) CSD-0.5, (c) CSD-

1, (d) CSD-2 and (e) CSD-3.  

For broad spectrum applicability, the recyclability of catalyst is decisive and in 

this regard, we have tested the reusability of our CSD heterostructure material by 

repeating the photocatalytic decomposition of organic dyes using the recovered catalyst 
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under the same experimental procedure. For this purpose, after the experiment, the 

catalyst was separated by centrifugation (3000 rpm), sequentially washed with distilled 

water and acetone and then finally dried over vacuum for 2 h at 60 °C. The well-dried 

catalyst was reused in the procedure, as mentioned above. Interestingly, the 

heterostructure showed higher stability with no decrease in the activity until the 5th cycle, 

as can be seen from (Figure 3.11). Although a slight decrease in activity was noticed after 

5th catalytic cycle, the photo catalyst was stable until 8 cycles in the case of Rh B and 10 

cycles for MB. Further, we have performed morphological (Figure 3.18) studies and 

obtained XRD spectrum (Figure 3.19) of the reused catalyst (CSD-1). From FESEM 

images and XRD plots, it was clear that the catalyst was stable with no appreciable 

changes in the morphology and peak intensities were observed even after 10 cycles. 

These studies highlight the importance of the heterostructures and clean surfaces on the 

catalyst for the secure promotion of charges, which directly affects the activity and 

durability of the photo catalyst. 

 

Figure 3.18. Morphological studies for the used catalyst of CuS/CdS nanostructures 

(CSD-1), (a-b) for MB and (c-d) for Rh B.  



123 
 

 

Figure 3.19. Showing the XRD of CSD-1 before (red) and after (black) 10th cycle. 

3.4. Summary 

In summary, in this chapter, we have demonstrated the formation of a simple CuS-CdS 

heterojunction resulting from decorating CuS micro flowers (mf) with CdS nanoparticles 

(NP). These heterojunctions helped to substantially enhance their photocatalytic activity 

compared to individual binary CuS and CdS nanostructures. These materials, which 

resulted from a one-pot HMDS-assisted synthesis, were unambiguously characterized by 

a series of analytical techniques which include PXRD, SEM, EDX, TEM, XPS, and BET. 

Their incisive structural and morphological investigations revealed that CdCl2 loading 

decisively affects the composition and morphological transformation from irregular to 

petals through micro flowers, probably because of the induction of Cl− ions and the 

formation of CuS-CdS heterojunction. Investigation of photocatalytic activity interpreted 

that these nanocomposites possess better photocatalytic efficiency compared to pure CuS 

and CdS nanostructures, with sample CSD-1 having 1 mmoL CdCl2 loading being the 

best hit for the degradation of RhB and MB dyes. Moreover, the post-experimental 

analysis points to that as-prepared catalysts were highly stable (10 cycles) for the photo 
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degradation of organic dyes, which provided it with excellent potential for further 

photocatalytic applications. 
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CHAPTER-4 
Chalcopyrite with Magnetic and Dielectric Properties: An Introductory 

Catalyst for 4-Nitrophenol Reduction 

Abstract 

The progress for the development of active, stable, and economic catalysts for the 

chemical transformation of noxious chemicals to benign is of primary importance. The 

synthesis of surfactant-free chalcopyrite, sf-CuFeS2, by a wet-chemical one-pot 

hexamethyldisilazane-assisted synthetic method was accomplished. Various analytical 

and spectroscopic techniques were used for the physical characterization of the material 

produced. From the observation of magnetic properties, the material chalcopyrite was 

found to be paramagnetic. The dielectric constant and dielectric loss were also 

determined and were found to be decreasing with an increase in frequency. The dielectric 

behavior of the material was explained by the Maxwell−Wagner theory of polarization, 

and the dielectric constant of the as-synthesized sample was found to be 3.176 at 100 °C 

and 500 kHz. The potential catalytic activity was confirmed by performing the reduction 

of 4-nitrophenol (4-NP) to 4-amino phenol (4-AP) in the presence of sodium borohydride 

(NaBH4) in aqueous medium at room temperature. The catalyst showed about 90% yield 

in the reduction reactions, which can be attributed to easy access to active sites 

invigorated by the absence of surfactant molecules. The reusability of the catalyst was 

checked to find out the stability, and excellent retention of activity up to five cycles was 

observed. 

 

J. Phys. Chem. C 2020, 124, 18010−18019 
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4.1. Introduction 

Ternary chalcogenides of a transition metals of type CuMX2 (where M = Al, In, Ga and 

Fe, X = S, Se) that are behaving as semiconductors have attracted immense research 

interest because of their characteristic physical and chemical properties. These materials 

have shown potential applications in spintronics and photo conversion in solar cells [1–

8]. Among these transition metal chalcogenides, the chalcopyrite has been studied widely. 

Chalcopyrite with an elemental composition of earth-abundant elements like Cu and Fe, 

besides S, lags in the race of literature of semiconductors of Cu-based nanocrystals (NCs) 

[9, 10]. Chalcopyrite has a zinc blende-type structure with a coordination number of four 

for both cations and anions forming distinct corner-sharing tetrahedral [11]. 

The chalcopyrite mineral (CuFeS2) having the dazzling golden surface is 

considered the most capable semiconductor material with unfamiliar optical, electrical, 

and magnetic properties [12, 13]. It also possesses high values of thermoelectric power 

[14] and rectification [15] with an optical band gap [16, 17] of (0.5–0.6 eV) behaving as 

an n-type semiconductor. Chalcopyrite exhibits magnetic property changing from 

antiferromagnetic behavior to paramagnetic depending on temperature. It displays 

antiferro-magnetic property achievable at a Neel temperature of 823 K, while a 

paramagnetic arrangement at around 50 K. The probable reason for this complicated 

magnetic behavior is as follows. Neutron diffraction studies of CuFeS2 showed an 

effective magnetic moment of 3.85 μB for Fe, which is lower compared to the expected 

value for Fe
3+

 ions (∼5.0 μB) [12]. The lesser magnetic moment was attributed to the 

significant Fe−S covalent interactions [18-20]. The magnetic moment of Cu in 

chalcopyrite could not be calculated accurately in the vicinity of a large moment of the 

iron ion [21, 22]. 

For many nanostructured materials, the exciting variation in properties is 

observed based on the crystal structure and morphology of materials, which in turn 

depends on the synthetic procedures. CuFeS2 nanostructures have received tremendous 

research interest. Silvester et al. synthesized colloidal sols of CuFeS2 nanocrystals by a 

hydrothermal method under the controlled conversion of iron (III) oxide. These materials 

were optically transparent and their properties were closely matching to that of bulk 
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material [23, 24]. Wang et al. [25] and Liang et al. [26] independently developed 

prominent colloidal methods to synthesize CuFeS2 nanocrystals. Various types of 

nanostructures of CuFeS2, including thin films [27], (nanowires, nanorods, spherical 

particles) [16, 17], and nanocrystals [25, 26, 28] have been synthesized for probable 

applications in photovoltaics [29], thermoelectric [26], and spintronic devices, dye 

degradation [30]. 

 One of the biggest challenges and concerns in front of researchers is to make the 

environment pollutant-free. Large quantities of toxic and carcinogenic chemical by-

products like organic dyes [31-33], nitro-based aromatic compounds [34], and heavy 

metal ions [35-37], are continuously being released into water bodies from industrial 

units. These pollutants contaminate water as well as create environmental menace at an 

alarming rate and are becoming a difficult task to handle [38-46]. Nitrophenols (NP) are 

considered to be the most common pollutants in both industrial and agricultural 

wastewaters, particularly among them 4-NP which is highly soluble and stable in water. It 

is a most tarnished pollutant and has made life vulnerable on exposure, causing severe 

health problems [47-50].  

 Various treatments were designed for the removal of 4-NP from water like 

adsorption [51, 52] catalytic reduction [53, 54]. Adsorption is considered a best remedy 

for waste water treatment from nitro-compounds. Adsorption involves the use of an 

adsorbent which can adsorb the adsorbate mostly contaminate on its surface. Adsorption 

is also economical, efficient and an easy approach for 4-NP reduction. Nevertheless, the 

adsorption process mostly depends on the nature of the adsorbent, like its morphology, 

surface area, and size [49]. Besides these temperatures, pH and time are the important 

factors going to decide the fate of adsorption process [55]. Whereas on the other hand the 

catalytic approach is considered a very simple, versatile and cost effective process, 

involving the use of a reducing agent like NaBH4 in presence of nanomaterials as 

catalysts for the reduction of 4-NP [56]. 

 The primary purpose of the work in this chapter is to produce chalcopyrite 

nanoparticles in a simplified method and determine their unique magnetic and dielectric 

properties compared to the same materials known in the literature. Also, it is of interest to 
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test the hitherto unknown catalytic ability of CuFeS2 in organic functional group 

transformation reactions. We are able to synthesize surfactant-free CuFeS2 nanoparticles 

(sf-CuFeS2) using a realistic HMDS-assisted synthetic approach. The synthesized 

nanostructures were characterized by powder X-ray diffraction, scanning electron 

microscopy (SEM), and high resolution transmission electron microscopy (HRTEM). 

The magnetic property measurement (at room temperature and 100 K) confirms the 

paramagnetic nature of the chalcopyrite material. Dielectric studies showed a substantial 

decrease in the value of both dielectric constant and dielectric loss at low frequency, but 

at a higher frequency, it remains unchanged. After confirming the properties of sf-CuFeS2 

nanoparticles without any organic molecules in their surroundings, the synthesized 

chalcopyrite was assessed for its potential catalytic ability in the reduction of 4-NP to 4-

aminophenol (4-AP). It is important to mention here that there is no report yet on the 

catalytic reduction of 4-NP to 4-AP using CuFeS2 nanoparticles. The catalyst developed 

consists of naturally abundant and low-cost non-noble elements that make the easy 

availability of the catalyst on a large scale. 

4.2. Experimental Section 

4.2.1. Materials 

Copper chloride (CuCl2 anhydrous), ferric chloride (FeCl3 anhydrous), thiourea 

[H2NC(S)NH2] and hexamethyldisilazane [(Me3Si)2NH] (HMDS) were purchased from 

Sigma Aldrich. All the above reagents were of analytical grade and used without further 

purification. 

4.2.2. Synthesis of CuFeS2 chalcopyrites 

For the synthesis of sf-CuFeS2 nanoparticles, hexamethyldisilazane (HMDS)-assisted wet 

chemical method was employed. In a typical reaction 1.48 mmol CuCl2, 1.48 mmol FeCl3 

and 2.56 mmol thiourea were added one by one to RB flask connected to the Schlenk 

lines to maintain the inert conditions. Then, 6 ml HMDS (26 mmol) were injected by 

syringe under the continuous supply of nitrogen gas. The reaction mixture was set to 

reflux at 160 °C for 3 hours with continuous stirring. After the completion of reaction the 
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precipitates were separated by centrifugation at 2500 rpm, decanted and then washed by 

deionized water and ethanol each 3-4 times. The material collected was subjected to high 

vacuum for the complete removal of any residual solvents. The product was dried at 70 

°C for overnight in a vacuum oven. 

4.2.3. Catalytic reduction of 4-Nitrophenol 

In order to perform the catalytic reduction of 4-nitrophenol, a general procedure was 

applied. A 0.5 ml of NaBH4 (0.1 M) aqueous solution was added to 2.5 ml of 4-

nitrophenol (0.1 mM) aqueous solution. To this mixture was added 0.8 ml of sf-CuFeS2 

suspension (8 mg/100 ml) to perform the catalysis. The reduction of 4-nitophenol to 4-

aminophenol was regularly monitored using UV-Vis absorption spectrum within a range 

of 200 nm to 600 nm. The conversion percentage of the CuFeS2 catalyst is given by the 

equation-1. 

                               % Conversion = (Co – Ct/Co) * 100                  (1) 

Here Co is the initial concentration (corresponding to absorbance) of 4-nitrophenol at 

λmax, and Ct is the concentration at time (t). 

4.2.4. Instrumentation 

Various analytical techniques used for the characterization of CuFeS2 are described as 

follows. The X-ray diffraction measurements for determining crystal structure and phase 

purity were performed using Bruker D8 X-ray diffractometer equipped with CuKa 

radiation (λ = 1.54056 Å, 2θ range from 20  to 70 ).The Surface morphology, particle size, 

and elemental analysis were carried by FESEM, and EDAS studies using an Ultra 55 Carl 

Zeiss instrument with an operating voltage of 10 kV. The TEM images were acquired 

using an FEI Technai G2 20 STEM with a 200 kV acceleration voltage. The samples 

were prepared by drop casting of a colloidal suspension of chalcopyrite on carbon-coated 

copper grids (200 meshes). Optical properties and catalysis were recorded with a JASCO-

V770 UV/Vis spectrometer; Barium sulphate was used as standard. The specific surface 

area and the pore size of the material were estimated by Nova 2000e, Quantachrome 

Instruments Limited, USA using liquid nitrogen (77 K). The Specific surface area and the 

average pore size distribution were determined by using Multipoint BET equation and 
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from BJH plots, respectively. The oxidation state and elemental compositions were 

determined by X-ray photoelectron spectra (XPS) using a Thermo scientific Escalab 

250Xi spectrometer with Al−Kα radiation. Magnetic properties were studied by the VSM 

instrument at two different temperatures. For studying dielectric properties, the principle 

of parallel plate capacitor was applied, and the measurements were carried on HF-LCR 

meter (6505 P, Wayne Kerr Electronics, UK) instrument. An 8 mm, thick disk-shaped 

pellet of 0.5 mm thickness was prepared under a uniaxial pressure of 5 tons and 5% of 

polyvinyl alcohol (PVA) as a binder. The prepared pellet was sintered at 500 °C for the 

removal of binder. A thin paste of silver acting as a conducting layer was applied on the 

pellet to function as an electrode. 

4.3. Results and Discussion 

4.3.1. Synthesis and characterization 

The chalcopyrite material (sf-CuFeS2) was synthesized (Scheme 4.1) by one-pot HMDS 

assisted wet chemical approach supplemented with Schlenk lines to maintain the 

continuous inert atmosphere.  

 

Scheme 4.1. Schematic illustration of the reaction showing chalcopyrite formation. 

PXRD pattern confirmed the crystalline nature and phase purity of the prepared sample. 

As shown in Figure 4.1, all the peaks can be indexed to the tetragonal structure of 

chalcopyrites with JCPDS No. 37-0471 [57]. The peaks at 2θ of 29.4, 49.01, and 57.8 can 

be indexed to planes of (112), (220), and (312), respectively. No other characteristics 

peaks was found in the PXRD pattern that can indexed to either pure CuS or FeS2 phases 

or any other stoichiometry of both, hence confirming the single-phase and high purity of 

the material.  
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Figure 4.1. The PXRD pattern of CuFeS2 showing high crystalline nature with high 

intensity peaks. All the peaks correspond to JCPDS = 37-0471. 

SEM and EDAS images revealed the morphology and elemental distribution. As shown 

in Figure 4.2a, scanning electron microscopy (SEM) confirms that the nanostructures 

have particle type morphology with almost all the particles of similar size. The particles 

formed clusters probably because of surfactant-free synthesis. 

 

Figure 4.2. The morphological analysis of sf-CuFeS2. (a) FE SEM images (b) TEM and 

(c) HRTEM images. 

The high magnification SEM image also depicts the particle size formation; the 

aggregation might be because of surfactant free synthesis (Figure 4.4a). The study aims to 

develop surfactant-free materials in order to exhibit excellent properties. The elemental 

distribution analysis spectra (EDAS) (Figure 4.3) reveal that all three elements (Cu, Fe, 

and S) are distributed well in the stoichiometric ratios.  
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Figure 4.3. The elemental distribution analysis of CuFeS2 nanomaterial showing by 

EDAS. 

Further confirmation about the particle morphology of synthesized materials was 

performed by TEM analysis. Figure 4.2b represents the distinctive TEM images of sf-

CuFeS2 nanoparticles. From the figure, it is clear that the particles are of nano dimensions 

with the average particle size approximately equals to ~65 nm. The High-resolution TEM 

images (HRTEM) is shown in Figure 4.2c. It shows that the distance between two crystal 

facet planes is 0.301 nm and 0.263 nm, which correspond well to planes (112) and (200) 

respectively of the synthesized material. The dark field TEM images (Figure 4.4b) shows 

bright spots corresponding to the particle nature of synthesized materials, hence agreeing 

well with the SEM. The SAED patterns (Figure 4.4c) shows some diffraction rings 

corresponding to (112), (220) and (204) crystal planes, which matches well with the 

PXRD patterns, so confirming the well crystalline nature of sf-CuFeS2 nanoparticles. 

 

Figure 4.4. (a).high magnification SEM images (b). Dark field TEM images (c). SAED 

patterns of CuFeS2. 

The further validity of chalcopyrite formation and the elemental composition with 

valance states was confirmed by performing XPS analysis (Figure 4.5). The survey 
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spectrum (Figure 4.5a) shows that all the elements Cu, Fe, and S are well present in the 

chalcopyrite. The spectrum shows Cu 2p split to two dominant peaks, Cu 2p1/2 and Cu 

2p3/2 at a binding energy of 955.15 eV and 935.20 eV, indicating the presence of Cu as 

Cu
+
 ion (Figure 4.5b). Besides this two weak satellite peaks located at 944.93 eV and 

963.8 eV are observed clearly in the Cu 2p spectrum which is reliable with the presence 

of Cu
2+

 rather than as Cu (0) [58]. Similarly, Fe peak (Figure 4.5c) got split to two peaks, 

Fe 2p1/2 and Fe 2p3/2 at 726.03 eV and 712.05 eV respectively, revealing the existence of 

Fe as Fe
3+ 

[59]. The S 2p spectrum (Figure 4.5d) shows two peaks one at 164.9 for S 2p3/2 

and other peak at 169.5 eV assigned for S-O bond showing oxidized Sulphur related 

species but since there is no proof for the oxidation of S in the CuFeS2 happening, so 

indicating the presence of S as S
2-

 [60, 61]. 

 

Figure 4.5. XPS spectrum of sf-CuFeS2. (a) the survey spectrum showing the presence of 

all requisite elements Cu, Fe and S. (b-d) representing the Binding energy values of Cu, 

Fe and S respectively. 
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4.3.2. Magnetic Property 

The chalcopyrite, CuFeS2 is known for its magnetic properties and related applications. 

Therefore, it is required to study the sf-CuFeS2 prepared in this study. Figure 4.6a shows 

Magnetization vs. applied magnetic field (M(H)) plots for the samples of sf-CuFeS2 at 

300 and 100 K, respectively. Almost straight line behaviour of M(H) curve indicates the 

paramagnetic behavior of the sample. Magnetization values at 1.5 Tesla are 148 and 17 

milli emu/gm at 300 and 100 K respectively. Coercivity values are 23 and 48 milli tesla at 

300 and 100 K, respectively. A decrease in magnetization is noticed at 100 K while 

coercivity values are increased at lower temperature. Even though coercivity and 

remanant magnetization values are very small but the existence of these parameters 

indicates the presence of small ferromagnetism in sf-CuFeS2. But the ferromagnetism in 

the samples is suppressed with the dominating paramagnetic nature of the samples. 

 

Figure 4.6. (a) Magnetization vs. applied magnetic field plots for the samples at 300 and 

100 K, respectively. (b) Magnetization vs. temperature plots for the samples. 

Figure 4.6b shows the magnetization vs. temperature (M(T)) plots in the 

temperature range 100 to 300 K in zero field-cooled (ZFC) and field cooled (FC) mode at 

applied field of 500 Oe. Bifurcation between ZFC and FC curve is very narrow indicates 

that paramagnetism is dominating in the synthesized sf-CuFeS2 material [62]. 

4.3.3. Dielectric constant properties 

For many minerals finding out dielectric properties has become a topic of discussion. 

Since the dielectric property depends on the conductivity, it is of curiosity to understand 
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the frequency-dependent variation in the dielectric constant of sf-CuFeS2. The following 

formula is used to determine the dielectric constant of a mineral,  

                                              = Cd/A 0                          (1) and  

                                              =   tanδ                            (2) 

Here d represents the thickness, A area of the sample and C is capacitance. 

The dielectric properties of sf-CuFeS2 pellet sintered at 500 °C were studied by varying 

frequency from 20 Hz to 1 MHz within a temperature range of 100 °C to 400 °C (Figure 

4.7). From Figure 4.7a, it is clear that the dielectric constant values decrease continuously 

with the increase in frequency [63]. Upto 100 kHz there is regular decrease, but after 

then, with the further increase in frequency, it remains constant. Also, it is seen that the 

dielectric loss of the material shows similar behavior like dielectric constant (Figure 

4.7b). This behavior of the synthesized sample could be explained based on the Maxwell-

Wagner polarization theory of dielectrics. Space charge polarization is a factor 

responsible for the decrease in values of dielectric properties, which is associated with the 

charge concentrated at the grain boundaries or grain deficiencies of the sample particles 

of various dielectric properties [64]. The contribution from grain sizes mostly controls the 

low-frequency values of  . From the figure, we see that the values of both dielectric 

constant and dielectric loss drop with the increase of frequency for this sf-

CuFeS2 material. 

According to Maxwell-Wagner theory at lower frequencies, different polarization 

mechanisms, including space charge, dipolar, and ionic polarization contribute to the 

dielectric properties of the material [65]. However, with an increase in frequency, the 

space charge polarization does not get enough time to follow the applied external 

frequency, therefore are relaxed out, leading to the reduction of dielectric properties of 

the material with an increase in the frequency. It was found that the dielectric constant 

determined at different temperatures remains unchanged at higher frequencies indicating 

that dielectric property does not vary with the change in temperature. The dielectric loss 

at higher frequencies was found to be relatively low because the electric wave frequency 

was not found to be in proper comparison to the natural frequency of the bounded charge, 

so the reason for weak radiation. The dielectric constant of sf-CuFeS2 at 100 °C and 500 
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kHz is 3.176 the low value might be presumably because of the particle type morphology 

as compared to bulk or sheet morphology as reported previously [66]. 

 

Figure 4.7. Plot showing variation of (a) dielectric constant and (b) dielectric loss with 

frequency at different temperatures. 

4.3.4. Surface area and photo physical properties 

The active surface area and photophysical properties of catalysts are the most critical 

parameter to determine the catalytic activity. A general sense is prevailing in the catalysts 

related to the surface area that is- large the surface area, higher will be the catalytic 

activity. The reason is that a material with a large surface area will be having a sufficient 

amount of active sites that will undergo maximum adsorption, hence higher catalytic 

activity (Figure 4.8). From Figure 4.8a, it is evident that the N2 adsorption-desorption 

curves of chalcopyrite follow the type III isotherm. The isotherm shows an excellent 

interface that is formed between the adsorbent and the adsorbed layer, suggesting a strong 

interaction between these two, showing multilayer adsorption taken place [67]. 

The specific surface area of sf-CuFeS2was found to be 36 m
2
/g. The average pore 

size of chalcopyrite, as calculated from BJH plots (Figure 4.8b), was found to be ca. 17 

Å. From the observations (high surface area and average pore size), it is clear that the 

nature of the sample is mesoporous, and the enhancement in the porosity is because of the 

surfactant-free synthesis. Since there is no other organic surfactant molecules are 

surrounding the sf-CuFeS2, the whole surface area is available for catalytic activity. 
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Figure 4.8. The active surface area of CuFeS2 (a) Nitrogen adsorption/desorption 

isotherm, (b) BJH average pore size distribution plot of chalcopyrite. 

The photophysical properties of the material were determined from the UV-

Visible absorption spectrum. As is clear from Figure 4.9a, the chalcopyrite shows 

absorption mostly in the range of 300 nm to 800 nm, and the maximum absorption onset 

is at 480 nm. As discussed above the CuFeS2 band gap mostly varies in the range from 

(0.5–0.6 eV). The energy bandgap (Eg) can be determined by extrapolating the linear 

region of the plot (αhν)
2 
vs. hν to zero absorption as shown in the equation – 2 [41-43]. 

                                             αhν =  A(hν - Eg)
2
                   (2) 

Where α is the optical adsorption coefficient, h is the Planck constant; ν is the frequency 

of light; Eg is the band gap energy. The bandgap corresponding to the absorption onset 

calculated for sf-CuFeS2 by the Tauc plot given in equation-2 was found to be 0.81 eV 

(Figure 4.9b). 

 

Figure 4.9. UV-Visible Diffuse Reflectance Spectra of CuFeS2 (a). Absorption spectrum 

(b). Band gap. 
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Since the band gap is of high value as depicted for chalcopyrites, the possible reason 

maybe the quantum confinement [68]. This result showed that the removal of surfactant 

is not affecting the bandgap sf-CuFeS2 nanoparticles significantly compared to CuFeS2 

nanoparticles reported earlier. 

4.3.5. Catalytic reduction of 4-NP 

The potential of catalytic application of sf-CuFeS2 was confirmed by the reduction of 

toxic 4- nitrophenol (4-NP) using NaBH4. The schematic representation of 4- nitrophenol 

(4-NP) reduction is shown in Scheme 4.2. 

 

Scheme 4.2. The reduction of 4-NP on the surface of CuFeS2 catalyst. 

The water treatment contaminated with 4-NP by this catalytic reduction way is the 

realistic approach to deal with it. The reduction reaction is confirmed by the changes in 

the absorption spectrum of 4- NP to 4-AP. The UV-Vis spectrum of 4-NP has strong 

absorption in the 317 nm range with light yellow. By the addition of NaBH4, the light 

yellow color changed to bright yellow with the concomitant shift in absorption peak to 

400 nm region (Figure 4.10a). This change in color is due to the transformation of 4-

nitrophenol to its corresponding phenoxide ion- 4-nitrophenolate ion by the subsequent 

addition of NaBH4. When the solution with NaBH4 was kept for a long time, it was 

observed that on checking UV there was no further decrease in intensity of peak obtained 

at 400 nm (Figure 4.10a) for phenolate ion, which indicates that without the addition of a  
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catalyst (sf-CuFeS2) no further reaction is possible. By the addition of a proper amount 

of sf-CuFeS2 to the solution the intensity of peak at 400 nm was found to decrease 

swiftly, whereas another peak at 318 nm region was found to increase in intensity with 

time progresses (Figure 4.10b) [69]. The new peak at 318 nm region gives an indication 

of the reduction of 4-NP, the new peak corresponds to amine thereby suggesting the 

formation of 4-aminophenol (4-AP). On the other hand, the complete change of color 

from yellow to colorless also indicates the formation of 4-AP by the reduction of 4-NP. 

 

Figure 4.10. Representing the effective role of catalyst for 4-NP reduction to 4-AP with 

NaBH4. (a) UV–Vis spectra of 4-NP before and after adding NaBH4 solution. (b) The 

continuous reduction of 4-NP to 4-AP in presence of CuFeS2 catalyst. 

For studying the reaction kinetics of the reduction reaction, the change in 

concentration is determined from Ct/C0 (Figure 4.11a), which in turn are measured from 

(At/A0) in terms of the change in relative intensity in absorption spectrum at 400 nm. 

Here Ct and C0 is the 4-NP concentration at time t and the initial concentration. 
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Figure 4.11. The Plots showing the kinetics and stability of the synthesized sf-CuFeS2 

for the reduction of 4-NP with NaBH4 and its comparison with Rp-CuFeS2. Ct/C0 (a) and 

(b) Reusability of catalyst. 

The linear correlation between ln(Ct/C0) and the reaction time shows that it is first 

order kinetics as given by the equation-3 [70]. 

                                                 ln(Ct/C0) = −kt                      (3)  

Here k indicates first order rate constant (s
-1

) and t is the reaction time. The calculated 

value of k (Figure 4.12b) is found to be 5.21 x10
-3 

s
-1

 and the total time taken for the 

completion of reduction reaction is 6 minutes. Since this type of catalysis by CuFeS2 is 

the first time reported by our group in this manuscript, so a comparison of the catalytic 

activity of sf-CuFeS2 with the other materials reported literature is given in Table 4.1. The 

data in the table clearly shows the superior catalytic activity of sf-CuFeS2 in the reduction 

of 4-NP to 4-AP. For explaining the role of catalyst, a controlled reaction (Figure 4.12a) 

was performed in the presence of an excess of NaBH4, where there was no influence on 

the reaction by NaBH4 besides serving as an electron donor. 
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Figure 4.12. The Plots showing the absorption spectra and kinetics of 4-NP reduction. (a) 

Controlled reaction with NaBH4 only (b) 4-NP reduction by Rp-CuFeS2 in presence of 

NaBH4 and (c) ln(Ct/C0) Vs time, showing rate constant with Sf-CuFeS2 and Rp-CuFeS2. 

The attractiveness of the HMDS-assisted synthetic approach is that the reaction 

yields materials without any surfactant molecules post synthesis. Since the surface of the 

catalyst is free from any capping, sf-CuFeS2 showed better catalytic activity compared to 

the same materials prepared using a method reported in literature. For comparison 

purpose, we have prepared CuFeS2 (named as Rp-CuFeS2) by a known method and tested 

its catalytic activity in the reduction of 4-NP (Figure 4.11a and Figure 4.12b) [71]. The 

calculated value of k (Figure 4.12c) is found to be 2.01 x 10
-3

 s
-1

, which is much lower 

compared with k observed for sf-CuFeS2. This result highlights the advantages of both 

the preparation of CuFeS2 without surfactant as well as the supremacy of HMDS-assisted 

synthesis. 
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The mechanism of reduction of 4-NP in the presence of CuFeS2 using NaBH4 can be 

explained as follows. When the catalyst is added to the reaction medium, both NaBH4 

and 4-NP adsorb on the surface of the catalyst. The catalyst initiates the reduction process 

by the electron accepted from BH4
- 

to 4-NP. The adsorbed borohydride ion transfer 

surface hydrogen to the catalyst surface. Once the hydride gets adsorbed on the catalyst 

surface, it transfers its electron to catalyst-CuFeS2. In this electron transfer process, a 

hydrogen atom is generated, which attacks the nitro group of the 4-NP molecule adsorbed 

on the catalyst surface. Through this electron transfer process from catalyst to 4-NP, 

reduction of 4-NP to 4-AP takes place. The mechanistic pathway proposed here for the 

catalytic reduction of 4-NP is similar to previously stated mechanisms including 

Langmuir–Hinshelwood mechanisms [72, 73]. 

Table 4.1. Comparison list of 4-NP reduction with catalysts reported in literatures. 

Catalyst Amount of 

catalyst used 

Time of completion 

(min) 

References 

Ag/Fe3O4 

Au/AC 

Au 

Ag/PAN 

S-Ag 

0.20 g/l 

0.20 g/l 

0.15 g/l 

10 mg 

6 mg/5 ml 

40 

30 

30 

70 

15 

[48] 

[74] 

[75] 

[76] 

[77] 

g-C3N4/CuS 10 mg 50 [78] 

Cu catalyst 12.5 mg 50 [79] 

CuFe2O4–G 

Ag@CeO2 

20 mg 

0.25 mg 

9 

2.1 

[80] 

[81] 

CuFeS2 8 mg 6 This work 

    

 

The stability of the catalyst is the paramount factor for its application on a large 

scale. Therefore, to determine stability, the reusability of the catalyst was checked by 

repeating the catalytic reduction of 4-NP using the recuperated catalyst. While 

performing the reusability test, the catalyst was separated by centrifugation (3000 rpm) 
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and repeatedly washed with water and acetone and dried in a vacuum. Attractively, the 

chalcopyrite presented excellent stability with no appreciable reduction in activity until 

the 5th cycle (Figure 4.11b). It’s only after 5
th

 catalytic cycle a slight reduction in activity 

is observed. The structural analysis and morphological observations of the used catalyst 

revealed after catalysis are shown in Figure 4.13. So the good stability, working of 

catalyst for larger number of cycles is the important advantages of using CuFeS2 as a 

catalyst for 4-NP reduction [82]. 

 

Figure 4.13. The effects on catalyst structure after catalysis. (a) PXRD after 5 cycles of 

catalysis and (b) SEM images after 5 cycles. 

The effect of the amount of catalyst on the conversion efficiency was performed. 

The catalyst amounts were increased from 4 to 8 mg by keeping other parameters 

constant. As shown in Figure 4.14 with the increase in the catalyst dosage, the rate of 

conversion efficiency also increased. The efficiency was found to increase from 58% to 

89%. The increase in the efficiency with catalyst dosage is possibly because of the 

increase in the number of active sites. 
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Figure 4.14. Effect of the catalyst–CuFeS2 dosage on the conversion efficiency of 4-NP. 

Besides this, the effect of initial concentrations of 4-NP on the conversion 

efficiency of the catalytic process was performed keeping the amount of catalyst constant 

at 8 mg/100 ml as well as 0.1 M of NaBH4. As shown in Figure 4.15, with the increase in   

 

Figure 4.15. The effects of the initial concentration of the 4-NP on the conversion 

efficiency keeping the other parameters constant. 
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substrate concentration from 0.1 mM to 0.3 mM, the conversion efficiency decreased 

from 89% to 46%, showing that initial concentration of the substrate has great influence 

on the conversion efficiency of the catalyst. The figure shows that conversion efficiency 

directly depends on both the amount of catalyst and pollutant concentration used. The 

decrease in the efficiency might be due to decrease in the number of active sites on the 

catalyst as the concentration of 4-NP is increased. Because with the increase in substrate 

concentration due to easy access more of the active sites on catalyst are occupied thereby 

leaving lesser number of active sites for the new entrant on the catalyst. 

4.4. Summary 

In summary, chalcopyrite with a high surface area was synthesized by an HMDS-assisted 

wet-chemical method. After a successful synthesis, the materials were subjected to 

various analytical characterizations. The sf-CuFeS2 is of a highly crystalline nature with 

no other phase impurities, as confirmed by PXRD. Both SEM and TEM determined and 

confirmed the particle morphology of nanostructures. The study of magnetic properties of 

sf-CuFeS2 revealed its paramagnetic nature. Measurement of dielectric properties 

showed a reduction in the values initially at low frequencies, which then remains 

unchanged at higher frequencies. The chalcopyrite exhibited superior catalytic activity on 

the reduction of 4-NP most likely because of clean surfaces on the catalyst and high 

surface area. This work corroborates new ways for the designing of materials with 

multiple roles like in catalysis and energy storing devices. 
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CHAPTER-5 
Boosting the Bifunctional Catalytic Role of Cobalt Iron Chalcogenide- 

Co0.8Fe0.2L2 (L = S and Se) as an Electrochemical OER Performer and a 

Photocatalyst for Cr(VI) Reduction 

Abstract 

The progress for the development of active, stable, and economic catalysts for the 

chemical transformation of noxious chemicals to benign is of primary importance. In this 

scenario, for the first time, we used the hexamethyldisilazane (HMDS)-assisted method 

constructively to synthesize a novel ternary cobalt and iron based metal chalcogenide 

Co0.8Fe0.2L2 (L=S, Se) [Co0.8Fe0.2S2 and Co0.8Fe0.2Se2]. These materials behaved as a 

bifunctional catalyst for both electrochemical OER and photocatalysis for the reduction 

of Cr(VI). The materials showed good electrochemical water splitting properties for OER 

performance (345 and 350 mV @ɳ10, 52.4, and 84.5 mV/dec respectively for the Tafel 

values of Co0.8Fe0.2Se2 and Co0.8Fe0.2S2). Besides electrochemical water splitting, these 

materials were tested for the photocatalytic reduction of toxic Cr(VI) to Cr(III) on 

exposure to sunlight irradiations. As photocatalysts, Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 could 

convert about 96% and 91% of Cr(IV) to Cr(III).  While with their recyclability tests, 

both the catalysts presented balanced electrocatalysis activities for 1500 CV cycles and 

photocatalysis of 5 cycles. This observation is an important criterion governing their 

usage for large scale applications. 

 

Manuscript submitted 
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5.1. Introduction 

Global energy consumption is rising at an alarming rate with the unprecedented rise in 

population and progressive improvement in science and technology. Since the deposits of 

non-renewable resources of energy are finishing at an increasing rate, there is a need to 

switch over towards the alternative sources. The most useful way to mitigate the issue of 

energy sources is splitting water by either photo- or electro- catalytically. Therefore, over 

the years, scientists have geared up the research interests to a considerable extent 

involving water splitting using nanomaterials. The two most critical half-reactions 

involved in electrocatalysis of water include hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER). Among these two half-reactions, OER through 

electrocatalysis is considered the most promising way for green and cheap energy 

creation [1-4].  

Mostly, noble metal-based catalysts like Pt, RuO2, or IrO2 perform well in OER 

catalysis, but the high cost and less abundant naturally are hindrances to their usage as 

electrocatalyst on large scale [5, 6]. Therefore, the focus is on transition metal [7, 8] 

based catalysts because of their easy access, less cost, less toxicity, and abundant 

availability with efficiency almost matching to those of Pt or other noble metal catalysts 

[9]. Various transition metal compounds like sulphides, oxides, and phosphides were 

tested for electrocatalytic OER performance and as bifunctional catalysts [10-15]. 

Besides these, materials such as alloys [16], phosphides [17], carbides [18], selenides 

[19], borates [20], nitrides [21], carbon-based materials [22], and hydroxides [23], were 

used as the OER catalysts effectively. Among these transition metal compounds, 

chalcogenides (mostly sulphides and selenides) have emerged as an elegant class of 

electrocatalysts for OER. Moreover, the ternary chalcogenides have shown superior 

properties like high electrical conductance value compared to monometallic owing to the 

low activation energy for electron transfer between cations [5]. 

 The active transition elements like Ni, Co, Fe, Cu, and Mo and their combinations 

with sulfur are investigated continuously because of their excellent properties. Some 

combinations include Co-Ni-S [24-27], Cu-Co-S and Cu-Mo-S [28-30], Co-Fe-S [31-35],
 

Co-Mo-S [36], and Zn-Co-S [37]. Apart from the stoichiometric combinations, different 
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features such as crystalline phase, morphology and particle size are influencing the 

electrocatalytic activity of transition metal sulphides [14, 15, 38-40]. Shen et al. reported 

a composite formation between cobalt iron sulfide and nitrogen-doped mesoporous 

graphitic carbon (Co0.5Fe0.5S@N-MC) using a simple soft template scheme. In this 

material, the nanostructures are covalently bonded on a mesoporous graphitic layer and 

played the catalytic role for water oxidation reactions [41].   

 Metal selenides, belonging to chalcogenides family, also received tremendous 

research interests owing to their outstanding physical and electrochemical properties [42-

44]. The superior performance of selenides than sulphides is rationalized as they possess 

more metallic character than sulphide [45]. Many transition metal selenides of the type 

MSe2 (here M = Fe, Co, Mo, Ni, Cu, and Mn) were used as an electrode in energy 

conversion or storage devices such as solar cells, battery, supercapacitor, fuel cells, 

sensors, and in water-splitting reactions (HER and OER) [46-51]. Xiao et al. succeeded in 

depositing lamellar structured nanosheets of CoSe2 on Ti plate (CoSe2NS@Ti) by an in-

situ method and used it directly as a cathode for superior hydrogen evolution activity 

[52]. Zhao et al. reported the synthesis of ultrasmall FeSe2 nanoparticle by a high-

temperature solution-based method that acted as an excellent material for sodium-ion 

storage [53]. Sakthivel et al. claimed hydrothermal synthesis of CoFeSe2/f-CNF and its 

use to detect caffeic acid electrochemically [54]. Yiqing et al. reported sulphidation and 

selenation of cobalt iron by the hydrothermal method as the precursors to produce the 

Prussian-blue-analog (PBA) nanocubes and used it as excellent electrodes for dye-

sensitized solar cells [55].  

 The bright side of the rise in technology is that it made life comfortable. On the 

other side, the continuous elimination of toxic and harmful chemicals created 

environmental havoc. Many toxic and carcinogenic chemicals significantly affect both 

aquatic as well as terrestrial life. The water bodies contaminated with such carcinogenic 

and toxic chemicals including organic dyes (e.g., rhodamine (Rh B), methylene blue 

(MB) dyes, nitro compounds) [56-58] and toxic inorganic chemicals (e.g., Cr(VI)) [59] 

are unfit to drink or use for other purposes. So the challenging task is to develop such 

photocatalysts that are easily accessible, cheap, and have abundantly available precursors. 
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Thus the need is to develop highly efficient and stable catalysts that can perform 

multirole in OER or detoxification of toxic organic/inorganic chemicals.  

 Although many reports documented sulphides and selenides as catalysts, there are 

seldom reports on their role as bifunctional catalysts. In this chapter, we report a study on 

transition metal chalcogenides (Co0.8Fe0.2S2 and Co0.8Fe0.2Se2) as bifunctional catalysts. 

These materials were produced via hexamethyldisilazane (HMDS) – assisted synthesis 

and characterized using different analytical and spectroscopic techniques. We have 

determined their chemical composition, the oxidation state of elements, crystalline 

structure, morphology, surface area, and optical properties. The activity of nanomaterials 

as a photo or electrocatalyst is a crucial requirement to produce green and carbon-free 

energy sources. Therefore, we have established the unexplored bifunctional roles of 

Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 as dual catalysts. Their catalytic activities for 

electrochemical water splitting (OER) and photocatalytic Cr(VI) reduction were assessed. 

The present work establishes a newer way to develop such kind of catalysts with multiple 

roles. 

5.2. Experimental Section 

5.2.1. Materials 

Cobalt chloride (CoCl2 anhydrous), ferric chloride (FeCl3 anhydrous), thiourea 

[H2NC(S)NH2], selenium powder, hexamethyldisilazane [(Me3Si)2NH] (HMDS), 

K2Cr2O7 were purchased from Sigma Aldrich. Distilled water used for photocatalysis. All 

the above reagents were of analytical grade and used without further purification. 

5.2.2. Synthesis of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 chalcogenides 

Likewise as discussed in previous chapters, for the synthesis of Co0.8Fe0.2S2 

nanoparticles, hexamethyldisilazane (HMDS)-assisted wet chemical method with slight 

modification was a promising method. In a typical reaction 1.54 mmol CoCl2, 0.31 mmol 

FeCl3 were added one by one to a two neck RB, then 6ml HMDS were injected by 

syringe under the continuous supply of nitrogen gas, by connecting the RB to Schlenk 

lines to maintain the inert conditions. The reaction mixture was stirred for 30 minutes to 
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allow dissolution of precursor salts in the medium at 40 °C, then after 30 minutes 3.08 

mmol thiourea was added. The reaction was set to reflux at 160 °C for 3 hours with 

continuous stirring. After the completion of reaction the precipitates were separated by 

centrifugation (set) at 2500 rpm, washed by deionized water and ethanol each 3-4 times 

to get the desired product. The material collected was subjected to high vacuum for the 

complete removal of any residual solvents. The product was dried at 70 °C for overnight 

in a vacuum oven.  

Similar procedure was applied for the synthesis of Co0.8Fe0.2Se2. Se (3.08 mmol) powder 

was used instead of thiourea to produce ternary metal selenide.  

5.2.3. Preparation of Electrocatalyst for OER 

5.2.3.1 Fabrication of working electrodes and electrochemical measurements 

OER were carried using the electrochemical CHI 660D, workstation at room temperature 

(298 K). A home-made set-up with three electrode system was used (working electrode 

as glassy carbon (Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 modified and bare GCE), Pt ring as 

counter electrode, and silver electrode reference electrode in 1 M KOH. Electrocatalyst 

on GCE was loaded (~ 0.3 mg/cm
2
) with Nafion binder via drop-cast method with the 

micropipette assistance and then dried at oven. All the electrochemical measurements 

were repeated again to ensure consistency and reproductive performance. Throughout 

this all electrochemical performance, potentials of Linear sweep voltammetry (LSV) and 

cyclic voltammogram (CV) were calibrated vs. reversible electrode (RHE as follows, 

ERHE = Eobt + EAg/AgCl + 0.059*pH V). LSV measurements (0.005 V/s, 1 to 1.8 V potential 

windows) were done to calculate onset overpotentials at current densities (j10,10 mA/cm
2
) 

and Tafel plots (log (j) vs. VRHE). Double-layer capacitances (Cdl) were done using CV 

measurements in between the Vdl windows 1.203 V to 1.302 V. The EIS measurements 

were also opted with 10
5
 to 0.01 Hz frequency ranges at 1.6 V vs. RHE.  

5.2.4. Photocatalytic reduction of Cr(VI) 

An aqueous solution of 0.34 mM (50 mg/500 mL) K2Cr2O7 was prepared. To find out 

photocatalytic reduction of Cr(IV), from this stock solution 60 mL were taken. A 
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required amount (20 mg) of photocatalyst was added to this solution. The photocatalysis 

of Cr(IV) to Cr(III) was regularly monitored on UV-Vis absorption spectrum within a 

range of 200 nm to 600 nm. The percentage reduction of Cr(IV) to Cr(III) using 

Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 as photocatalyst is given by the equation-1. 

% Reduction = (C0 – Ct/C0) * 100                        (1) 

Here Co is the initial concentration (corresponding to absorbance) of Cr (IV) at λmax, and 

Ct is the concentration at time (t). 

5.2.5. Instrumentation 

The synthesized materials were subjected to different analytical techniques for their 

characterization. The crystal structure and phase purity were confirmed by using Bruker 

D8 X-ray diffractometer equipped with CuKa radiation (λ = 1.54056 Å, 2θ range from 20  

to 70 ). The morphological structure, surface analysis and elemental distribution were 

performed by FESEM (Ultra 55 Carl Zeiss instrument with an operating voltage of 10 

kV), TEM (FEI Technai G2 F20 STEM with a 200 kV) and EDAS studies. Optical 

properties and catalysis were recorded with a JASCO-V770 UV/Vis spectrophotometer 

containing BaSO4 as standard. The nitrogen adsorption-desorption isotherms and the pore 

distribution of materials were estimated by Brunauer-Emmett-Teller instrument (BET) 

(Nova 2000e, Quantachrome Instruments Limited, USA using liquid nitrogen (77 K)). 

The oxidation state of elements and chemical composition were determined by X-ray 

photoelectron spectra (XPS) using a Thermo scientific Escalab 250Xi spectrometer with 

Al−Kα radiation. 

5.3. Results and Discussion 

5.3.1. Synthesis and characterization 

As already discussed in our previous reports, for the synthesis of Co0.8Fe0.2S2 

nanoparticles, hexamethyldisilazane (HMDS)-assisted wet chemical method with slight 

modification was a promising method. The Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials were 

synthesized by our previously reported work with some modifications (Scheme 5.1) using 
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HMDS as an asset accompanied with Schlenk lines to maintain the continuous inert 

atmosphere using nitrogen gas. 

 

Scheme 5.1. Illustration of the reaction scheme carried for the synthesis of Co0.8Fe0.2S2 

and Co0.8Fe0.2Se2 desired materials. 

The crystal structure determination together with phase purity begins with powder x-ray 

diffraction studies (PXRD). Figure 5.1 show the crystal structure information of 

Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 chalcogenide materials. As shown in Figure 5.1a, all the 

peaks correspond to the hexagonal structure of Co0.8Fe0.2S2 with JCPDS. No. 75-0607. 

The peaks at 2θ of 30.80, 33.21, 35.38, 46.72 and 54.64 can be indexed to planes of 

(100), (022), (101), (102) and (110) respectively. Likewise Figure 5.1b representing the 

diffraction spectra of Co0.8Fe0.2Se2 has various intense peaks at 2θ values of 23.4  , 29.67  , 

35.77  , 41.28  , 43.72  , 45.25   and 52.3  designated to crystal planes of (110), (011), (111), 

(210), (102), (221) and (311) respectively [54]. Besides this the high intense peaks shows 

the high crystalline nature of Co0.8Fe0.2Se2. From the PXRD spectra, its visible no other 

characteristics peaks can be found indexed to either pure CoS2, CoSe2 and FeS2 phases or 

any other stoichiometry’s of these trio, hence confirming the single phase and high purity 

of the material. 
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Figure 5.1. PXRD of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials elucidating the high 

crystallinity. 

The morphological metaphors of as synthesized materials were determined from 

scanning electron microscopy (SEM) (Figure 5.2) and EDAS (Figure 5.3) used to chalk 

out elemental analysis. From Figure 5.2a, b it shows that Co0.8Fe0.2S2 has got spherical 

morphology. The outlook of spheres seems loose texture type. Since here no external 

surfactant is used during the synthesis process, so the spheres look aggregated or fused. 

As shown in both low and high magnification SEM images the spheres are fused 

involving incomplete growth of spheres. The average particle size determined for 

Co0.8Fe0.2S2 calculated comes up to ~112 nm. The reason for bigger size must be because 

of aggregation of particles. Similarly Figure 5.2c, d shows flower or flakes type 

morphology for Co0.8Fe0.2Se2. Both low and high magnifications reveal flower like 

morphology delineated with thin flakes of loose textural for Co0.8Fe0.2Se2. A good 

amount of spaces and porous textural is visible from the flowers showing they can act as 

good materials for electrochemical OER purposes, which can be further confirmed from 

BET surface area analysis. The elemental analysis documented from EDAS (Figure 5.3) 

for both the materials certified the well dispersal of elements Co, Fe, S and Se. Further 

analysis about the morphological features of the materials was ascertained from TEM 

measurements. From the Figure 5.2e and f, the TEM images clearly indicate that the 

materials show similar type of morphology as in SEM.  
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Figure 5.2. The morphological analysis of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials. (a, b)  

showing low and high magnification FE SEM images of Co0.8Fe0.2S2 displaying sphere 

type morphology (c, d) low and high magnification FE SEM images of Co0.8Fe0.2Se2 

presenting flower type morphology respectively. (e, f) Representing the TEM images of 

Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 respectively. 

 

Figure 5.3. Elemental distribution by EDAS of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 

respectively. 

The aim of the study is to develop surfactant free materials in order to exhibit excellent 

catalytic properties. 
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The chemical composition and the valence oxidation states of Co0.8Fe0.2Se2 material were 

studied by x-ray photoelectron (XPS) analysis as shown in Figure 5.4. 

  

Figure 5.4. The XPS spectrum of Co0.8Fe0.2Se2 (a) survey spectrum showing the presence 

of requisite elements. (b – d) showing the binding energy values for Co 2p, Fe 2p and Se 

3d energy levels. 

The survey spectrum (Figure 5.4a) shows the presence of Co, Fe and Se, besides 

the presence of C and O is also indicative. As shown in Figure 5.4b, Co 2p1/2 has got 

peaks at 798.12 eV and 802.79 eV and the two other peaks for  Co 2p3/2 at 782.90 eV and 

786.31 eV, which are the characteristic peaks of Co
3+

 and Co
2+

 [55].  The XPS spectrum 

of Fe (Figure 5.4c) shows peaks at 711.96 eV and 714.56 eV which are delineated with 

Fe
2+

 2p3/2 and Fe
3+

 2p3/2 respectively, besides these two peaks one more peak is obtained 

at 726.10 eV characteristic for Fe 2p1/2 [54]. The two satellite peaks which are obtained at 

the binding energies of 719.08 eV and 732.12 eV are an excellent proof for the existence 

of bivalency for Fe in Co0.8Fe0.2Se2. The XPS spectrum of selenide (Figure 5.4d) assigns  
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two peaks at 52.06 eV for 3d5/2 and 57.30 eV for 3d3/2 respectively indicating the 

existence of metal- selenide bond. 

The surface area analysis for any material is the most crucial factor explaining its 

catalytic activities. The surface area and pore size distribution analysis were determined 

by studying BET surface area isotherms. The N2 adsorption–desorption isotherm of 

Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials representing the surface area of materials is 

shown in Figure 4a, b. The hysteresis curves depict the surface of area of 10.69 m
2
/g and 

21.41 m
2
/g for Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials. Besides the surface area, the pore 

size distribution as determined by BJH plots (Figure 4c, d) was found to be 18.753 A° 

and 17.147 A° for Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials confirming the mesoporous 

nature of synthesized materials. The high surface of Co0.8Fe0.2Se2 materials show that 

more number of the active sites will be available and hence more diffusion of electrolytic 

solution into pores providing better catalytic performance mostly for OER activities.  

 

Figure 5.5. Surface area analysis of (a) Co0.8Fe0.2S2 and (b) Co0.8Fe0.2Se2 materials. The 

pore radius of Co0.8Fe0.2S2 (c) and Co0.8Fe0.2Se2 (d). 
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The optical properties of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials were evaluated from 

UV-visible DRS spectra (Figure 5.6). The absorption spectrum shows the materials 

absorbing mostly in the visible region with onset absorption at 260 nm. The absorption 

shows a broad band located mostly in the region extending from 400 to 700 nm with a 

maximum absorption at 650 nm. 

 

Figure 5.6. Showing solid UV-visible DRS spectra of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 

materials. The inset representing the band gap of the materials. 

The broadness of the absorption peak might be because of the morphological differences 

as we experience an inherent property shown by all the nanomaterials based on their size 

and shape. From the DRS spectrum of these materials the band gap calculated were found 

to be 1.52 eV for Co0.8Fe0.2S2 and 1.57 eV for Co0.8Fe0.2Se2. The low band gap of spheres 

is because of quantum confinement which results in blue shift. The energy band gap (Eg) 

can be estimated from (αhν)
2
 vs. hν plot by projecting the straight line to hν axis were the 

point of intersection confirms the band value as shown in equation –2 [60]. 

αhν =  A(hν - Eg)
2
                        (2) 

In this equation α represents optical adsorption constant, h is the Planck constant; ν is the 

frequency of light; Eg directs the band edge value. 
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5.3.2. Electrocatalytic excellence of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 

The strong electroactive sites Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 preelectrocatalyst is modified 

on GCE to achieve excellent oxygen evolution reaction (OER), which is resulting low 

overpotential and Tafel values, thus identifies Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 

preelectrocatalyst as unique type of bifunctional electrocatalysts. The capable OER 

behaviours of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials are evaluated by the CV, EIS and 

LSV polarization measurements using typical home-made three-electrode system. The 

achieved less overpotential via LSV measurements is calculated as follows, E(RHE)-1.23 

V. As displayed in Figure 5.7a, Co0.8Fe0.2Se2 materials (345 mV @ɳ10 and 425 mV @ɳ50) 

results relatively less overpotential than Co0.8Fe0.2S2 (350 mV@ɳ10 and 475 mV@ɳ50) 

whereas GCE results negligible OER current, indicating Co0.8Fe0.2Se2 and Co0.8Fe0.2S2  

 

Figure 5.7. Electrochemical measurements (OER performances) by Co0.8Fe0.2Se2 and 

Co0.8Fe0.2S2. (a) LSV curves, (b) Tafel plots (c) stability of electrocatalysts and (d) Cdl 

measurements in 1 M KOH. 
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have robust OER ability. Furthermore, Co0.8Fe0.2Se2 precatalysts OER kinetics (Tafel 

plots) are also favorable toward OER and consistent with reports, which is derived from 

Tafel equation as follows, η=a+b log |J| [33]. Tafel plots of Co0.8Fe0.2Se2 (52.4 mV/dec) 

and Co0.8Fe0.2S2 (84.5 mV/dec) are very smaller than bare GCE (73 mV/dec). In general, 

this robust OER could be resulted from unique surface behaviors, multicomponent 

synergistic environments and unique morphology of electro-active sites, which leads to 

improved electron transport and enhanced current densities [14,15, 38-40, 32]. Moreover, 

the electrocatalytic durability of both Co0.8Fe0.2Se2 and Co0.8Fe0.2Se2 hybrid 

electrocatalysts are evaluated through continuous 1500 CV cycling measurements, which 

shows Co0.8Fe0.2Se2 has negligible current density loss than Co0.8Fe0.2S2 is at after 1500 

CV cycles measurements, which indicates the electrocatalytic stability of Co0.8Fe0.2Se2. 

In addition, the insight into electrode kinetics of modified electrodes is evaluated 

using double-layer capacitance (Cdl) and electrochemical surface area (ECSA). Generally, 

ECSA is directly proportional to the Cdl values. The Cdl measurements of Co0.8Fe0.2Se2 

and Co0.8Fe0.2S2 (Figure 5.8) using cyclic voltammetry are carried with various scan rates 

from 0.02 to 0.002 Vs
-1 

in 1 M KOH solution. Co0.8Fe0.2Se2 possesses an excellent Cdl 

value (0.853 mF/cm
2
) than Co0.8Fe0.2S (0.589 mF/cm

2
).  

 

Figure 5.8. Cdl measurements of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 materials 

Remarkably, these outcomes emphasize that Co0.8Fe0.2Se2 and Co0.8Fe0.2S catalyst 

achieved through our HMDS assisted one-pot approach can perform as a class of efficient 

catalyst for alkaline OER electrocatalysis. Consequently, exceptional high surface area 

properties and mesoporous behaviors resulted through our novel approach on 
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Co0.8Fe0.2Se2 and Co0.8Fe0.2S materials have made them as a suitable candidate to achieve 

effective redox kinetics and also with decreased charge transport barriers, thus leads to 

favorable OER performance. 

5.3.3. Photocatalytic Excellence of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2  

As already discussed, the number of pollutants, including organic/inorganic chemicals 

[e.g., dyes, nitro compounds, Cr(VI)], are highly toxic and noxious. The environmental 

pollution rose at an alarming rate, which poses a serious threat to life, whether aquatic or 

terrestrial. Therefore, the need is to develop such materials that can play multiple roles. In 

this concern, the synthesized materials have been tested as photocatalysts. Here for the 

first time, we have tested the dual catalytic performance by the as-synthesized materials. 

First, as a catalyst in electrochemical water splitting for OER reactions and second as 

photocatalyst in decreasing the toxicity of Cr(VI) by reducing it to less toxic Cr(III). 

Figure 5.9a, b shows the decreasing intensity in the absorption spectrum of Cr(VI) in an 

acidic medium (pH = 3) while using Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 as photocatalysts in 

the daylight. The results clearly show that reduction takes place feasibly in less time. 
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Figure 5.9. The absorption spectrum of Cr(VI) photoreduction using (a) Co0.8Fe0.2S2 and 

(b) Co0.8Fe0.2Se2 as photocatalysts. (c, d) Showing the kinetics measurements of Cr(VI) 

photoreduction. 

The photocatalytic experiments were tested by performing the following control 

experiments. (i) A reaction, where only the catalyst was present (catalysis) [Either 

Co0.8Fe0.2S2 (Cat-1) or Co0.8Fe0.2Se2 (Cat-2)]. (ii) The second reaction with sunlight alone 

(photolysis) (Figure 5.10a, b, c, d). 
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Figure 5.10. The controlled reactions for Cr(VI) reduction (a, b) catalysis-when only 

catalyst Co0.8Fe0.2S2 (Cat-1) and Co0.8Fe0.2Se2 (Cat-2) is present (c, d) photolysis-when 

only light is present (Blank). 

Under both conditions, no appreciable change in the intensity of Cr(VI) absorption 

spectrum was noticed indicating slow reduction during catalysis and almost no reaction in 

photolysis. These experiments clarified that both catalysts and light are necessary for the 

reduction to occur. 

The overall photocatalytic reduction was well explained by pseudo first order kinetics 

(Figure 5.9c, d) given by equation-3. 

ln(Ct/C0) = −kt                    (1) 

The Co and Ct representing the initial and final concentration were determined 

corresponding to change in absorbance values (Ao and At) and k is the rate constant. The 

rate constant values observed for two photocatalysts were found to 0.168 min
-1

 and 0.135 

min
-1

 respectively. The values show that Co0.8Fe0.2S2 has higher photoreduction ability 
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than Co0.8Fe0.2Se2. A 96% reduction of Cr(VI) was observed using Co0.8Fe0.2S2 as 

photocatalyst while as 91% reduction was obtained under the influence of Co0.8Fe0.2Se2 

as photocatalyst (Figure 5.11).  

 

Figure 5.11. The graphs representing (a) % degradation of Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 

materials (b) controlled reactions for confirming the Cr(VI) reduction to Cr(III). 

For any catalyst on large scale applications, stability is the most crucial parameter, 

and hence we tested their reusability. In these experiments, both the catalysts retained 

superior catalytic activities up to 5 cycles with an overall 90% retention Figure 5.12. 

 

Figure 5.12. Reusability of photocatalysts (a) Co0.8Fe0.2S2 and (b) Co0.8Fe0.2Se2. 

Further, a few controlled experiments were performed to confirm whether Cr(VI) 

was reduced by photocatalysts or by simple adsorption on the catalyst surface. The 

reduction product Cr(III) yielded a pink color complex on treating with 2, 6-pyridine 

dicarboxylic acid (PDCA), confirming that the reduced product indeed Cr(III). The 
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reaction was followed from the absorption spectrum wherein the peak in the region 

between 550 to 570 nm corresponds to Cr(III) absorption (Figure 5.11b) [59, 61, 62].   

The mechanism by which the Cr(VI) reduction takes place using Co0.8Fe0.2S2 and  

Co0.8Fe0.2Se2 as photocatalysts is shown schematically in Scheme 5.2. 

 

Scheme 5.2. Mechanism of Cr(VI) reduction involving Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 as a 

photocatalysts. 

The photocatalytic reduction of Cr(VI) was performed in an acidic medium with a 

pH value of 3. At this low value of pH the HCrO4
   

is the prevailing species, with the 

result the catalysts surface gets enriched with protonation so accumulation of positive 

charge takes place which enhances the attraction between catalysts surface and HCrO4
 
. 

The photocatalysts when exposed to electromagnetic spectrum absorbs light as per its 

bandwidth, with the result generation of electrons and holes occurs. These 

photogenerated electrons jump from valence band to conduction band leaving behind a 

positive hole. These charge carriers then recombine with the water and dissolved oxygen 

resulting in the generation of active oxidizing species- hydroxide radical and superoxide 

radicals. These active radicals then cause the reduction of Cr(VI) to Cr(III), with the side 

wise formation of water and CO2 as byproducts [63].   
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5.4. Summary 

In this chapter, a pair of cobalt iron based transition metal chalcogenides comprising of 

sulpher and selenium were synthesized with a newly developed HMDS- assisted one-pot 

synthesis method. The main purpose of this report is to develop bifunctional materials. 

The materials were successfully characterized by various sophisticated techniques. The 

electrocatalytic role of water splitting for OER performances shows that the synthesized 

materials could better serve as electrocatalysts with Co0.8Fe0.2Se2 showing superior 

activity than Co0.8Fe0.2S2 as indicated by the low overpotential and Tofel values (345 and 

350 mV @ɳ10, 52.4 and 84.5 mV/dec Tofel values for Co0.8Fe0.2Se2 and Co0.8Fe0.2S2, 

respectively). The bifunctional catalytic activity was determined by performing 

photocatalysis of toxic chemical Cr(VI). The materials show about 96% Cr(VI) reduction 

by Co0.8Fe0.2S2 and 91% reduction by Co0.8Fe0.2Se2 with superior activity retained after 

more than 5 cycles. This work provides a platform for the development of catalysts with 

multiple roles in catalysis.  
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CHAPTER 6 
Summary and Conclusions 

Most of the reports dated till now about the synthesis of nanomaterials have involved 

surfactants in the reactions. Further, the majority of them are multistep reactions and 

time-consuming. The surfactants usually played the role of controlling morphology, 

preventing the agglomeration of nanoparticles by forming micelles around the 

nanoparticles. However, the very explicit role of surfactants for shaping nanomaterial's 

morphology has a disadvantage of reducing the catalytic activity. The disadvantage is 

because the presence of surfactants blocks the active sites of catalysts and produces a 

barrier to substrates reaching to catalysts surface. So the present work portrayed here is 

wholly and solely surfactants-free synthesis and a single-step procedure. The method 

described here to synthesize various nanomaterials is a simple wet chemical approach 

involving hexamethyldisilazane (HMDS) as an initiator for reaction, a reagent, stabilizer, 

and reducing agent.  

Our research group established the HMDS-assisted approach to synthesize 

various categories of simple and complex nanomaterials. Using this novel approach, we 

could synthesize various forms of nanomaterials ranging from binary to ternary to 

composites of metal chalcogenides. We succeeded in synthesizing SnS2 nanostructures 

(with and without surfactants), CuS@CdS heterojunctions, CuFeS2 NPs, and Co0.8Fe0.2L2 

(L = S, Se) nanoparticles, as already discussed in their respective chapters. These 

chalcogenides were synthesized without using an external surfactant as HMDS performed 

the sole purpose and under inert conditions.  

In the first study, two types of SnS2 nanomaterials were synthesized, with (peg-

SnS2NF) and without (sf-SnS2NR) the involvement of the organic template and the 

compared their catalytic activities. The synthesis of these materials was achieved in a 

single-step procedure aided by hexamethyldisilazane (HMDS). These nanoparticles were 

subjected to X-ray diffraction, transmission electron microscopy, scanning electron 

microscopy, Raman spectroscopy, and UV−vis spectroscopy analyses to investigate their 

structural, topographical, surface, and optical properties. The present work suggests that 
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the surfactant-free SnS2 nanoring (sf-SnS2NR) catalyst had lower surface area compared 

to the poly(ethylene glycol)-stabilized SnS2 nanoflower (peg-SnS2NF) catalyst but 

showed high activity under visible light for the photoreduction of Cr(VI) and the 

photocatalytic degradation of organic dyes (MO and Rh B). The work exposed the 

importance of the clean surfaces on the catalyst and is expected to have a high impact on 

the photocatalytic activity of the SnS2 nanomaterial. The study also endorses the utility of 

the HMDS-assisted synthetic method for the production of multifunctional 

semiconductor tin disulfide nanomaterials with multiple potential applications. The 

excellent photocatalytic behavior of SnS2 can be credited to the following factors. (i) The 

clean surfaces on the catalyst enhanced electron mobility in the nanorings. (ii) The 

specific 2D morphology of the ring structure also contributed to the efficient charge 

carrier separation in the material.  

In order to improve the catalytic activities of semiconductor nanostructures a 

heterojunction was formed besides the involvement of surfactant free synthesis. Direct 

synthesis of CuS-CdS based mesoporous composite materials and determination of their 

photocatalytic activity was achieved successfully through wet chemical one-pot 

hexamethyldisilazane (HMDS) assisted synthetic method. In this study, a series of CuS 

microflowers (mf) decorated with varying amounts of CdS nanoparticles (NP) have been 

synthesized successfully in a controlled manner. Relatively easy synthesis of material 

along with its surfactant-free clean surfaced heterojunction accentuates the reliability of 

the protocol described here. Full characterization of these semiconducting materials was 

accomplished with a series of analytical techniques, which include powder X-ray 

diffraction (PXRD), scanning electron microscopy (SEM), tunnelling electron 

microscopy (TEM), X-ray photoelectron spectroscopy (XPS), UV–vis, IR, BET and 

lifetime studies. Upon varying the concentration of precursor of Cd in the reactions, the 

resulting materials exhibited a well-demarcated change in morphologies ranging from 

undifferentiated mass to well-differentiated flower-like architectures. The thoroughly 

characterized composite was accessed finally for their potential photocatalytic activity for 

the degradation of organic dyes. The results showed 96.0% degradation of rhodamine B 

(Rh B) over 10 min and 94.7% degradation of methylene blue (MB) over 9 min. This 

observed rate of degradation was much higher compared to that observed in the case of 
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pure CuS (62.0% of Rh B and 50.2% of MB). Photoluminescence studies also revealed 

the superior photocatalytic ability of CSD-1. The recyclability tests revealed a long life 

span of photocatalysts. 

For the first time, the synthesis of surfactant-free ternary chalcogenide-

chalcopyrite, sf-CuFeS2, by a wet-chemical one-pot hexamethyldisilazane-assisted 

synthetic method was accomplished. Various analytical and spectroscopic techniques 

were used for the physical characterization of the material produced. From the 

observation of magnetic properties, the material chalcopyrite was found to be 

paramagnetic. The dielectric constant and dielectric loss were also determined and were 

found to be decreasing with an increase in frequency. The dielectric behavior of the 

material was explained by the Maxwell−Wagner theory of polarization, and the dielectric 

constant of the as-synthesized sample was found to be 3.176 at 100 °C and 500 kHz. The 

potential catalytic activity was confirmed by performing the reduction of 4-nitrophenol 

(4-NP) to 4-amino phenol (4-AP) in the presence of sodium borohydride (NaBH4) in 

aqueous medium at room temperature. The catalyst showed about 90% yield in the 

reduction reactions, which can be attributed to easy access to active sites invigorated by 

the absence of surfactant molecules. The reusability of the catalyst was checked to find 

out the stability, and excellent retention of activity up to five cycles was observed. 

We have used the hexamethyldisilazane (HMDS) - assisted method constructively 

to synthesize a novel ternary cobalt and iron based metal chalcogenide Co0.8Fe0.2L2 (L=S, 

Se) [Co0.8Fe0.2S2 and Co0.8Fe0.2Se2]. These materials behaved as a bifunctional catalyst 

for both electrochemical OER and photocatalysis for the reduction of Cr(VI). The 

materials showed good electrochemical water splitting properties for OER performance 

(345 and 350 mV @ɳ10, 52.4, and 84.5 mV/dec respectively for the Tafel values of 

Co0.8Fe0.2Se2 and Co0.8Fe0.2S2). Besides electrochemical water splitting, these materials 

were tested for the photocatalytic reduction of toxic Cr(VI) to Cr(III) on exposure to 

sunlight irradiations. As photocatalysts, Co0.8Fe0.2S2 and Co0.8Fe0.2Se2 could convert 

about 96% and 91% of Cr(IV) to Cr(III).  While their recyclability tests, both the 

catalysts presented balanced electro catalysis activities for 1500 CV cycles and 
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photocatalysis of 5 cycles. This observation is an important criterion governing their 

usage for large scale applications. 

The HMDS-assisted synthetic approach was good enough to produce 

nanomaterials in a single step compared to complex or multistep methods reported in 

various literatures. This method yielded high-phase purity materials, which were well 

crystalline nature, and reasonable control on morphology. However, the nanoparticles 

synthesized using this method were sparingly soluble in organic media. Interestingly, the 

heterogeneous catalysts synthesized by the HMDS-assisted approach have shown 

superior catalytic performances in different areas than the same materials produced by the 

reported. In this regard, the present work provides new insight into developing 

photocatalysts with clean surfaces for the effective charge separation and photocatalytic 

remediation of pollutants from wastewater.   
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ABSTRACT: The focus of the work is the synthesis of SnS2 nanomaterials with
(peg-SnS2NF) and without (sf-SnS2NR) the involvement of the organic template
and the comparative study of their catalytic activities. The synthesis of these
materials was achieved in a single-step procedure aided by hexamethyldisilazane
(HMDS). These nanoparticles were subjected to X-ray diffraction, transmission
electron microscopy, scanning electron microscopy, Raman spectroscopy, and
UV−vis spectroscopy analyses to investigate their structural, topographical,
surface, and optical properties. The present work suggests that the surfactant-free
SnS2 nanoring (sf-SnS2NR) catalyst has lower surface area compared to the
poly(ethylene glycol)-stabilized SnS2 nanoflower (peg-SnS2NF) catalyst but
shows high activity under visible light for the photoreduction of Cr(VI) and the
photocatalytic degradation of organic dyes. The work exposed the importance of
the clean surfaces on the catalyst and is expected to have a high impact on the
photocatalytic activity of the SnS2 nanomaterial. The study also endorses the
utility of the HMDS-assisted synthetic method for the production of multifunctional semiconductor tin disulfide nanomaterials
with multiple potential applications.

■ INTRODUCTION

The scientific community is always working for the develop-
ment of an efficient and economical method for the
elimination of pollutants such as organic dye molecules and
heavy metal ions from aqueous solutions.1 Among the heavy
metal ions, especially, hexavalent chromium compounds
Cr(VI) are highly lethal, carcinogenic, and pollutants found
recurrently in wastewater from industrial processes.2−4 The
semiconductor-based photocatalytic reduction of Cr(VI) and
disintegration of organic pollutants have gained importance
due to its remarkable advantages, such as direct use of clean
and safe solar energy, reusability, and low cost.5−8 The
multifunctional materials possessing more than one property
are more attractive for potent technological applications.9

Among the semiconducting metal sulfides, tin disulfide
(SnS2) can harvest visible light, which makes them promising
sensitizers for wide band gap semiconductors and photo-
catalysts.10 Until now, numerous morphologies of SnS2
nanostructures, such as fullerene-like nanoparticles,11 nano-
belts,12 nanosheets,13 and nanoflakes,14 have been produced
successfully. Synthesis of these materials was achieved by
adopting various methods such as laser ablation,15 template-
assisted solvothermal processes,12 coevaporation,16 and the
sol−gel synthetic route.17 However, almost all these materials
were covered by either organic surfactant molecules or other
inorganic materials. Such a covering of the surfaces precludes
any interaction that supposed to happen on their surfaces and
thus leading to the reduced catalytic activity compared to the
potential expected from the materials. There are efforts to

increase the activity and performance of the SnS2 catalyst by
modifying their properties with dopants and by making
nanocomposites.10b−h However, there are no reports on
synthesizing and using SnS2 nanomaterials with unhindered
free surfaces.
Herein, we report the synthesis of surfactant-free SnS2

nanorings (sf-SnS2NR) having free surfaces by adopting a
modified HMDS-assisted chemical synthetic procedure. The
systematic studies on the effect and importance of the clean
surface on the catalyst and morphology-controlled synthesis of
SnS2 at nanolevel are also being performed. The unique
multifunctional ability of the tin sulfide nanorings as
photocatalysts in both removals of organic dyes, rhodamine
B (RhB) and methyl orange (MO), and the reduction of the
polluting inorganic system like Cr(VI) are explored. We have
also produced SnS2 nanoflowers (peg-SnS2NF) with the
poly(ethylene glycol) (PEG) template, carried out a
comparative study, and explained the superiority of sf-
SnS2NR over peg-SnS2NF toward the reduction of Cr(VI)
and degradation of organic dye molecules.

■ RESULTS AND DISCUSSION

Synthesis, Characterization, and Morphological Anal-
ysis. For the present study, we have synthesized SnS2
nanostructures without any organic surfactant molecules
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covering their surfaces as well as the particles with a known
amount of polymer (PEG) covering the surfaces of the
particles. Simple reactants/reagents were used to synthesize
these materials by single-step procedures to minimize residuals
and impurities (Scheme 1). The hexamethyldisilazane
(HMDS)-assisted method yielded sf-SnS2NR where there
were no surfactant molecules and yielded peg-SnS2NF where
PEG was used in the reaction. In these reactions, the role of
HMDS was multiple since it acted as the solvent, reducing
agent and also provided surroundings like the capping agent
during the reaction. In the presence of metal sources and
thiourea, HMDS led to the formation of a polymeric network
by preventing the aggregation of the nanostructures. After
completion of the reaction, by applying high vacuum, HMDS
was removed, and finally, SnS2 nanostructures were obtained.
In these reactions, the HMDS molecules involved in the
reaction but not a part of either source materials or the
product, and therefore, the reaction was termed as the HMDS-
assisted synthesis.
The typical X-ray diffraction patterns aided us to explore the

structural properties of the as-synthesized SnS2 nanostructures

(Figure 1a). The peaks were indexed according to JCPDS data
card no. 23-0677, and the corresponding peaks confirmed the
formation of the hexagonal structure of SnS2.

18 No impurities
were identified in the XRD pattern demonstrating the phase
purity of nanostructures. The samples were further investigated
by Raman spectra (Figure 1b) for the signature of vibrational
modes of the SnS2 material. The spectra of both samples
showed the strong characteristic peaks at 313.78 and 313.56
cm−1 for the sf-SnS2 NR and peg-SnS2 NF samples,
respectively, which could be assigned to the A1g mode of
SnS2.

19

Figure 2a displays optical absorption by SnS2 nanostructures
within the UV and visible light spectra of wavelength ranging
250−700 nm. The absorption maximum of the materials was
around 385 nm.20 The broad spectrum in the visible region
suggested that both the SnS2 nanomaterials described here
have the capability of harvesting visible light and hence can act
as the photocatalyst while exposed to visible light. The band
gap of both the SnS2 nanostructures by the Tauc method was
found to be around 2.50 eV predicting its ability to work as the
photocatalyst on irradiation of visible light. The band gaps

Scheme 1. Schematic Illustration of Synthesis of sf-SnS2 NR and peg-SnS2 NF

Figure 1. Primary characterization of SnS2 nanocatalyst. (a) XRD pattern of sf-SnS2NR and peg-SnS2NF. (Hexagonal SnS2 (JCPDS no. 23-0677)).
(b) Raman spectroscopy of the SnS2 nanostructures.

Figure 2. Optical study of SnS2 nanostructures. (a) UV−vis DRS spectra of sf-SnS2NR and peg-SnS2NF samples. (b) Band gap calculations of the
SnS2 nanostructures.
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determined from DRS spectra recorded both the nanorings
and nanoflowers were 2.55 and 2.45 eV, respectively.21

The morphology of the resulting powdered sample from the
reaction was analyzed by field emission scanning electron
microscopy (FESEM) and transmission electron microscopy
(TEM). The typical low-magnification FESEM image of the sf-
SnS2 (Figure 3a and Figure S1) revealed clearly that the

sample has consisted of nanorings (sf-SnS2NR) with an
average diameter of 50 nm. Further, a high-magnification
FESEM image was recorded (Figure 3b), which highlighted
the ring pattern of the sf-SnS2. The low- and high-
magnification FESEM images of the as-synthesized peg-SnS2
(Figure 3c,d, and Figure S1) showed the nanoflower (peg-
SnS2NF) morphology with an average diameter of 100 nm.
Even after the vigorous ultrasonic treatment, the hierarchical
structures maintained their integrity showing the structural
stability of the products.
Analysis by TEM also confirmed the formations of

nanorings of the sf-SnS2 and nanoflowers of peg-SnS2
nanostructures (Figure 4 and Figure S3). A diffraction pattern
(Figure 4c) consists of polycrystalline rings that can be indexed
to the SnS2 phase (standard diffraction file no. 23-0677). The

rings were continuous and devoid of any separate bright spots
indicating the crystalline nature of sf-SnS2NR. A diffraction
pattern (Figure 4f) for peg-SnS2NF showed the amorphous
ring pattern indicating that the PEG had indeed stabilized the
SnS2NF.
The X-ray photoelectron spectroscopy (XPS) was recorded

to conclude the chemical composition and bonding config-
uration of the as-synthesized materials. The XPS spectrum
(Figure 5) revealed the presence of Sn and S elements only,

and no other elements like N or Si were noticed. These
findings showed that as-synthesized materials were free from
the surfactant on the surfaces of the catalyst. The obtained
results were in consistent with the XRD and EDS results.
Characteristic high-resolution XPS spectra of Sn 3d and S 2p
are shown in Figure 5b,c. The binding energies of Sn 3d5/2
(487.66 eV), Sn 3d3/2 (496.12 eV), and S 2p3/2 (163.30 eV) in
SnS2 nanostructures were in agreement with the reported
characteristic values of Sn4+ and S2− in SnS2.

22

The broad band peak at 545 cm−1 in the FTIR spectrum of
sf-SnS2NR was due to the vibration of Sn−S bands (Figure 6).
The absence of any peak related to HMDS in the FTIR
spectrum of Figure 6a confirmed the complete absence of the

Figure 3. Morphological study of SnS2 nanostructures. (a, b) FESEM
micrographs of sf-SnS2NR. (c, d) FESEM micrographs of peg-
SnS2NF.

Figure 4. TEM data for the SnS2 nanostructures: (a, b) sf-SnS2NR,
(d, e) peg-SnS2NF, and (c, f) selected area diffraction pattern for
both SnS2 nanostructures.

Figure 5. XPS spectrum of the as synthesized sf-SnS2NR for the
elements: (a) survey spectrum, (b) Sn 3d, and (c) S 2p.

Figure 6. FTIR spectra of the as synthesized SnS2 nanostructures: (a)
sf-SnS2NR and (b) peg-SnS2NF.
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capping agent on the surfaces of SnS2 nanorings.23 The
presence of the signature of PEG (Figure 6b) in the FTIR
spectrum confirmed that PEG has effectively worked as a
surfactant to stabilize SnS2NF.
The photocatalytic application is mainly dependent on

surface contact, and hence, the surface area of the materials is
an essential factor. We have determined the surface area by the
nitrogen adsorption−desorption isotherm for both the SnS2
nanostructures (Figure 7). It was observed clearly that both the
materials were mesoporous, and the BET surface areas for sf-
SnS2NR and peg-SnS2NF were 26.33 and 33.60 m2 g−1,
respectively. The surface area of the flower-like nanostructures
was found to be higher than that of the ring-like nanostructure.
This observation was quite the opposite of the catalytic activity
performance (vide infra).
Photoreduction of Cr(VI) to Cr(III). The results displayed

in Figure 8 elucidate the photocatalytic reduction of aqueous
Cr(VI) (at pH 3) using sf-SnS2 NR and peg-SnS2 NF as
catalysts under visible light irradiation. Few controlled
reactions wherein (Figure S7) the direct photolysis (in the

absence of catalyst) or catalysis (in the absence of light) alone
could not drive the reduction of Cr(VI). Therefore, the
reduction of aqueous Cr(VI) was the photocatalytically driven
reaction completely rather than simple physical adsorption of
Cr(VI). The formation of photoreduced product Cr(III) from
the toxic Cr(VI) in all these reactions was confirmed by
coordinating it with PDCA (Figure S8).23

In the presence of the sf-SnS2NR catalyst, the toxic Cr(VI)
reduction happened swiftly with a reaction rate of 0.244 min−1,
approached 99% reduction, and reached the equilibrium in 10
min. While in the case of peg-SnS2NF, a reaction rate of
0.0982 min−1 was observed and approached only 84%
reduction in 18 min. Hence, the sf-SnS2NR acts as a more
active photocatalyst for the reduction of Cr(VI) compared to
photocatalysts in earlier reports (Table 1). Interestingly, in the
case of catalytic decomposition of hydrogen peroxide, Zboril
and co-workers also noticed high catalytic activity of iron(III)
oxide nanoparticles having relatively lesser surface area.24 All
these results supported our assumption clearly on the

Figure 7. Nitrogen adsorption−desorption isotherm of the SnS2 nanomaterial: (a) sf-SnS2NR and (b) peg-SnS2NF.

Figure 8. Photocatalytic reduction of Cr(VI) to Cr(III) using SnS2 Nanostructures as the photocatalyst. (a, b) The absorption spectra showing a
gradual decrease in the typical peak intensity at λmax = 350 nm, by using sf-SnS2NR, corroborating 99% reduction of Cr(VI) in 10 min and by using
peg-SnS2NF, 84% reduction of Cr(VI) in 18 min. (c, d) The recyclability of the SnS2 nanostructures.
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importance of clean surfaces on catalysts rather than the larger
surface area.
Effect of Amount of Catalyst and Pollutant Cr(VI). It

was necessary to understand the catalyst loading parameters
after the results above of stable and rapid photocatalytic
activity of the sf-SnS2NR toward the reduction of toxic Cr(VI).
Therefore, the effect of the concentration of Cr(VI) and the
amount of catalyst on the rate of the reaction were studied
while keeping the other parameters constant. Figure 9 shows

the reduction of Cr(VI) when the catalyst (sf-SnS2NR)
quantities were varied. The irradiation time required for the
complete reduction of Cr(VI) decreased with increasing initial
dosage of the SnS2 photocatalyst. It was observed that kapp
depends on the concentration of the Cr(VI) solution and the
amount of catalyst added. When the amount (between 0.15
and 0.60 g L−1) of sf-SnS2NR catalyst was varied, there was an
incremental change in the photocatalytic performance. The
rate constant of the reduction reaction had the linear
relationship (from 0.01507 to 0.81122 min−1) with the

amount of catalyst dosage. The increase of the efficiencies of
Cr(VI) reduction with the increase of the initial amount of
SnS2 can be ascribed to the increase in both absorbed light and
the numbers of surface active sites. These results suggested
that the photocatalytic activity of sf-SnS2NR could be
improved by increasing the amount of catalyst.
Furthermore, Figure 10 depicts the effect of initial

concentration of Cr(VI) aqueous solution on the photo-
catalytic reduction of Cr(VI) while keeping the catalyst dosage
(sf-SnS2NR) constant. It was clear that the efficiencies of
reduction of Cr(VI) in photocatalytic systems consisting of
100 and 200 mg L−1 Cr(VI) were observed to be 99 and 81%,
respectively. (Rate constants were 0.244 and 0.088 min−1.)
The decrease in the efficiencies of the reduction reaction with
the increase of initial Cr(VI) concentration can be attributed
to the following two aspects. First, since the reaction occurs on
the surface of the photocatalyst, the limited surface active sites
of the photocatalyst are not sufficient at higher Cr(VI)
concentration. Second, Cr(VI) in a high concentration can
absorb the visible light (420−480 nm), thus decreasing the
proportion of light received by the SnS2 photocatalyst.

Effect of pH on Cr(VI) Reduction. The effect of pH on
the photocatalytic reduction of Cr(VI) in the presence of sf-
SnS2NR was examined by keeping the photocatalyst dosage
constant and varying the initial pH from 3 to 5. It was noticed
that the photocatalytic reduction of Cr(VI) was retarded with
increased pH (Figure S4). There was a gradual decrease in the
rate constant: 0.24475 min−1 at pH 3 and 0.09406 min−1 at pH
5. It was witnessed that the Cr(VI) reduction at low pH was
much higher than that in a high pH condition. It was assumed
that the increased dissolution of sf-SnS2NR and along with
lower concentration of H+ in high pH was responsible for the
decreased photocatalytic activity.

Stability and Reusability. The stability and reusability of
any photocatalyst during the photocatalytic reaction are critical
factors for its industrial usage. Therefore, it is necessary to
study the stability of the as-synthesized sf-SnS2NR in the
photocatalytic reduction reactions involving aqueous Cr(VI).
The recyclability of the catalyst for photocatalytic reduction of
Cr(VI) is illustrated in Figure 8c. The performance of the sf-
SnS2NR photocatalyst did not show any significant loss up to
10 cycles. This revealed the durability of sf-SnS2NR as the
photocatalyst in the reduction of aqueous Cr(VI). While
checking the reusability of both the SnS2 nanostructures for 10
cycles, it was observed that there was only 5% efficiency loss
for sf-SnS2NR, whereas, in the case of peg-SnS2NF, the
efficiency loss was 5−10% (Figure 8c,d).
We have analyzed the catalyst after completion of the 10th

cycle using SEM and EDX to identify the accumulation of Cr
on the catalyst surface. There are no adsorbed chromium ions
found over the catalyst surface (Figures S2 and S6). The XRD
pattern of the materials was recorded after photocatalytic
reduction, and no change in the XRD pattern occurs after the
reduction process (Figure S5). It implies that the sf-SnS2NR
had high stability and did not corrode during the photo-
catalytic reduction of Cr(VI), which showed its potential
applications for the treatment of polluted water.

Morphology Effect and the Importance of Clean
Surface on the Catalyst. In the photocatalytic reduction of
Cr(VI), the ring-like nanostructure was more efficient than
nanoflower-like morphology (Figure 8). The rates of photo-
catalytic reduction of Cr(VI) by sf-SnS2NR and peg-SnS2NF
were compared by varying the quantity of the catalysts (Figure

Table 1. Comparison Table of Numerous Catalysts with
Various Dopant Materials for Cr(VI) Reduction

catalyst
Cr(VI)

concentration
amount of

catalyst (mg)
time
(min) ref

SnS2 100 mL of
50 mg L−1

100 120 26

SnS2 50 mL of
50 mg L−1

50 90 27

RGO-SnS2 300 mL of
100 mg L−1

200 120 28

MOSF-SnS2 50 mL of
50 mg L−1

50 100 29

CNF-SnS2 50 mL of
50 mgL−1

50 90 30

g-C3N4/SnS2 100 mL of
50 mg L−1

40 50 31

Ag2S-SnS2 70 mL of
50 mg L−1

70 60 32

SnO2-SnS2 80 mL of
2 ×10−4 M

20 180 33

SnS2-TiO2 80 mL of
100 mg L−1

40 100 34

*sf-SnS2 NR 60 mL of
100 mg L−1

30 10 present
work

Figure 9. Influence of amount of catalyst on the photocatalytic
reduction of toxic Cr(VI) to nontoxic Cr(III) using sf-SnS2NR as the
photocatalyst. Catalyst dosage had a linear relationship with the rate
constant.
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9). In every case, the sf-SnS2NR showed superior photo-
catalytic activity than the peg-SnS2NF. The variance in the
photocatalytic activity of both the SnS2 nanomaterials may be
explained by the collective action of several factors. Except the
specific surface area, almost all the factors were the same as
revealed by the various characterization techniques, and it can
be said that the difference in photocatalytic activity of SnS2
nanomaterials was influenced exclusively by a single parameter,
that is, clean surfaces and morphology.
It is known that the adsorption and desorption of molecules

on the surface of catalysts directly affect the photocatalytic
process. Thus, the clean surfaces on the catalyst and relatively
higher surface area of the porous sf-SnS2NR allowed more
number of surface coordination sites exposed to the solution
than the peg-SnS2NF. Moreover, the presence of clean surfaces
on the catalyst surface helped more efficient transportation of
the reactant molecules to the active sites and, thus, enhances
the efficiency of photocatalysis. The low surface area and
surfactant-free surfaces of the sf-SnS2NR make nanorings a
better material for the photocatalytic reduction of Cr(VI)
compared to the PEG-coated nanoflower, that is, peg-SnS2NF.
SnS2 having a central metal ion with the d10 configuration

favors the separation of photogenerated charges due to the
highly dispersive conduction band. Afterward, the capture
photoexcited electron at the conduction band takes place. In
this process, the separated electron involves in the reduction of
Cr(VI) to generate Cr(III).34 As an evidence of the
photoinduced interfacial charge transfer process, the photo-
luminescence (PL) and time-resolved photoluminescence

(TRPL) of sf-SnS2NR were recorded and compared with
those of peg-SnS2NF (Figure 11).
The sf-SnS2 NR showed a less intense PL peak compared to

the peg-SnS2 NF (Figure 11a). This observation suggested
that the interfacial charge transfer on sf-SnS2 NR inhibited the
recombination of photoinduced charge carriers.35 Afterward,
the time-resolved transient photoluminescence decay (TRPL)
spectrum was recorded to understand this process (Figure
11b). The average lifetime (⟨τ⟩) of sf-SnS2 NR (1.30 ns) was
found to be less than that of peg-SnS2NF (2.49 ns). This drop
in the lifetime points to the effective carrier separation in clean
surfaces of sf-SnS2NR. When the transient photocurrent
responses are studied, the sf-SnS2NR showed a good response
compared to the response of peg-SnS2NF (Figure S9). This
phenomenon occurs because of the smooth transfer of
generated electrons from the conduction band (CB) to the
valence band (VB) of sf-SnS2NR, and this assumption was
validated with the quenching of emission.
The clean surfaces remarkably enhanced the separation

efficacy of photoinduced charge carriers on sf-SnS2 NR
through the photoinduced interfacial charge transfer Figure 9.
In the photocatalysis progression, the photogenerated holes
were trapped by the hydroxyl groups (or H2O) on the surface
to yield OH· radicals. Meanwhile, the dissolved oxygen
molecules react with electrons and yield superoxide radical
anions, O2

·−, which on protonation generate the hydroperoxy,
HO2, radicals. This radical forms the hydroxyl radical OH·,
which involves the decomposition of the organic dye.
Altogether, the efficient charge separation on the clean surfaces
affords the enhanced photocatalytic activities. Therefore, all

Figure 10. Influence of concentration of Cr(VI) (catalyst dosage constant, 0.03 g) on the photocatalytic reduction of toxic Cr(VI) to nontoxic
Cr(III) using sf-SnS2NR as the photocatalyst. (a) 0.10 g of Cr(VI) and (b) 0.20 g of Cr(VI). Concentration of Cr(VI) had an inverse relationship
with the rate constants.

Figure 11. (a) Steady-state PL spectra of sf-SnS2NR and peg-SnS2NF. (b) Time-resolved transient PL decay of sf-SnS2NR and peg-SnS2NF.
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these findings undoubtedly express the importance of clean
surfaces on catalysts to achieve high catalytic performance.36

Photocatalytic Degradation of Dyes. Apart from toxic
Cr(VI) reduction reactions, the photocatalytic activity of the
synthesized sf-SnS2NR was found to have practical application
in the degradation of some water pollutants like organic dyes
(RhB and MO). Figure 12 reveals the results of the
degradation of RhB by visible light irradiation (sunlight) in
the presence of the sf-SnS2NR. In the controlled reactions, no

reaction happened in the absence of light and SnS2 catalyst
samples, indicating the importance of the photocatalyst for the
degradation of the dye (Figure S7). After addition of the
photocatalyst, a rapid decrease in peak intensity was observed.
The complete degradation of 60 mL of 5 mg L−1 RhB with 30
mg of sf-SnS2NR was observed in only 12 min. The apparent
rate constant (kapp) calculated from the linear plot of ln[At]/
[A0] versus time was found to be 0.1744 min−1. While in the
case of peg-SnS2NF, it took nearly 36 min to degrade the dye,

Figure 12. Photocatalytic activities of the SnS2 nanostructures in the degradation of Rh B dye. (a, b) Photocatalytic reduction of Rh B using sf-
SnS2NR and peg-SnS2NF as the photocatalyst. (c, d) The recyclability of the SnS2 nanostructures.

Figure 13. Photocatalytic activities of the SnS2 nanostructures in the degradation of MO dye.(a, b) Photocatalytic reduction of MO using sf-
SnS2NR and peg-SnS2NF as the photocatalyst. (c, d) The recyclability of the SnS2 nanostructures.
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and the rate constant (kapp) was calculated as 0.04695 min−1

(Figure 12a,b). The decrease in absorption intensity of RhB at
λmax with progression of the reaction time without any shift of
the absorption wavelength suggested complete cleavage of the
RhB chromophores.
The efficiency of the sf-SnS2NR photocatalyst for the

degradation of the MO dye was also tested (Figure 13).
Exceptional efficiency was observed in the case of MO with a
rate constant (calculated from the linear plot of ln[At]/[A0] vs
time) of 0.06752 min−1 and dye degradation time of 30 min
for 60 mL of 5 mg L−1 MO dye with 30 mg of sf-SnS2NR
(Figure 13a,b). While in the case of peg- SnS2NF, it took
nearly 48 min to degrade the dye, and the apparent rate
constant (kapp) was calculated as 0.03313 min−1. In these cases,
no noticeable degradation and no shift in peak positions were
observed in the absence of the SnS2 catalyst under the same
experimental conditions. Hence, we found that the sf-SnS2NR
is the best photocatalyst for the photocatalytic reactions.
The mechanism of photoreduction of Cr(VI) and

degradation of pollutants like RhB and MO is illustrated in
Figure 14. Due to the narrow band gap, the sf-SnS2NR can be

excited by sunlight efficiently to produce electron−hole pairs.
Due to the availability of free and clean surfaces on the catalyst,
the generated charges will quickly be promoted to the excited
state. Simultaneously, the recombination of electron−hole
pairs was suppressed owing to the direct oxidization of
pollutants.
The catalysts were reused in the water purification to

determine the durability of the photocatalyst. For this purpose,
the reaction mixture was centrifuged after each run of the
reactions to separate the catalyst. Then, the regenerated
catalyst was reused with the fresh reactants in the subsequent
cycle of the photocatalytic reaction under the same
experimental conditions. The results showed that the sf-
SnS2NR could be used repeatedly for at least 10 times without
significant deactivation. However, the peg-SnS2NF displayed a
gradual decrease in dye degradation after five cycles. The peg-
SnS2NF was not robust since it contained big-sized SnS2
nanoflowers that may perhaps be leached easily in the liquid
phase reaction.

■ CONCLUSIONS
By the simple wet chemical approach, surfactant-free SnS2
nanorings (sf-SnS2NR) and PEG-stabilized SnS2 nanoflowers
(peg-SnS2NF) were prepared at gram scale. The developed
semiconductor tin disulfide nanomaterials showed multiple
potential applications, especially in photoreduction and
photodegradation. It was emphasized that as-synthesized

SnS2 nanostructures exhibited great photocatalytic activity in
the reduction of carcinogenic Cr(VI) to nontoxic Cr(III)
under ambient conditions. The SnS2 nanostructures efficiently
degraded mutagenic dyes (MO and RhB) to nontoxic products
in a shorter period. The improved photoactivities are ascribed
to the effective charge transfer across the clean surfaces of the
catalyst, as evidenced by the electron microscopic analyses and
steady-state and time-resolved transient photoluminescence
decay studies. In all cases, the reusability of the sf-SnS2NR
photocatalyst was excellent over many cycles.
The excellent photocatalytic behavior of SnS2 can be

credited to the following factors. (i) The clean surfaces on
the catalyst enhanced electron mobility in the nanorings. (ii)
The specific 2D morphology of the ring structure also
contributed to the efficient charge carrier separation in the
material. Therefore, the present work provides new insight into
developing photocatalysts with clean surfaces for the effective
charge separation and photocatalytic remediation of pollutants
from wastewater.

■ EXPERIMENTAL SECTION
Materials. Tin(IV) chloride (SnCl4·5H2O, 99%), hexam-

ethyldisilazane (HMDS, 99%), and thiourea (TU) (99%) were
purchased from Sigma-Aldrich, USA. Potassium dichromate
(K2Cr2O7, 99%), RhB (99%), and MO (99%) were obtained
from Merck, India. All chemicals were used without any further
purification.

Instrumentation. XRD patterns of the products were
collected at room temperature using a Bruker D8 X-ray
diffractometer (XRD) with a scan rate of 1° min−1 in a 2θ
range from 10° to 80° (Cu Kα = 1.54 Å; operating current =
30 mA; operating voltage = 40 kV). Surface morphology,
particle size, and energy-dispersive spectroscopy (EDS) were
studied using an Ultra 55 Carl Zeiss instrument (operating
voltage = 10 kV). To do TEM measurements, the as-
synthesized nanomaterials were suspended in isopropanol
followed by sonication for 3 min and then dispersed on
carbon-coated copper grids (200 mesh). Images were acquired
using an FEI Technai G2 20 STEM with a 200 kV acceleration
voltage.
The Raman spectra were recorded using a Renishaw

microscope at a wavelength of 632 nm. A JASCO 5300
spectrophotometer was used to record the Fourier transform
infrared (FT-IR) spectra on the KBr pellet containing the
samples. Solid-state UV−vis absorption spectra were recorded
with a Shimadzu UV-3600 UV−vis spectrometer. UV−vis
diffuse reflectance spectra of the as-synthesized SnS2 materials
were recorded and transformed into the absorption spectra
using the Kubelka−Munk function. The direct band gaps of
SnS2 nanostructures were obtained from the Tauc plot (where
n = 1/2). Solution-phase UV spectra during photocatalysis
reactions were recorded using a JASCO-V770 UV−vis
spectrophotometer. Surface area and pore size analyses were
determined from the BET studies, and BET analysis was
recorded by the Quantachrome Instruments.

Synthesis Section. Synthesis of Surfactant Free-SnS2
Nanorings (sf-SnS2 NR). Surfactant-free tin disulfide (sf-
SnS2) nanomaterials were prepared by a one-pot approach
using standard Schlenk line techniques under an inert
atmosphere. The typical procedure is as follows. The
precursors of tin (SnCl4·5H2O = 0.200 g, 0.57 mmol) and
sulfur (thiourea = 0.086 g, 1.14 mmol) were added in a 1:2
ratio and were mixed with excess hexamethyldisilazane

Figure 14. Schematic representation of mechanism of the SnS2
photocatalyst.
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(HMDS) (5 mL, 23.85 mmol) in a 100 mL two-necked flask
under a N2 atmosphere (Table 2). The temperature was raised

and refluxed for 3 h to complete the reaction. After cooling, the
obtained yellow particles were collected by centrifugation and
washed with abundant deionized water and methanol to
remove unreacted starting materials. Finally, the product was
dried under vacuum at 120 °C for 3 h before further analysis.
Synthesis of PEG-SnS2 Nanoflowers (peg-SnS2 NF). To

prepare peg-SnS2NF, we have followed the same experimental
procedure as mentioned above. Additionally, poly(ethylene
glycol) (PEG-400) (10 mL) was added to the reaction flask
containing other reactants: tin and sulfur sources, (Table 2)
and HMDS. After completion of the reaction, the resultant
yellow powder was isolated and washed many times with
deionized water (3 × 20 mL) followed by methanol (3 × 20
mL) repeatedly, separated by centrifugation, and dried at 120
°C for 3 h for analysis.
Photocatalytic Activity. General Description of Photo-

catalytic Activity Test. The photocatalytic activities of both sf-
SnS2NR and peg-SnS2NF were assessed from the experiment
of degradation/reduction of different pollutants. All of the
photocatalytic tests were performed under standard conditions
at room temperature with exposure to natural sunlight, which
covered the entire wavelength distribution of the light in the
visible region.
The photocatalyst (SnS2 or peg-SnS2; 30 mg) was added to

60 mL of either Rh-B (5 mg/L), MO (5 mg/L), or Cr(VI)
(100 mg/L of pH 3) aqueous solution separately. Then, the
reaction mixtures were stirred under dark for 1 h under the
open environment at room temperature to ensure the
formation of the adsorption−desorption equilibrium between
the catalyst and reactants. Then, from the stock solution, 60
mL of suspension was positioned inside a beaker and irradiated
with the sunlight. After regular intervals of time, 3 mL of a
sample was taken and centrifuged at 3000 rpm to remove the
catalyst. The concentrations of the reaction mixture in the
supernatant solution were determined by recording absorption
spectra. A gradual decrease in the characteristic absorption
peak at 550 nm (Rh B), 450 nm (MO), and 350 nm (Cr(VI))
was noted, and each experiment was repeated twice.
The reduction and degradation efficiency was calculated by

using the following eq 1:

C C C( )/ 100%0 0η = − × (1)

The photocatalytic degradation rate of Cr(VI) and organic
dyes followed the Langmuir−Hinshelwood eq 2

C C k tln( / )0 app= (2)

where kapp is the apparent rate constant of the pseudo-first
order, t is the irradiation time, and C0 and C are the initial and
instant residual concentrations of the Cr(VI), Rh B, and MO
solution. Reduction and degradation experiments were carried

out on a recycled SnS2 sample to study the stability of the SnS2
photocatalyst.

Cr(VI) Reduction Test. The photocatalytic reaction was
performed at room temperature. In a beaker, 30 mg of
photocatalyst and 60 mL of 100 mg L−1 K2Cr2O7 aqueous
solution (pH = 3) were stirred for a sufficient amount of time
to reach the adsorption−desorption equilibrium. Then, it was
exposed to sunlight to initiate the reaction.
To confirm the photocatalytic reduction of Cr(VI), we have

performed few controlled reactions by following our previous
article.23,25 The reduced product Cr(III) was confirmed by
forming a metal complex with 2,6-pyridine dicarboxylic acid
(PDCA). The controlled reactions were monitored by UV−vis
spectra, and the results are displayed in Figure S8.

Degradation of Organic Dyes. The photocatalytic dye
degradation experiments were performed by measuring the
optical absorption of the organic pollutants. By determining
the peak intensity of the dye against time in the presence of
catalyst under visible light irradiation, the photocatalytic
activity was studied. Thirty milligrams of sf-SnS2NR or peg-
SnS2NF was utilized for the degradation of 60 mL of 5 mg L−1

solutions of RhB and MO, respectively.
Catalyst Reproducibility and Stability. Initially, the

stability of synthesized SnS2 nanostructures was checked by
execution of XRD studies on the samples stored up to 1
month. All the photocatalytic experiments were repeated
several times by varying the amounts of catalyst and
concentrations of the substrates. The reduction of Cr(VI)
and dye degradation were carried out up to 10 times with the
recycled SnS2 catalyst to check the stability of the catalyst and
reproducibility of the obtained results. After completion of
each cycle, the photocatalyst was recovered by centrifugation,
washed with 1 M nitrite acid solution and deionized water to
diminish the amount of Cr(III) deposited on the surface of the
catalyst, and dried under vacuum at 60 °C for 4 h.
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A B S T R A C T

Direct synthesis of CuS-CdS based mesoporous composite materials and their photocatalytic activity are deli-
neated. In this study, a series of CuS micro flowers (mf) decorated with varying amounts of CdS nanoparticles
(NP) have been synthesized successfully in a controlled manner. Relatively easy synthesis of material along with
its surfactant-free clean surfaced heterojunction accentuates the reliability of the protocol described here. Full
characterization of these semiconducting materials was accomplished with a series of analytical techniques,
which include powder x-ray diffraction (PXRD), scanning electron microscopy (SEM), tunnelling electron mi-
croscopy (TEM), x-ray photoelectron spectroscopy (XPS), UV–vis, IR, BET and lifetime studies. Upon varying the
concentration of precursor of Cd in the reactions, the resulting materials exhibited a well-demarcated change in
morphologies ranging from undifferentiated mass to well-differentiated flower-like architectures. The thor-
oughly characterized composite was accessed finally for its potential photocatalytic activity for the degradation
of organic dyes. The results showed 96.0% degradation of rhodamine B (RhB) over 10min and 94.7% de-
gradation of methylene blue (MB) over 9min. This observed rate of degradation was much higher compared to
that observed in the case of pure CuS (62.0% of RhB and 50.2% of MB).

1. Introduction

Nefarious chemical by-products from various small as well as large
industrial units have created menace of environmental pollution, and
the problem is aggravating at an alarming rate. For instance, the con-
tamination of water by various industrial sewages, including the or-
ganic dyes, pose a difficult task to handle [1–4]. Towards a viable so-
lution, many biological, as well as physical treatment procedures,
including adsorption, ultrafiltration, and coagulation, were developed.
Unfortunately, all strategies were limited either by their complicacy or
expensiveness [5,6], and therefore, for a practical solution to these
hazards, there is a need to develop more specific and environmentally
benign strategies.

Among the many treatment protocols developed over the years for
the treatment of contaminated water, the semiconductor-based cata-
lytic treatment materials picked up full acceptance. In this context,
metal chalcogenides, especially CuS and CdS, which exhibited peculiar
properties including suitable band gap and required electronic band
position, makes them ideal visible light active semiconducting photo
catalysts for wastewater treatment [6–8]. Although, CuS, a p-type
semiconductor having a narrow bandgap (Eg= 2.0–2.2 eV) is an effi-
cient visible-light photo catalyst for wastewater treatment [9–11].

Nevertheless, the immediate recombination of charge carriers that are
generated on exposure to visible light limits the efficiency as a photo
catalyst. Therefore, many modified CuS based composite nanos-
tructures were synthesized with different synthetic modifications, in-
cluding heterojunction formation, doping with some other active me-
tals.

The materials obtained by various modifications exhibited better
photocatalytic activity applications compared to the parent compounds.
For instance, Liu et al. reported the synthesis of CuS-modified Bi2S3,
which showed enhanced visible-light photocatalytic performance to-
wards rhodamine B (RhB) degradation [12]. Similarly, Lee et al. carried
a successful fabrication of CuS (p-type) and ZnO (n-type) nanoarrays
using stainless steel mesh as support. This material exhibited the ability
to function as a photo catalyst for the decomposition of acid orange
under visible light irradiation [7,13]. Soltani et al. produced ZnS and
CdS nanoparticles with absorption spanning into the visible region that
showed better durability towards photo-erosion [14]. Sunita et al.
synthesized TiO2/CuS core-shell nanostructure that was useful to de-
grade methylene blue in a time of 60min of exposure to radiations [15].
Basu et al. synthesized ZnO/CuS heterojunction, which worked as an
excellent catalyst for the photodecomposition of methylene blue (MB)
at room temperature [16]. These composite materials eased the charge
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transfer through heterojunctions by means of increasing the separation
of electron-hole pairs [17].

Zhu et al. performed efficient photocatalytic degradation of the
tetracycline hydrochloride on the α-Fe2O3@CN composite under the
visible light [18]. Wei et al. synthesized a series of different nanos-
tructures like SiO2 nanoparticles, MoS2 based polymer composites, and
magnetic graphene oxide composites via mussel inspired chemistry and
were used successfully for the removal of toxic organic dyes like Congo
red, methylene blue respectively [19]. They used these materials as the
catalysts for photocatalytic degradation of rhodamine B, photocatalytic
decontamination of phenol and petrochemical wastewater, and photo-
catalytic degradation of 4‑chlorophenol (4‑CP) respectively [20]. The
observations described above explain that the creation of hetero-
structure between semiconductors leads to the improved catalytic ac-
tivities in photo catalysis.

It is propounded that a heterostructure between CuS and CdS would
establish better contact between these two materials through the for-
mation of heterojunction. CuS and CdS are active individually, under
visible light irradiation. Further, the synthetic procedure with better
control over tuning the bandgap of these individual materials has been
well established in the literature. However, the faster recombination
rate of photo generated excitons reduces their catalytic activity. The
presence of heterojunction can lead to an enhanced charge separation
by transferring charge carriers. This process could induce an increase in
the mobility of charge carriers and the stability of the material, and so
finally, its photocatalytic activity [21–26]. Moreover, the availability of
free and unprotected surfaces is critical to enhance the catalytic activity
of nanoparticles further. Therefore, a method that can deliver the na-
nocomposites devoid of stabilizing molecules like surfactants, which
otherwise hamper their photocatalytic activity is worth to look for [27].

This paper describes a novel approach for the synthesis of well-
constructed micro/nano composite materials of CuS micro flowers (mf)
decorated with CdS nanoparticles (NP). The work includes the pre-
paration of a series of CuS-CdS composites (CSD-0, CSD-0.5, CSD-1,
CSD-2, and CSD-3) and investigation of their potential catalytic activity
towards the degradation of organic dyes like rhodamine B and methy-
lene blue. We observed that the catalytic performance shown by as-
synthesized composites towards the reduction of organic dyes is far
better as compared to pure CuS nanomaterials. Further, enhancement
in the catalytic activity of nanocomposites has also been verified by
studying the lifetime of photo generated charge carriers using the FLTM
technique. The presence of a clean-surface path for photo generated
charges in these highly stable CSD composites extended the recycl-
ability of the catalyst in the degradation reactions [27]. Therefore, this
work is expected to sensitize newer ways for the improvement of a low-
cost and competent photo catalysts for wastewater treatment.

2. Experimental section

2.1. Materials

Copper nitrate (Cu(NO3)2·3H2O), cadmium chloride (CdCl2, anhy-
drous), thiourea [H2NC(S)NH2] and hexamethyldisilazane
[(Me3Si)2NH] (HMDS) were procured from Sigma Aldrich. The che-
micals of analytical grade were used as such without further purifica-
tion.

2.2. Synthesis of CuS decorated with CdS micro/nano composite materials

In a typical reaction, cadmium chloride (CdCl2, anhydrous), (n
mmol; where n=0, 0.5, 1, 2, and 3) copper (II) nitrate trihydrate (Cu
(NO3)2·3H2O) (4mmol) and thiourea [H2NC(S)NH2] (3mmol) were
added into 7mL of HMDS in a reaction vessel. The reagents in the vessel
were stirred continuously for 6 h at 140 °C using a magnetic stirrer
under continuous supply of nitrogen gas using Schleck lines.
Subsequently, the assimilated precipitate was separated by

centrifugation, filtered, and then washed using deionized water and
ethanol for 3–4 times each. At final, the products were dried by ap-
plying vacuum. The products, CuS mf decorated with CdS NP (CuS-CdS
micro/nano composites) were named as CSD-0, CSD-0.5, CSD-1, CSD-2,
and CSD-3 respectively for the products obtained from the reactions
wherein the amounts of CdCl2 used in these reactions were 0, 0.5, 1, 2,
and 3mmol.

2.3. Instrumentation

XRD patterns of the synthesized products were collected at room
temperature using Bruker D8 X-ray diffractometer (XRD) at a scan rate
of 1°min−1 (CuKα=1.54 Å; operating voltage =40 kV; operating cur-
rent =30mA) measurements with Cu Kα radiation in a 2θ range from
10̊ to 80̊. The morphological texture (FESEM), energy dispersive spec-
troscopy (EDS) were studied using an Ultra 55 Carl Zeiss instrument at
an operating voltage of 10 kV. The synthesized materials were made
into suspension in isopropanol by sonicating for 2−3min. It was drop
cast on carbon-coated copper grids (200 mesh) for the TEM analyses.
FEI Technai G2 20 STEM with a 200 kV acceleration voltage was used to
capture TEM images. JASCO 5300 spectrophotometer was used to
analyse the Fourier transform infrared (FT-IR) spectra (KBr pellet). The
optical properties were confirmed by studying the UV/Vis absorption
spectra of samples in the solid and liquid states (for photo catalysis)
using JASCO-V770 UV/Vis spectrometer, wherein barium sulphate was
used as the filler. BET studies were carried to determine surface area
and pore size analysis, which were conducted on the Quantachrome
instruments. The X-ray photoelectron spectra (XPS) were obtained
using a Thermo scientific Escalab 250Xi spectrometer with Al−Kα ra-
diation. The lifetime studies were performed by using MicroTime 200
resolved confocal fluorescence setup from PicoQuant equipped with an
inverted microscope, a 485 nm pulsed laser source used for excitation.

2.4. Photocatalytic activity

The aqueous solutions of rhodamine B (RhB) and methylene blue
(MB) were separately prepared by adding each 10mg L-1 in deionized
water. From this stock solution of dyes, 60mL was placed in a beaker
for the experiment, which was then supplemented with 30mg of CuS-
CdS micro/nano composites [CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-
3]. Afterwards, the solution was stirred in dark for about 30min to
ensure the establishment of an adsorption–desorption equilibrium be-
fore being illuminated to sunlight. Then the dispersion was exposed to
sunlight while being continuously stirred. At a regular time interval,
about 3mL of the suspension was removed, centrifuged for catalyst
separation and the liquid then placed in cuvette to study absorption
properties.

The UV–vis absorption spectra were recorded by continuously re-
peating the above procedure, the characteristic absorption peaks at
553 nm for RhB and 660 nm for MB were monitored to follow the
catalytic degradation process. The decrease in the intensity of colour of
toxic organic dyes while carrying photo catalysis reaction was noticed.
This reaction was found to follow a first order reaction kinetics and the
rate of degradation was calculated by the following formula;

Degradation (%)= (1- Ct/C0)× 100% (1)

Here, C0 is the initial concentration and Ct the concentration of the dye
at time t. To highlight the stability and reusability of the catalyst, the
same materials used one time were centrifuged from the solution and
washed to be reused as in aforementioned steps.
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3. Results and discussion

3.1. Synthesis and characterization

Using HMDS-assisted synthetic method, we have synthesized
(Scheme 1) five different CuS mf decorated by CdS NP by varying the
amount of cadmium source (anhydrous CdCl2) and fixing the amounts
of copper and sulphur sources [Cu(NO3)2·3H2O, 4mmoL and H2NC(S)
NH2, 3mmol] in the synthesis. Accordingly, for the amounts of CdCl2 of
0, 0.5, 1, 2 and 3mmol, the products (CuS mf decorated by CdS NP)
obtained were named as CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-3
respectively. In this synthetic process, HMDS was proven to react with
sulphur in presence of metal salts to form [S-N(SiMe3)]n polymer as an
intermediate, which would release S2˗ ion. Also, this intermediate
controls the growth of the particles during the reaction. Formation of
stable Si-Cl bond drives this reaction and yields Me3SiCl as a side
product. Although HMDS played manifold roles; as a solvent, a redu-
cing agent, as the stabilizing agent since it behaves like surfactant and
halts the growth of the particles during the synthesis, yet no atom of
HMDS forms the composition of the product materials. Therefore, the
reaction is termed as the HMDS –assisted synthesis.

Powder X-ray diffraction (XRD) data confirmed the formation of the
CuS-CdS micro/nano composite materials in the HMDS-assisted synth-
esis. Fig. 1 portrays the XRD patterns of the samples of nanocomposites
with different Cd concentrations. All the peaks in the figure correspond
to the hexagonal CuS phase (JCPDS No. 65–3556). The XRD patterns of
synthesized composites did not specify the characteristic peaks related

to other materials, hence confirming high phase purity embedded with
lesser loadings of CdS on CuS. However, XRD analysis provided subtle
proof for the presence of detached CdS in the materials even for the
samples obtained in presence of 1−3mol % Cd source. Nevertheless,
the presence of cadmium was confirmed by X-ray photoelectron spec-
troscopy (XPS) and energy-dispersive X-ray spectroscopy (EDS) analysis
(vide infra). Only the difference observed in the PXRD patterns was the
increase of intensity of (102) peak and the decrease in the intensity of
(110) and (116) peaks. This change in the peak intensity can be at-
tributed to the addition of Cd+ and Clˉ ions while synthesizing the
composite materials that resulted in a subtle change in the stoichio-
metry of copper sulphides. No change in phase as well as in the com-
position of synthesized composites was observed [28]. Based on Scherer
equation, the peak-width analysis of PXRD spectra showed an average
crystallite size of ∼30−40 nm.

The elemental distribution of the synthesized composites was ana-
lysed by energy dispersive X-ray spectroscopy (EDS) analysis, which
revealed that Cu, Cd and S elements were homogeneously distributed
throughout the composite (Fig. S1). The atomic weight ratios of Cu, Cd
and S were found 45.6, 25.3 and 29.12 for CSD-1 respectively. The
valence states of Cu and Cd atoms in the composite were investigated
with X-ray photoelectron spectroscopy (XPS) (Fig.2). The survey
(Fig. 2a) scans show that all main peaks, though the intensities were
different, could be indexed to Cu, Cd and S of CSD-1 sample, which was
the most active catalyst examined in this work. The XPS spectrum of Cd
3d shown in Fig. 2b revealed a doublet at 404.6 and 411.4 eV corre-
sponding to Cd2+ 3d5/2 and 3d3/2 core-levels in CdS confirming the
presence of Cd2+ in CdS. Similarly, Fig. 2c displays XPS spectrum of Cu
2p for CSD-1 mf, showing the binding energies of Cu 2p3/2 and Cu 2p1/2
core-level signals at 932.6 and 952.4 eV respectively. These peaks are
being characteristic for Cu2+ in CuS compound, existence as Cu(II) was
confirmed. For Cu 2p, the symmetrical shape of peaks confirms the
existence of copper in the catalyst as CuS. Besides two main peaks, a
weak satellite peak approximately at 943.2 eV further confirmed the
paramagnetic nature of Cu2+. The core-level XPS spectra of S 2p is
shown in Fig. 2d. For the sample of CSD-1 obtained with the addition of
CdCl2, two foremost peaks located at 161.85 eV (S 2p3/2) and 162.6 eV
(S 2p1/2) were observed. These peaks were ascribed to S2−, specifying
the presence of two different metal sulphides (CuS and CdS) in the
composite. For Cu 2p1/2 and S 2p the peaks observed at 951.9 eV for
former and 161.8 eV for latter were found to be slightly shifted to lower
binding energy region due to CdCl2 addition, confirming the presence
of more Cu+ on the surface in CSD-1 [29,30].

3.2. Structural and morphological analysis

From the FESEM (Fig. 3) images of CSD-0 (where there was no Cd)
showed nanofiber like particles and developing of mf (Fig. 3a-b).

Scheme 1. Schematic illustration of surfactant free CdS decorated CuS nanostructures.

Fig. 1. XRD patterns of CSD-0, CSD-0.5, CSD-1, CSD-2, and CSD-3 with varying
amounts of CdCl2 in the reaction while keeping all other reaction conditions
same.
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Interestingly, after the addition of Cd precursor to the reaction, the
morphology transformed into flower-like structure for the sample of
CSD-0.5 but with inhomogeneous sizes and thin petals (Fig. 3c). Further
increase in the amount of CdCl2 to the reaction [for CSD-1, Fig. 3d-e]
resulted in the formation of well-developed microflower-like structure
with highly thin porous petals. With another increment in CdS content,
the mf developed to somewhat relaxed structure with its petals seeming
to expand in space but associated with the decrease in density of pores
[sample CSD-2, Fig. 3f and g]. After the addition of final increment of
CdS, the mf grew to highly dense and thick sheet like diverse flowers
accompanied with reduction in the density of pores of CSD-3 (Fig. 3h
and i). These stepwise incremental changes in the CdS addition clearly
highlighted the change in morphology from messy to thin porous like
microflowers. These changes finally ended up by completely trans-
forming morphology to well-developed thick sheet and high particle

density flowers confirming the regular deposition of CdS particles on
flowers.

Further evaluations about morphological transformation were con-
firmed from studying TEM measurements (Fig. 4). Fig. (4 a, b for CSD-1
and Fig.S2a, c, e and g for CSD-0, CSD-0.5, CSD-2, and CSD-3) shows
the TEM images of CSD composite materials. From the figure, it is clear
that all the TEM images are almost in close confirmation with their
corresponding SEM images with flowers becoming more porous and
thin up to CSD-1 and after that with further enhancement in CdS con-
centration the overall thickness increases but with the decrease in
porosity. The elemental mapping (Fig. 4c, d, e, and f- for CSD-1) further
confirms the distribution of elements (Cu, Cd, and S) present in the
composite materials. To understand the crystalline nature of the me-
soporous network, the synthesized composites were subjected to se-
lected-area electron diffraction (SAED), which presented (Fig. 4b for
CSD-1 and Fig. S2b, d, f, and h for CSD-0, CSD-0.5, CSD-2 and CSD-3) a
sequence of diffused Debye-Scherer rings corresponding to the zinc-
blende structure of CdS, agreeing well with XRD results. These results
confirmed the successful deposition of CdS particles on the CuS surface.

Fig. 2. XPS analysis of CSD-1 in the Cu 2p, Cd 3d and S 2p regions. (a) Survey spectrum of the composite material. (b–d) showing the binding energies of Cd, Cu and S
respectively for CSD-1.

Fig. 3. SEM images of different CSD composites: (a–b) CSD-0, (c) CSD-0.5,
(d–e) CSD-1, (f–g) CSD-2 and (h–i) CSD-3.

Fig. 4. TEM image, SAED patterns and Elemental mapping from SEM of CSD-1
composite: (a, b) TEM images and SAED patterns of CSD-1. (c, d, e and f) ele-
mental mapping of CSD-1.
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Consistency in all data from XRD, XPS, SEM and TEM confirmed the
well-defined synthesis of mesoporous composite materials compro-
mising of covellite (CuS) and cubic CdS nanostructures [29].

3.3. Clean surface area and optical properties

As discussed earlier, the availability of free surface of the micro and
nanoparticles for the catalytic activity is the key for their success in
catalysis. The main side product in the synthesis described here is
Me3SiCl and it can be removed from the reaction mixture by vacuum
along with HMDS used in the reactions. Since no other surfactant mo-
lecules are used in the synthesis, and starting materials [thiourea, Cu
(NO3)2%3H2O and CdCl2] are removed by washing with water and
ethanol, the product is supposed to have clean surfaces. EDS analysis
did not show any signature of silicon in the products. As exemplified in
different works of literature that an external surfactant hinders the
catalytic activity of a catalyst by decreasing the generation of electron-
hole pairs, their mobility. For better catalytic activity, to circumvent the
problem of surfactant molecules, it is necessary to develop surfactant-
free nanostructures. In this regard, the FTIR spectrum of CSD-1 material
(Fig. S3) showed that there are no significant signals for the materials.
For visual comparison, the FTIR spectrum (Fig. S3a) of the HMDS is
presented as well. These observations explain clearly that CSD materials
discussed here have clean surfaces and can be suitable materials for
catalysis.

In order to evaluate the specific surface area and corresponding pore
structure, we have carried out the nitrogen adsorption-desorption iso-
therms (BET) for the CSD materials (Fig. S4). A sample of CSD-1 ex-
hibited type IV isotherms and its specific surface area was calculated to
be 18.1m2 g-1. The obtained surface area is not so much higher but still
CSD-1 showed the best photocatalytic activity among all these com-
posite catalysts. This is due to the existence of special hierarchical
structure and highly porous nature of petals, providing a good number
of active sites for catalytic activities, together. These results are in good
agreement with the FTIR analysis which states that the as synthesized
catalysts are having clean and free (free from surfactants) surfaces.

The optical properties of composite catalysts were confirmed from
UV–vis absorption spectra (Fig. S5). It is observed that all the catalysts
show similar absorption, mostly in the visible region with broad peak
absorption. Still, CSD-1 shows superior photocatalytic activity as com-
pared to other samples. This increased activity might be due to some
morphological changes giving CSD-1 a particular hierarchical type
structure which might cause some slight changes in the absorption
spectra, but overall the absorption spectra of all the samples remain
unaffected [31]. The average band gap values calculated from the ab-
sorption data was 2.29 eV for CSD materials.

3.4. Photocatalytic properties

Rh B and MB represent the most commonly used organic dyes at
industrial scale and therefore are used as probe molecules pre-
dominantly while studying the heterogeneous catalysis. Therefore, to
evaluate the photocatalytic potential of CSD materials, the time de-
pendent photo degradation of Rh B and MB dyes was studied. The
schematic illustration of overall photo catalysis performed by CSD
materials is shown in Scheme 2. A set of control experiments for CSD-1
material (Fig S6a) which include one without catalyst (photolysis) and
another one without the visible light intervention but in the presence of
a catalyst (catalysis). These reactions revealed the photocatalytic po-
tential of CSD materials in the presence of visible light, divulging the
importance of both catalyst and light to impact the dye degradation.

The photocatalytic ability of CSD composite materials (CSD-0, CSD-
0.5, CSD-1, CSD-0.2, CSD-0.3) were tested individually. All the com-
posite materials showed varying photocatalytic activity towards the
degradation of toxic organic dyes RhB and MB. The lowest photo de-
gradation efficiency was observed for CSD-0 sample compared to the

other CSD materials that are having definite amounts of CdS, which
could be attributed to the effect of morphology. From above analysis, it
is clear that the photocatalytic activities were enhanced obviously by
loading CdS on to CuS surfaces. However the trend was not followed
regularly with a series of CSD materials. Among these composite ma-
terials, the sample CSD-1 showed the highest photocatalytic activity
towards RhB and MB dyes which is matching well with the photo-
catalytic degradation kinetics. With CSD-1 catalyst, there was a rapid
decrease in the intensity of absorption peak with increasing time of
exposure. The degradation of RhB and MB dye solutions was observed
to be 96.04% after 10min for former and 94.69% after 9min for latter
respectively (Fig. 5a, c) and remained at a relatively stable level after
this time. The photocatalytic activity of other composite materials
(CSD-0, CSD-0.5, CSD-0.2, CSD-0.3) towards the degradation of RhB
and MB shown by their UV–vis absorption spectrum are represented in
fig. S6b, c.

The photocatalytic degradation of RhB and MB using CSD composite
materials were found to follow the first order kinetics. The first-order
rate constant is calculated by the following equation [32]

ln(C/C0)=−kt (2)

Where C0 is the initial concentration of organic dyes, C is the con-
centration at time t, and k is the first-order rate constant (min-1), and t
is the irradiation time (min). From Fig. 6a c, it is observed that the
samples prepared by adding different amounts of Cd, have different
photocatalytic abilities. The rate constant of photodecomposition when
plotted against time as per Eq. 2 gave a straight line for CSD-1 (Fig. 6b
and d) and in general for all CSD materials (Fig. S7), confirming the
first order kinetics of the degradation of organic dyes. The correlation
between the reaction rate constant and the amount of CdS in the
composite materials was also plotted (Fig. S8). Data in Table 1 and
plots (Fig. 6) explain that CSD-1 with the appropriate CdS amount can
achieve the optimal photo degradation efficiency. The first-order rate
constant (K/min) of CSD-1 mf for the degradation of RhB (0.22205/
min) is much higher than that of CSD-0 (0.05659/min) and CSD-0.5
(0.0676/min). A similar trend was observed for MB degradation, were
the rate constant for CSD-1 mf (0.17709/min) was much higher than
that of CSD-0 (0.04072/min).

The durability of the catalyst was evaluated by recycling the catalyst
in the photo degradation reactions of RhB and MB in aqueous solutions.
Again CSD-1 holds the best durability than others (Fig. 5b and d).
Table 2 compares the catalytic efficiencies of many catalysts with CSD
composite materials and shows increased catalytic activity of CSD-1
compared to other reported systems [33–37]. The data clearly explains
that the heterostructures between two binary metal chalcogenides will
increase the catalytic activity towards organic dye degradation ex-
periments and the importance of clean surfaces on the catalyst surfaces.

3.5. Structural influence of the degradation reactions

The mechanism for the performed photo degradation of organic
dyes by using CSD composite materials is presented in Fig. 7 [38].
According to this mechanism, irradiation of CSD composite materials
with natural light resulted in the generation of electron and hole pairs.
Owing to the driving force attained from the heterostructures with re-
duced potential energy, the electrons were transferred easily to the
conduction band of CdS. This whole process, in turn, resulted in the
formation of super oxygen radicals (·O2) because of the combining of
these electrons with absorbed O2 on the surface. At the same time, the
photo generated holes were transferred to CuS from CdS and generated
hydroxyl radicals (·OH). At the end, the organic dyes (RhB and MB)
could be degraded efficiently into smaller molecules such as CO2 and
H2O by these strongly oxidizing species generated in the process.

The photocatalytic activity of any synthesized catalyst has both the
synergistic as well as antagonistic contributions from many underlying
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factors. Concerning the catalyst described here, there is also scope for
both types of factors to operate. For instance, (1) If individual CuS or
CdS generate photo-induced charges, those charges can recombine ea-
sily resulting in the decreased photocatalytic activity; (2) specific sur-
face area of the catalyst is the main influencing factor of the efficiency
of photo degradation; (3) The formation of heterostructure due to its
synergistic effect plays a pivotal role in facilitating the parting away of

photo induced charges, thus resulting in the enhancement of mobility of
charge carriers, hence an overall increase in photocatalytic activity
[39].

In the newly created CuS-CdS heterojunction described here, there
was an increase in sizes of flower petals with the addition of CdS
loadings and a simultaneous increase in porosity from CSD-0 to CSD-1.
Further, there was a decrease (CSD-2 to CSD-3) in the porous cavities of

Scheme 2. Schematic illustration of photo catalysis by CSD materials.

Fig. 5. (a and c) are the optical absorption profiles for the RhB and MB dyes under visible light irradiation using the CSD-1 sample. (b and d) are the recyclability
studies for the composite material [CSD-1] in the photodecomposition of RhB and MB respectively.
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the petals with a further increase in CdS loading. This decrease in the
porosity reflected as the lowest adsorption and catalytic activities in
relation with their less surface area. Even though CSD-1 has relatively
low BET surface area, the adsorption capability of CSD-1 was slightly
higher than others. This increased activity was due to highly porous
nature and clean surfaces on the catalyst, which provided more cata-
lytic active sites. The availability of surfactant free-surface of photo
catalyst facilitates efficient contact with organic contaminants and en-
hanced charge carrier transfer and thereby presenting the highest
photocatalytic decomposition of organic dyes (RhB and MB) [40]. The
enhanced photocatalytic activity was further authenticated from the
lifetime studies, as shown in (Fig. S9). The lifetime studies supported
our activity performance; the average lifetime for the CSD-1 is less
(2.78 ns) compared to other materials [CSD-0, 3.22 ns; CSD-0.5,
3.08 ns; CSD-2, 3.12 ns, and CSD-3, 2.82 ns] [40,41] which shows its
better photocatalytic potential.

For broad spectrum applicability, the recyclability of catalyst is
decisive and in this regard, we have tested the reusability of our CSD
heterostructure material by repeating the photocatalytic decomposition
of organic dyes using the recovered catalyst under the same experi-
mental procedure. For this purpose, after the experiment, the catalyst
was separated by centrifugation (3000 rpm), sequentially washed with

distilled water and acetone and then finally dried over vacuum for 2 h
at 60 °C. The well-dried catalyst was reused in the procedure, as men-
tioned above. Interestingly, the heterostructure showed higher stability
with no decrease in the activity until the 5th cycle, as can be seen from
(Fig. 6). Although a slight decrease in activity was noticed after 5th
catalytic cycle, the photo catalyst was stable until 8 cycles in the case of

Fig. 6. (a and c) Relative concentration (C/C0) of RhB and MB using as prepared composite materials by varying CdCl2 concentrations under visible light. (b and d)
The linear fit plots of ln(C/C0) vs. time of the data in (a and c) for CSD-1.

Table 1
The first order rate constants, R2 values, maximum degradation<%) and time required for maximum degradation for the RhB and MB by CSD mf.

Sample Kapp

(CuS/CdS)
R2 Maximum

Degradation (%)
Time taken for maximum degradation (min)

RhB MB RhB MB RhB MB RhB MB
CSD-0 0.0566 0.0407 0.76371 0.95213 62.04 50.21 17 14
CSD-0.5 0.0676 0.0480 0.73335 0.89161 66.99 58.57 12 11
CSD-1 0.2221 0.1771 0.96082 0.94981 96.04 94.69 10 9
CSD-2 0.0839 0.0775 0.70341 0.93671 78.76 73.18 13 12
CSD-3 0.0415 0.0597 0.68105 0.97541 53.03 62.13 15 13

Table 2
Comparison table for the various heterostructure catalysts for the photo-
catalytic degradation of organic dyes.

Catalyst Pollutant Conc. Catalyst amount Time (min) ref

CuS/Bi2S3 10mg/L 0.1 g/L 300 9
CuS/ZnO (1.0× 10-5 M) 2 cm x 2 cm/50m L 300 10
CdS/ZnS 10mg/L 100mg/L 360 11
CuS/TiO2 10-5M 30mg/L 60 12
CuS/ZnO 2×10-5 M 20mg/50m L 40 13
CuS/Bi2S3 2× 10-5 10mg/L 0.050 g/L 150 33
CuS/ZnS 10-5 10mg/L 0.050 g/L 60 34
CuS/TiO2 10mg/L 0.100 g /L 180 35
CuS-rgo 4mg/L 0.1 g/L 120 36
CdS-rGo 10mg/L 0.160 g/L 150 37
CuS/CdS 10mg/L 0.030 g/L 10 Present work
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RhB and 10 cycles for MB. Further, we have performed morphological
(Fig. S10) studies and obtained XRD spectrum (Fig. S11) of the reused
catalyst (CSD-1). From FESEM images and XRD plots, it was clear that
the catalyst was stable with no appreciable changes in the morphology
and peak intensities were observed even after 10 cycles. These studies
highlight the importance of the heterostructures and clean surfaces on
the catalyst for the secure promotion of charges, which directly affects
the activity and durability of the photo catalyst.

4. Conclusions

In summary, we have demonstrated the formation of a simple CuS-
CdS heterojunction resulting from decorating CuS micro flowers (mf)
with CdS nanoparticles (NP). These heterojunctions helped to sub-
stantially enhance their photocatalytic activity compared to individual
binary CuS and CdS nanostructures. These materials, which resulted
from a one-pot HMDS-assisted synthesis, were unambiguously char-
acterized by a series of analytical techniques which include PXRD, SEM,
EDX, TEM, XPS, and BET. Their incisive structural and morphological
investigations revealed that CdCl2 loading decisively affects the com-
position and morphological transformation from irregular to petals
through micro flowers, probably because of the induction of Cl− ions
and the formation of CuS-CdS heterojunction.

Investigation of photocatalytic activity interpreted that these na-
nocomposites possess better photocatalytic efficiency compared to pure
CuS and CdS nanostructures, with sample CSD-1 having 1mmoL CdCl2
loading being the best hit for the degradation of RhB and MB dyes.
Moreover, the post-experimental analysis points to that as-prepared
catalysts were highly stable (10 cycles) for the photo degradation of
organic dyes, which provided it with excellent potential for further
photocatalytic applications.
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ABSTRACT: The progress for the development of active, stable,
and economic catalysts for the chemical transformation of noxious
chemicals to benign is of primary importance. The synthesis of
surfactant-free chalcopyrite, sf-CuFeS2, by a wet-chemical one-pot
hexamethyldisilazane-assisted synthetic method was accomplished.
Various analytical and spectroscopic techniques were used for the
physical characterization of the material produced. From the
observation of magnetic properties, the material chalcopyrite was
found to be paramagnetic. The dielectric constant and dielectric
loss were also determined and were found to be decreasing with an
increase in frequency. The dielectric behavior of the material was
explained by the Maxwell−Wagner theory of polarization, and the
dielectric constant of the as-synthesized sample was found to be
3.176 at 100 °C and 500 kHz. The potential catalytic activity was confirmed by performing the reduction of 4-nitrophenol (4-NP) to
4-amino phenol (4-AP) in the presence of sodium borohydride (NaBH4) in aqueous medium at room temperature. The catalyst
showed about 90% yield in the reduction reactions, which can be attributed to easy access to active sites invigorated by the absence
of surfactant molecules. The reusability of the catalyst was checked to find out the stability, and excellent retention of activity up to
five cycles was observed.

1. INTRODUCTION

Ternary chalcogenides of transition metals of type CuMX2
(where M = Al, In, Ga, and Fe and X = S and Se) that are
behaving as semiconductors have attracted immense research
interest because of their characteristic physical and chemical
properties. These materials have shown potential applications
in spintronics and photoconversion in solar cells.1−8 Among
these transition metal chalcogenides, chalcopyrite (CuFeS2)
has been studied widely. Chalcopyrite with an elemental
composition of earth-abundant elements like Cu and Fe,
besides S, lags in the race of literature of semiconductors of
Cu-based nanocrystals.9,10 Chalcopyrite has a zinc blende-type
structure with a coordination number of four for both cations
and anions forming distinct corner-sharing tetrahedra.11

The chalcopyrite mineral having a dazzling golden surface is
considered the most capable semiconductor material with
unusual optical, electrical, and magnetic properties.12,13 It also
possesses high values of thermoelectric power14 and
rectification,15 with an optical band gap16,17 in the range of
0.5−0.6 eV behaving as an n-type semiconductor. Chalcopyrite
exhibits a magnetic property changing from antiferromagnetic
behavior to paramagnetic depending on temperature. It
displays an antiferromagnetic property achievable at a Neél
temperature of 823 K while a paramagnetic arrangement at

around 50 K. The probable reason for this complicated
magnetic behavior is as follows. Neutron diffraction studies of
CuFeS2 showed an effective magnetic moment of 3.85 μB for
Fe, which is lower compared to the expected value for Fe3+

ions (∼5.0 μB).12 The lesser magnetic moment was attributed
to the significant Fe−S covalent interactions.18−20 The
magnetic moment of Cu in chalcopyrite could not be
calculated accurately in the vicinity of a large moment of the
iron ion.21,22

For many nanostructured materials, the exciting variation in
properties is observed based on the crystal structure and
morphology of materials, which in turn depends on the
synthetic procedures. CuFeS2 nanostructures have received
tremendous research interest. Silvester et al. synthesized
colloidal sols of CuFeS2 nanocrystals by a hydrothermal
method under the controlled conversion of iron(III) oxide.
These materials were optically transparent, and their properties
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were closely matching that of the bulk material.23,24 Wang et
al.25 and Liang et al.26 independently developed prominent
colloidal methods to synthesize CuFeS2 nanocrystals. Various
types of nanostructures of CuFeS2, including thin films,27

(nanowires, nanorods, and spherical particles)16,17 and nano-
crystals25,26,28 have been synthesized for probable applications
in photovoltaics,29 thermoelectric26 and spintronic devices, and
as catalysts for dye degradation.30

One of the biggest challenges and concerns in front of
researchers is to make the environment pollutant-free. Large
quantities of toxic and carcinogenic chemical byproducts like
organic dyes31−33 and nitro-based aromatic compounds34 and
heavy metal ions35−37 are continuously being released into
water bodies from industrial units. These pollutants contam-
inate water as well as create environmental menace at an
alarming rate and are becoming a difficult task to handle.38−46

Nitrophenols are considered to be the most common
pollutants in both industrial and agricultural wastewaters,
particularly among them, 4-nitrophenol (4-NP), which is
highly soluble and stable in water. It is the most tarnished
pollutant and has made life vulnerable upon exposure, causing
severe health problems.47−50

Various treatment methods, like adsorption51,52 and catalytic
reduction,53,54 were designed to remove 4-NP from water.
Adsorption is a useful remedial method for wastewater
treatment from nitro compounds. Adsorption involves the
use of an adsorbent, which can adsorb the adsorbate, mostly
contaminating its surface. Adsorption is also an economical
and efficient approach for the removal of 4-NP. Nevertheless,
the adsorption process mostly depends on the nature of the
adsorbent, like its morphology, surface area, and size.49 Besides
these, temperature, pH, and time are the critical factors
deciding the fate of the adsorption process.55 On the other
hand, the catalytic approach is considered a simple, versatile,
and cost-effective process, involving the use of a reducing agent
like NaBH4 in the presence of nanomaterials as catalysts for the
reduction of 4-NP.56

The present work aims to produce chalcopyrite nano-
particles in a simplified method and determine their unique
magnetic and dielectric properties in comparison with the
same materials known in the literature. Also, it is of interest to
test the hitherto unknown catalytic ability of CuFeS2 in organic
functional group transformation reactions. We are able to
synthesize surfactant-free CuFeS2 nanoparticles (sf-CuFeS2)
using a realistic HMDS-assisted synthetic approach. The
synthesized nanostructures were characterized by powder X-
ray diffraction, scanning electron microscopy (SEM), and high-
resolution transmission electron microscopy (HRTEM). The
magnetic property measurement (at room temperature and
100 K) confirms the paramagnetic nature of the chalcopyrite
material. Dielectric studies showed a substantial decrease in the
value of both dielectric constant and dielectric loss at low
frequency, but at a higher frequency, it remains unchanged.
After confirming the properties of sf-CuFeS2 nanoparticles
without any organic molecules in their surroundings, the
synthesized chalcopyrite was assessed for its potential catalytic
ability in the reduction of 4-NP to 4-aminophenol (4-AP). It is
important to mention here that there is no report yet on the
catalytic reduction of 4-NP to 4-AP using CuFeS2 nano-
particles. The catalyst developed consists of naturally abundant
and low-cost non-noble elements that make the easy
availability of the catalyst on a large scale.

2. EXPERIMENTAL SECTION

2.1. Materials. Copper chloride (CuCl2 anhydrous), ferric
chloride (FeCl3 anhydrous), thiourea [H2NC(S)NH2], and
hexamethyldisilazane [(Me3Si)2NH] (HMDS) were purchased
from Sigma-Aldrich. All the above reagents were of analytical
grade and used without further purification.

2.2. Synthesis of sf-CuFeS2. For the synthesis of sf-
CuFeS2 nanoparticles, a hexamethyldisilazane (HMDS)-
assisted wet-chemical method was employed. In a typical
reaction, 1.48 mmol of CuCl2, 1.48 mmol of FeCl3, and 2.56
mmol of thiourea were added one by one to an RB flask
connected to the Schlenk lines to maintain the inert
conditions. Then, 6 mL HMDS of (26 mmol) was injected
by a syringe under a continuous supply of nitrogen gas. The
reaction mixture was set to reflux at 160 °C for 3 h with
continuous stirring. After the completion of reaction, the
precipitates were separated by centrifugation at 2500 rpm,
decanted, and then washed by deionized water and ethanol
each 3−4 times. The material collected was subjected to high
vacuum for the complete removal of any residual solvents. The
product was dried at 70 °C overnight in a vacuum oven.

2.3. Catalytic Reduction of 4-Nitrophenol. In order to
perform the catalytic reduction of 4-NP, a general procedure
was applied. A 0.5 mL NaBH4 (0.1 M) aqueous solution was
added to 2.5 mL of 4-nitrophenol (0.1 mM) aqueous solution.
To this mixture was added 0.8 mL of sf-CuFeS2 suspension (8
mg/100 mL) to perform the catalysis. The reduction of 4-
nitophenol to 4-AP was regularly monitored using the UV−Vis
absorption spectrum within a range of 200−600 nm. The
conversion percentage of the sf-CuFeS2 catalyst is given by eq
1.

= − ×C C C%Conversion ( / ) 100t0 0 (1)

Here, C0 is the initial concentration (corresponding to
absorbance) of 4-nitrophenol at λmax, and Ct is the
concentration at time t.

2.4. Instrumentation. Various analytical techniques used
for the characterization of CuFeS2 are described as follows.
The X-ray diffraction measurements for determining crystal
structure and phase purity were performed using a Bruker D8
X-ray diffractometer equipped with Cu Kα radiation (λ =
1.54056 Å, 2θ ranges from 20 to 70°).The surface morphology,
particle size, and elemental analysis were carried out by
FESEM, and EDAS studies were performed using an Ultra 55
Carl Zeiss instrument with an operating voltage of 10 kV. The
TEM images were acquired using an FEI Tecnai G2 20 STEM
with a 200 kV acceleration voltage. The samples were prepared
by drop casting of a colloidal suspension of chalcopyrite on
carbon-coated copper grids (200 meshes). Optical properties
and catalysis were recorded with a JASCO-V770 UV−Vis
spectrometer; barium sulfate was used as a standard. The
specific surface area and the pore size of the material were
estimated by a Nova 2000e, Quantachrome Instruments
Limited, USA, using liquid nitrogen (77 K).
The specific surface area and the average pore size

distribution were determined by using a multipoint BET
equation and from BJH plots, respectively. The oxidation state
and elemental compositions were determined by X-ray
photoelectron spectra (XPS) using a Thermo Scientific Escalab
250Xi spectrometer with Al Kα radiation. Magnetic properties
were studied by the VSM instrument at two different
temperatures. For studying dielectric properties, the principle
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of a parallel plate capacitor was applied, and the measurements
were carried out on an HF-LCR meter (6505 P, Wayne Kerr
Electronics, U.K.) instrument. An 8 mm, thick disk-shaped
pellet of 0.5 mm thickness was prepared under a uniaxial
pressure of 5 tons and 5% polyvinyl alcohol as a binder. The
prepared pellet was sintered at 500 °C for the removal of the
binder. A thin paste of silver acting as a conducting layer was
applied on the pellet to function as an electrode.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. The chalcopyrite

material (sf-CuFeS2) was synthesized (Scheme 1) by a one-

pot HMDS-assisted wet-chemical approach supplemented with
Schlenk lines to maintain the continuous inert atmosphere.
The PXRD pattern confirmed the crystalline nature and phase
purity of the prepared sample. As shown in Figure 1, all the

peaks can be indexed to the tetragonal structure of chalcopyrite
with JCPDS no. 37-0471.57 The peaks at 2θ of 29.4, 49.01, and
57.8° can be indexed to the planes of (112), (220), and (312),
respectively. No other characteristic peaks were found in the
PXRD pattern that can be indexed to either pure CuS or FeS2
phases or any other stoichiometry of both, hence confirming
the single phase and high purity of the material.
SEM and EDAS images revealed the morphology and

elemental distribution. As shown in Figure 2a, scanning
electron microscopy (SEM) confirms that the nanostructures
have particle-type morphology with almost all the particles of

similar size. The particles formed clusters probably because of
the surfactant-free synthesis. The high-magnification SEM
image depicts the cluster formation (Figure S1a). The study
aims to develop surfactant-free materials in order to exhibit
excellent properties. The elemental distribution analysis
spectra (EDAS) (Figure S2) reveal that all three elements
(Cu, Fe, and S) are distributed well in stoichiometric ratios.
Further confirmation about the particle morphology of

synthesized materials was performed by TEM analysis. Figure
2b represents the distinctive TEM image of sf-CuFeS2
nanoparticles. From the figure, it is clear that the particles
are of nano dimensions with the average particle size
approximately equals to ∼65 nm. The high-resolution TEM
image (HRTEM) is shown in Figure 2c. It shows that the
distances between two crystal facet planes are 0.301 and 0.263
nm, which correspond well to planes (112) and (200),
respectively, of the synthesized material. The dark-field TEM
image (Figure S1b) shows bright spots corresponding to the
particle nature of synthesized materials, hence agreeing well
with the SEM. The SAED pattern (Figure S1c) shows some
diffraction rings corresponding to (112), (200), and (204)
crystal planes, which matches well with the PXRD pattern, so
confirming the well crystalline nature of sf-CuFeS2 nano-
particles.
The further validity of chalcopyrite formation and the

elemental composition with valance states was confirmed by
performing XPS analysis (Figure 3). The survey spectrum

(Figure 3a) shows that all the elements Cu, Fe, and S are well
present in the chalcopyrite. The spectrum shows that Cu 2p
split into two dominant peaks, Cu 2p1/2 and Cu 2p3/2, at
binding energies of 955.15 and 935.20 eV, indicating the
presence of Cu as Cu+ ions (Figure 3b). Besides this, two weak
satellite peaks located at 944.93 and 963.8 eV are observed
clearly in the Cu 2p spectrum, which is reliable with the
presence of Cu2+ rather than Cu (0).58 Similarly, an Fe peak
(Figure 3c) split into two peaks, Fe 2p1/2 and Fe 2p3/2, at
726.03 and 712.05 eV, respectively, revealing59 the existence of
Fe as Fe3+. The S 2p spectrum (Figure 3d) shows two peaks,
one at 164.9 eV for S 2p3/2 and the other peak at 169.5 eV
assigned for the S−O bond showing oxidized sulfur-related
species, but since there is no proof for the oxidation of S in
CuFeS2 happening, it indicates the presence of S as S2−.60,61

Scheme 1. Schematic Illustration of the Reaction Showing
Chalcopyrite Formation

Figure 1. PXRD pattern of sf-CuFeS2 showing high crystalline nature
with high intensity peaks. All the peaks correspond to JCPDS no. 37-
0471.

Figure 2. Microscopic investigation of sf-CuFeS2 particles. (a)
FESEM, (b) TEM, and (c) HRTEM images.

Figure 3. XPS spectrum of sf-CuFeS2. (a) Survey spectrum showing
the presence of all requisite elements Cu, Fe, and S. (b−d) Binding
energy values of Cu, Fe, and S, respectively.
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3.2. Magnetic Property. The chalcopyrite, CuFeS2, is
known for its magnetic properties and related applications.
Therefore, it is required to study the magnetic property of sf-
CuFeS2 prepared in this study. Figure 4a shows magnetization

vs. applied magnetic field [M(H)] plots for the samples of sf-
CuFeS2 at 300 and 100 K. An almost straight line behavior of
the M(H) curve indicates the paramagnetic behavior of the
sample. Magnetization values at 1.5 Tesla are 148 and 17
memu/gm at 300 and 100 K, respectively. Coercivity values
are 23 and 48 mTesla at 300 and 100 K, respectively. A
decrease in magnetization is noticed at 100 K, while coercivity
values are increased at lower temperature. Even though
coercivity and remanent magnetization values are very small,
the existence of these parameters indicates the presence of
small ferromagnetism in sf-CuFeS2. However, the ferromag-
netism in the samples is suppressed with the dominating
paramagnetic nature of the samples.
Figure 4b shows the magnetization vs. temperature (M(T))

plots in the temperature range of 100−300 K in zero field-
cooled (ZFC) and field-cooled (FC) mode at an applied field
of 500 Oe. Bifurcation between the ZFC and FC curve is very
narrow and indicates that paramagnetism is dominating in the
synthesized sf-CuFeS2 material.62

3.3. Dielectric Constant Properties. For many minerals,
finding out the dielectric properties has become a topic of
discussion. Since the dielectric property depends on the
conductivity, it is of curiosity to understand the frequency-
dependent variation in the dielectric constant of sf-CuFeS2.
The following formula is used to determine the dielectric
constant of a mineral

ε ε̋=Cd A/ (1)0

and

ε ε δ̋= ́tan( ) (2)

Here, d represents the thickness, A is area of the sample, and
C is capacitance.
The dielectric properties of the sf-CuFeS2 pellet sintered at

500 °C were studied by varying the frequency from 20 Hz to 1
MHz within a temperature range of 100−400 °C (Figure 5).
From Figure 5a, it is clear that the dielectric constant values
decrease continuously with the increase in frequency.63 Up to
100 kHz, there is a regular decrease, but after then, with the
further increase in frequency, it remains constant without any
fluctuation, which is a significant observation attributed to the
surfactant-free nature of the material. Also, it is seen that the
dielectric loss of the material shows similar behavior like the
dielectric constant (Figure 5b). This behavior of the
synthesized sample could be explained based on the
Maxwell−Wagner polarization theory of dielectrics. Space
charge polarization is a factor responsible for the decrease in
values of dielectric properties, which is associated with the
charge concentrated at the grain boundaries or grain
deficiencies of the sample particles of various dielectric
properties.64 The contribution from grain sizes mostly controls
the low-frequency values of ε. From the figure, we see that the
values of both dielectric constant and dielectric loss drop with
the increase in frequency for this sf-CuFeS2 material.
According to the Maxwell−Wagner theory, at lower

frequencies, different polarization mechanisms, including
space charge, dipolar, and ionic polarization, contribute to
the dielectric properties of the material.65 However, with an
increase in frequency, the space charge polarization does not
get enough time to follow the applied external frequency and is
therefore relaxed, leading to the reduction of dielectric
properties of the material with an increase in the frequency.
It was found that the dielectric constant determined at
different temperatures remains unchanged at higher frequen-
cies, indicating that the dielectric property does not vary with
the change in temperature. The dielectric loss at higher
frequencies was found to be relatively low because the electric
wave frequency was not found to be in proper comparison to
the natural frequency of the bounded charge, so the reason for
weak radiation. The dielectric constant of sf-CuFeS2 at 100 °C
and 500 kHz is 3.176; the low value might be presumably
because of the particle-type morphology as compared to bulk
or sheet morphology as reported previously.66

3.4. Surface Area and Photophysical Properties. The
active surface area and photophysical properties of catalysts are
the most critical parameter to determine the catalytic activity.
A general sense prevailing in the catalysts related to the surface
area is that the larger the surface area, the higher will be the
catalytic activity. The reason is that a material with a large

Figure 4. (a) Magnetization vs. applied magnetic field plots for the
samples at 300 and 100 K. (b) Magnetization vs. temperature plots for
the samples.

Figure 5. Plots showing variation of (a) dielectric constant and (b) dielectric loss with frequency at different temperatures.
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surface area will be having a sufficient amount of active sites
that will undergo maximum adsorption, hence higher catalytic
activity. In this scenario, it is imperative to determine the
surface area of sf-CuFeS2 (Figure 6). From Figure 6a, it is
evident that the N2 adsorption−desorption curves of
chalcopyrite follow the type III isotherm. The isotherm
shows an excellent interface that is formed between the
adsorbent and the adsorbed layer, suggesting a strong
interaction between these two, showing multilayer adsorption
taking place.67

The specific surface area of sf-CuFeS2 was found to be 36
m2/g. The average pore size of chalcopyrite, as calculated from
BJH plots (Figure 6b), was found to be ca. 17 Å. From the
observations (high surface area and average pore size), it is
clear that the nature of the sample is mesoporous, and the
enhancement in the porosity is because of the surfactant-free
synthesis. Since there is no other organic surfactant molecules
surrounding sf-CuFeS2, the whole surface area is available for
catalytic activity.
The photophysical properties of the material were

determined from the UV−Vis absorption spectrum. As is
clear from Figure 7a, the chalcopyrite shows absorption mostly
in the range of 300−800 nm, and the maximum absorption
onset is at 480 nm. As discussed above, the CuFeS2 band gap
mostly varies in the range of 0.5−0.6 eV. The energy band gap
(Eg) can be determined by extrapolating the linear region of
the plot (αhν)2 vs. hν to zero absorption as shown in eq
2.41−43

α ν ν= −h A h E( )g
2

(2)

Where α is the optical adsorption coefficient, h is the Planck
constant; ν is the frequency of light; Eg is the band gap energy.
The band gap corresponding to the absorption onset
calculated for sf-CuFeS2 by the Tauc plot given in eq 2 was

found to be 0.81 eV (Figure 7b). Since the band gap is of a
high value as depicted for chalcopyrite, the possible reason may
be the quantum confinement.68 This result showed that the
removal of the surfactant is not affecting the band gap of sf-
CuFeS2 nanoparticles significantly compared to CuFeS2
nanoparticles reported earlier.

3.5. Catalytic Reduction of 4-NP. The potential of
catalytic application of sf-CuFeS2 was confirmed by the
reduction of toxic 4-NP using NaBH4. The schematic
representation of 4-NP reduction is shown in Scheme 2. The

treatment of water contaminated with 4-NP by this way of
catalytic reduction is a realistic approach to deal with it. The
reduction reaction is confirmed by the changes in the
absorption spectrum of 4-NP to 4-AP. The UV−Vis spectrum
of 4-NP has strong absorption in the 317 nm range with a light
yellow color. By the addition of NaBH4, the light yellow color
changed to bright yellow with the concomitant shift in the
absorption peak to the 400 nm region (Figure 8a). This change
in color is due to the transformation of 4-nitrophenol to its

Figure 6. Active surface area of sf-CuFeS2. (a) Nitrogen adsorption−desorption isotherm. (b) BJH average pore size distribution plot of
chalcopyrite.

Figure 7. UV−Vis diffuse reflectance spectra of sf-CuFeS2. (a) Absorption spectrum. (b) Band gap.

Scheme 2. The Reduction of 4-NP on the Surface of the sf-
CuFeS2 Catalyst
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corresponding phenoxide ion, 4-nitrophenolate ion, by the
subsequent addition of NaBH4.
When the solution with NaBH4 was kept for a long time, it

was observed that upon checking the UV spectra, there was no
further decrease in intensity of the peak obtained at 400 nm
(Figure S3a) for the phenolate ion, which indicates that
without the addition of a catalyst (sf-CuFeS2), no further
reaction is possible. By the addition of a proper amount of the
catalyst to the solution, the intensity of the peak at 400 nm was
found to decrease swiftly, whereas another peak at the 318 nm
region was found to increase in intensity as time progresses
(Figure 8b).69 The new peak at the 318 nm region gives an
indication of the reduction of 4-NP; the new peak corresponds
to amine, thereby suggesting the formation of 4-AP. On the
other hand, the complete change of the color from yellow to
colorless also indicates the formation of 4-AP by the reduction
of 4-NP.
For studying the reaction kinetics of the reduction reaction,

the change in concentration is determined from Ct/C0 (Figure
9a), which in turn are measured from At/A0 in terms of the

change in relative intensity in the absorption spectrum at 400
nm. Here, Ct and C0 are the 4-NP concentration at time t and
the initial concentration, respectively. The linear correlation
between ln(Ct/C0) and the reaction time shows that it is a first-
order kinetics as given by eq 3.70

= −C C ktln( / )t 0 (3)

Here, k indicates the first-order rate constant (s−1), and t is
the reaction time. The calculated value of k (Figure S3c) is
found to be 5.21 × 10−3 s−1, and the total time taken for the
completion of reduction reaction is 6 min. Since this type of
catalysis by CuFeS2 is the first time reported by our group in
this manuscript, a comparison of the catalytic activity of sf-

CuFeS2 with other materials reported in the literature is given
in Table 1. The data in the table clearly shows the superior

catalytic activity of sf-CuFeS2 in the reduction of 4-NP to 4-
AP. For explaining the role of the catalyst, a controlled reaction
(Figure S3a) was performed in the presence of an excess of
NaBH4, where there was no influence on the reaction by
NaBH4 besides serving as an electron donor.
The attractiveness of the HMDS-assisted synthetic approach

is that the reaction yields materials without any surfactant
molecules post-synthesis. In this method, HMDS itself serves
the multiple roles of being a solvent, a stabilizing agent, and a
reducing agent. Here, no external surfactants are added during
reaction. Since the surface of the catalyst is free from any
capping, sf-CuFeS2 showed better catalytic activity compared
to the same materials prepared using a method reported in the
literature. For comparison, we have prepared CuFeS2 (named
as Rp-CuFeS2) by a known method and tested its catalytic
activity in the reduction of 4-NP (Figure 9a and Figure S3b).71

The calculated value of k (Figure S3c) is 2.01 × 10−3 s−1,
which is much lower than the k observed for sf-CuFeS2. This
result highlights the advantages of the preparation of CuFeS2
without a surfactant as well as the supremacy of the HMDS-
assisted synthesis.
The mechanism of reduction of 4-NP in the presence of sf-

CuFeS2 using NaBH4 can be explained as follows. When the
catalyst is added to the reaction medium, both NaBH4 and 4-
NP adsorb on the surface of the catalyst. The catalyst initiates
the reduction process by the electron accepted from BH4

− to
4-NP. The adsorbed borohydride ion transfers surface
hydrogen to the catalyst surface. Once the hydride gets
adsorbed on the catalyst surface, it transfers its electron to the
catalyst. In this electron transfer process, a hydrogen atom is

Figure 8. Effective role of the catalyst for 4-NP reduction to 4-AP with NaBH4. (a) UV−Vis spectra of 4-NP before and after adding NaBH4
solution. (b) Continuous reduction of 4-NP to 4-AP in the presence of the sf-CuFeS2 catalyst.

Figure 9. Plots showing the kinetics and stability of the synthesized
sf-CuFeS2 for the reduction of 4-NP with NaBH4 and its comparison
with Rp-CuFeS2. (a) Ct/C0. (b) Reusability of the catalyst.

Table 1. Comparison List of 4-NP Reduction with Catalysts
Reported in the Literature

catalyst
amount of the catalyst

used
time of completion

(min) ref

Ag/Fe3O4 0.20 g/L 40 48
Au/AC 0.20 g/L 30 74
Au 0.15 g/L 30 75
Ag/PAN 10 mg 70 76
S-Ag 6 mg/5 mL 15 77
g-C3N4/CuS 10 mg 50 78
Cu catalyst 12.5 mg 50 79
CuFe2O4−G 20 mg 9 80
Ag@CeO2 0.25 mg 2.1 81
sf-CuFeS2 8 mg 6 this work
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generated, which attacks the nitro group of the 4-NP molecule
adsorbed on the catalyst surface. Through this electron transfer
process from the catalyst to 4-NP, the reduction of 4-NP to 4-
AP takes place. The mechanistic pathway proposed here for
the catalytic reduction of 4-NP is similar to previously stated
mechanisms including Langmuir−Hinshelwood mecha-
nisms.72,73

The stability of the catalyst is the paramount factor for its
application on a large scale. Therefore, to determine stability,
the reusability of the catalyst was checked by repeating the
catalytic reduction of 4-NP using the recuperated catalyst.
While performing the reusability test, the catalyst was
separated by centrifugation (3000 rpm) and repeatedly washed
with water and acetone and dried in a vacuum. Attractively, the
chalcopyrite presented excellent stability with no appreciable
reduction in activity until the 5th cycle (Figure 9b). Only after
the fifth catalytic cycle, a slight reduction in activity was
observed. The structural analysis and morphological observa-
tions of the used catalyst revealed (Figure S4) the good
stability of sf-CuFeS2 as a catalyst for 4-NP reduction.82

The effect of changes in the amount of the catalyst on the
conversion efficiency was tested. The catalyst amounts were
increased from 4 to 8 mg by keeping other parameters
constant. As shown in Figure 10, with the increase in the

catalyst dosage, the rate of conversion efficiency also increased.
The efficiency was found to increase from 58 to 89%. The
increase in efficiency with catalyst dosage is probably because
of the increase in the number of active sites.
Besides this, the effect of initial concentrations of 4-NP on

the conversion efficiency of the catalytic process was tested,
keeping the amount of the catalyst constant at 8 mg/100 mL as
well as 0.1 M NaBH4. As shown in Figure S5, with the increase
in substrate concentration from 0.1 to 0.3 mM, the conversion
efficiency decreased from 89 to 46%, showing that the initial
concentration of the substrate has a significant influence on the
conversion efficiency of the catalyst. The figure shows that
conversion efficiency directly depends on both the amount of
the catalyst and pollutant concentration used. The decrease in
efficiency might be due to a decrease in the number of active
sites on the catalyst. Because of the increase in substrate
concentration due to easy access, more of the active sites on
the catalyst are occupied, leaving fewer active sites for the new
entrant on the catalyst.

4. CONCLUSIONS
In summary, chalcopyrite with a high surface area was
synthesized by an HMDS-assisted wet-chemical method.
After a successful synthesis, the materials were subjected to
various analytical characterizations. The sf-CuFeS2 is of a
highly crystalline nature with no other phase impurities, as
confirmed by PXRD. Both SEM and TEM determined and
confirmed the particle morphology of nanostructures. The
study of magnetic properties of sf-CuFeS2 revealed its
paramagnetic nature. Measurement of dielectric properties
showed a reduction in the values initially at low frequencies,
which then remains unchanged at higher frequencies. The
chalcopyrite exhibited superior catalytic activity on the
reduction of 4-NP most likely because of clean surfaces on
the catalyst and high surface area. This work corroborates new
ways for the designing of materials with multiple roles like in
catalysis and energy storing devices.
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