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SYNOPSIS 

The thesis entitled “A Comparative Study on Application of Surfactant-free Metal 

Chalcogenides” comprises of five chapters. 

 

Chapter 1: Introduction 

A literature review on nanomaterials, including their definition, classification, methods of 

synthesis, and uses, is included in the introductory chapter. The advantages and disadvantages 

of various techniques for producing nanomaterials are reviewed. The approach created in our 

lab, known as the hexamethyldisilazane (HMDS) assisted method, has been described. The 

benefits of this novel method are compared with those of others documented in the literature. 

In addition, discussions on their various characteristics, such as catalytic, optical, and magnetic, 

are included. There are discussions on several viable applications for environmental 

remediation, biomedical and glucose sensing applications. The effects of surfactant usage on 

catalytic characteristics have been examined.  

 

Chapter 2: Impact of bandgap tuning on ZnS for degradation of environmental 

pollutants and disinfection 

The materials with many uses are desirable due to their usefulness and industrial 

manufacturing. We have developed ZnS (sf-ZnS) and metal-doped ZnS nanoflakes (sf-m-ZnS; 

where m = Cu, Ni, Cd, Bi, or Mn) and compared their activity with bandgap tuning to achieve 

the required property for diverse applications. Without the use of surfactants, polymers, or 

template molecules, we synthesized these compounds using hexamethyldisilazane (HMDS), 

and we characterized them using a variety of methods. These materials’ photocatalytic and 



xxvi 
 

antibacterial properties have demonstrated their dual usefulness. We have shown how doping 

has an impact on the expansion of the absorption band into the visible spectrum and the 

improvement of photocatalytic activity under sunlight. When it came to all the materials 

synthesized, sf-Cd-ZnS excelled as a photocatalyst for the degradation of two organic 

contaminants in water, Rhodamine B (RhB) and Methylene blue (MB). The Zone of Inhibition 

technique was used to assess the antibacterial activity of sf-ZnS and sf-m-ZnS against Gram-

positive bacteria, namely Staphylococcus aureus (S. aureus), with sf-Ni-ZnS displaying the 

highest activity. This increased activity of synthesized materials can be attributed to the free 

surface of the nanoparticles, which allowed for close contact between the inorganic 

semiconductor material and organic and biomolecules. By tuning the bandgap of the materials 

and enabling close contact between the materials and substrates, we have thereby shown how 

characteristics may be changed. Metal-doped ZnS made using our approach demonstrated 

photocatalytic activity and antibacterial activity, highlighting their potential for environmental 

remediation, especially water purification. 

 

Chapter 3: Insight into the Effect of Stabilizers on Anticancer and Antibacterial Activity 

of AgBiS2 Nanomaterial  

The near-infrared (NIR) light-absorbing AgBiS2 nanoparticles can be excited by single-

wavelength light, which is the primary characteristic of a photo responsive platform. Long-

chain organic surfactants or polymers are invariably needed for the chemical production of 

nanomaterials in order to stabilize them in the nano regime. These stabilizing compounds 

prevent nanomaterials from interacting with biological cells. In order to investigate the impact 

of stabilizers, we created AgBiS2 nanoparticles with and without polymer coatings (sf-AgBiS2 
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and PEG-AgBiS2) and tested their NIR-mediated anticancer and antibacterial activities. In 

comparison to PEG-AgBiS2, sf-AgBiS2 demonstrated superior cytotoxicity against HeLa cells 

and live 3-D tumour spheroids and shown superior antibacterial activity against Gram-positive 

Staphylococcus aureus (S. aureus) in both the presence and absence of NIR radiation. The 

outcomes of photothermal treatment (PTT) demonstrated that sf-AgBiS2 has the capacity to 

successfully ablate tumours by achieving 53.3 °C under NIR illumination. The significance of 

synthesizing stabilizer-free nanoparticles to create secure and potent PTT agents is illustrated 

by this work. 

 

Chapter 4: Study on the effect of the presence of capping agents on nanocatalysts on the 

reduction of Chemical Oxygen Demand (C.O.D.) of water bodies 

Chemical Oxygen Demand (C.O.D.) is critical parameter government agencies define to 

determine water quality. Various organic surfactant molecules are used as capping agents while 

producing nanomaterials to use as catalysts. To evaluate the impact of capping agent on 

nanocatalysts on water purification, nanoparticles with capping agent (PEG-SnS2, OLA/OA- 

AgBiS2) and without capping agent (sf-AgBiS2, sf-SnS2) were synthesized. The as-produced 

nanoparticles were examined using X-ray diffraction, scanning electron microscopy, 

transmission electron microscopy, absorption spectroscopy, and infrared spectroscopy to 

investigate their structural and optical features. The photodegradation of Rhodamine B (RhB) 

dye solution utilizing the nanoparticles was studied to assess the efficiency of the materials. 

C.O.D. of dye-contaminated water was measured before and after adding nanocatalysts. 

Interestingly, the materials without capping agents (sf-SnS2 and sf-AgBiS2) demonstrated 



xxviii 
 

higher degradation of Rhodamine B dye solution and exhibited the lowest C.O.D. value. This 

higher activity can be attributed to the availability of free active sites on capping agent-free 

materials. We have therefore underlined the significance of the hexamethyldisilazane (HMDS) 

- assisted approach demonstrating increased activity. 

 

Chapter 5: Synthesis of surfactant free NiSe2, CoSe2 and NiSe2/CoSe2 for Non-Enzymatic 

Glucose Sensing 

In this part of the thesis, we discussed the synthesis of surfactant-free binary selenides, NiSe2, 

CoSe2 and their composite NiSe2/CoSe2 using the HMDS-assisted method. The structural and 

morphological characterization was determined using X-ray diffraction, UV-Visible 

spectroscopy, Scanning Electron Microscopy (S.E.M.), and Transmission Electron Microscope 

(T.E.M.). We examined the glucose oxidation capabilities of synthesized materials. The role 

of these materials in non-enzymatic glucose sensing is investigated. The results showed that 

the synthetic materials are effective and sensitive for the non-enzymatic electrochemical 

detection of glucose. When compared to individual materials, NiSe2/CoSe2 composite had a 

more significant electrochemical response with a limit of detection of 0.0588 mM, good 

sensitivity of 0.0576 mAmM-1cm-2, and a rapid response time of 0.603 s, as well as long-term 

stability and good anti-interference capabilities. This study demonstrated the possible utility of 

NiSe2/CoSe2 composite material as a practical glucose detector. 
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 Abstract 

A literature review on nanomaterials, including their definition, classification, methods of 

synthesis, and uses, is included in the introductory chapter. The advantages and disadvantages 

of various techniques for producing nanomaterials are reviewed. The approach created in our 

lab, known as the hexamethyldisilazane (HMDS) assisted method, has been described. The 

benefits of this novel method are compared with those of others documented in the literature. 

In addition, discussions on their various characteristics, such as catalytic, optical, and magnetic, 

are included. There are discussions on several viable applications for environmental 

remediation, biomedical and glucose sensing applications. The effects of surfactant usage on 

catalytic characteristics have been examined.  
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1.1. Evolution of nanotechnology 

Nano, a Greek word with the meaning “dwarf” used to denote a 10-9 m particle dimension, had 

introduced the world to an alternate world of opportunities and solutions to the problems in the 

current world. These exhibit different properties from their bulk [1]. Reducing the particle size 

to the nano size shows idiosyncratic properties which are not exhibited by bulk particles [2]. 

The surface-to-volume ratio of a nanoparticle is greater than that of coarse particle or atom. 

This distinct property increases the surface reactivity of nanoparticles, which depends on size. 

The growing interest in their application in various fields, such as energy, medicine and 

nutrition can be attributed to the exceptional properties of nanoparticles [3]. Nanomaterials can 

be produced using two generally classified approaches: bottom-up and top-down. There are 

different physical and chemical methods for their synthesis, such as electrodeposition, 

pyrolysis, solvent, one-pot, microwave, hydrothermal, and pulverisation methods [4, 5, 6]. 

 

Figure 1.1. Lycurgus cup appearing green when light is lit from front and red when light is 

passed through rear.  

Nanomaterials were used from C.E fourth century in the Roman era. They were used 

mainly to impart colour and beauty to the utensils. The most popular Lycurgus cup (figure 1.1) 

used in this era was a combination of Gold and Silver nanoparticles. Due to this, it appeared as 

green and was seen as red when the light passed through it. Later, this technique was used to 

impart colour to the windows of churches. The purple of Cassius or Gold sol, a colloidal 

solution of Gold nanoparticle, was used with a misconception for curing disease. Since then, 

alchemists have given significant attention to these particles for their future evolution. 

Primarily the alchemists performed experiments to produce gold from low-cost metals, which 
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paved the way for the development of a branch of chemistry called nanochemistry. Richard 

Feynman opened the door to the world of nanotechnology with his famous statement, “There 

is plenty of room at the bottom,” during his speech on December 29, 1959, at the annual 

meeting of the American Physical Society. But the word nanotechnology was initially 

formulated by Norio Taniguchi. The studies of Erick Drexler published in 1984 about 

molecular nanotechnology enticed many young scientists to this area [4]. 

Nanotechnology has flourished to its extreme now and offers longevity for human 

beings. The implementation of nanotechnology in different fields is constantly increasing 

worldwide. At present, prime focus of researchers is on metal nanoparticles, nanostructures 

and nanomaterial synthesis due to their remarkable properties and usefulness in catalysis, 

preparation of polymer composites, diagnosis and treatment of diseases, sensor technology and 

optoelectronic devices [7-12]. Scientists, with the help of nanotechnology, are developing new 

methods to recycle polluted water. In the last few years, there have been nanomedicines for 

cancer, which is a threatening disease to human beings. Nowadays, nanomedicine is a 

widespread word and technology and is practiced in super specialty hospitals. They are also 

used in various areas, especially environmental rejuvenation and biomedical fields.  

1.2. Classification of Nanomaterials 

According to the chemical composition, four types of nanomaterials are present, such as 

inorganic-based nanomaterials like Cu, Cd, Ni-Fe, ZnO, etc, which have proven their worth in 

applications such as energy storage, catalysis, water splitting, etc. [1, 13]. The second type is 

carbon-based nanomaterials like graphene, fullerenes, and carbon nanotubes. They find 

applications in bioimaging, drug delivery, energy storage, photocatalysis, etc. [14]. Thirdly, 

organic-based nanomaterials like liposomes and porphyrin. They occupy the fields of 

molecular imaging, food preservation, oral disease treatment, etc. [1, 15]. And finally, 

composite-based nanomaterials like polymer composites and hybrid perovskites. They have 

the upper hand over in the fields like sensing, musculoskeletal tissue regeneration, 

antimicrobial applications, etc. [1, 16]. Pokropivny and Skorokhod classified nanomaterials 

based on dimensions (figure 1.2). The 0-D is commonly the quantum dot where the quantum 

confinement is visible. 1-D mainly comprises nanowires and nanorods, which have only length 

as their dimension. 2-D particles comprise nanosheets and nanoplates, which have length and 

thickness as dimensions. 3-D particles like nanocubes have all three dimensions [1, 17].  
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Figure 1.2. Classification of nanomaterials 

1.3. Methods for preparation of nanoparticle 

Nanoparticles are prepared using two methods in general. 

(a) Bottom-up method and (b) Top-down method 

a) Bottom-up method 

As the name suggests, the nanoparticles are made from their constituent atoms in this method. 

While delving into history, the Scanning Tunneling Microscope (STM), invented in 1993, was 

not only used for taking pictures of atoms; they have been used to move and arrange atoms 

from one place to another to build up nanoparticles. In 1990, IBM scientists Don Eigler and 

his coworkers made the IBM symbol (figure. 1.4. A) from thirty-five Xe atoms, which was the 

first example of a typical bottom-up method. Later in 1993, with the help of the same manner, 

they created quantum coral (figure. 1.4. B) using forty-eight Fe atoms. They are delightful 

examples of bottom-up methods. The bottom-up approach usually has advantages like 

simplicity in the technique, less time, easiness in steps and explicit modulation over particle 

size.  According to the requirements, morphology can be manipulated, making it more 
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acceptable than the top-down method [2, 4, 16, 18]. This method's practical application was 

synthesising thermoelectric materials. 

b) Top-down method 

In the top-down method, the bulk material is broken down into nanoparticles by chemical, 

physical and mechanical processes, including mechanical milling, laser and thermal ablation 

[19]. Even though top-down methods are simple to implement, they are not suitable for the 

preparation of informal-shaped particles of tiny sizes. The main issue deals with surface 

chemistry and physiochemical property changes in nanoparticles. Also, these methods are 

expensive ones which require more time and energy. Therefore, this method is rarely used [20, 

21, 22]. 

 

 

Figure 1.3. A) Bottom-up approach   B) Top down approach 

 

Figure 1.4. A) IBM symbol made from thirty five Xe atoms. B) Quantum Coral made from 

forty eight Fe atoms. 
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1.4. Different Methods of Synthesis of Metal Chalcogenide 

nanoparticles 

Chalcogenides are elements of group VI A in the periodic table, starting from Oxygen to 

Polonium. Oxygen, Sulfur, Selenium, and Tellurium form stable compounds with metals. 

Transition metal chalcogenides can form various compounds depending on the number of 

metals present. Even though metal oxides have demonstrated exemplary performance in 

different areas, their usage was limited because of their wide bandgap, which led to their 

absorption into the UV region. In contrast, metal chalcogenides absorb in visible regions due 

to their narrow bandgap. In addition to being stable in both air and aqueous solution, metal 

chalcogenides exhibit good resistance to oxidation and strong electron/hole conductivities. The 

crystalline metal chalcogenide compounds are the most intriguing among the metal 

chalcogenides reported because they show a variety of architectural structures, extending from 

zero-dimensional structures to three-dimensional open frameworks. The structural diversity 

and physiochemical properties can be enhanced by incorporating metal ions, whereas the 

optical properties can be altered by varying the percentage of chalcogens [23].  

Developing new nanostructured metal chalcogenides with different sizes and 

morphologies gave them broad applications. So, it is paramount to develop nanomaterials with 

controlled size and morphology [24]. Herein, a few well-known synthetic methods for 

producing nanomaterials are reviewed. 

1.4.1. Hydrothermal method 

The hydrothermal method is one of the most popular and widely utilised processes for 

producing nanomaterials. In hydrothermal method, nanomaterials are prepared under 

conditions of elevated temperature and pressure in an aqueous medium in a sealed vessel. 

Whereas in solvothermal method, a non-aqueous medium is employed. Microwave-assisted 

hydrothermal approach offers an edge over the hydrothermal and microwave processes, hence 

many upcoming research involves engineering nanomaterials. 

Usually, hydrothermal and solvothermal methods result in highly crystalline 

nanomaterials with specific geometries, such as nanowires, nanorods, nanosheets, and 

nanospheres which results from mere change in reaction conditions. Nonetheless, it is a 

laborious procedure, and since the reaction occurs in a closed system, the physical state of the 

reaction mixture is unknown [2, 16, 24- 27]. 
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Rauf et al. synthesised zinc sulphide nanoparticles using hydrothermal method using Tween-

80 as surfactant and thioglycolic acid as reducing agent at 100 °C [28]. 

 

Scheme 1.1. Synthesis of Zinc sulphide nanoparticles 

Wei et al. have synthesised Europium doped zinc sulphide using hydrothermal method using 

oleic acid as surfactant at 210 °C [29]. 

 

Scheme 1.2. Synthesis of Europium doped Zinc sulphide nanoparticles 

Manimozhi et al. have synthesised ternary silver bismuth sulphide using ethylene glycol 

(reducing agent) and polyethylene glycol as the surfactant at 180 °C [30]. 

 

Scheme 1.3. Synthesis of Silver bismuth sulphide nanoparticle 

Gajendiran et al. have synthesised tin sulphide nanoparticles using sodium dodecyl sulfate as 

surfactant by hydrothermal method at 180 °C [31]. 

 

 

Scheme 1.4. Synthesis of Tin sulphide nanoparticle 

Azam et al. have synthesised nano-sized nickel selenides by hydrothermal method at a 

temperature of 180 °C using hydrazine as reducing agent and cetyltrimethyl ammonium 

bromide (CTAB) as surfactant [32]. 

TA – Thioacetamide, SDS – Sodium dodecyl sulphate 
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Scheme 1.5. Synthesis of Nickel selenide nanoparticle 

Zhang et al. have synthesised cobalt selenide nanoparticles within the temperature range of 100 

°C – 170 °C with a variation of time from 24 h to 48 h through hydrothermal method using 

ethylenediamine tetra acetic acid (EDTA) as the surfactant [33]. 

 

Scheme 1.6. Synthesis of Cobalt selenide nanoparticle 

1.4.2. Sol-gel method 

The Sol-gel method is among the most commonly used methods for synthesising 

nanomaterials. As the name implies, it consists of a sol made by suspending solid particles in 

liquid and gel obtained by dissolving macromolecules in liquid. This method has many 

advantages, such as using low temperatures, less energy and emitting fewer pollutants. The sol-

gel process has certain benefits, including the ability to create unusual materials like zeolites, 

aerogels, and ordered porous solids. Nanoparticles, nanorods, and nanotubes may be made 

using the sol-gel method [1, 2, 16, 34, 35]. Some of the nanoparticles prepared through the sol-

gel process are enlisted below. 

Bhattacharjee et al. have synthesised zinc sulphides nanoparticles using tetraethyl orthosilicate, 

zinc nitrate and thiourea in 2-propanol through sol-gel method, in which they have been 

successful in increasing the refractive index with annealing temperature [36]. 

Scheme 1.7. Synthesis of Zinc sulphide nanoparticle 

Vijayan et al. have successfully synthesised copper doped zinc sulphides nanoparticle by 

varying concentrations using sol-gel method for tunable LED applications [37]. 

CTAB – Cetyltrimethyl ammonium bromide  

EDTA – Ethylenediamine tetra acetic acid 
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Scheme 1.8. Synthesis of copper doped zinc sulphide nanoparticle 

Govindan et al. have synthesised tin sulphides nanoparticles using sol-gel method. They have 

also prepared lanthanum doped tin sulphide and zirconium doped tin sulphide nanoparticles 

and have studied photocatalytic degradation of methylene blue [38].     

 

 

Scheme 1.9. Synthesis of tin sulphide nanoparticle 

                                                                             

 

Scheme 1.10. Synthesis of lanthanum doped tin sulphide nanoparticle 

 

                                                                               

Scheme 1.11. Synthesis of zirconium doped tin sulphide nanoparticle 

Mohapatra et al. have synthesised tin sulphide/polystyrene composite using sol-gel method and 

measured their optical importance and studied photocatalytic efficiency using methyl red [39]. 

 

Scheme 1.12. Synthesis of tin sulphide nanoparticle 

Alagiri et al. have synthesised nickel oxide nanoparticles which showed super paramagnetic 

behaviour using sol-gel method in presence of agarose polysaccharide [40]. 

CTAB – Cetyltrimethyl ammonium bromide, TA - Thioacetamide 

CTAB – Cetyltrimethyl ammonium bromide, TA - Thioacetamide 

TA – Thioacetamide, CTAB – Cetyltrimethyl ammonium bromide 

TA – Thioacetamide 
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Scheme 1.13. Synthesis of nickel oxide nanoparticle 

Mugundan et al. synthesised cobalt doped titanium dioxide nanoparticles using sol-gel method 

for non-linear optical study [41].      

 

             Scheme 1.14. Synthesis of cobalt doped titanium oxide nanoparticle 

1.4.3. Precipitation method 

The precipitation method is a frequently used method for synthesising a variety of 

nanomaterials. By a series of chemical processes taking place in solution, this approach can 

produce homogeneous nanoparticles with small diameters. In this approach, the most 

frequently utilised precipitants are chlorides, hydroxides, oxalates, and carbonates. To obtain 

nanoparticles with proper crystal structure and morphology annealing, sintering, or calcination 

are performed. Nucleation is a vital stage during precipitation. During the growth phase, larger 

particles absorb smaller particles to lower their surface energy. Agglomeration is another 

option for reducing surface energy. Particle size may surpass the nanoscale if aggregation and 

coarsening are not controlled. However, the addition of certain stabilising or capping 

substances halts this growth. Capping agents are attached to the surface of the particle and 

generate electrostatic repulsion on its surface by chemisorbing charged species. If the repulsive 

forces are strong enough to stop coagulation, stable particles will be formed. Even though 

impurities are precipitated along with the product, their separation using filtration and washing 

is simple. Some of the nanoparticles prepared using this method are discussed below [1, 16, 

42]. 

Sreedevi et al. have synthesised tin sulphide nanoparticles employing this method and proved 

it to be an alternative buffer [43]. 
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Scheme 1.15. Synthesis of tin sulphide nanoparticle 

Remadevi et al. have synthesised Manganese doped zinc sulphide using the same method using 

EDAX as capping agent [44]. 

 

 

Scheme 1.16. Synthesis of manganese-doped zinc sulphides nanoparticle 

Xing-Long et al. have also synthesised tin sulphide using the same method as anode materials 

for rechargeable Li-ion batteries [45]. 

 

Scheme 1.17. Synthesis of tin sulphide nanoparticle 

Nakazawa et al. have synthesised silver bismuth sulphide ternary nanoparticles using 

oleylamine as capping agent [46]. 

 

 

Scheme 1.18. Synthesis of silver bismuth sulphide nanoparticle 

1.4.4. Microwave method 

The microwave-based method is a simple method used recently to synthesise nanoparticles. 

This method has advantages over the thermal methods because of its simplicity, less time taken 

for the synthesis, and homogeneous heating. Polar molecules like H2O are brought into 

alignment with the electric field using microwave frequency of 300 MHz to 300 GHz. The 

reorientation of dipolar molecules by an alternating electric field results in heat loss via friction 

TA - Thioacetamide 

EDTA- Ethylenediaminetetraacetic acid 

TA - Thioacetamide 

OLA - Oleylamine 
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between the molecules. In many chemistry and materials research areas, microwave techniques 

are utilized to prepare metal nanoparticles from various plant-based extracts [1, 2, 42]. 

Zhu et al. have synthesised both cadmium sulphide and zinc sulphide using this method 

following the same procedure [47]. 

 

 

Scheme 1.19. Synthesis of cadmium sulphide nanoparticle 

Yang et al. have synthesised copper, cerium and silver-doped zinc sulphide using microwave 

method [48]. 

                                                                                                             

Doping metal source: CuCl2.2H2O, CeCl3.7H2O, AgNO3  

Scheme 1.20. Synthesis of copper, cerium and silver-doped zinc sulphide nanoparticle 

Tipcompor et al. have synthesised silver bismuth sulphide nanoparticles with ethylene glycol 

as solvent using the microwave method [49]. 

 

                                          

Scheme 1.21. Synthesis of silver bismuth sulphide nanoparticle 

Park et al. have synthesised tin sulphide nanoparticles using the same method to evaluate 

photocatalytic efficiency [50]. 

 

Scheme 1.22. Synthesis of tin sulphide nanoparticle 

TA - Thioacetamide 

EG - Ethylene glycol 

TA - Thioacetamide 
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Younas et al. have synthesised nickel selenide nanoparticles for high-performance 

supercapacitors using one step microwave method [51].   

 

Scheme 1.23. Synthesis of nickel selenide nanoparticle 

Naveenraj et al. have synthesised nickel, copper, zinc selenides using microwave method to 

check their interaction with human serum albumin [52].    

                                                                    

Scheme 1.24. Synthesis of nickel selenide nanoparticle 

1.4.5. Chemical Vapour Deposition method (C.V.D) 

In the late 19th century, the chemical vapour deposition process was initially described and 

patented for the production of carbon powder pigments and carbon fibre filaments for electric 

lamps. This deposition involves chemical reaction of gaseous molecules containing atoms 

necessary for film formation. This deposition entails chemical reaction of gaseous molecules 

that contain atoms required for film generation. A thin film is created through a sequence of 

chemical interactions involving the precursor fragment, the substrate surface, and the target 

material, which is released as a volatile molecule and functions as a precursor. In this approach, 

the surface chemical reaction often produces atomic layer deposition (ALD) thin films. This 

method delivers different advantages, like controllability in surface morphology and high film 

durability. The usage of toxic, corrosive gases and the inability to deposit multi-component 

material deposition can be counted as disadvantages of this method. Some nanoparticles 

synthesised using this method are discussed below [1, 2, 16, 25]. 

Liu et al. have synthesised one-dimensional nanostructured zinc sulphide nanoparticles using 

this method [53]. 

 

Scheme 1.25. Synthesis of zinc sulphide nanoparticle 
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Chen et al. have synthesised two-dimensional tin sulphide nanosheet array for 

photoelectrochemical water splitting using chemical vapour deposition [54]. 

 

Scheme 1.26. Synthesis of tin sulphide nanoparticle 

Zhou et al. have also synthesised tin sulphide nanoparticles using the same method for high 

performance sodium storage [55]. 

 

Scheme 1.27. Synthesis of tin sulphide nanoparticle 

Masud et al. have synthesised copper selenide nanoparticles for oxygen evolution reaction 

using different methods, where chemical vapour deposition method is one among them [56]. 

 

Scheme 1.28. Synthesis of copper selenide nanoparticle 

Khan et al. have synthesised cobalt doped zinc oxide nanoparticles as anodes for 

photoelectrochemical water splitting using chemical vapour deposition method [57]. 

 

Scheme 1.29. Synthesis of cobalt doped zinc oxide nanoparticle 

1.4.6. Electrochemical deposition method 

The electrochemical deposition method is the simplest, quickest and most affordable method 

that yields nanoparticles with precise control over size and shape. This method requires an 

anode, a cathode for depositing the metal nanoparticles, and a reference electrode that is either 

Ag-AgCl or calomel. In an electrolytic bath with a metal salt, a small voltage is supplied for 

the appropriate amount of time, resulting in nanoparticles. This method is frequently used for 

various tasks, including potential step deposition, double pulse, and cyclic voltammetry. The 

direct attachment of nanoparticles to the substrate is a significant benefit of this method. Porus 
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semiconductors are usually employed using this method [2, 42]. Some nanoparticles 

synthesised using this method are reviewed below. 

Wang et al. have synthesised nickel selenide-titanium dioxide composite using this method for 

the cathodic protection of stainless steel [58]. 

 

Scheme 1.30. Synthesis of nickel selenide/titanium dioxide composite nanoparticle 

Che et al. have synthesised nickel selenide nanoparticles, which could be used as counter 

electrode in solar cells using hydrothermal electrochemical deposition method [59]. 

 

Scheme 1.31. Synthesis of nickel selenide nanoparticle 

Xu et al. have synthesised zinc sulphide nanoparticles using electrochemical deposition method 

[60].  

 

Scheme 1.32. Synthesis of zinc sulphide nanoparticle 

Shin et al. have synthesised manganese-iron-sulphide in nickel foam which showed good 

electrochemical performance using one-step electrodeposition method [61].  

                                           

Scheme 1.33. Synthesis of manganese-iron-sulphide nanoparticle 

1.5. Properties of Metal Chalcogenide nanoparticles 

In contrast to their bulk counterparts, the characteristics that matter at the nanoscale exhibit are 

significantly different. Due to decrease in crystallographic flaws, mechanical aspects are 
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noticeably better than their bulk counterparts. By adjusting the sizes and morphologies, 

nanomaterials with specific features and unique properties can be produced [62]. 

1.5.1. Surface area 

The surface area of all nanomaterials is substantially higher than their bulk equivalents [62]. 

The high surface-to-volume ratio causes a recognizable change in the material's 

physiochemical characteristics, including a drop in the melting point, a rise in the bandgap, and 

specific features like catalytic and bacterial activity. Since chemical reactions occur at the 

surface, the particle's surface area substantially impacts the reaction rate. A more extensive 

surface area gives more room for the reactions to take place. As a result, a material with 

nanoscale particles demonstrated more excellent catalytic activity than the identical material in 

bulk [63, 64]. 

1.5.2. Magnetic behaviour 

When an atom or molecule has an unpaired electron, it creates a magnetic field that causes it 

to act like a little magnet. At the nanoscale, the magnetic properties of elements can alter. A 

non-magnetic element can acquire magnetic properties at the nanoscale level. Because of this, 

magnetic nanoparticles have a variety of scientific uses. Depending on how they react to an 

external magnetic field, magnetic materials are categorized as diamagnetic, paramagnetic, 

ferromagnetic, ferrimagnetic, and antiferromagnetic [65]. 

1.5.3. Quantum effects 

Quantum confinement is an intriguing characteristic of the material at the nanoscale. When the 

materials form particles of petite size, the electrons become restricted in all directions, changing 

the electrical energy levels from continuous to discrete until they eventually resemble atoms. 

Consequently, the energy difference between the valence band and conduction band widens. 

This finding also clarifies how these bands emerge from atoms, molecules, nanoparticles, and 

bulk stuff as matter progresses. The joining of several continuous energy levels of many atoms 

or molecules creates the bands in the bulk matter. The number of overlapping orbitals or energy 

levels declines, and the width of the band narrows as the particle size lowers until it reaches 

the nanoscale, where each particle comprises just a small number of atoms. The band gap of 

the nanoparticles is greater than that of the comparable bulk matter due to the transition of the 

electronic energy levels from continuous to discrete. The shift in absorption spectra towards 

the lower wavelength may readily recognize this quantum confinement effect. As a result, 
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choosing a material for a given application depends on the actual energy level of the valence 

band and conduction band and the band gap of semiconductor material. At the nanoscale, 

quantum effects are increasingly noticeable [66]. 

1.5.4. Optical property 

Quantum dots have several unusual and intriguing optical features and remarkable 

photostability due to their quantum confinement. The localized surface plasmon associated 

with nanoparticles interacts with light to produce their optical characteristics. These charge 

density oscillations occur when nanoparticles reach a size far smaller than the wavelength of 

light. Surface plasmon oscillations caused by collective electron oscillations in the conduction 

band give colour to the materials. Remarkable performance can be found at the nanoscale level 

compared to bulk equivalents based on the nature of the nanomaterial [67]. 

1.6. Applications of Transition metal chalcogenide nanoparticles 

Metal nanoparticle applications across various fields, including material science, physics, 

chemistry, and biology, rapidly expand globally. Stoichiometric-dependent features and size 

dependency of nanoparticles in their property gave researchers an idea about how to employ 

them in different fields. Some of them are enlisted in Table 1. 

Applications Materials Ref. 

Photocatalysts CdS, NiS, In2S3, Ag2S, CoS, ZnS, ZnIn2S4 [68-70] 

Water splitting 
Cu2S, Ni3S2@NiSe, Ni3Te2, Cu: Co3Se4, 

MoS2-NiS2 
[71] 

Sensors MoS2/SnO2, (Fe,Mn):CuSe, NiSe2, Co2Te3 [72-75] 

Solar cells FeSe2, Cu2S,CuSe, MoSe2, Ni3S4/CoS2 [76-78] 

Biomedical 
ZnO, TiO2/Au, CuO, MoS2, CuS@MoS2, 

TiSe2, VS2, NbTe2, Ag2S, CuInS/ZnS, AgBiS2 
[79-82] 

LEDs 
CsPbX3, MoSe2/NiO, CuInS/ZnS, PbSe/Te, 

CdSe,InP, ZnSe 
[83-85] 

Super 

capacitors 

MnSe2@MoSe2, MnSe/NiCo2O4,Ni3S2/rGO, 

CuS/MWCNT, Bi2S3/MoS2, WS2/rGO, 

MoS2/rGO/MoS2, VS4/rGO/CoS2 

[86-90] 

Photovoltaics 
ZrS2/Se2, HfS2,Cu2ZnSnS4, FeS2, Cu2S, TaS2, 

MoS2,CuInS2, WSe2 
[91, 92] 

Table 1.1. Applications of nanomaterials 
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1.6.1. Photocatalysis 

As the population has increased exponentially, the demand for clean water supply has also 

increased significantly. Thus, the shortage of clean water has led to a global water crisis. The 

surface water bodies alone cannot fulfil this demand. Treating wastewater can solve this crisis, 

as it is economical, environment friendly and abundant. Employing photocatalysts for 

acceleration of photoreactions has raftered in developing applications such as hydrogen 

production, degradation of pollutants, carbon dioxide reduction, etc. Metal oxides have been 

extensively used as photocatalysts in various photocatalytic applications. However, their 

visible-light photocatalysis is limited because of their broadband gap. Chalcogenide 

nanoparticles have become dominant photocatalysts due to their tunable and narrow band gap. 

The degradation of pollutants occurs during photocatalysis, which is a surface phenomenon. A 

plausible mechanism for the photocatalytic destruction of contaminants is provided in Figure 

1.5 [95]. 

 

Figure 1.5. Possible mechanism of Photocatalytic degradation of pollutants 
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The mechanism can be explained as follows: 

 

Many metal chalcogenides have been synthesised for a broad spectrum of applications. 

Among which transition metal chalcogenides, mostly sulphides and selenides having variable 

stoichiometric compositions, distinctive crystal structures, abundant redox sites, and 

comparatively better electrical conductivity have allured researchers recently, even though 

chalcogenides of Na, K, and Li are also potential photocatalysts [93, 98, 99]. To be efficient 

photocatalysts, they should have large specific surface area, suitable morphology which 

delivers higher accessibility to exposed sites, long-term durability, narrow band gap, and anti-

corrosive characteristics. Since binary, tertiary, and quaternary metal chalcogenides have 

exhibited these properties, they work as excellent photocatalysts [98, 100-102].  

Murray et al. have synthesised the most efficient metal chalcogenide nanoparticle CdS 

using the organometallic precursor method using tri-n-octyl phosphine oxide (TOPO) as well 

as tri-n-octyl phosphine (TOP) as the capping reagents [103]. CdS have caught the attention of 

many researchers due to its characteristics like optimal and variable bandgaps and visible light 

absorption. But its limitation is mainly due to the toxicity it delivers, which led to the search 

for other less toxic metal chalcogenides like ZnS, ZnSe, CuS, etc. [94, 104]. Lately, transition 

metal dichalcogenides have established themselves in various application fields due to their 

remarkable properties like exceptional optical absorption, electrical conductivity, order-

disorder transitions, fast charge carrier dynamics, etc. [101, 105-108].  

Despite the amazing photocatalytic abilities of binary chalcogenides, higher-order 

chalcogenides, like ternary and quaternary metal chalcogenides, have been developed to attain 

favourable energy and band alignments. Due to the synergistic effects of several components, 

multinary metal-based chalcogenides exhibit improved photocatalytic efficiencies [94, 109, 
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110]. Many multinary metal-based chalcogenides and their composites are known to exist. 

AgBiS2, Cu2ZnSnS4, CuInS2, CuFeS2, ZnIn2S4, AgFeNi2S4–Graphene–TiO2, MoS2/Cu–

ZnIn2S4, etc. are some among them used for various applications in different fields [111-116]. 

1.6.2. Anticancer activity 

Cancer is one of the vulnerable illnesses that has long caused major health concerns. 

Chemotherapy, surgical excision, and radiation therapy are traditional treatments with a low 

cure rate and serious adverse effects. Nanomedicines are a novel class of therapeutic agents 

with outstanding anti-tumour effects and few adverse effects on healthy tissues [117]. 

Photothermal therapy (PTT) has garnered much attention for tissue disinfection due to its better 

antibacterial activity, controllability, and penetrability [118].  The nanoparticles used as 

photothermal agents convert light into heat, termed Hyperthermia, which is greater than the 

physiological temperature. Due to extreme sensitivity to the heating, the malignant cells are 

killed due to the raised temperature. This localized heating only affects the tumour cells and 

does not affect nearby healthy cells [119]. PTT is a potent alternative to traditional cancer 

therapies because thermal effects at an appropriate level can boost intratumoral blood flow and 

eventually carry more oxygen into the tumour, which results in synergistic therapeutic benefits 

even in extremely dehydrated solid tumours. 

Manikandan et al. synthesised Pt nanoparticles within the size range of 5 to 6 nm and 

found an increase in temperature of 9 °C, making it an excellent photothermal agent [120]. 

Immunohistochemical studies and histopathological examinations were performed by Elbialy 

et al. to study the efficiency of magnetic gold nanoparticles [121, 122].  

Due to their distinct optical characteristics, transition metal chalcogenides nanoparticles 

can be used as imaging contrast agents and inorganic photothermal agents [123, 124]. These 

biocompatible nanoparticles with controllable size and composition can directly influence the 

production of Local Surface Plasmonic Resonance (LSPRs) and make them effective 

candidates for anticancer treatments. Due to the comparable size of nanomaterials with cellular 

components, they are excellent for monitoring molecular interactions and reactions. Also, these 

materials exhibit significant NIR absorbance due to unconventional LSPR. The absorbance 

maxima are located in the NIR region, which makes transition metal chalcogenide 

nanoparticles an ideal candidate for photothermal treatment (PTT). In PTT, the energy 

absorbed is used to generate Reactive Oxygen Species (ROS) and heat leading to hyperthermia, 

causing the death of cancer cells since it has less heat tolerance [122, 125-127]. 
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CuS nanoparticles were synthesised and used in cancer imaging and photothermal 

therapy by Li et al. and Zhou et al. [128, 129]. Owing to low toxicity, production cost, small 

size and high NIR absorbing capacity CuS has attracted many. But its accumulation in the liver 

and spleen limited its usage further [130, 131]. Chen et al. utilized poly 

(acrylamide‑acrylonitrile)-PEG, thermosensitive amphiphilic block copolymers modified CuS 

as photothermal agents and obtained a temperature rise of 18 °C [132]. MoS2, with a layered 

structure, adjustable bandgap and high thermal stability, was another compound explored as a 

photothermal agent [122]. MoS2 modified with hyperbranched polyglycidyl, i.e., (MoS2−-

HPG) nanocomposite was synthesised by Liu et al., which exhibited 29.4% efficiency in 

photothermal conversion [133].  

Another metal sulphide which has enticed researchers is Ag2S, with a small bandgap 

[122]. Han et al. successfully ablated cancer cells using Ag2S nanoparticles as photo 

immunotherapy agents. Even though Ag2S shows less conversion efficiency compared to other 

compounds, less toxicity, the photothermal effect to destroy tumour cells as well as the capacity 

for dual-modality imaging, which offers all-inclusive imaging data than alternative methods 

for greater spatial resolution, higher tissue penetration and more substantial signal-to-noise 

ratio in the right size, makes them one among the good PTT agents [134].  

Bismuth-based nanomaterials, such as Bi, Bi2S3, AgBiS2, and Bi2Se3, are more 

appropriate for in vivo applications and have been attractive candidates as photothermal 

conversion agents since they can produce ROS when exposed to light [135, 136]. These 

materials are attractive due to their small band gap, high light absorption coefficient, less 

toxicity, affordable rates, X-ray attenuation capacity, heat dissipation rate, controllability in 

size and shape during synthesis, active targeting efficiency, photothermal conversion efficiency 

and strong Near-IR absorption [137]. Fang et al. have synthesised a non-toxic, dendrimer-

stabilized Bi2S3 nanoparticle and found its negligible effect in haemolysis and usage in 

computed tomography [138]. Kinsella et al. have synthesised bismuth sulfide (Bi2S3) 

nanoparticles labelled with the cyclic nine amino acid peptide CGNKRTRGC (LyP-1) for 

targeting breast cancer [139].  
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Figure 1.6. Mechanism of anticancer activity by nanoparticle. 

The alloy nanoparticle AgBiS2 offers a benefit over CT imaging and photothermal 

conversion efficiency in analogy with Ag2S and Bi2S3 nanoparticle [140].  AgBiS2 nanocrystals 

exhibit exquisite chemical stability, effective cytotoxicity against cancer cells, a relatively high 

absorption coefficient and high photothermal conversion efficiency with a tunable narrow 

energy gap [135, 141]. According to Wen et al., the production of ROS by stimulating AgBiS2 

with light at 808 nm can kill bacteria [142]. Xu et al. synthesised AgBiS2@PVP and 

investigated their role in generating ROS in sonodynamic therapy and catalyzing H2O2 in a 

tumour environment [143]. Cheng et al. have synthesised AgBiS2@DSPE-PEG2000-FA for 

tumour therapy, resulting in enhanced computed tomography/infrared (CT/IR) imaging, ROS 

generation, and photothermal and sonodynamic effects [140]. Chu et al. fabricated AgBiS2-

coated Nd3+-sensitized upconversion core-shell nanoparticles (UCNPs@AgBiS2) and resulted 

in enhanced photothermal conversion efficiency [135]. The mechanism of anticancer activity 

can be illustrated as shown in Figure 1.6.  

1.6.3. Antibacterial Activity 

Public health is seriously threatened by bacterial pollution. Previously, it was thought that 

conventional antibiotics or disinfectants were the best way to kill germs. But bacteria acquired 

antibiotic resistance, making a novel antibacterial strategy devoid of antibiotics necessary. 

Based on the cell wall structure, bacteria can be classified into two. They are Gram-positive 

bacteria where the structure comprises Teichoic acids, a peptidoglycan layer, and a cytoplasmic 

membrane. Ex: Staphylococcus aureus, Streptococcus agalactiae, and Anthrax bacterium. The 
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unique, hydrophobic lipid bilayer present in Gram-negative bacteria offers further defence 

against environmental harm. The carboxylate and phosphates groups in lipopolysaccharides 

significantly increase the cell envelope's negative potential. Ex:  E. coli, Asiatic cholera, and 

Salmonella enterica. These bacterial membranes are crucial for fundamental biological 

activities, including material transport, signal transduction, and cell-to-cell communication. 

Additionally, maintaining cellular homeostasis depends on the genetic materials, proteins 

(DNA and RNA) and organelles that make up cells. Therefore, this establishes a line of 

reasoning that eliminating these centres is essential to advancing the development of 

antibacterial tactics. The general mechanism followed for non-radiative antibacterial activity 

is as follows: (a) The breakage of the bacterial membrane, (b) the formation of reactive oxygen 

species (ROS), (c) the infiltration of the bacterial cell membrane, and (d) binding to the nucleic 

acid to prevent cell growth [144, 145]. 

  According to reports, nanomaterials can directly break through cell walls, and the 

leaking of cytoplasmic contents is highly prone to occur. Following the destabilization of cell 

membranes, intracellular components, including DNA, proteins, and enzymes, become 

exposed to assault. Additionally, nanomaterials can affect oxidative damage, enzyme 

inhibition, and electrolyte imbalance and thus prevent bacteria from functioning normally, 

leading to cell injury or death. This results in a novel approach using nanoparticles as 

antibacterial agents, which have distinct physiochemical characteristics and various 

bactericidal routes than standard antibiotics, making them less prone to acquire resistance. 

Numerous noble metal compounds have been developed with strong antibacterial properties 

against Gram-positive and Gram-negative bacteria [79].  

Sondi and Salopek-Sondi showed that Ag nanoparticles might be exploited as possible 

antibacterial agents [18]. They usually destroy bacterial cells by generating reactive oxygen 

species (ROS), radicals and ions. Ions induce the production of reactive oxygen species, in 

which oxygen radicals react with the cell membrane and mitochondria, resulting in their 

irreversible alterations and the bacterial cell's death [146-148]. Ag NPs have exceptional 

antibacterial characteristics, but their quick oxidation, aggregation characteristics, high cost 

and toxicity to humans, which can result in argyria, spasms, gastrointestinal issues, or even 

death, limits their usage [118, 149]. Therefore, lately, in the 1960s, transition metal oxides have 

been acting as antibacterial agents [150-154].  

Ag2O was the most commonly used nanoparticle as an antibacterial agent due to the 

electrical changes that occur when they contact bacterial membranes. These modifications are 
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believed to improve the reactivity of the surfaces of silver nanoparticles. Additionally, metal 

nanoparticles' durability in growth conditions and long-lasting effectiveness without 

breakdown increase their in vitro bactericidal activity. Shah et al. have successfully synthesised 

Ag2O nanoparticles using Paeonia emodi (P. emodi) fresh leaves extract as a reducing agent 

and studied antibacterial action with Gram-negative bacteria, Escherichia coli (E.coli) 

bacterium [155]. The size dependency of Ag2O nanoparticles in antibacterial activity was 

investigated by Panacek et al. Due to significant oxidation activity and exceptional 

hydrophilicity, using biologically inert and non-toxic, Fujishima et al. investigated TiO2 

nanoparticles as antibacterial agents [156-158]. 

Many researchers investigated the antibacterial activity of nanoparticles with light 

irradiation as these nanoparticles have high absorption characteristics. The plausible 

mechanism for radiative antibacterial activity is as follows: (a) The excitation of nanoparticles 

produces electron-hole pair and metal ions, (b) The formation of reactive oxygen species 

(ROS), (c) vibrational relaxation of electrons leading to hyperthermia, (d) Infiltrating the 

bacterial membrane by reactive oxygen species (ROS) and metal ions, (e) Increased rupture of 

the bacterial membrane due to hyperthermia, and (f) binding of nucleic acid to ROS and ions 

leads to cell death. 

Chen et al. have made a composite of Fe3O4/TiO2 magnetic nanoparticles to check their 

photo-killing efficiency [159]. Karunakaran et al. synthesised NiO-TiO2 composite 

nanoparticles and compared their antibacterial activity against E. coli in the presence and 

absence of light, in which they showed increased activity within 30 minutes of light 

illumination. In contrast, the activity was negligible under dark conditions [157]. Other metal 

oxides, such as CeO2, Fe2O3/Fe3O4, MgO, ZnO, etc., also proved their role as antibacterial 

agents. Still, due to their large band gap, these metal oxides can exhibit efficient antibacterial 

activity only under UV radiation [149]. 

           Metal sulphides are becoming increasingly prevalent due to their nature for imitating 

natural minerals [160]. Even at small doses, these inorganic substances have potent 

antibacterial action [149, 161]. On the other hand, due to their biodegradability, safety, and 

biocompatibility properties, sulphur has significance for catalytic bioremediation and the 

production of antibacterial and anticancer chemicals. Due to well-dispersed S 3p orbits and the 

greater anion radius of S atoms, transition metal sulphides have a smaller band gap than 

transition metal oxides. So, they have an excellent capacity for utilizing solar energy due to 

their appropriate energy band structure, which results in strong photodynamic damage to 
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bacteria due to the efficient creation of ROS. Additionally, they have an excellent capacity for 

converting light into heat, or the photothermal effect, which opens up a second potential 

therapeutic application for them by effectively eradicating germs. Due to the effective surface 

functionalization, the method for replicating the natural antibacterial action may be easily 

accomplished by transition metal chalcogenides [162]. These nanoparticles may breach cell 

walls due to their oxidative characteristics, and they can tolerate severe processing conditions 

better than organic antibacterial agents [154].  

Ag2S is one such material exhibiting this property explored by the scientific 

community. The antimicrobial activity of Ag2S was studied against E. coli, P. aeruginosa, S. 

aureus, and B. thuringiensis by Ayodhya et al. [163]. Sun et al. successfully synthesised 

Ag2S/Bi2S3 nanocomposites to photocatalytic inactivate E. coli bacteria [164]. Researchers 

have also explored the antibacterial activity of other transition metal sulphides. Due to deeper 

conduction and valence bands, ZnS has become recognized as a promising biocompatible 

antibacterial material [146, 166]. Malarkodi et al. have synthesised and studied the antibacterial 

activity of ZnS and CdS nanoparticles against oral pathogens Streptococcus, S. aureus, 

Lactobacillus sp., and Candida albicans (C. albicans) [166]. Ganguly et al. have synthesised 

ZnS and checked their antibacterial activity against twelve bacterial stains like  S.aureus 8531, 

8532,  B. subtilis UC 564, Sh. Flexneri 6, E.coli C600, K. pneumonia 10031, P.aeruginosa 

27853, E.coli K12 Row, A. baumanii 462, Sh. sonnei 9774, V. cholerae 14033 and S. 

enteric 11, in which Sh. sonnei 9774 was resistant to ZnS [167]. 

MoS2, with stable, unique, and wide surface area due to layered structure, can connect 

with many biomolecules [168]. Zang et al. have successfully synthesised and used CuS@MoS2, 

which showed their antibacterial activity against E. Coli and S. aureus for wound dressing 

[79]. More recently, ternary metal chalcogenide nanoparticles with tunable narrow bandgap, 

high NIR absorption, non-toxic, biocompatibility, optoelectronic, thermoelectric, and catalytic 

nature have received immense interest. These show the synergistic effect of both metals in one 

compound, accelerating its applicability in different fields. Kannan et al. have successfully 

tested and confirmed the antibacterial activity exhibited by Cu2WS4 nanoparticles with gram-

positive, M. luteus, B. subtilis and gram-negative, P. aeruginosa, K. pneumoniae, E. coli, and 

bacteria [169]. AgBiS2 is one among the ternary chalcogenides which have enticed many due 

to their chemical stability, tunable electronic and optical properties, high photothermal 

conversion efficiency, earth abundance, biocompatibility, non-toxic nature, etc. [31, 135, 141]. 

An increased ROS production was observed by Cheng et al. for AgBiS2 nanoparticles upon 
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NIR irradiation which eliminated the infection caused by S. aureus, making it an optimal 

candidate as an antibacterial agent and have proven AgBiS2 nanoparticles to be non-toxic both 

in-vivo and in-vitro [82].  

1.6.4. Chemical Oxygen Demand (COD) 

Chemical oxygen demand (COD), Biochemical oxygen demand (BOD) and Total 

organic carbon (TOC), and are three frequently employed criteria to measure the oxygen 

demand of organic contaminants in an aqueous system. The soluble organic compounds are 

evaluated by TOC analysis, whereas the portion of organic matter which can be oxidised and 

causes eutrophication in aquatic systems is not obtained. The requirement of costly equipment 

also constrains its applicability. Compared to BOD analysis, COD analysis offers several 

benefits, including quick and straightforward experimental procedures that produce stable 

results. As a result, in wastewater treatment plants, COD levels are frequently utilized as the 

primary water quality parameter [170]. 

COD is a quality parameter to gauge the amount of organic and inorganic pollutants 

degradable by chemicals in superficial waters and wastewater. COD refers to the amount of 

oxygen required to oxidize contaminants in water [171]. The test allows the quantification of 

waste through the total amount of oxygen required to oxidize organic matter to water and CO2 

[172, 173]. With regards to the reaction time, production of secondary pollutants, cost, several 

innovative approaches, and convenience of operation, such as Flow Injection Analysis (FIA), 

the Chemiluminescence (CL) method, and radiation-aided digestion methods have been 

developed, which shows several benefits over traditional methods. However, applying and 

implementing newly developed methods for standard COD laboratory analysis is challenging. 

Furthermore, the new techniques can only partially reduce the use of dangerous chemicals. 

Further complicating matters is chloride interference, which is not normally oxidized.  

Standard COD reagents like Ag+, Hg2+, Cr6+ and salts are frequently employed for 

reducing chloride interferences. Unfortunately, it isn’t advisable to use these salts because of 

their hazardous impact on environment. Numerous factors, including sample matrices, 

frequency of routine analyses, measurement frequency, instrumentation cost, interference 

tolerance, analytical parameters, etc., influence the selection of an appropriate method for the 

determination of COD. Other experimental variables like pH, reagents, and temperature also 

impacts COD scores. Therefore, credible and reproducible procedures such as dichromate and 

permanganate methods are still used as the established protocols [170].  
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The dichromate method is used for evaluating the water quality in water bodies that are 

either moderately or deeply polluted. In contrast, the permanganate method is used for 

analysing surface or river water [174]. The permanganate method has some shortcomings. 

Many organic substances either do not convert at all or only partially convert. Further, 

manganese dioxide is produced when permanganate reacts with substances that it readily 

attacks, increasing the utilization of permanganate by organic matter. Theoretically, with 

increase in sulphuric acid concentration and temperature, the efficiency of oxidation should 

rise. In practical applications the oxidation temperature should be relatively low, about 60 °C, 

to prevent permanganate breakdown. Hence this situation drastically restricts the permanganate 

method's application as it is utilized at a far lower temperature. The stability of dichromate in 

boiling concentrated sulphuric acid solution at temperature less than 150 °C and its increased 

oxidising capacity in addition to its low cost, makes the dichromate reflux method preferable 

over the permanganate method [175].  

 The principle followed for the analysis is that the initial concentration of organic 

compounds in the sample is estimated from a titrimetric analysis of the oxidant still present in 

the sample following the refluxing digesting process. Potassium dichromate must be in excess 

for all organic materials to oxidize. While oxidizing organic compounds in water, potassium 

dichromate undergoes reduction to form Cr3+. The surplus amount of potassium dichromate 

must be estimated to calculate the quantity of Cr3+ when oxidation is finished accurately. To 

do this, Ferrous Ammonium sulphate (FAS) is titrated against excess potassium dichromate 

until all extra oxidising agent has been converted to Cr3+. The quantity of FAS used in the 

titration corresponds to the amount of excess potassium dichromate added to the sample, which 

indirectly gives the measure of organic content in the water sample. Usually, ferroin indicator 

is introduced during titration. Once the excess dichromate has completely been removed, the 

ferroin indicator turns reddish-brown from blue-green. The general oxidation of organic 

substances by potassium permanganate can be summarised as follows:                          

𝐶𝑛𝐻𝑎𝑂𝑏𝑁𝑐 + 𝑑𝐶𝑟2𝑂7
2− + (8𝑑 + 𝑐)𝐻+                       𝑛𝐶𝑂2 +  

𝑎+8𝑑−3𝑐

2
 𝐻2𝑂 +  𝑐𝑁𝐻4

+ + 2𝑑𝐶𝑟3+ 

where, 𝑑 =  2𝑛 3⁄ +  𝑎 6⁄ −  𝑏 3⁄ − 𝑐 2⁄  

As mentioned above the excess dichromate is determined using FAS by titration method. In 

that: 

6𝐹𝑒2+  +   𝐶𝑟2𝑂7
2−  + 14𝐻+      ⇌ 6𝐹𝑒3+  +   2𝐶𝑟3+  +   7𝐻2𝑂 
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In concentrated sulphuric acid, the chromyl chloride formation occurs. 

𝐾2𝐶𝑟2𝑂7 + 4𝑁𝑎𝐶𝑙 + 6𝐻2𝑆𝑂4 ⇌ 2𝐾𝐻𝑆𝑂4 + 4𝑁𝑎𝐻𝑆𝑂4 +  2𝐶𝑟𝑂2𝐶𝑙2 + 3𝐻2𝑂 

In the course of oxidation of organic compounds by dichromate, chloride formation occurs, 

whose interference is thereby attenuated by HgSO4 and results in HgCl2 formation. It can be 

shown as: 

𝐶𝑟2𝑂7
2−  +   6𝐶𝑙−  +   14𝐻+  ⇌ 3𝐶𝑙2  +   2𝐶𝑟3+  +  7𝐻2𝑂 

𝐻𝑔2+  +   2𝐶𝑙−  ⇌ 𝐻𝑔𝐶𝑙2 

Since a wide range of compounds are oxidised by potassium dichromate, this method is 

preferred over other traditional methods [175]. 

After titration, C.O.D is calculated by the formula, 

C.O.D   =  
[𝑉𝐵− 𝑉𝑆]  ×  𝑁   ×    8   ×   1000

𝑉𝑆
   mg/L,  

where, N = normality of ferrous ammonium sulphate (FAS),   

VB = volume (ml) of ferrous ammonium sulphate used for blank titration,  

VS = volume (ml) of ferrous ammonium sulphate used for sample titration, 

 8  =   milli equivalent weight of oxygen.  

Higher the C.O.D value, higher the contaminants in water sample.  

Abdel Messih et al. have synthesised ZnO@SiO2 nanoparticles for photocatalytic 

degradation of methylene blue, and to determine the efficiency of the catalyst, they have 

performed COD analysis [176]. Zhao et al. have explored the potential of diphenylanthrazoline 

compounds against methylene blue by measuring the COD after degradation of dye, in which 

they found 2,8‐Bis(4‐triphenylamino)‐4,6‐ diphenyl‐1,9‐anthrazoline compound with highest 

efficiency and lowest COD value [177]. Gajbiye has synthesised ZnO nanoparticles and studied 

the impact of modulating the parameters like loading of catalyst, concentration and temperature 

of dye solution, and pH of the medium on photocatalytic degradation of methylene blue and 

confirmed their efficiency by reporting lower COD value [178].  A comparative study on 

photocatalytic degradation of Rhodamine B using bare and PEG-caped ZnO nanoparticles were 

performed and the potency of UV shielding of PEG-capped ZnO with the support of COD 

measurement was confirmed by Sudha et al. [172]. Borhade et al. compared photocatalytic 
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degradation of methylene blue dye solution by PbO and Ni-doped PbO nanoparticles, and the 

mineralization of dye was confirmed with COD measurement [179]. Sari et al. have synthesised 

TiO2 nanoparticles to study the influence of irradiation time and catalytic concentration on 

photocatalytic degradation of the dye, Procion red and confirmed the results using COD 

analysis [180]. Sahoo et al. have taken one step ahead by studying the photodegradation of 

methylene blue solution and real textile wastewater using Ag-doped TiO2 nanoparticles. They 

confirmed the extent of mineralization by COD analysis in different time intervals [181]. 

1.6.5. Non-enzymatic glucose sensing 

A sensor is a tool that captures a substance's chemical, biological, or physical changes and 

transforms them to quantifiable signals. A sensor contains three essential components: a 

transducer, a sensitive detector, and a signal processor. The signal processor gathers, amplifies, 

and displays while the transducer creates a matching signal. A sensitive detector primarily 

responds selectively to the particular analyte. An electrochemical sensor is a type of sensor that 

produces an electrical signal in response to changes in the target material. The traditional three-

electrode system is employed in electrical analysis and detection. Carbon, metal oxide, and 

metal are used to create the working electrode. For analysis and better selectivity, electrodes 

are coated with functional nanomaterials. Cyclic and square wave voltammetry are generally 

used electrochemical techniques to identify the target molecules successfully. 

Glucose, the primary source of energy, is one of the most common polysaccharides in 

nature.  People's health might suffer from hypoglycemia as well as hyperglycaemia. People 

with hypoglycemia will experience hunger, palpitations, or even pass out, whereas those with 

hyperglycaemia have a slightly higher chance of developing diabetes. Additionally, one of the 

metrics to gauge a fruit or vegetable's quality and serve as a guide for farming is the evaluation 

of its glucose content. It is clear from the description above that accurate, quick, easy, and real-

time glucose testing is crucial for clinical diagnosis, the food sector, and other industries [182]. 

Diabetes is a dangerous chronic illness that significantly contributes to disability and 

mortality. Therefore, it is crucial to assess and manage glucose levels. Electrochemical and 

analytical detection methods are the two techniques used to detect glucose. Electrochemical 

detection methods are superior to analytical techniques like optical, chromatographic, 

colourimetric, and others because of their low cost, high sensitivity, accuracy, portability, and 

ease of manufacture. The electrochemical methods for detecting glucose rely on the catalytic 

activity of an enzyme that has been immobilized, where the primary requirement is the enzyme 
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has to regenerate rapidly and methodically [183, 184]. There are two types of electrochemical 

glucose sensors.  

a) Enzymatic glucose sensor – The first enzymatic glucose sensor invented by Clark and 

Lysons had drawbacks due to its sensitivity towards temperature, pH, humidity, chemicals, 

high cost, and limited stability. In this class of sensors, glucose dehydrogenase (GDH) and 

glucose oxidase (GOx) are the enzymes used commonly. While GOx is more stable than other 

enzymes and highly selective for glucose molecules, it promptly becomes inactive above pH 8 

or below pH 2. At higher temperatures, it can suffer irreparable damage. Surfactants, such as 

sodium-dodecyl sulphate at low pH and hexadecyltrimethyl ammonium bromide at high pH, 

have a sensitive effect on it. The sensors based on GOx can be significantly impacted by 

exposure to fluctuating humidity. GDH, with a higher activity than GOx, is more often utilized 

with pyrroloquinoline quinone (PQQ) and adenine dinucleotide (FAD). Maltose and galactose, 

however, can influence blood glucose monitors that employ GDH-PQQ. In contrast, GDH-

FAD is not sensitive to oxygen and maltose, whereas they are responsive to a different sugar 

with comparable activity to glucose, that is, xylose. According to reports, GDH systems exhibit 

inaccuracy in the observed glucose level because they react differently to maltose and xylose 

than GOx systems [185]. 

b) Non-enzymatic glucose sensor – These fourth-generation glucose sensors use 

nanostructured metals and metal oxides as electrodes to directly electro-oxidize glucose, 

resulting in significant electrocatalytic activity towards glucose. These are preferred over 

enzymatic glucose sensors due to simple manufacturing, excellent chemical and thermal 

stability, repeatability, and cheap cost.  

 For electrochemical glucose sensing, the three-electrode system, consisting of (i) 

counter electrode (CE), (ii) reference electrode (RE) and (iii) working electrode (WE), is often 

used to perform the electrochemical approach for the measurement of glucose concentration. 

The first circuit, made up of the WE and the CE, is utilized to measure current and potential 

accurately. The second circuit, on the other hand, is for the loop of measuring the potential 

between the WE and the RE. The experimental setup is shown in Figure 1.7.  
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Figure 1.7. Experimental setup for glucose sensing. 

Many electrochemical methods, such as amperometry, electrochemical impedance 

spectroscopy (EIS), linear sweep voltammetry (LSV), cyclic voltammetry (CV), etc., are 

frequently used to find and quantify the glucose in the electrolyte. The CV is typically used in 

investigations of glucose sensors to characterise the glucose-sensing materials and to 

investigate the responses at WE by electroactive materials. Since impedence measures the 

effectiveness of electron transfer, EIS is another simple way to evaluate the conduct of 

materials as sensing electrodes. A constant electric potential is applied and corresponding 

current response is evaluated as a function of time in amperometric measurements. They are 

often used for evaluating the performances and gaining information on the rapid response of 

glucose-sensing materials. First, the sensitivity can be studied by continually adding glucose 

to the electrochemical setup while maintaining the potential at WE constant. Second, the 

selectivity of sensing material is analyzed by adding glucose along with interfering molecules 

into the electrochemical cell [186]. 

1.6.5.1. Mechanism of non-enzymatic glucose sensing 

The occurrence of electrochemical oxidation processes of glucose by electroactive materials 

leading to the passage of electrons, which is then detected by an external circuit, is the basic 

concept of glucose sensing. The mechanism for non-enzymatic glucose sensing can be 

explained using two concepts: a) Activated Chemisorption Model, which is the first model 
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proposed by Pletcher in 1984 (figure 1.8) and b) Incipient Hydrous Oxide Adatom Mediator 

Model (IHOAM), which is the second model, proposed by Bruke and his co-workers in 1994 

(figure 1.9). According to Activated Chemisorption Model, the mechanism of electrochemical 

glucose oxidation is as follows [185, 186]: 

a) Glucose adsorption on the surface of electroactive material. 

b) Simultaneous weak bond formation between adsorbed glucose and electroactive material 

and abstraction of hydrogen connected to hemiacetal carbon. 

c) Simultaneous weak bond formation between both hemiacetal carbon and abstracted 

hydrogen to the electrode surface and bond breakage between hemiacetal carbon and hydrogen. 

d)  Desorption of dehydrogenated glucose molecule. 

 

Figure 1.8. Mechanism of electrocatalytic oxidation of glucose according to Activated 

Chemisorption Model. 

 According to the Incipient Hydrous Oxide Adatom Mediator Model, the 

electrochemical glucose oxidation can be explained as follows:  

a) An incipient hydrous oxide (M-OH) is formed when hydroxide ion present in the electrolyte 

gets adsorbed onto the material surface. 

b) The hydrous oxide formed oxidise glucose to gluconolactone, which can be further oxidised 

to Gluconic acid in presence of OH
-

 ion and get reduced to metallic state. 
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Figure 1.9. Mechanism of electrocatalytic oxidation of glucose according to Incipient Hydrous 

Oxide Adatom Mediator (IHOAM) model. 

 Attempts are being made to develop non-enzymatic glucose sensors inorder to address 

the shortcomings mentioned above of conventional enzymatic sensors. Numerous metals, like 

Au, Pd, and Pt, along with oxides, sulphides, and selenides of Ni, Zn, Ti, Fe, Cu and Co, 

bimetallic complexes, carbon compounds, and polymers have been studied for their ability to 

oxidize glucose. Ye et al. have compared the electrocatalytic activity of controlled 

monometallic Pd nanocubes and uncontrolled polyhedral Pd nanoparticles [187]. Cu/reduced 

graphene oxide was synthesised and employed as a glucose sensor by Phetsang et al. Arif et al. 

have synthesised Ag@TiO2@MOF (ZIF-65) and applied it for glucose sensing [188]. 

The materials such as NiO hollow spheres, CuO nanowires, Pd nanocubes, Fe2O3 

nanowire arrays, NiO-Ag nanofibers AgNPs/CuO nanofibers, and Au@Cu2O core-shell 

structure possess the potential to improve certain performance characteristics, including long-

term stability, selectivity and detection sensitivity [186]. Similarly, employing NiSe2 is a good 

option for electron transfer-assisted sensing applications due to its distinctive electrochemical, 

optical and physical characteristics, including excellent surface-to-volume ratio, narrow 

bandgap, high mobility of charge carriers, inherent electrical conductivity, and resistance to 

chloride poisoning [188, 189]. CoSe2 is also a valuable material for sensing applications owing 

to its quick electron transfer capability [190, 191]. 
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1.7. Scope of Thesis  

1.7.1. Definition of problem 

Capping agents are organic moieties employed during the production of nanoparticles 

to prevent nanoparticles from aggregation and precipitation. They also control their growth, 

possibly introducing surface functionalization and stability. Stabilizers, passivating agents and 

protective agents are some of the characteristic names for these organic surfactant compounds. 

These compounds are essential for building nanoparticles because they preserve the surfaces, 

regulate particle size and development rate, and make the particles soluble in various solvents. 

The capping agent must have enough mass to avoid agglomeration and be tiny enough to 

passivate the surface. Balancing these two necessities makes an ideal capping agent.  

The capping agents generally consist of a head group with elements having a lone pair 

of electrons which helps in the passivation of the surface of nanoparticles, and a tail group with 

a long alkyl chain which gives the materials their solubility. Different modes of capping are 

observed during synthesis. (1) Passivation, in which passivating agents like polymers and 

organic molecules form a thin insulating protection layer. (2) Stabilization, by supplying 

electrostatic and/or steric repulsions between the particles, the stabilizing agent inhibits the 

aggregation of nanoparticles in the reaction media. (3) Functionalization, in which capping is 

done by organic polymer, with inorganic salts and compounds having heteroatoms, to attain 

specific activity or selectivity according to the applications.  

The close contact among the particles decides the characteristics of the materials. A 

detailed examination of every synthetic technique previously described reveals the addition of 

some organic or polymeric molecules to regulate the particle size during the synthesis of 

nanoparticles. These organic molecules serve as a capping for the particles, and they are not 

fully eliminated after the process. These non-active components, or residual substances, cause 

an inorganic-organic interference. These inorganic-organic interfaces created by capping 

agents affect the characteristics of these materials. Examples include: 

 It prevents interfacial electron transfer. 

 They are lowering charge mobility. 

 Blocking active spots on the surface of materials impacts their catalytic capabilities. 
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 Since they are difficult to detach from nanoparticles, their non-biodegradable nature 

might add to their toxicity when used in biomedical applications.  

Earlier, our group developed a surfactant-free method to create colloidal nanocrystals 

to get around the issue of undesired organic moieties. For this purpose, we used 

hexamethyldisilazane (HMDS), which served dual functions by acting as a stabilizing agent 

and a reductant.  In addition, it also served a primary function as a reaction medium. In the 

reaction, metal chlorides were selected as metal precursors due to their solubility in HMDS, 

whereas sulphur, selenium and thiourea were employed as chalcogenide sources. The 

generation of trimethylsilyl groups drove the reaction. We have also determined the formation 

of polymeric [SN(SiMe3)]x as an intermediate in this reaction.  This polymeric intermediate 

helped prevent the aggregation of nanoparticles during the reaction. Many nanoparticles like 

CuS, Ni3S4, Bi2S3, CdS, In2S3, and CuS/CdS were synthesised successfully using the HMDS-

assisted method. When those materials were subjected to various applications, they fared better 

as catalysts or photo-responsive substances [192]. The general mechanism of the 

hexamethyldisilazane (HMDS)–assisted method can be illustrated as shown in the scheme 

below. 

 

 

Scheme 1.34. General reaction mechanism of HMDS-assisted synthesis of nanomaterial 

1.7.2. Aim of current work 

In our current work, we have successfully synthesised several binary, ternary metal 

chalcogenides as well as composites with excellent catalytic characteristics utilising the 

HMDS-assisted synthetic technique. No further stabilizers are needed because HMDS served 
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as the only reaction medium, stabilising agent, and reductant in each reaction. We were able to 

remove any unreacted HMDS and precursor contaminants from our reaction mixtures by 

washing the components with organic solvents and applying a vacuum after the reactions.  

In the current work, we are successful in producing a variety of highly crystalline and 

high purity grade nanomaterials, including ZnS, Transition metal doped ZnS (M: ZnS) where 

M = Cu, Ni, Cd, Bi, Mn, AgBiS2, with and without polyethylene glycol and oleic acid / 

oleylamine as surfactants. We have also produced SnS2 with and without polyethylene glycol, 

NiSe2, CoSe2 and their composite NiSe2/CoSe2. We observed that the HMDS-assisted method 

produced nanomaterials with improved characteristics compared with materials with organic 

capping agents. In this thesis, we provided photocatalytic dye degradation (RhB, MB), 

anticancer and antibacterial activity, and non-enzymatic glucose sensing, all catalysed by 

surfactant-free nanomaterials. A detailed study of the effect of bare surfaces on nanoparticles 

in different fields of applications is examined and described in the thesis. 
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Abstract 

The materials showing multiple applications are appealing for their practical use and industrial 

production. To realize the suitable property for various applications, we have produced ZnS 

(sf-ZnS) and metal-doped ZnS nanoflakes (sf-m-ZnS; where m = Cu, Ni, Cd, Bi, or Mn) and 

correlated their activity with bandgap variation. We obtained all these materials via 

hexamethyldisilazane (HMDS)-assisted synthetic method without using any surfactants, 

polymers, or template molecules and characterised them thoroughly using various techniques. 

Photocatalytic, as well as antibacterial activities of these materials, shown their bifunctional 

utility. We have demonstrated the effect of doping and consequent extension of absorption 

band to the visible region and resultant improved photocatalytic activity under sunlight. Thus, 

the change in bandgap influenced their performance as photocatalysts. Among all materials 

produced, sf-Cd-ZnS provided superior results as a photocatalyst while degrading two organic 

pollutants - Rhodamine B (RhB) and Methylene blue (MB) in water. The antibacterial activity 

of sf-ZnS and sf-m-ZnS against Gram-positive bacteria, i.e., Staphylococcus 

aureus (S. aureus), was examined by the Zone of inhibition method, wherein sf-Ni-

ZnS showed maximum activity. The enhanced activity of these ZnS materials can be attributed 

to the free surface of nanoparticles without any capping by organic molecules, which provided 

an intimate interaction of inorganic semiconductor material with organic and biomolecules. 

Thus, we have demonstrated modification of properties both by bandgap tuning of materials 

and providing the opportunity for intimate interaction of materials with substrates. The 

photocatalytic activity and antibacterial action of metal-doped ZnS produced by our method 

exhibited their potential for environmental remediation, specifically water purification.  
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2.1. Introduction 

Rapid growth in population and industrialization have resulted in vast pollution to the 

environment and water, leading to a severe threat to the endurance of human beings [1, 2]. 

Photocatalysis is a light-driven chemical process and is a much-needed process for our society's 

well-being in terms of water purification, water splitting, and other photocatalytic applications. 

The photocatalysis process is helpful for the degradation of contaminants on the surface of the 

photocatalyst. There is an increasing need to control chemical and bacterial contaminations in 

water that originate mainly from chemical, textile, printing, plastics, papers, food, cosmetic, 

drugs and healthcare industries. Photocatalysts play a crucial role in the degradation of water 

pollutants that have fatal effects on humans. Though many methods such as coagulation, 

biodegradation, and photocatalysis have been used for water purification, photocatalysis is 

proved to be lethal for the degradation of pollutants like organic dyes (RhB and MB) [3, 4]. 

Several semiconductor photocatalysts such as metal oxides, metal hydroxides, sulphides, 

metal-free semiconductors have been used for water purification. Many of them worked well 

because of their high surface to volume ratio and quantum confinement effect [5, 6, 7]. 

 After the pioneering work of using the environmentally friendly and economical 

process of photocatalytic splitting of water on TiO2 electrodes by Honda and Fujishima, the 

focus on preparing II-VI semiconductor nanomaterials received widespread attention for their 

application in phosphors, electroluminescence devices, light-emitting displays and optical 

sensors. Among many semiconductors, zinc sulphide (ZnS) is studied extensively by 

researchers for [3, 5, 7-17] versatile applications in many fields like photonics, 

electroluminescence, nonlinear optical devices, infrared windows, and as sensors. ZnS is an II-

VI semiconductor material at room temperature with a wide direct bandgap (3.5–3.8 eV), and 

it possesses high exciton binding energy (40 meV) and is less toxic. Therefore, it can be used 

in the short wavelength region (UV, blue, green) of the electromagnetic spectrum for 

optoelectronic applications [11]. It is also a phosphor material with electroluminescent and 

photoluminescent properties and shows size-dependent electrical and photoluminescent 

properties, which are useful in the fields of sensors, displays and lasers [5, 7, 18].  

Theoretically, ZnS possess a much higher capability of photo-carrier generation than 

TiO2 due to the direct bandgap. However, its wide bandgap energy restricts the absorption of 

the visible light reducing its usability as a photocatalyst. At the same time, the large bandgap 

favours it to host any metals ions. By incorporating the transition metal dopants on the ZnS 
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material with different loadings, it is possible to tune the absorption capacity from the UV- 

region to the Visible region. Therefore, many studies were directed on improving its properties 

by doping process where the transition metals doped ZnS are prominent [3-5, 7, 9-12, 15, 17, 

19]. Since these materials have comparable surface atoms to those in the crystal lattice, their 

chemical and physical properties differ from bulk. In addition, luminescent centres are formed 

by doping ions, resulting in their luminescent property [5, 8]. The role of these dopants is to 

create charge carrier traps which result in enhanced photocatalytic activities [3, 17]. 

While acting as a photocatalyst, ZnS has also shown potent biological applicability, 

particularly the antibacterial activity. According to the Infectious Disease Society of America 

(IDSA), the threatening bacterial species exhibiting rapid growth of antibiotic resistance 

include Staphylococcus aureus (S.aureus), Pseudomonas aeruginosa (P. aeruginosa) and 

Enterobacter species. The Methicillin-resistant Staphylococcus aureus caused a large number 

of deaths worldwide [20]. Therefore, more effective antibiotics are to be developed to 

overcome the resistance of S.aureus. The effect of doping ZnS in its antibacterial activity 

against gram-positive bacteria S.aureus has also been studied and evaluated by the zone 

inhibition method [15, 18, 21]. These materials are popularly used in medical diagnostics since 

they are non-toxic, biocompatible, and biosafe [22, 23]. 

 

Figure 2.1. Schematic representation of interaction of surfactant free and stabilized 

nanoparticles 

Different transition metals have been doped into ZnS through different methods of 

preparation for potential applications. While the unhindered mobility of charge is an essential 

characteristic, the toxicity of materials used is deciding factor for biological activity.  The 

intimate contact of active catalytic materials with polluting molecules for their degradation and 

inhibition of bacterial growth is much needed for efficient catalytic activities. Many synthetic 

methods of ZnS and its doping processes involve using long-chain organic molecules as 

surfactants to assist in controlling the growth process of nanoparticles. These molecules form 
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a layer between the active materials and the substrates, such as dye needing decomposition or 

bacteria required to be inactivated (Figure 2.1). Sometimes these surfactant molecules may be 

toxic to humans and also inhibit charge mobility. There are few reports on stripping these 

surfactants by post-synthetic methods such as ligand exchange reactions and annulation. 

Though these methods are somewhat effective, they do leave some impurities, and many of 

them involve multistep preparation processes.  

This chapter aims to tune the absorption capacity of pure zinc sulphide (UV-region) to 

visible-region by having transition metal ions as dopants and providing unhindered movement 

to the charge carriers. In this chapter, the high pure surfactant-free ZnS nanoparticles (sf-ZnS) 

and surfactant-free metal doped ZnS nanoparticles (sf-m-ZnS; where m = Cu, Ni, Cd, Bi, or 

Mn) were prepared with the tuneable bandgap, which showed excellent photocatalytic and 

antibacterial properties. The materials were synthesised by a simple one-pot reaction utilizing 

hexamethyldisilazane (HMDS) assisted synthesis method, wherein HMDS played a multi-role 

such as solvent and a capping agent [24, 25, 26, 27, 28]. There are no previous reports on the 

preparation of metal-doped ZnS using this method. The reactions yielded high pure materials 

without any organic molecules in their surroundings. Various analytical and spectroscopic 

techniques are used to characterise the sf-ZnS and sf-m-ZnS nanoparticles. The materials were 

tested for the photocatalytic degradation of organic dyes (RhB and MB) to explain clearly the 

impact of doping on ZnS nanoparticles. Besides photocatalysis, the effect of doping was 

studied through its action against the gram-positive bacteria- S. aureus. This chapter, therefore, 

provides a way of tuning the properties of wide bandgap semiconductors and their impact on 

the degradation of environmental pollutants and health hygiene. 

2.2 Experimental 

2.2.1. Materials required 

Zinc chloride (ZnCl2), thiourea, hexamethyldisilazane (HMDS), copper chloride (CuCl2), 

nickel chloride (NiCl2), cadmium chloride (CdCl2), bismuth chloride (BiCl2), and manganese 

chloride (MnCl2) were purchased from Sigma Aldrich. All chemicals were used without any 

further purification. 

2.2.2. Preparation of ZnS by HMDS-assisted method 

Hexamethyldisilazane (HMDS)-assisted method (Scheme 2.1) was utilized to synthesise ZnS 

nanoparticles. Zinc chloride (200 mg, 1.4 mmol), thiourea (106 mg, 1.4 mmol) (1:1 
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stoichiometric ratio), and excess HMDS (5 ml) were taken in a flask, and the mixture was 

heated to about 140 °C for 6 h under nitrogen (flow) atmosphere. After the reaction was 

completed, high vacuum was applied to remove excess HMDS and other gaseous side products. 

The residue was washed repeatedly with distilled water and acetone. The collected product (sf-

ZnS) was dried in an oven at 70 °C for 24 h. 

 

2.2.3. Preparation of metal doping of ZnS (sf-m-ZnS) 

To prepare metal doped ZnS, metal chloride (5% loading) was added to the reaction mixture 

of zinc chloride, thiourea, and HMDS. The rest of the reaction conditions and workup were 

similar to the one discussed for ZnS. Likewise, the other metal doped zinc sulphides (sf-m-

ZnS; where m = Cu, Ni, Cd, Bi, or Mn) (9 mg of CuCl2; 9 mg of NiCl2; 14 mg of CdCl2; 24 

mg of BiCl3; and 9 mg of MnCl2) were also prepared following the above prescribed procedure. 

 

2.2.4. Instrumentation 

XRD patterns of sf-ZnS and sf-m-ZnS 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) measurements with Cu Kα radiation in a 2θ range from 10 ˚ to 

80 ˚. The synthesised sf-ZnS and sf-m-ZnS materials were made into suspension in ethanol by 

sonicating for 2-3 min. The suspension was drop-casted 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 of sf-ZnS and sf-m-ZnS particles. The morphology 

(FESEM) of sf-ZnS and sf-m-ZnS materials and Energy Dispersive Spectroscopy (EDS) were 

studied using an Ultra 55 Carl Zeiss instrument at an operating voltage of 10 kV. JASCO 5300 

spectrophotometer was used to record the Fourier transform infrared (FT-IR) spectra (KBr 

pellet) of sf-ZnS and sf-m-ZnS materials. The optical properties of sf-ZnS and sf-m-

ZnS materials were confirmed by studying the UV/Vis absorption spectra of samples in the 

solid and liquid states (for photocatalysis) using JASCO-V770 UV/Vis spectrometer, wherein 

barium sulphate was used as the filler. The lifetime studies were performed using MicroTime 

200 resolved confocal fluorescence setup from PicoQuant equipped with an inverted 

microscope, a 485 nm pulsed laser source used for excitation. 
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2.2.5. Photocatalytic degradation of organic dyes 

Rhodamine B and Methylene blue are the dyes chosen as pollutants in our study. The 

corresponding wavelength used for Rhodamine B and Methylene Blue are 554 nm and 663 nm 

respectively. Stock solutions of dyes [Rhodamine B (RhB) and Methylene blue (MB)] were 

prepared by adding 10 mgL-1 of dye in deionized water for the study of catalytic activity.  From 

this stock solution, 60 ml was taken in a beaker. The photocatalyst powders (Doped and 

undoped ZnS), 30 mg was added to the solution, and 3 ml of solution was taken in a specific 

interval of time. The sample was centrifuged at 2500 rpm for 5 min, and its UV-Vis spectrum 

was recorded to identify the degradation of dye. The observed decrease in intensity of 

absorption peak represented the degradation. The rate of decolourization of the solution was 

measured as the decrease in absorbance. The decolourization efficiency is calculated using the 

formula given below.  

𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  (
C0−Ct

C0
) × 100, where Co is amount of dye at zero time, Ct is 

the amount of dye at time t.  

2.2.6. Antibacterial activity test 

The antibacterial activity of ZnS and metal-doped ZnS has been evaluated through the Zone 

inhibition method in agar medium. The liquid agar medium was sterile at a temperature of 121 

°C. It was poured into the petri dish, 20 ml/plate, and was allowed to solidify. Filter papers of 

0.5 – 0.6 cm in diameter were cut using a sterile borer. Nanoparticle solutions with 

concentration 2, 5, 10, 15, 20 mg/ml were delivered to the filter paper discs leaving 5-10 min 

for semi- dry. As a positive-standard control, Gentamicin discs consisting of the concentration 

of 2, 4, 8 and 10 µl (from the stock solution of 2 mg/4 ml) were used to determine the sensitivity 

of microbial species. 100 µl of bacterial inoculums (1 O.D at 600 nm wavelength of 

staphylococcus aureus containing 8.3×10⁸ CFU/ml) were used to spread for each solidified 

agar plate. The inoculated plates were incubated at 37 °C for 12 h and 24 h. To evaluate the 

antibacterial activity, the diameter of the inhibition zone of tested bacteria was measured in cm. 

After 12 h and 24 h, the inhibition zone was examined. 
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2.3. Results and discussion 

2.3.1. Preparation and characterisation of ZnS and metal doped ZnS 

We have chosen the HMDS-assisted synthetic method to produce ZnS without organic 

surfactants (sf-ZnS) and metal-doped ZnS (sf-m-ZnS) to obtain high pure materials. When 

ZnCl2 was reacted with thiourea in an excess amount of HMDS, we obtained sf-ZnS. When 

the same reaction was conducted in the presence of other metal sources (Zn:metal ratio 

=0.95:0.05), metal-doped ZnS were obtained. The possibility of getting a series of metal-doped 

ZnS by systematically changing the metal sources showcased the control and the versatility of 

the synthetic method. Earlier, we postulated the mechanism of this HMDS-assisted reaction as 

occurring via the formation of a polymetric intermediate. The intermediate formation was 

confirmed earlier by time-dependent 31Si NMR spectral studies and GPC data of partially 

purified air and moisture sensitive intermediate. This intermediate would form on the 

interaction of thiourea and HMDS and then surround the metal chloride. The interaction of this 

intermediate with chloride would produce trimethylsilyl chloride. When we monitored the pH 

of the reaction every one hour, it remained around seven and did not change considerably as 

the reaction progressed even after six hours. This observation indicates the leaving of hydrogen 

gas rather than H+ ions from HMDS and thus rule out the formation of H2S gas as an 

intermediate. Also, since pH was not increasing towards the basic, the formation of NH3 in this 

reaction is ruled out. All these observations suggested that hydrogen and nitrogen from HMDS 

are leaving as H2 and N2 gases. Scheme 2.1 depicts the overall reaction. In all these reactions, 

HMDS played a dual role as solvent and surfactant during synthesis, but not a part of the 

product. Therefore, these reactions are termed HMDS-assisted reactions. 

ZnCl2 + SC(NH2)2 + excess HNSi(Me3)2 → 

→ [−S − N(SiMe3) −] ⋯ ZnCl2 → 

→ ZnS + (Me3)SiCl + N2 + H2 

Scheme 2.1. Formation of zinc sulphide via HMDS-assisted reaction. 

The crystalline structure and grain size are obtained from powder X-ray diffraction. The 

PXRD pattern (Figure 2.2) shows the Bragg’s reflection peaks at 2θ of 28.68 °, 47.70 °, 56.47 

°analogous to the planes (111), (220), and (311), which are the planes of cubic phase zinc 

blende (ZnS) (JCPDS-05-0566) [9]. We have noticed the shift in the peak positions in the 

PXRD pattern of doped ZnS due to the small dissimilitude in ionic radii of doped ions [14]. 
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However, the peak pattern remains the same for all samples, indicating no crystal structure 

disturbances, showing that the metal ions are inside the lattice. Also, no impurity phases were 

observed within the resolution limits of the diffractometer [9]. The small changes in Full width 

at half maximum (FWHM) are due to the changes in the radius of metal atoms doped [16]. 

 

Figure 2.2. PXRD patterns of as synthesised sf-ZnS and sf-m-ZnS (m= Cu, Ni, Cd, Bi and 

Mn) nanoparticles. 

2.3.2. Effect of doping on morphology and optical property 

The effect of doping on the size and shape of ZnS nanoparticles can be observed in electron 

microscopic images [Figure 2.3 (SEM) and Figure 2.4 (TEM)]. The SEM and TEM images 

revealed that all the synthesised particles exhibited nanoflakes morphology. There was a 

variation in thickness of nanoflakes as seen in SEM images attributed to doping. The average 

particle size of nanoparticles has been calculated (Figure 2.3). The analysis revealed the 

average particle size as 119 nm for the sf-ZnS, 115 nm for the sf-Cu-ZnS, 124 nm for the sf-

Ni-ZnS, 98 nm for the sf-Cd-ZnS, 112 nm for the sf-Bi-ZnS and 137 nm for the sf-Mn-ZnS. 

Recorded elemental mapping of doped and undoped samples confirmed the homogeneous 

distribution of doped elements in Figure 2.5. The SAED patterns (Figure 2.4-inset) shows three 

broad diffused rings for ZnS due to the smaller size of particles, whereas the spots in SAED 

pattern for the doped sample shows the crystalline nature. The three rings in the SAED pattern 
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are corresponding to the planes (111), (220), (311) [5, 29-34]. The PXRD pattern supports 

these observations as well. 

 

Figure 2.3. FESEM images of as synthesised surfactant free ZnS and transition metal doped 

ZnS nanoflakes and also presented the calculated average particle size distribution of 

nanoflakes (inset) (a) sf-ZnS (b) sf-Cu-ZnS (c) sf-Ni-ZnS (d) sf-Cd- ZnS (e) sf-Bi-ZnS and 

(f) sf-Mn-ZnS. 

 

Figure 2.4.  TEM and SAED patterns (inset) of (a) sf-ZnS, (b) sf-Cu-ZnS, (c) sf-Ni-ZnS, (d) 

sf-Cd-ZnS, (e) sf-Bi-ZnS, and (f) sf-Mn-ZnS. 



66 
 

 

Figure 2.5. EDS elemental mapping of (a) sf-ZnS (b) sf-Cu-ZnS (c) sf-Ni-ZnS (d) sf-Cd-ZnS 

(e) sf-Bi-ZnS (f) sf-Mn-ZnS. 

Optical properties of the synthesised sf-ZnS and transition metal doped sf-ZnS 

nanoflakes were examined by UV–vis spectroscopy. Solid-state spectra were recorded to 

understand the optical properties, which showed a broad absorption. E-gap spectra (Figure 2.6) 

calculated from DRS spectra (Figure 2.7) for undoped and cadmium doped zinc sulphide 

nanoparticles showed a blue shift in absorption after doping. For an efficient photocatalyst, the 

conduction band should be more negative, which zinc sulphide fulfils. However, ZnS has a 

wide bandgap that helps to absorb only UV light and not the visible light where doping becomes 

necessary. When zinc sulphide is doped with transition metal ions, there creates a dopant level 

that acts as an electron-hole trap site between the fundamental energy level and thus helps 

decrease the HOMO-LUMO gap than that of undoped zinc sulphide. While doping, an 

exchange interaction occurs between valence band sp electrons and localized d electrons of 

doped ions [16] as observed in UV-Vis spectra and bandgap spectra. Among the doped metal 
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ions, sf-Cd-ZnS has the lowest bandgap (3.441 eV), the lowest among the reported works. 

This observation highlights the effect of doping on ZnS nanoparticles and the efficiency of the 

HMDS-assisted method, which helped to synthesise capping agent-free nanoparticles with 

control in size. Similarly, the bandgap calculated for Cu, Ni, Bi and Mn-doped ZnS are 

displayed (Figure 2.7, Table 2.1) variation in their bandgap compared to pure ZnS. A fine-

tuning in the bandgap resulted in the change in absorption capacitance from UV to the visible 

region, enhancing the overall photocatalytic activity. 

 

Figure 2.6. Bandgap calculations of (a) sf-ZnS (b) sf-Cu-ZnS (c) sf-Ni-ZnS (d) sf-Cd-ZnS 

(e) sf-Bi-ZnS (f) sf-Mn-ZnS. 

 

Figure 2.7. DRS spectra of (a) sf-ZnS (b) sf-Cu-ZnS (c) sf-Ni-ZnS (d) sf-Cd-ZnS (e) sf-Bi-

ZnS (f) sf-Mn-ZnS. 
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2.3.3. Effect of metal doping on photochemical degradation of dyes using zinc sulphides 

Photocatalysis is a well-established technology for environmental remediation. The doped ZnS 

photocatalysts exhibited excellent photocatalytic efficiencies since the high conduction band 

of ZnS is maintained even after doping [35]. Apart from the bandgap tuning, the HMDS-

assisted method provided metal doped ZnS without any organic insulating agent at the 

immediate surroundings of the particles.  We tested the degrading abilities of these materials 

by measuring the absorbance dye solutions (RhB and MB) (Figure 2.8 and 2.9) and calculating 

the rate constants of degradation reactions (Table 2.1).  

 

Figure 2.8. Photodegradation of Rhodamine B dye solution for (a) sf-ZnS (b) sf-Cu-ZnS (c) 

sf-Ni-ZnS (d) sf-Cd-ZnS (e) sf-Bi-ZnS (f) sf-Mn-ZnS. 
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Figure 2.9. Photodegradation of Methylene blue dye solution for (a) sf-ZnS (b) sf-Cu-ZnS 

(c) sf-Ni-ZnS (d) sf-Cd-ZnS (e) sf-Bi-ZnS (f) sf-Mn-ZnS. 

The plots of change in concentration of dyes versus time in the presence of various 

catalysts showed that the dye degradation followed first-order kinetics. The rate of dye 

degradation reaction was low (-2.345 ×10 ̄ ² min-1 for RhB and -6.23 ×10 ̄ ² min-1 for MB) when 

undoped ZnS nanoparticle catalyst, whereas the rate increased considerably with doping. While 

using sf-Cd-ZnS nanoparticles as the catalyst, an approximately 8-fold increase of reaction 

rate was observed (-18.6 ×10 ̄ ² min-1 for RhB and -28.23 ×10 ̄ ² min-1 for MB). The difference 

in their catalytic activity can be compared and illustrated as can be seen in Figure 2.10 and 2.11 

respectively. Similarly, the catalytic activity of Cu, Ni, Bi and Mn-doped ZnS is illustrated in 

Figure 2.12, 2.13 and 2.14. 
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Figure 2.10. (a) (C/C0) and (b) ln(C/C0) vs Time for degradation of Rhodamine B dye solution 

by sf-ZnS and sf-Cd-ZnS nanoflakes. 

 

Figure 2.11. (a) (C/C0) and (b) ln(C/C0) vs Time for degradation of Methylene blue dye 

solution by sf-ZnS and sf-Cd-ZnS nanoflakes. 

 

Figure 2.12. C/C0 vs Time (min) for a) Rhodamine B and b) Methylene blue dye solution 

respectively for sf-Cu-ZnS, sf-Ni-ZnS, sf-Bi-ZnS, sf-Mn-ZnS nanoparticles. 
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Figure 2.13. ln(C/C0) vs time for degradation of Rhodamine B dye for(a) sf-Cu-ZnS (b) sf-

Ni-ZnS (c) sf-Bi-ZnS (d) sf-Mn- ZnS. 

 

Figure 2.14. ln(C/C0) vs time for degradation of Methylene blue dye for (a) sf-Cu-ZnS (b) 

sf-Ni-ZnS (c) sf-Bi-ZnS (d) sf-Mn- ZnS.  
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We have performed few controlled experiments to highlight the importance of the 

photocatalysis using the least active sf-ZnS and highly active sf-Cd-ZnS. In the first reaction 

the degradation of dyes (Rh B and MB) was monitored in the absence of catalyst but in the 

presence of light (photolysis), while the second degradation reaction was conducted in the 

presence of catalyst in dark condition (catalysis). From the results (Figure 2.15.) it was clear 

that to degrade the chosen pollutants catalyst shows it efficiency only in presence of sunlight 

(photocatalysis).  

 

Figure 2.15. Controlled experiments performed for (a) Rhodamine B and (b) Methylene blue 

dye solutions.  

To know the morphological stability of the used catalyst, we have performed the 

FESEM analysis for the recycled catalyst and noted that the morphology of catalyst has been 

deformed after fifth cycle, which might be the reason for the decrease in the activity (Figure 

2.16). 

 

Figure 2.16. FESEM images of nanoflakes after fifth cycle for (a) sf-ZnS (b) sf-Cu-ZnS (c) 

sf-Ni-ZnS (d) sf-Cd-ZnS (e) sf-Bi-ZnS (f) sf-Mn-ZnS. 
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The metal doping creates impurity levels in the forbidden band, accommodating charge 

carriers and thereby increasing photocatalytic activity. Presumably, while doping with Cd, it 

maintained a relatively high conduction band compared to others, resulting in the best catalytic 

activity. The photocatalytic efficiency is related to the efficient separation of photo-induced 

electrons and holes. It appeared that the charge separation was effective in the case of Cd, 

which showed excellent catalytic behaviour. This explanation is supported by the lifetime of 

charge separation (Figure 2.17), where Cd doped ZnS showed a higher lifetime than other 

nanoparticles synthesised. 

Table 2.2 depicts the comparison of literature data on the photocatalytic performances 

of ZnS and doped ZnS-based photocatalysts to purify wastewater. To endorse our study, the 

results were compared with standard TiO2-P25 nanoparticles [36, 37]. Interestingly, sf-Cd-

ZnS was repeatedly used, and it showed good activity even after five cycles of degradation of 

both RhB and MB (Figure 2.18 and 2.19 for RhB and MB respectively). 

 

Figure 2.17. Plot of lifetime of (a) sf-ZnS (b) sf-Cu-ZnS (c) sf-Ni-ZnS (d) sf-Cd-ZnS (e) sf-

Bi-ZnS (f) sf-Mn-ZnS. 
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Table 2.1. Bandgap and rate constant determined for the photocatalytic degradation of dyes. 

Substance 
Bandgap 

(eV) 

Lifetime 

(ns) 

Rate constant value (min-1) 

Rhodamine B Methylene blue 

ZnS 3.58 2.47 -2.345 ×10-2 -6.23 ×10-2 

sf-Cu-ZnS 3.56 2.66 -7.254 ×10-2 -7.066×10-2 

sf-Ni-ZnS 3.53 2.68 -8.888×10-2 -10.01 ×10-2 

sf-Cd-ZnS 3.44 3.27 -18.6 ×10-2 -28.23 ×10-2 

sf-Bi-ZnS 3.49 2.90 -10.405 ×10-2 -14.69 ×10-2 

sf-Mn-ZnS 3.45 3.05 -12.584 ×10-2 -20.61×10-2 

 

The mechanism of degradation reaction is well-known in the literature. When sunlight 

falls on the semiconductor, the electrons from the valence band gets excited to the conduction 

band. While doping with metal ions, it creates intermediate trap states decreasing the bandgap. 

More electrons get excited to these states since less energy is needed for the excitation of 

electrons [19, 32-34, 38-47] and this will increase the number of charge carriers available for 

dye degradation, which results in increasing photocatalytic activity [3, 17]. As soon as electrons 

are excited to the conduction bands or trap states, holes are created in the valence band. These 

holes are taken immediately by water adsorbed on the catalyst surface to undergo oxidation 

and produce hydroxyl radical, OḢ. These hydroxyl radicals so produced oxidize the organic 

species (dyes) adsorbed on the surface of catalysts to simpler molecules, CO2, H2O. The 

electrons in the conduction band react with oxygen to produce anionic superoxide radical 

species O2
− ∙, which produces hydroperoxyl radicals, which in turn leads to the formation of  

𝐻2𝑂2and undergo dissociation to form 𝑂𝐻., which degrades the organic dyes present on the 

surface (Scheme 2.20). In the case of Cd, this process is happening at a faster rate and thus 

enhances the photocatalytic activity. In contrast, there is a decrease in activity in other cases 

due to the recombination of charge carriers, resulting in the unavailability of charge carriers 

for the dye to participate in photocatalysis. 
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Figure 2.18. Degradation cycle of Rhodamine B dye solution for (a) sf-ZnS (b) sf-Cu-ZnS 

(c) sf-Ni-ZnS (d) sf-Cd-ZnS (e) sf-Bi-ZnS (f) sf-Mn-ZnS. 

 

Figure 2.19. Degradation cycle of Methylene blue dye solution for (a) sf-ZnS (b) sf-Cu-ZnS 

(c) sf-Ni-ZnS (d) sf-Cd-ZnS (e) sf-Bi-ZnS (f) sf-Mn-ZnS. 
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Table 2.2. Photocatalytic performances of ZnS and metal doped ZnS-based photocatalysts 

for the waste water treatment. 

 

Type of 

Catalyst 

Pollutant 

concentration 

Amount of 

catalyst 

Time 

(min) 

Efficiency 

(%) 
References 

ZnS RhB 10mg/L 1000mg/L 30 -- 48 

PVP-ZnS MB 10mg/L 100mg/L 360 
65 

 
49 

Zn 0.2 Cd 0.8 S MB 10mg/L 1600mg/L 60 96 50 

ZnS MB 10mg/L 300mg/L 60 93 51 

ZnS RhB 10mg/L 750mg/L 210 82 52 

ZnS RhB 20mg/L 200mg/L 180 70 53 

ZnS MB 50mg/L 500mg/L 120 

 

 

78 

54 

Ni-ZnS MB 10mg/L 500mg/L 120 52 55 

Ni-ZnS RhB 10mg/L 500mg/L 180 87 56 

Mn-ZnS MB 5mg/L 
film in 

20ml 
180 99 57 

Cu-ZnS MB 10mg/L 
1000mg/L 

in 50ml 
300 100 58 

Cu-ZnS MB 10μM 
250mg/L in 

100ml 
60 74 17 

Sn - ZnS MB 20ppm 1000mg/L 180 93 45 

TiO2- P25 RhB 5mg/L 1000mg/L 300 22 36 

TiO2-P25 RhB 2.8 × 10−5M 1600mg/L 180 
 

96 
37 

sf-ZnS 
RhB 10mg/L 500mg/L 22 40 

Present work 
MB 10mg/L 500mg/L 20 74 

sf-Cd-ZnS 
RhB 10mg/L 500mg/L 9 98 

Present work 
MB 10mg/L 500mg/L 8 99 
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Scheme 2.2. Schematic illustration of energy band mechanism of photocatalysis by doped ZnS 

nanoparticles.  

2.3.4. The retarding effect of capping agents on photocatalysis 

The purpose of capping agents aimed for controlling the particle size in nano region, but 

impact, necessity and further consequences of those capping agents were decided based on 

targeted applications. Adverse effects of capping agents were elaborated in the introduction in 

Figure 2.1. The presence of capping agents decreases the communication between the particles, 

hinder the mobility of charge carrier. As we discussed in above sections, capping agents hide 

the active centers of absorption and leads to reduced surface area and simultaneously affects 

the catalytic activity and finally reduce device efficiency and catalyst activity. 

Photocatalysis is a surface phenomenon. In this area of research, capping agents plays a 

major role in the photodegradation of organic dyes, since they are at interface between dye 

molecules and catalyst surface. A reduction of visible emission spectra was observed for ZnO 

nanoparticles capped with capping agents such as Polyvinylpyrrolidone (PVP), hexamine, 

tetraethylammoniumbromide (TEAB), tetraoctlyammoniumbromide (TOAB) and 

cetyltrimethylammoniumbromide (CTAB) [59, 60, 61]. In support, the increase in 

concentration of humic acid as capping agent on ZnO decreased the photocatalytic efficiency 

of the catalyst, by trapping the electron generated by excitation of photocatalyst by humic acid 

[62, 63].  From our group [64], endorsed the surfactant free approach over the PVP stabilized 

SnS2 Nanostructures for the organic dye degradation and reduction of toxic heavy metals. The 
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electrons and holes created by the excitation of photocatalysts are not able to reach the surface 

due to the covering created by capping agent, which restricts the formation of superoxide 

radical anion and hydroxide radicals, which are the active species required for dye degradation. 

This ineptitude of active species formation decreases the photocatalytic activity of the 

photocatalyst. 

2.3.5. Antibacterial activity of metal doped zinc sulphides 

An earlier report [18] suggested that the sharp edges and corners of nanoflakes can cause 

breakage of the bacterial cell membrane, which releases the oxidation products to cause 

oxidation of protein and eventually leads to cell death [15, 65, 66]. The organic-free exposed 

surface of nanoflakes produced in our HMDS-assisted method could help to improve the 

adhesion between Staphylococcus aureus (S.aureus) bacteria and the nanoparticles. The 

antibacterial activity of ZnS and metal-doped ZnS against gram-positive S.aureus was studied 

by the zone of inhibition method. Figure 2.20 depicts the results of the antibacterial study at 

different concentrations of each nanoparticle synthesised. In these pictures of agar-agar plates, 

the zone of inhibition is visible around the ZnS materials. The results illustrate that as the 

concentration of materials increased, the zone of inhibition also increased (Figure 2.21 and 

2.22) and thus, the nanoparticle synthesised was effective against gram-positive bacteria 

(S.aureus).  

 

Figure 2.20 Agar–agar plates showing the zone of inhibition test results using the 

concentrations 2, 5, 10, 15, 20 mg/ml of (a) sf-ZnS, (b) sf-Cu-ZnS, (c) sf-Ni-ZnS, (d) sf-Cd-

ZnS, (e) sf-Bi-ZnS f) sf-Mn-ZnS for 12 h and (g) sf-ZnS, (h) sf-Cu-ZnS, (i) sf-Ni-ZnS, (j) 

sf-Cd-ZnS, (k) sf-Bi-ZnS, (l) sf-Mn-ZnS for 24 h. 
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Figure 2.21. Antibacterial activities of sf-ZnS, sf-Cu-ZnS, sf-Ni-ZnS, sf-Cd-ZnS, sf-Bi-ZnS, 

sf-Mn-ZnS for 12 h 

 

Figure 2.22. Antibacterial activities of sf-ZnS, sf-Cu-ZnS, sf-Ni-ZnS, sf-Cd-ZnS, sf-Bi-ZnS,  

sf-Mn-ZnS for 24 h. 
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It is clear that the metal-doped ZnS showed higher activity than the undoped ZnS. The 

Ni doped ZnS showed the highest activity among all doped ZnS. As explained in the existing 

reports, the nanoparticles like ZnS attack the cytoplasmic and extra-cytoplasmic targets when 

they enter through the bacterial membrane. This interaction results in the production of 

biologically reactive oxygen species (R.O.S) like superoxide anion (O2
−), hydroxyl ion (OH−), 

hydroxyl radicals (OH∙). In addition to this, the metal ions do have an affinity towards carboxyl 

(-COOH), amino (-NH2), thiol (R-SH) and imidazole (C3H4N2) groups present in the microbial 

membrane proteins, which cause a change in protein functions and nucleic acids of the targeted 

organism. These changes enhance the cell permeability, which in turn cause DNA damage and 

oxidation of protein, eventually causing cell death [15, 16, 65, 66]. The results of the present 

study limn the efficiency of Ni-doped ZnS as an antibacterial agent. 

2.4. Conclusion 

In summary, we have successfully produced surfactant-free ZnS (sf-ZnS) and metal-doped 

ZnS (sf-m-ZnS: m= Cu, Ni, Cd, Bi, Mn) nanoparticles using the HMDS-assisted method. The 

X-ray diffraction and SAED patterns confirmed the formation of the cubical phase of 

crystalline ZnS nanoparticles. The bandgap tuning of ZnS was achieved by doping with 

transition metals as confirmed through measurements of the optical property. The sf-Cd-ZnS 

exhibited higher photocatalytic activity among the other doped and undoped ZnS nanoparticles 

in degrading organic dyes (RhB and MB) under visible light. In the case of antibacterial 

activity, sf-Ni-ZnS showed higher activity against Gram-positive bacteria, Staphylococcus 

aureus. The absorption edge of the doped ZnS materials shifts to the lower energy region 

compared to pure ZnS. Simultaneously, the activity of the doped ZnS nanoparticles has 

increased a maximum of 8-fold for the photodegradation of organic dyes in comparison to 

undoped ZnS nanoparticles. Thus, this chapter highlights the impact of tuning the bandgap of 

wide bandgap semiconductor photocatalyst, ZnS and its application in industrial wastewater 

treatment and its role as an antibacterial agent.  
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Abstract 

Chemical Oxygen Demand (COD) is a critical parameter government agencies define to 

determine water quality. Various organic surfactant molecules are used as capping agents while 

producing nanomaterials to use as catalysts. To evaluate the impact of capping agent on 

nanocatalysts on water purification, nanoparticles with capping agent (PEG-SnS2, OLA/OA- 

AgBiS2) and without capping agent (sf-AgBiS2, sf-SnS2) were synthesised. The as-produced 

nanoparticles were examined using X-ray diffraction, scanning electron microscopy, 

transmission electron microscopy, absorption spectroscopy, and infrared spectroscopy to 

investigate their structural and optical features. The photodegradation of Rhodamine B (RhB) 

dye solution utilizing the nanoparticles was studied to assess the efficiency of the materials. 

COD of dye-contaminated water was measured before and after adding nanocatalysts. 

Interestingly, the materials without capping agents (sf-SnS2 and sf-AgBiS2) demonstrated 

higher degradation of Rhodamine B dye solution and exhibited the lowest COD value. This 

higher activity can be attributed to the availability of free active sites on capping agent-free 

materials. We have therefore underlined the significance of the hexamethyldisilazane (HMDS) 

- assisted approach demonstrating increased activity. 

  



90 
 

3.1. Introduction 

Water pollution is one of the major problems we face nowadays. The primary cause of water 

pollution is the usage of stable, structured, non-degradable toxic dyes by industries like textiles, 

pharmaceuticals, cosmetics, plastic, etc. [1-4]. Discharging these dyes to the water bodies by 

the industries depletes the water quality. Rhodamine B is one of the toxic dyes released by 

these industries [4]. Therefore, it is essential to treat them before discharging into water bodies. 

Recently many researchers have focused on the photocatalytic degradation of dyes in polluted 

water using semiconductor nanoparticles such as TiO2, ZnO, ZrO2, SrO2, ZnS, CuS, CdS, 

CuS/CdS, and Bi2S3 under sunlight [3-10]. Metal sulphides have gained attention due to their 

excellent photocatalytic behaviour.  

Various parameters are defined by Government agencies all over the world to evaluate 

the quality of water. Some critical parameters are; Chemical Oxygen Demand (COD), 

Biological Oxygen Demand (BOD), Total Organic Content (TOC), turbidity and pH of water. 

The COD is one of the reliable analyses, measuring oxygen required to oxidise the 

contaminants in water. When the water is contaminated, less light will penetrate the water body, 

inhibiting photosynthesis and decreasing the dissolved oxygen level. When the COD value is 

more, it indicates that the level of oxygen dissolved in the water for the oxidation of 

contaminants is less, which directly shows that the water is polluted [1, 3, 11, 12]. 

Various methods are available for synthesising semiconductor nanoparticles wherein 

complex preparation steps, elevated temperature and using different organic surfactant 

molecules as capping agents are involved [13-38]. However, some of these capping agents are 

toxic organic molecules [8, 10, 39, 40]. To eliminate these disadvantages, as discussed in the 

previous chapter, we have developed our hexamethyldisilazane (HMDS)- assisted one-pot 

synthesis method, where the process yields nanoparticles that are free from capping agents [5, 

7-10, 41, 42]. Also, we have been studying the effect of organic surfactant molecules as capping 

agents on the surface of nanoparticles on their various properties. This chapter aims to learn 

how the capping agent affects the catalysts in the water purification process. Since COD is one 

of the critical parameters of water quality, we have monitored it to understand the effect of 

organic surfactant molecules as capping agents on the nanocatalysts.  

For the present chapter, we have prepared surfactant-free SnS2 (sf-SnS2), polyethylene 

glycol coated SnS2 (PEG-SnS2), surfactant-free AgBiS2 (sf-AgBiS2), and oleylamine-oleic 

acid coated AgBiS2 (OLA/OA-AgBiS2) and tested for photocatalytic degradation of RhB dye 
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solution. The materials are characterised using analytical and spectroscopic methods. To 

monitor water quality after photocatalytic degradation using these materials, we measured the 

COD value before and after the degradation of the Rhodamine B dye solution. Herein, we 

highlight the role of a capping agent in decreasing catalyst efficiency in the water purification 

process and the advantage of using the HMDS method for synthesising surfactant-free 

nanoparticles as photocatalysts. 

3.2. Experimental  

3.2.1. Materials required 

Tin(IV) chloride (SnCl4.5H2O), Silver chloride (AgCl), Bismuth chloride (BiCl3), thiourea, 

Hexamethyldisilazane (HMDS), Oleylamine, Oleic acid and Polyethylene glycol-400 (PEG-

400), Ag2SO4, HgSO4, K2Cr2O7, Ferrous ammonium sulphate, Conc. H2SO4, ferroin indicator, 

and sulphamic acid were purchased from Sigma Aldrich. Rhodamine B (RhB) from Merck. 

The characterisation of product synthesised was done as discussed in Chapter 2. 

3.2.2. Preparation of sf-SnS2 by HMDS-assisted method 

Hexamethyldisilazane (HMDS)-assisted method, as illustrated in Scheme 3.1, was used to 

synthesise surfactant-free SnS2 nanoparticles by employing a one-pot method and conventional 

Schlenk line methods in an inert environment.  In an RB flask, surplus hexamethyldisilazane 

(5 ml) was added to the precursors of tin (SnCl4•5H2O = 0.200 g, 0.57 mmol) and sulphur 

(thiourea = 0.086 g, 1.14 mmol) taken in 1:2 ratio. The mixture was heated to about 140 °C for 

3 h in nitrogen atmosphere. High vacuum was used to eliminate extra HMDS and other gaseous 

side products once the reaction was completed. Multiple washes using distilled water and 

methanol were performed. The collected product (sf-SnS2) was dried under vacuum at 120 °C 

for 3 h. 

 

3.2.3. Preparation of PEG-SnS2 

To prepare PEG-SnS2, 10 ml, PEG-400 was mixed with the reaction mixture of tin chloride, 

thiourea, and HMDS with the same reaction conditions as discussed above (Scheme 3.2). The 

product (PEG-SnS2) was collected and dried under vacuum oven at 120 °C for 3 h. 

 

3.2.4. Preparation of sf- AgBiS2 by HMDS-assisted method 

To prepare sf-AgBiS2, AgCl (200 mg, 1.39 mmol), BiCl3 (440 mg, 1.39 mmol), and thiourea 

(212 mg, 2.79 mmol) were taken in a double neck in 1:1:2 ratio along with excess HMDS 
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(Scheme 3.3). The mixture was heated to 160 °C for 6 h under nitrogen flow. Once the reaction 

was completed, high vaccum was applied to eliminate excess HMDS. The residue obtained 

was repeatedly washed with deionised water and acetone. The product was collected and dried 

under vacuum at 120 °C for 3 h. 

 

3.2.5. Preparation of OLA/OA- AgBiS2 

To prepare OLA/OA-AgBiS2, AgCl (200 mg, 1.39 mmol), BiCl3 (440 mg, 1.39 mmol), and 

thiourea (212 mg, 2.79 mmol) were taken in a double neck in 1:1:2 ratio along with oleylamine 

(1 ml), oleic acid (5 ml). The mixture was heated to 120 °C for 6 h under nitrogen flow (Scheme 

3.4). The gaseous side products were removed by applying high vaccum. The residue was 

repeatedly washed with hexane and methanol. The product was collected and dried under 

vacuum at 120 °C for 3 h [43]. 

3.2.6. Photocatalytic degradation studies 

Rhodamine B (RhB) was chosen for the photodegradation studies. Stock solution was prepared 

by adding 10 mg per litre of dye in deionized water.  60 mL of stock solution was taken in a 

beaker. To the dye solution, 30 mg of photocatalyst powder (sf-SnS2, PEG-SnS2, sf-AgBiS2, 

and OLA/OA-AgBiS2), was added with stirring. The solution was kept for dye degradation in 

sunlight for 2 h. The sample was centrifuged for 5 min at 2500 rpm. To identify the 

deterioration of dye solution, UV-Vis absorption spectra were recorded before and after the 

dye degradation. The drop in intensity of absorption peak represented the degradation.  

3.2.7. Chemical Oxygen Demand measurement (COD)  

Water quality was analysed (monitored) by measuring the chemical oxygen demand. The COD 

of the dye solution before and after photocatalytic degradation was measured using the Indian 

standard method of titration analysis. The procedure is as follows: 0.4 g HgSO4, which 

eliminates the chloride interference, was added to the R.B. flask. Before photodegradation, 20 

ml of sample dye solution was pipetted into it, followed by 20 ml distilled water and 10 ml 0.1 

N K2Cr2O7–sulphamic acid solution. Sulphamic acid was added to eliminate nitrite 

interference. Then 30 ml sulphuric acid–silver sulphate reagent was added (prepared by 

dissolving 0.6325 g of Ag2SO4 in 62.5 mL conc. H2SO4) to accelerate the oxidation of straight-

chain aliphatic and aromatic compounds. The mixture was mixed well and was allowed to cool. 

The above mixture was refluxed at 150 °C for 2 h. The same procedure was repeated for the 

dye solution after 2 h of photodegradation using sf-SnS2, PEG-SnS2, sf-AgBiS2 and OLA/OA-
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AgBiS2 as catalysts. The above procedure was repeated for the blank with 20 ml DI water 

instead of a 20 ml sample. 

            After 2 h, the heating was stopped, and it was kept for cooling. It was then titrated with 

std. Ferrous Ammonium Sulphate (FAS) solution with ferroin as an indicator with the colour 

change from green to wine red as the endpoint [44]. The COD was calculated as shown in the 

equation below.  

𝐶𝑂𝐷 (𝑚𝑔/𝐿) =
[𝑉1 − 𝑉2] × 𝑁 × 8 × 1000

𝑉0
 

where,  

𝑉1 = Volume of FAS for blank 

𝑉2= Volume of FAS for sample 

N = Normality of FAS solution 

𝑉0 = Volume of sample taken 

8 = milli equivalent weight of Oxygen 

 

3.3. Results and discussion 

3.3.1. Preparation and Characterisation 

The objective of this chapter is to study the effect of the presence of the organic surfactant or 

polymer molecules on the surface of the nanomaterials which are used as catalysts in water 

purification. For this study, it is required to compare the activity of nanomaterials with and 

without surfactants or polymers. Therefore, we have prepared surfactant-free SnS2 (sf-

SnS2) and AgBiS2 (sf-AgBiS2) and compared their activity with polyethylene glycol coated 

SnS2 (PEG-SnS2) and oleylamine-oleic acid coated AgBiS2 (OLA/OA-AgBiS2). The 

materials sf-SnS2 and sf-AgBiS2 were prepared using HMDS-assisted synthetic method as 

shown in Scheme 3.1 and 3.3, respectively, while PEG-SnS2 and OLA/OA-AgBiS2 were 

prepared using procedures similar to the reported methods in the literature (Scheme 3.2 and 

3.4) [8, 43]. 
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Scheme 3.1. Preparation of sf-SnS2 using HMDS-assisted synthetic method. 

 

Scheme 3.2. Preparation of PEG-SnS2 using HMDS-assisted synthetic method. 

 

Scheme 3.3. Preparation of sf-AgBiS2 using HMDS-assisted synthetic method. 

 

Scheme 3.4. Preparation of OLA/OA-AgBiS2 using literature method. 

Employing the HMDS-assisted method yielded pure sf-SnS2 and sf-AgBiS2 materials 

free from organic capping agents. The phase purity and crystal lattice information about these 

materials were obtained from their PXRD patterns. The PXRD peaks indicating the planes 

(100), (011), (012), (110), (111), (200), (201) in Figure 3.1a was in correlation with hexagonal 

SnS2 (JCPDS data card no. 23-0677) [8]. The PXRD peaks in the figure. 3.1b depicting the 

planes (111), (200), (220), (311), and (222) were harmonized with the cubic phase of 

AgBiS2 (JCPDS- 89-2046) [17]. No impurity phases within the resolution limits of the 

diffractometer were observed, indicating the purity of the samples synthesised.  
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Figure 3.1. PXRD pattern of as synthesised a) sf-SnS2 and PEG-SnS2, b) sf-AgBiS2 and 

OLA/OA-AgBiS2 nanoparticles. 

FTIR spectra of all these materials were analysed to identify the presence of organic 

surfactant or polymer as capping. The capping of SnS2 by polyethylene glycol (Figure 3.2a) 

and AgBiS2 by oleylamine and oleic acid (Figure 3.2b) can be witnessed in the FT-IR spectra. 

The absence of HMDS peaks in Figure 3.2a &Figure 3.2b indicates the capping agent-free 

SnS2 and AgBiS2 nanoparticle formation, respectively. In FTIR spectra of oleic 

acid/oleylamine capped AgBiS2 nanoparticles (Figure 3.2b), small amounts of oleic acid, 

which is used as a solvent and capping agent during synthesis, can also be seen. 

 

Figure 3.2. FT-IR Spectra of a) sf-SnS2 and PEG-SnS2 b) sf-AgBiS2 and OLA/OA- AgBiS2. 

The morphology of the samples prepared was analysed using FESEM and TEM, which 

revealed the formation of nanorings of sf-SnS2 and nanoflowers of PEG-SnS2 as shown in 

figure 3.3(a-c) and 3.3(e-g) respectively. A nanorods morphology was exhibited by sf-AgBiS2 

and a truncated polyhedral morphology by PEG-AgBiS2 in Figure 3.3(i-k) and Figure 3.3(m-

o), respectively. The SAED patterns confirmed the crystalline nature of sf-SnS2, sf-AgBiS2, 
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and PEG-AgBiS2 [figure 3.3(d, i, and p, respectively)]. The amorphous nature of PEG-SnS2 

was also shown by the SAED pattern (figure 3.3h). The elemental mapping showed the 

distribution of elements (figure 3.4). 

 

Figure 3.3. a) FESEM image, b) TEM (low resolution), c) TEM (high resolution), d) SAED 

pattern of sf-SnS2. e) FESEM image, f) TEM (low resolution), g) TEM (high resolution), h) 

SAED pattern of PEG-SnS2.i) FESEM image, j) TEM (low resolution), k) TEM (high 

resolution), l) SAED pattern of sf-AgBiS2. m) FESEM image, n) TEM (low resolution), o) 

TEM (high resolution), p) SAED pattern of OLA/OA-AgBiS2. 
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Figure 3.4. EDS elemental mapping of (a) sf-SnS2 (b) PEG-SnS2 (c) sf-AgBiS2 (d) 

OLA/OA- AgBiS2 

 

 The capability of materials to absorb visible light makes them good photocatalysts. The 

bandgap of these materials was determined from their absorption spectra using the Tauc 

method, as shown in Figure 3.5. The bandgaps of sf-SnS2, PEG-SnS2, sf-

AgBiS2, and OLA/OA-AgBiS2 are 2.45 eV, 2.55 eV, 0.76 eV and 0.92 eV, respectively. The 

decrease in bandgap helps the materials to absorb light in the UV as well as Visible regions. 

The trend in the bandgap shows that the capping agent-free nanoparticles prepared using the 

HMDS-assisted method showed a slight decrease in bandgap than the ones with capping 

agents. 
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Figure 3.5. Calculated band gap of a) sf-SnS2 and PEG-SnS2b) sf-AgBiS2 and OLA/OA- 

AgBiS2. 

3.3.2. Photocatalytic degradation studies 

Free availability of the surface of the materials is important where all catalytic processes occur. 

The degrading efficiencies of the synthesised materials were studied by measuring the decrease 

in absorption of Rhodamine B (RhB) dye solution using absorption spectroscopy after sunlight 

irradiation for 2 h with stirring. sf-SnS2 and sf-AgBiS2 showed effective degradation of RhB 

dye than PEG-AgBiS2 and OLA/OA-AgBiS2 as depicted in figure 3.6. This observation 

showed that the degradation of the dye solution was hindered by the presence of capping agents 

on PEG-AgBiS2 and OLA/OA-AgBiS2. As the capping agent-free nanoparticles render more 

active sites, more and more dye molecules were adsorbed on the surface of nanoparticles, 

eventually leading to increased degradation of dye molecules. As described in the previous 

chapters, the dye molecules get adsorbed on the catalyst surface. During excitation, electrons 

in the conduction band interact with the dissolved oxygen, producing hydroxyl radicals which 

degrade the dye molecule. Similarly, the holes in the valence band react with the adsorbed 

water molecule and produce hydroxyl radical, degrading the dye molecules again [10]. When 

capping agents were present, these interactions were hindered, leading to less degradation of 

dye molecules [8, 10, 39, 40]. This study showed the importance of synthesising capping agent-

free nanoparticles, which was achieved by the HMDS-assisted method. 
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Figure 3.6. Photodegradation of Rhodamine B dye solution using a) sf-SnS2, PEG-SnS2 and 

b) sf-AgBiS2, OLA/OA-AgBiS2 under sunlight for 2h. 

3.3.3. Chemical Oxygen Demand 

Monitoring the purity of water is an essential step before using it for various purposes. 

Especially when water from industrial effluent and sewage in cities is treated, it is necessary to 

test their quality continuously. Government agencies all over the world stipulate various 

parameters to determine the quality of water. Some critical parameters are; Turbidity and pH 

of water, Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD), and Total 

Organic Content (TOC). The COD is a measure of oxygen required to oxidize water 

contaminants, indirectly indicating the amount of oxidizable pollutants in water. Therefore, it 

was decided to assess water quality by measuring COD.  

The quality of water after dye degradation was analysed by comparing the chemical 

oxygen demand value before and after photodegradation of RhB dye solution using sf-SnS2, 

PEG-SnS2, sf-AgBiS2, and OLA/OA-AgBiS2 under sunlight with stirring for 2 h. The COD 

value was determined using titrimetric analysis. In this method, the pollutant was oxidized by 

the known amount of potassium dichromate, which is a strong oxidizing agent in a sulphuric 

acid medium. The excess dichromate was titrated against ferrous ammonium solution. The 

amount of dichromate consumed gave the amount of oxygen required to oxidize the organic 

matter or the pollutant dissolved in water. The higher COD value indicates the increased need 

for oxygen for the degradation of pollutants dissolved, i.e., more pollutant was present. The 

results from all titrations (averaged from 3 measurements in Annexure I) are tabulated and 

shown in Table 3.1. 
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Table 3.1. COD value of Rhodamine B solution before and after photocatalytic 

degradation of dye.  

S.No Sample and condition COD value (mg/L) 

1 Pure Rhodamine B dye solution 339.70 

2 Irradiation with light, without catalysts 266.66 

3 With light + PEG-SnS2 188.31 

4 With light + OLA/OA-AgBiS2 140.74 

5 With light + sf-SnS2 5.00 

6 With light + sf-AgBiS2 3.703 

 

As it is clear from Table 3.1, there was a significant decrease in COD value when 

capping agent-free nanoparticles such as sf-AgBiS2 and sf-SnS2 were used for RhB 

degradation. The effective degradation of dye solution using capping agent-free nanoparticles 

can be attributed to more active sites available for the adsorption of dye molecules on the 

catalyst surface (Figure 3.7). 

 

Figure 3.7. Illustration of more active sites for a) capping agent free nanoparticles and 

less for b) nanoparticles with capping agent for the adsorption of dye molecules.  

 Regardless of the nature of the capping agent, it was clear from the COD values that 

the presence of the capping agent hindered the absorption of sunlight for dye degradation and 

thereby leading to incomplete degradation of the dye solution. Here, the transmittance of 

electrons and holes produced by the absorption of sunlight by nanoparticles was hindered by 
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the capping agents surrounding the catalyst surface [10, 39, 40]. This observation demonstrated 

the necessity of capping agent-free nanoparticles, which can be produced by the HMDS–

assisted method [5-10, 41, 42]. The presence of capping agents, which are toxic organic 

molecules, depletes the water quality even after degradation. 

3.4. Conclusion 

In this chapter, we have successfully synthesised nanoparticles with capping agents (PEG-

SnS2, OLA/OA-AgBiS2) and without capping agents (sf-SnS2, sf-AgBiS2) using two different 

synthetic methods. The hexagonal structure of PEG-SnS2, sf-SnS2 and cubic form 

of OLA/OA-AgBiS2, sf-AgBiS2 was confirmed by X-ray diffraction. It was observed that 

surfactant-free nanoparticles such as sf-SnS2 and sf-AgBiS2 exhibited good photocatalytic 

behaviour against Rhodamine B dye solution under sunlight irradiation. The COD of the dye 

solution before and after degradation was analysed to check the efficiency of the prepared 

nanoparticles. The results displayed that the presence of a capping agent qualitatively decreased 

the efficiency of the photocatalyst. The increased activity of capping agent-free nanoparticles 

can be attributed to the availability of more active sites on the bare surface resulting in more 

significant interaction with the substrate. The present chapter thus highlights the importance of 

the Hexamethyldisilane (HMDS)-assisted method to synthesis capping agent-free 

nanoparticles as promising photocatalysts for wastewater treatment than nanoparticles with 

capping agents. 
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Titration of std. Ferrous ammonium sulphate (FAS) against Rhodamine B dye solution before 

and after degradation with and without catalysts. 

Annexure I 

Sample name 

(Trial no.) 

Normality of 

FAS (N) 

Vol. of 

sample 

(ml) 

TV-1 

(ml) 

TV-2 

(ml) 

TV-3 

(ml) 

Blank 

(ml) 

COD 

(mg/L) 

Rh B 

(Trial-1) 
0.100 20 0.5 0.5 0.5 9.0 340 

Rh B 

(Trial-2) 
0.106 20 1.1 1.1 1.1 9.1 339.2 

Rh B 

(Trial – 3) 
0.106 20 0.5 0.5 0.5 9.0 340 

Rh B + Light (Trial-1) 0.0925 20 1.9 1.9 1.9 9.1 266.4 

Rh B + Light (Trial-2) 0.0925 18 2.6 2.6 2.6 9.0 263.11 

Rh B+ Light (Trial-3) 0.0994 20 2.2 2.2 2.2 9.0 270.41 

Rh B + PEG-SnS2 

(Trial-1) 
0.102 13 4.5 4.5 4.5 7.5 188.308 

Rh B + PEG-SnS2 

(Trial-2) 
0.102 18 3.3 3.3 3.3 7.3 181.33 

Rh B + PEG-SnS2 

(Trial-3) 
0.102 13 4.3 4.3 4.3 7.3 184.61 

Rh B + OLA/OA-

AgBiS2 (Trial-1) 
0.100 16 7.1 7.1 7.1 9.9 140 

Rh B + OLA/OA-

AgBiS2 (Trial-2) 
0.100 18 6.7 6.7 6.7 9.9 142.2 

Rh B + OLA/OA-

AgBiS2 (Trial-3) 
0.0951 20 6.2 6.2 6.2 9.9 140.739 

Rh B + sf-SnS2 (Trial-

1) 
0.0980 15 9.7 9.7 9.7 9.8 5.2 

Rh B + sf-SnS2 (Trial-

2) 
0.0980 16 9.8 9.8 9.8 9.9 4.9 

Rh B + sf-SnS2 (Trial-

3) 
0.0980 16 9.7 9.7 9.7 9.8 4.9 

Rh B + sf-AgBiS2 

(Trial-1) 
0.0925 20 9.0 9.0 9.0 9.1 3.7037 

Rh B + sf-AgBiS2 

(Trial-2) 
0.0925 20 8.9 8.9 8.9 9.0 3.7 

Rh B + sf-AgBiS2 

(Trial-3) 
0.0925 20 8.9 8.9 8.9 9.0 3.7 

 

*TV-Titre Value, COD-Chemical Oxygen Demand 
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Chapter 4 

 

 

Insight into the Effect of Stabilizers on Anticancer 

and Antibacterial Activity of AgBiS2 Nanomaterial 
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Abstract 

 The near-infrared (NIR) light-absorbing AgBiS2 nanoparticles can be excited by single-

wavelength light, which is the primary characteristic of a photo-responsive platform. Chemical 

synthesis of nanomaterials inevitably requires long-chain organic surfactants or polymers to 

stabilize them in the nano regime. These stabilising molecules barricade the interaction of 

nanomaterials with biological cells. We have produced stabilizer-free (sf-AgBiS2) and 

polymer-coated (PEG-AgBiS2) nanoparticles; and assessed their NIR-mediated anticancer and 

antibacterial activity to evaluate the effect of stabilizers. sf-AgBiS2 showed better antibacterial 

activity against Gram-positive Staphylococcus aureus (S. aureus) and displayed excellent 

cytotoxicity against HeLa cells and live 3-D tumour spheroids compared to PEG-AgBiS2 both 

in presence and absence of NIR radiation. The photothermal therapy (PTT) results illustrated 

the tumour ablation ability of sf-AgBiS2, which converted light into heat effectively up to 

53.3 °C under NIR irradiation. This chapter demonstrates the importance of synthesising 

stabilizer-free nanoparticles to produce safe and highly active PTT agents. 
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4.1. Introduction 

The organizations for disease control and prevention reported cancer as the major reason for 

death worldwide, with 22.5% death rate. The standard treatments practiced are surgery, 

chemotherapy, and radiotherapy [1]. The usage of these methods is limited due to their adverse 

effects on healthy cells and the immune system. Further, there exist chances of the generation 

of secondary cancers [2]. There are enormous efforts by scientists to develop efficient cancer 

treatments, among which the NIR-mediated photothermal therapy (PTT) is more attractive 

owing to its high specificity to tumour cells, non-invasive nature, and minimal side effects. It 

also helps prevent metastasis by stimulating immune-mediated abscopal phenomenon [1-8]. 

NIR light possesses safety advantages like temperature-controlled localized therapy, deep 

penetration, cancer cell cytotoxicity, and minimal damage to healthy cells.   

A good photothermal agent can inhibit the growth of cancer cells effectively. In PTT, 

photothermal agents absorb NIR light and translate it to heat energy, killing cancer cells [1, 5]. 

Various researchers have introduced different photothermal agents, including noble metals like 

platinum (Pt), palladium (Pd), gold (Au), metal sulphides, and metal selenides. A good 

photothermal agent is anticipated to have high photothermal conversion efficiency and good 

photostability [5]. Bismuth-based materials are significantly attractive due to their broad NIR 

absorption, in-vivo and in-vitro photothermal effect, and low cost [1, 6]. Specifically, AgBiS2 

is known for various applications [1, 3, 6, 9-21] and, most prominently, as good photothermal 

agents as they are non-toxic, in-vivo, and in-vitro biocompatible [1, 6]. 

Many methods are available to synthesise AgBiS2 nanoparticles, including microwave, 

solvothermal, and solid-state chemical reaction methods [1, 3, 6, 9-21]. These methods involve 

complicated preparation procedures, high temperatures, and using surfactant or polymer 

molecules to stabilize the particle size in nano regimes. Nanoparticles interact with various cell 

biopolymers in the biological environment. The physicochemical interactions between 

nanoparticles and proteins have a crucial impact on their potency [22-25]. The surface 

properties of the nanoparticles influence physical and chemical phenomena such as 

aggregation, an affinity for bacterial membranes, and dissolution. Therefore, it is necessary to 

understand the stabilizer molecule's impact on the interaction with biological cells.   

The stabilizers (long-chain surfactant or polymer molecules) used during the synthesis 

of nanoparticles stay with particles. They can sometimes be cytotoxic to the healthy cells during 

treatment and encounter compatibility issues. Lao and co-workers [23] studied the effects of 

surface compositional and structural heterogeneity on protein adsorption on gold nanoparticles. 
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Wheeler and co-workers [24] discussed the engineered silver nanoparticle's mediation in 

protein corona formation, while Lundqvist et al. studied [25] the surface implications of 

polystyrene nanoparticles in a biological fluid. Dawson and co-workers explained, through in 

vitro or in vivo experiments, the key protein recognition motifs that bind with SiO2 

nanoparticles’ surface when they adsorb proteins [26]. Though the surface effect has been 

studied to some extent by varying protein environments, a comparative study on stabilizer's 

effects by modifying the surface of nanoparticles on their biological activity has been largely 

overlooked. In order to minimize the complexity and adverse impact of surfactants, we need a 

simple and effective way to synthesise AgBiS2 nanoparticles. 

In this chapter, we have adapted the hexamethyldisilazane (HMDS) assisted method 

[27] to synthesise surfactant-free AgBiS2 (sf-AgBiS2) and polyethylene glycol decorated 

AgBiS2 (PEG-AgBiS2) nanoparticles. A comparative study of anticancer activity against HeLa 

cells using sf-AgBiS2 and PEG-AgBiS2 reveals the importance of a surfactant-free surface. In 

tumour treatments, the immunosuppression from chemotherapy is always accompanied by 

bacterial infection [6]. Since silver has been known as an antibacterial agent for years [28-32], 

a comparative study of the antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 against 

clinically derived Gram-positive bacteria, S. aureus was also performed. In this chapter, we 

have highlighted the importance and advantage of using surfactant-free AgBiS2 nanoparticles 

as an effective photothermal and antibacterial agent. 

4.2. Experimental 

4.2.1. Materials required 

Silver chloride (AgCl), Bismuth chloride (BiCl3), thiourea, hexamethyldisilazane (HMDS), 

and polyethyleneglycol-400 (PEG-400) were provided by Sigma Aldrich, India. The cell 

culture media Dulbecco’s Modified Eagle Medium (DMEM), solvents like Dimethyl sulfoxide 

(DMSO), PBS, trypsin−EDTA, and FBS were bought from HiMedia Chemicals, India. 

Sartorius 0.2 μm syringe filter was bought from Carrigtwohill, Ireland. Bacterial cultured 

media like Luria Bertani Agar (Miller), Luria Bertani Broth (Miller), and antibiotic Gentamicin 

were provided by Sisco Research Laboratories (SRL) Pvt. Ltd. Staphylococcus aureus (MTCC 

3160) was purchased from MTCC. The characterization of synthesised materials was done as 

discussed in Chapter 2. 
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4.2.2. Cell lines and maintenance 

The HeLa (human cervical cancer cells, P75) and L929 (normal mouse fibroblast cell line, P53) 

were purchased from NCCS, Pune, India. The cells were maintained in DMEM +10% (v/v) 

FBS+L-glutamine+streptomycin/penicillin at 37 °C and 5% CO2.  

4.2.3. Preparation of sf-AgBiS2 nanoparticle 

Silver chloride (1.4 mmol, 200 mg), bismuth chloride (1.4 mmol, 440 mg), and thiourea (2.8 

mmol, 212 mg) were taken in a 100 ml flask with an excess of hexamethyldisilazane and heated 

to 160 °C under nitrogen atmosphere for 6 h. Later, the mixture was allowed to be cooled down 

at room temperature and subjected to a high vacuum to eliminate side products and unreacted 

HMDS. Washed the black residue with distilled water followed by acetone, and the resulting 

material (sf-AgBiS2) was dried for 24 h in an oven maintained at 60 °C. 

4.2.4. Preparation of PEG-AgBiS2 nanoparticle 

To obtain PEG-AgBiS2, we followed a similar protocol as mentioned above. In addition, we 

have added 10 ml of polyethyleneglycol-400 (PEG-400) to the above mixture. The reaction 

conditions and work-up procedures are the same as prescribed above. 

4.2.5. Bacterial sample preparation 

LB agar and LB broth were autoclaved at 120 °C for 15 min. LB agar was poured into the 100 

mm cultured plates and kept for 30 min to solidify. Staphylococcus aureus was cultured in 

broth at 37 °C in a humidified atmosphere. 

4.2.6. Photothermal Transduction Efficacy 

The PTT efficacy of sf-AgBiS2 and PEG-AgBiS2 was evaluated by adding 20 µg/ml of each 

to 96-well plates. The 808 nm NIR laser with 650 mW power source was used to irradiate the 

samples for 3-10 min at separate intervals. Autoclaved miliQ was used as a control group. The 

temperature rise was noted by capturing thermal camera images. The NIR-laser mediated 5 

on/off cycles were used to analyze the synthesised nanoparticle's photothermal stability. 

4.2.7. DCFDA analysis for ROS generation 

For the free radical generation analysis, HeLa cells (7 × 103 cells/well) were seeded in 96 well 

plates and kept in CO2 incubator for 24 h. Next day cells were treated with 20 μg/ml sf-

AgBiS2 and PEG-AgBiS2. Cells were loaded with 10 μM of DCFDA after treatment. After 

being exposed to an 808 nm NIR laser (power = 650 mW) for 3 min, fluorescence 
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measurements were taken before and after using a fluorescent microplate reader with Ex: 485 

nm and Em: 535 nm wavelengths. An Olympus fluorescence microscopy was used to capture 

the images. 

4.2.8. Biocompatibility studies 

 The biocompatibility studies have been done by MTT assay. L929 cells (7000 cells/wells) 

were cultured in 96-well plates providing 10% FBS containing DMEM. The next day, the 

media was substituted with fresh media containing 20, 40, 60, 80, and 100 μg/ml sf-

AgBiS2 and PEG-AgBiS2 keeping for an incubation period of 24 h. Later, the media was 

removed, MTT solution (5 mg/ml) was added, and incubated for 3 h. The formazan crystals 

were dissolved using DMSO. The BIORAD Microplate Reader was used to measure the 

absorbance at 570 nm. 

4.2.9. Cell-killing activity 

The cytotoxicity of sf-AgBiS2 and PEG-AgBiS2 against HeLa was assessed using an MTT 

assay. HeLa cells (5000) were seeded in 96-well plates supplemented with DMEM, followed 

by 24 h incubation to attain the confluency. Media was replaced with new one containing sf-

AgBiS2 and PEG-AgBiS2. Cells are irradiated with 808 nm NIR Laser (power = 650 mW) for 

3 min and set aside for 24 h for incubation. MTT solution was added (5 mg/ml) and kept for 

incubation for 3 h. DMSO was used to dissolve formazan crystals, and absorbance was 

recorded at 570 nm by a microplate reader. 

4.2.10. In-vitro 3D tumor spheroids 

To observe deep tumor tissue penetration and cell-killing efficacy of sf-AgBiS2 and PEG-

AgBiS2 in the live 3D tumor spheroids, HeLa cells (0.3 × 103 cells/ wells) were seeded in 

agarose coated 96-well plates and incubated for 5 days in an undisturbed condition inside CO2 

incubator. After that, spheroids were treated with 20 μg/ml of sf-AgBiS2 and PEG-AgBiS2 and 

irradiated with 808 nm NIR laser (power = 650 mW) for 3 min followed by further 6 h 

incubation. Live and dead cells were observed staining with FDA (fluorescein diacetate) and 

PI (propidium iodide) under fluorescence microscope. 

 

 

 



113 
 

4.2.11. Antibacterial study 

Antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 were studied by disk diffusion and MTT 

assay against S. aureus. The bacterial suspensions with concentrations of 1.5×108 CFU/ml 

were spread on prepared agar plates. Different concentrations of sf-AgBiS2 and PEG-

AgBiS2 (150, 250, 500, 1000, 2000 (μg/ml)) were loaded on 0.6 cm disk and placed on top of 

the agar plates. The plates are incubated for 24 h at 37 °C. The diameter of zone inhibition was 

measured by a scale. The bacterial suspensions without the treated sample were set as the 

control group. Gentamicin was used as the positive/standard control group. 

For antibacterial MTT assay, S. aureus (1.5×108 CFU/ml) was co-cultured with various 

concentrations of the sf-AgBiS2 and PEG-AgBiS2 in 96-well plates (100 μL/well) and 

incubated at 37 °C for 24 h. The bacterial suspensions without the sf-AgBiS2 and PEG-

AgBiS2 were set as the control group. Gentamicin was used as the positive/standard control 

group. After 3 h incubation with MTT (5 mg/ml) followed by DMSO-formazan crystal 

solubilization, absorbance was recorded by a plate reader at 570 nm. 

The antibacterial study of sf-AgBiS2 and PEG-AgBiS2 with NIR radiation was performed 

using an inoculum of bacterial culture S. aureus as per the standard institute protocols. Briefly, 

S. aureus inoculum of 1.5 x 108 CFU/mL was prepared, followed by treatment with 2000 

μg/mL of sf-AgBiS2 and PEG-AgBiS2 incubated for 4 h in two 96-well plates. One plate was 

further incubated without treatment (-NIR group), and the other plate was exposed to an 808 

nm light using a laser (+NIR) for 10 min and incubated at 37 °C for 24 h. After the incubation 

period, a colony formation assay was performed. Briefly, 100 µL from the inoculum from the 

treated 96-well plates was spread onto MH Agar plates and untreated controls were also plated 

using the same procedure and incubated for 16 h at 37 °C. The difference in the number of 

colonies was evaluated after the incubation period. 

 

4.2.12. Statistical analysis 

The statistical comparison between the control and treated groups was made using a one-way 

ANOVA test, Tukey’s test (∗∗∗p<0.001, ∗∗p<0.01, ∗p<0.05). 
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4.3 Results and Discussion  

4.3.1. Preparation and Characterisation 

Numerous attempts have been made to identify photo-responsive material for simultaneous 

photothermal and photodynamic therapy. Silver bismuth sulphide (AgBiS2) is studied well for 

light-activated sterilization techniques as it can be excited by a single-wavelength light in the 

NIR region. However, many reported synthetic procedures of AgBiS2 are tedious and 

inevitably require stabilizers like surfactants or polymers. In this chapter, we prepared 

stabilizer-free nanoparticles sf-AgBiS2, and polyethylene glycol wrapped PEG-AgBiS2, then 

compared their antibacterial and photothermal anticancer abilities. These materials were 

prepared successfully by a versatile hexamethyldisilazane (HMDS)-assisted synthetic method, 

as shown in Scheme 4.1 [27a]. In this method, thiourea reacts with HMDS to form a polymeric 

molecule, which then reacts with metal chloride to form metal sulphides and trimethylsilyl 

chloride as a by-product. The pH monitoring throughout the reaction showed no change 

indicating the absence of formation of both NH3 and H2S, and these reactions are believed to 

occur via the formation of S-N polymeric intermediate [27].  

HMDS acts as a reducing agent, solvent, and surfactant in the synthesis by forming S-

N polymeric intermediate. The advantage of this method is that all side products are volatile 

and can be removed simply by vacuum. Since HMDS or any intermediate in this reaction is 

removed after nanoparticle formation, the purity of sf-AgBiS2 is very high. Further, the active 

sites on the surface of sf-AgBiS2 are readily available for interactions resulting in higher 

activity in multiple applications. In comparison, many other reported methods use long-chain 

surfactant molecules in the synthesis, which covers the surface and prevents interactions. The 

presence of these surfactants mostly retards the activity of nanoparticles by forming an 

intermediate layer between the active surface and substrates. Some surfactants are toxic to 

human beings, also. This sophisticated HMDS-assisted method has been used to produce 

various surfactant-free metal sulphides, and those results demonstrated increased performance 

in terms of conductivity, photoresponsivity and catalytic activity [27, 33-38]. 
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Scheme 4.1. Preparation of sf-AgBiS2 and PEG-AgBiS2 using HMDS method 

 

The powder X-ray diffraction pattern of sf-AgBiS2 and PEG-AgBiS2 (Figure 4.1) 

implies the formation of cubic AgBiS2 (JCPDS- 89-2046) [10]. The major peaks found at 

27.451, 31.751, 45.531, 53.931, 56.621 and 66.281 corresponding to (111), (200), (220), (311), 

(222), and (400) planes of cubic AgBiS2 respectively can be clearly observed in Figure 4.1. 

Both sf-AgBiS2 and PEG-AgBiS2 nanoparticles show the same crystal structure, which can be 

identified from the PXRD pattern. Moreover, the absence of Bi2S3 and Ag2S peaks in PXRD 

shows the purity of samples prepared using HMDS assisted method. The absence of peaks in 

the IR spectrum (Figure 4.2. A) of sf-AgBiS2 related to HMDS indicates the absence of HMDS, 

whereas the peaks in IR spectrum (Figure 4.2. B) corresponding to PEG in PEG-AgBiS2 

confirm the formation of it. As discussed in the literature, [27] the presence of surfactant or 

stabilizer molecules on the surface of nanoparticles receded its activity as most of their active 

sites were covered.   

 

Figure 4.1. PXRD pattern of sf-AgBiS2 and PEG-AgBiS2 nanoparticles. 
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Figure 4.2. FTIR spectra. A) sf-AgBiS2 and hexamethyldisilazane (HMDS), B) PEG-AgBiS2 

and polyethylene glycol (PEG). 

The calculated absorption coefficient spectra (Figure 4.3) of AgBiS2 show the broad 

and strong absorption spectra near the NIR region for both the samples indicating their 

utilization as PTT agents [3, 6, 39]. The SEM and TEM images (Figure 4.4) showed a nanorod-

like morphology of both sf-AgBiS2 and PEG-AgBiS2 particles, while the SAED pattern 

confirmed the crystalline nature of the samples. The average particle size of sf-AgBiS2 and 

PEG-AgBiS2 nanoparticles was 16.5 nm and 19 nm, respectively (Figure 4.5). Interestingly, 

both sf-AgBiS2 and PEG-AgBiS2 exhibited similar morphology and formed an excellent dyad 

for a comparative study vis-à-vis presence and absence of stabilizers on the biological activity 

of AgBiS2. It appears that PEG-AgBiS2 was agglomerated, probably due to the adhesive nature 

of surfactants. 

Capping agents are generally used to control the growth of particles and prevent 

agglomeration. The surface modification of nanoparticles is acquired using these capping 

agents. We have chosen PEG as a capping agent in the current study because of its 

biocompatibility for biomedical applications. This non-ionic, hydrophilic, low molecular 

weight polymer with antioxidant properties and high solubility in the buffer has a high 

adsorption rate. It helps the nanoparticle penetrate through the mucous membrane. PEG also 

helps nanoparticles from non-specific protein binding and macrophages. PEG also has 

antibacterial activity against various pathogens and is used in biomedical applications [40-45].  
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Figure 4.3. Calculated absorption coefficient of sf-AgBiS2 and PEG-AgBiS2 nanoparticles. 

 

Figure 4.4. A) FESEM image, B) TEM image, C) High resolution TEM image, and D) SAED 

pattern of sf-AgBiS2 nanoparticles. E) FESEM image, F) TEM image, G) High resolution TEM 

image, and H) SAED pattern of PEG-AgBiS2 nanoparticles. 

 

Figure 4.5. Average particle size of sf-AgBiS2 and PEG-AgBiS2 nanoparticles. 
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4.3.2. Photothermal Effect 

A good PTT agent can absorb at NIR regime. They get excited when the PTT agent 

accumulated on cancer cells is irradiated with the external light source. The excited PTT agent 

undergoes vibrational relaxation through non-radiative decay, releasing the energy as heat, 

which is transferred to the cancer cells. The cells die when the temperature of the tissue is 

increased above 46 °C due to protein denaturation and plasma membrane destruction [5, 46-

51]. The photothermal effect of sf-AgBiS2 and PEG-AgBiS2 (20 µg/ml each) was measured at 

various time using an 808 nm NIR laser (power = 650 mW) for 3-10 min (Figure 4.6). It was 

found that the temperature of sf-AgBiS2 reached to a maximum of 53.3 °C after 10 min of 

radiation, and 43.9 °C with 3 min exposure was. Similarly, the maximum temperature obtained 

for PEG-AgBiS2 was 44.9 °C at 10 min and 38.9 °C for 3 min exposure. The temperature of 

DI water (control) was only 25.9 °C (Table 4.1). The thermal stability of compounds was 

studied, as shown in Figure 4.7. 

Generally, a temperature above 41 °C makes cell inactivation for a definite time, while 

a temperature above 48 °C results in irreversible cell inactivation. These results demonstrate 

the efficiency of sf-AgBiS2 and PEG-AgBiS2 as effective photothermal agents by converting 

NIR light to heat efficiently. Interestingly, sf-AgBiS2 act as a more powerful photothermal 

agent compared with PEG-AgBiS2 [3, 6]. The maximum temperature obtained for even 20 

µg/ml of sf-AgBiS2 when irradiated with 808 nm NIR laser (power = 650 mW) is much higher 

than the earlier reported temperatures for AgBiS2 nanoparticles prepared using different 

methods. In many reported works, researchers have used a higher concentration of 150 µg/ml, 

1000 µg/ml 125 µg/ml to obtain 60 °C, 62 °C, and 49 °C, respectively, with NIR 808 radiation 

of 1 W for 10 min irradiation and 200 µg/ml with 0.4 W NIR radiation to obtain 46.7 °C [1, 3, 

6]. Interestingly, we can bring a temperature as high as 53.3 °C even at a lower concentration 

of sf-AgBiS2.  
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Figure 4.6. A) Photothermal transduction efficiency thermal images of (a) control (water), (b) 

sf-AgBiS2, and (c) PEG- AgBiS2 nanoparticles irradiated with 808 nm NIR laser. B) PTT 

transduction efficiency graph of control (water), sf-AgBiS2 and PEG-AgBiS2 nanoparticles. 

The difference in photothermal transduction temperature can be explained based on the 

low thermal conductivity of polyethylene glycol (PEG) in PEG-AgBiS2. In the case of PEG- 

AgBiS2, the heat generated is trapped within the nanoparticle and is not transferred to cancer 

cells. Whereas in the case of sf-AgBiS2, the heat generated is wholly transferred to the cancer 

cells as these nanoparticles are not covered with capping agents, making it a good PTT agent. 

These can also exhibit SPR, a phenomenon in which conductive free electrons resonate jointly 

with the incoming electromagnetic radiation, which results in increased light absorption and 

scattering. This observation indirectly reveals that more free surface electrons are available 

for sf-AgBiS2 than PEG-AgBiS2, where the surface electrons are unavailable due to the 

coverage by the capping agent polyethylene glycol (PEG). Thus, more NIR light absorption is 

observed in the case of sf-AgBiS2, leading to higher temperature generation.  

Due to their large light absorption and scattering cross section, nanorods usually give 

high SPR frequency. Therefore, nanorods can generally increase the temperature in tumour 

cells more than other morphologies. Since both sf-AgBiS2 and PEG-AgBiS2 exhibit nanorods 
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morphology, the difference in photothermal transduction temperature can be due to the absence 

of the capping agent in sf-AgBiS2. sf-AgBiS2 prepared using the HMDS-assisted method is 

crystalline. Albeit crystalline nature, it exhibited a good PTT. It is worth mentioning that few 

crystalline nanoparticles reported in the literature exhibited a good PTT effect [1, 5]. These 

results also demonstrate the importance of HMDS–assisted method to obtain surfactant-free 

nanoparticles to acquire a more active photothermal agent [5, 46-51]. 

 

Table 4.1. Photothermal transduction temperatures were obtained for control (water), sf-

AgBiS2 and PEG-AgBiS2. 

Time 

(min) 

Temperature of 

Control (water) 

Temperature of 

sf-AgBiS2 

Temperature of 

PEG-AgBiS2 

0 25.4 25.1 25.2 

3 25.9 43.9 38.9 

5 27.6 45.8 42.9 

7 28.0 47.4 44.6 

10 29.0 53.3 44.9 
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Figure 4.7. A) Thermal stability (on/ off cycle) images irradiated with an 808 nm Laser of (a) 

control (water), (b) sf-AgBiS2, and (c) PEG- AgBiS2 NPs for 5 min (five cycles), B) Thermal 

stability (on/off cycle) graph of water, sf- AgBiS2 and PEG-AgBiS2 nanoparticles irradiated 

with a 808 nm laser for 5 min (five cycles). 

4.3.3. In-vitro biocompatibility 

In-vitro biocompatibility for 20, 40, 60, 80, 100 µg/ml of sf-AgBiS2 and PEG-AgBiS2 to 

normal cell line L929 was measured using MTT assay. The results (Figure 4.8) reveal that both 

exhibited no significant toxicity. Even at the high concentration of 100 µg/ml, sf-AgBiS2 shows 

a cell viability of 86.29% to 71.63 ± 5% with 20, 40, 60, 80 and 100 μg/ml and PEG-AgBiS2 

offers a cell viability of cell viability 86.29% to 67.3 ± 3% with 20, 40, 60, 80 and 100 μg/ml. 

Among these, sf-AgBiS2 showed slightly greater biocompatibility to normal fibroblast cell 

lines L929 than PEG-AgBiS2. The good biocompatibility of sf-AgBiS2 may attribute to their 

more active sites available on the surface than PEG-AgBiS2, where most of the active sites are 

covered, resulting in less interaction with the cells [33]. 
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Figure 4.8. Biocompatibility of A) sf-AgBiS2 and B) PEG-AgBiS2 nanoparticles. 

 

4.3.4. In-vitro cytotoxicity in 2D and 3D cell culture 

Cancer cell killing activity of sf-AgBiS2 and PEG-AgBiS2 against HeLa was studied using the 

same MTT assay. A remarkable decline in the viable cell % of HeLa was observed when 

cultured in the presence of sf-AgBiS2 (20 µg/ml) and PEG-AgBiS2 (20 µg/ml) and irradiated 

with NIR laser (Figure 4.9). For sf-AgBiS2, the cell viability was 80 ± 3% without NIR laser 

and 51 ± 4% with NIR laser. For PEG-AgBiS2, the cell viability without the NIR laser was 85 

± 5%, and with the NIR laser was 72 ± 6% (Table 4.2). These observations show that sf-AgBiS2 

has more cell-killing efficiency than PEG-AgBiS2. The results indicate that the synergic effect 

of the availability of free active surface and the photothermal efficiency of sf-AgBiS2 results 

in more cancer cell death than PEG-AgBiS2, where the presence of surfactant hinders the PTT 

active AgBiS2 activity. Since both sf-AgBiS2 and PEG-AgBiS2 have the same morphology, 

the difference in the anticancer activity exhibited by these nanoparticles can be attributed to 

the presence and absence of the stabilising agent. 

In-vitro 3D tumor spheroids can mimic the microenvironment of live tumours present 

in-vivo. We observed that sf-AgBiS2 with NIR irradiation has better cell-killing efficacy than 

PEG-AgBiS2 (Figure 4.10) and without NIR irradiation (Figure 4.11). Figure 4.10 shows that 

sf-AgBiS2 has significantly damaged tumour cells from the edge to the core compared to PEG-

AgBiS2. In cancer treatment, it is important to target the hypoxic core of tumour cells to avoid 

metastasis and angiogenesis. When NIR light is absorbed by nanoparticles, it gets excited and 

undergoes vibrational relaxation and leads to lattice vibration and results in temperature rise. 

The increased temperature eventually destroys the membrane and proteins which covers the 

cancer cells resulting in the penetration of nanoparticles into the cell and leads to cell death 

(Figure 4.12). The possible reason for the cancer cell death could be the good penetration 
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capability of sf-AgBiS2 in the hypoxic core of the tumour than PEG-AgBiS2. In addition to 

that, the decreased size (16.5 nm) and increased SPR response of nanorod morphology in the 

case of capping agent free sf-AgBiS2 will also pave the way for its enhanced activity. In 

conjunction with that, capping agents will cover the active sites on the surface of nanoparticles. 

Therefore, the adsorption of nanoparticles to the cell surface is hindered, whereas the sf-

AgBiS2, with a greater number of active sites, is able to get adsorbed on cell surface easily, 

which results in easy and more penetration of nanoparticles inside cancer cells [4, 52]. 

 

Figure 4.9. NIR laser mediated cell cytotoxicity of sf-AgBiS2 and PEG-AgBiS2 nanoparticles 

in HeLa cell line (P < 0.05). 

Table 4.2. The cell viability of sf-AgBiS2 and PEG-AgBiS2 against HeLa cells 

Sample 

Cell viability (%) 

without NIR irradiation with NIR irradiation 

sf-AgBiS2 80 ± 3 51 ± 4 

PEG- AgBiS2 85 ± 5 72 ± 6 
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Figure 4.10. In vitro NIR-laser-mediated cell cytotoxicity of sf-AgBiS2 and PEG-AgBiS2 by 

the live/dead assay (FDA stains live cells (green) and PI stains dead cells (red). 

 

Figure 4.11. In-vitro cell killing efficacy of sf-AgBiS2 and PEG-AgBiS2 against 3D tumor 

spheroids without NIR irradiation. 
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Figure 4.12. Schematic illustration of cell killing mechanism in Photothermal therapy. 

4.3.5. Reactive Oxygen Species (ROS) Analysis 

The Anticancer and Antibacterial Activity of AgBiS2 is usually from the photothermal therapy 

(PTT) and the photocatalytic activity (deriving from photo-excited ∙OH, holes, O2
∙- or other 

active radicals). As reported earlier, [27] the capping agents or stabilizer molecules cover the 

active sites on the photocatalyst and hinder the transfer of excitons to dye molecules retarding 

the photocatalytic activity of nanoparticles [27, 33-38]. Similarly, antibacterial and anticancer 

activities involve the adsorption of nanoparticles on the cell surface. The stabilizers may 

impede the interaction between cancer cell/bacterial and active radicals (Figure 4.13). Since sf-

AgBiS2 is not covered with the capping agent, it can directly interact with the cell surface than 

coated nanoparticles 
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.  

Figure 4.13. Schematic diagram showing the possible interaction of sf-AgBiS2 and PEG-

AgBiS2 with bacteria or cells.  

Reactive oxygen species (ROS) or free-radical generation in the presence of NIR light 

is one of the cell-killing mechanisms where excessive production of ROS can trigger DNA 

damage or programmed cancer cell death [4, 53]. 2′,7′-Dichlorodihydrofluorescein diacetate 

(DCFDA) is an indicator to analyse the generation of ROS. Our analysis using DCFDA showed 

the generation of ROS in both sf-AgBiS2 and PEG-AgBiS2 treated cells in the presence of NIR 

light. The cell death is more with NIR light when sf-AgBiS2 is used (Figure 4.14). The possible 

reason for the enhanced activity of sf-AgBiS2 can be because the excitons produced are 

available for the production of ROS, whereas, in the case of PEG-AgBiS2, the excitons are 

trapped within the nanoparticle due to the presence of PEG, resulting in decreased ROS 

production. Also, the free active surface on the sf-AgBiS2 makes adsorption easier for these 

nanoparticles than the PEG-AgBiS2. The sf-AgBiS2 may also trigger other cell death 

mechanisms, which we will check in future. 
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Figure 4.14. DCFDA analysis for reactive oxygen species (ROS) generation of sf-

AgBiS2 and PEG-AgBiS2 nanoparticles with and without NIR irradiation.  

4.3.6. Antibacterial activity 

The antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 against Gram (+) S. aureus was 

investigated using the disc diffusion method and MTT assay method (Figures 4.15 and 4.16). 

Clinically derived S. aureus due to immunosuppression by chemotherapy is a significant cause 

of infection in tumour treatment. Silver has proven to be one of the best antibacterial agents 

[28-32]. The area of the zone of inhibition visible around the disc indicates the activity of 

nanoparticles as an antibacterial agent. According to the earlier studies [31, 54, 55] the sharp 

edges of AgBiS2 rods pierce the cell membrane and thus release ROS, which damages DNA 

and oxidises proteins, ultimately leading to cell death. From Figure 4.15, it is clear that sf-

AgBiS2 has a higher antibacterial effect against S. aureus than PEG-AgBiS2. This observation 

depicts that the surfactant-free AgBiS2 nanoparticles synthesised using HMDS assisted method 

improve the chances of getting S. aureus bacteria directly in contact with nanoparticles 

(improves the cling between S. aureus bacteria with the bare surface of nanoparticle) by 

exposing more active sites than the nanoparticles covered with polyethylene glycol (PEG) as 

surfactant. The antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 was also confirmed using 

the MTT assay method (Figure 4.16). Accordingly, the results indicate that sf-AgBiS2 

nanoparticles could be an excellent antibacterial agent and can prevent the infection caused 

during cancer therapy. 
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We have studied the antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 against            

S. aureus with NIR irradiation by MTT assay method. Since these materials showed lowest 

antibacterial activity with 150 µg/mL concentration (Figure 4.15) without NIR, we have 

checked the antibacterial activity at this lowest concentration (Figure 4.17) with NIR 

irradiation. As shown in Figure 4.17, the instant antibacterial activity without NIR irradiation 

was insignificant, whereas, with NIR irradiation, these materials showed effective bacterial 

inactivation. As expected, sf-AgBiS2 is better compared to PEG-AgBiS2. The photothermal 

antibacterial activity under NIR irradiation results from lattice vibration caused by the non-

radioactive de-excitation process. This vibration results in photothermia, eventually leading to 

the degradation of the bacterial cell membrane, helping the penetration of nanoparticles inside 

the cell and leading to cell death. As discussed earlier, the nanorod morphology of materials 

described here shows good light absorption and scattering cross-section [47]. However, thermal 

absorption by PEG-AgBiS2 diminished its activity compared to sf-AgBiS2. 

 

Figure 4.15. Antibacterial activity by disk diffusion method against S.aureus, A) Negative  

control, B) Negative control (with antibiotic Gentamicin), C)  PEG-AgBiS2 and D) sf-AgBiS2 

nanoparticles. 
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Figure 4.16. Antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 nanoparticles by MTT assay 

against S.aureus (P < 0.05). 

 

Figure 4.17. Antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 against S. aureus with and 

without NIR irradiation. 

4.4. Conclusion 

In summary, sf-AgBiS2 and PEG-AgBiS2 nanoparticles were prepared successfully employing 

the HMDS-assisted synthesis. The X-ray diffraction and SAED patterns revealed the cubic 

phase formation of crystalline AgBiS2 nanoparticles. The maximum temperature attained for 

20 µg/ml of sf-AgBiS2 when irradiated with 808 nm NIR laser (power = 650 mW) is much 

higher than the earlier reported temperatures for AgBiS2 nanoparticles. The as-synthesised sf-



130 
 

AgBiS2 nanoparticles performed as an excellent photothermal (PPT) agent against HeLa cells, 

live 3-D tumour spheroids and an antibacterial agent against Staphylococcus aureus than PEG-

AgBiS2 nanoparticles with and without NIR irradiation. The study showed that sf-AgBiS2 has 

more cell-killing efficiency than PEG-AgBiS2. This chapter highlights and the importance of 

surfactant-free surfaces of nanoparticles to pave the way for effective nanomedicine and, 

perhaps, justifies the utility of HMDS-assisted method.   
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Abstract 

A stable, sensitive, and efficient material is indispensable for measuring glucose content 

precisely. This chapter describes the synthesis of surfactant-free NiSe2 (sf-NiSe2), CoSe2 (sf-

CoSe2), and composite NiSe2/CoSe2 (sf-NiSe2/CoSe2) using hexamethyldisilazane (HMDS) - 

assisted method and their utility as non-enzymatic glucose sensors. Detailed structural and 

morphological characterization was performed using the X-ray diffraction technique, UV-

Visible spectroscopy, Scanning Electron Microscopy (SEM), and Transmission Electron 

Microscope (TEM). We have investigated the electrocatalytic oxidation abilities of synthesised 

materials for non-enzymatic glucose sensing. The findings demonstrated the efficacy and 

sensing capabilities of the synthesised materials for the electrochemical detection of glucose. 

The composite sf-NiSe2/CoSe2 showed a higher electrochemical response with long-term 

stability and good anti-interference ability than individual materials. This material showed a 

limit of detection of 0.0588 mM, a sensitivity of 0.0576 mAmM-1cm-2 and a quick response 

time of 0.603 s. This observation showed the great potential of sf-NiSe2/CoSe2 electrode 

material as non-enzymatic glucose sensors. This work could introduce a new material for 

realizing an affordable and dependable electrochemical glucose sensor platform. 
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5.1. Introduction 

According to World Health Organization and International Diabetes Federation, 53.7 crore 

people have diabetes and expect 64.3 crore by 2030. Diabetes is a severe chronic disease and 

a major cause of impairment and fatalities, along with its long-term complications brought on 

by high blood glucose levels, including cardiovascular disease, retinopathy, neuropathy, 

nephropathy, amputation, hypertension, and hyperlipidemia. Therefore, evaluation and 

treatment of glucose levels is essential. The two methods involved in glucose detection are 

electrochemical and analytical detection methods. Compared to analytical detection methods 

such as optical, chromatographic, colourimetric etc., electrochemical detection methods 

dominate by their low cost, high sensitivity, accuracy, portable and easy fabrication 

advantages. The electrochemical methods for detecting glucose are categorized into enzymatic 

and non-enzymatic techniques [1, 2]. Enzymatic glucose sensors rely on the catalytic process 

of an immobilized enzyme in which the methodical and rapid renaissance of the enzyme is the 

primary criterion [3]. These methods have limitations due to the vulnerability of enzymes 

towards temperature, pH, humidity, and chemical substances, their high cost, and low stability. 

In contrast, non-enzymatic glucose sensors with advantages such as easy fabrication, high 

chemical and thermal stability, reproducibility, and low cost are well-studied these days [1, 2, 

3].  

Metals including Pd, Pt, Au, oxides, sulphides, and selenides of Mn, Fe, Co, Ni, Cu, 

and Zn, bimetallic systems have been widely investigated for glucose oxidation. Further, 

carbon materials and polymers have also been tested. Among all these materials, NiSe2 is an 

effective candidate for electron transfer-assisted sensing applications owing to its unique 

physical, optical, and electrochemical features such as excellent carrier mobility and large 

surface-to-volume ratio, its low toxicity, narrow bandgap, inherent electrical conductivity and 

resistance to chloride poisoning [4]. Also, CoSe2 has attracted attention due to its fast electron 

transfer ability, which makes it advantageous material for sensing applications [5, 6]. Many 

methods, such as hydrothermal or solvothermal, solution chemical process, electrodeposition, 

pyrolysis etc., are employed to prepare NiSe2 and CoSe2. Most of which involve the use of 

organic surfactants, multistep procedures, higher temperatures and time-consuming [7, 8]. 

Furthermore, using capping materials lower the electrochemical properties due to their 

insulating properties. 
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As discussed in previous chapters, we are using hexamethyldisilazane (HMDS) assisted 

methods to avoid the complexities and synthesise surfactant-free nanoparticles with benefits 

such as a high level of purity, good uniformity, high crystallinity, and low processing 

temperature [9]. Ni foam is frequently used as a conductive substrate because of its wide 

electrochemical active surface area and porous structure [10]. Therefore, we have synthesised 

surfactant-free NiSe2 (sf-NiSe2), (sf-CoSe2), and NiSe2/CoSe2 (sf-NiSe2/CoSe2) composite and 

employed them for non-enzymatic glucose sensing by coating it on Ni foam. Therefore, the 

combined properties of both materials can be used for constructing an enhanced sensitive non-

enzymatic glucose sensor. This method helped increase material conductivity, offered excellent 

electrochemical activity, and avoided structural collapse. The results highlighted that the 

synthesised materials could perform excellently in electrochemical glucose sensing. This study 

provides a new approach to enhance the performance of sf-NiSe2, sf-CoSe2 and sf-NiSe2/CoSe2 

materials and is also expected to affect diagnosis positively. 

5.2. Experimental  

5.2.1. Materials required 

Nickel chloride (NiCl2), Cobalt chloride (CoCl2), Selenium powder, Sodium hydroxide 

(NaOH), Sodium borohydride (NaBH4), hexamethyldisilazane (HMDS) were purchased from 

Sigma Aldrich. The characterisation of samples is done as described in Chapter 2. 

5.2.2. Preparation of Selenide solution  

Selenium powder (200 mg, 2.53 mmol) was added slowly and carefully to the mixture 

containing sodium hydroxide (50 mg, 1.25 mmol) and sodium borohydride (100 mg, 1.25 

mmol) in 2 ml DI water. This solution was stirred for 1 h under nitrogen atmosphere. 

5.2.3. Preparation of sf-NiSe2, sf-CoSe2 and sf-NiSe2 /CoSe2 composite by HMDS-assisted 

method 

NiCl2 (200 mg, 1.54 mmol) was mixed with excess hexamethyldisilazane (HMDS) in a 

pressure tube under a nitrogen atmosphere. The selenide solution was injected into this mixture 

and heated to 180 °C for 12 h. At the end of the reaction, a high vacuum was applied to 

eliminate excess HMDS and other gaseous side products. The residue was washed repeatedly 

with acetone and ethanol. The obtained product (sf-NiSe2) was dried in an oven at 70 °C for 

24 h. We followed the same procedure to prepare sf-CoSe2 using CoCl2 (200 mg, 1.54 mmol) 

as the metal source. To prepare sf-NiSe2 /CoSe2, 100 mg each of sf-NiSe2 and sf-CoSe2 were 
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taken and pulverized for 5 min in mortar. The reaction condition and work-up procedures were 

the same as above. 

5.2.4. Electrochemical measurements 

Electrochemical measurements were performed in CHI6112E electrochemical workstation at 

room temperature using a three-electrode system using synthesised nanoparticles coated Ni 

foam, saturated calomel electrode and platinum spiral wire as working, reference and counter 

electrode, respectively. To prepare the working electrode, 5 mg of synthesised catalyst was 

added into 1 ml of ethanol and sonicated for 30 min to get a homogenous solution. This solution 

was then drop-casted on purified Ni foam 2-3 times and dried in an oven at 80 °C overnight. 

Electrochemical analyses like Cyclic Voltammetry (CV), Electrochemical impedance 

spectroscopy (EIS), and Chronoamperometry techniques were performed at room temperature 

in 0.5 M KOH solution.   

5.3. Results and Discussion 

5.3.1. Preparation and characterisation of sf-NiSe2, sf-CoSe2 and sf-NiSe2/CoSe2 

The non-enzymatic glucose sensors work based on the electrochemical principles where 

electron movement is essential. The presence of insulating organic molecules as capping agents 

is expected to influence the sensing ability of the materials. As discussed in the previous 

chapters, to take advantage of surfactant-free surfaces on the catalyst, we have prepared sf-

NiSe2, sf-CoSe2 (Scheme 5.1) and sf-NiSe2/CoSe2 composites via HMDS-assisted synthetic 

method (Scheme 5.2). As expected, this method yielded pure metal selenides and composite 

material in simple procedures. Though sf-NiSe2 and sf-CoSe2 were reported earlier, the glucose 

sensing application of sf-NiSe2/CoSe2 composite is unknown until now.  

 

Scheme 5.1. Preparation of sf-NiSe2, sf-CoSe2. 
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Scheme 5.2. Preparation of sf-NiSe2/CoSe2 composite 

The prepared samples were analysed by powder X-ray diffraction pattern (PXRD). The PXRD 

spectrum of sf-NiSe2 (figure 5.1) confirmed the formation of NiSe2 (JCPDS-88-1711) with 

peaks at 29.9 °, 33.6 °, 36.9 °, 42.8 °, 50.7 °, 55.5 °, 57.8 °, 62.2 °, 72.6 °, 74.6 °, 84.3 °, and 

88.2 ° indicating (200), (210), (211), (220), (311), (023), (321), (400), (421), (332), (511), and 

(234) planes [11, 12]. The PXRD of CoSe2 (JCPDS-09-234) showed peaks 33.7 °, 45.2 °, 51.5 

°, 63.1 °, and 72.0 ° indicating (210), (221), (311), (400), and (024) planes [13]. The major 

peaks and SAED pattern of NiSe2 indicated the formation of cubic pyrite-phase [14]. The 

PXRD peaks and SAED pattern of CoSe2 confirmed the formation of the cubic phase [15]. 

These findings illustrate that NiSe2 and CoSe2 were successfully prepared. In the PXRD pattern 

of the NiSe2/CoSe2 composite, we observed the diminishing of peaks at 36.9 °; otherwise, all 

other peaks were a combination of sf-NiSe2 and sf-CoSe2 peaks. 

 

 

Figure 5.1. PXRD pattern of sf-NiSe2, sf-CoSe2, sf-NiSe2/CoSe2 nanoparticles. 
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Figure 5.2. FE-SEM, TEM image and SAED pattern of sf-NiSe2 (a,b,c), sf-CoSe2 (d,e,f), sf-

NiSe2/CoSe2 (g, h, i) nanoparticles, respectively. 

 Figure 5.2. shows the morphologies of sf-NiSe2, sf-CoSe2 and sf-NiSe2/CoSe2, where 

sf-NiSe2 and sf-CoSe2 exhibited spherical morphologies whereas sf-NiSe2/CoSe2 composite 

material have fibrous structure connecting the spheres. The elemental mapping is shown in 

Figure 5.3 and confirmed the presence of Ni, Co, Se and combination in sf-NiSe2/CoSe2 

composite. The bandgap of each material was calculated from the absorption spectra as shown 

in Figure 5.4 and found to be 0.807 eV,0.77 eV, and 0.729 eV for sf-NiSe2, sf-CoSe2 and sf-

NiSe2/CoSe2 respectively. 
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Figure 5.3. EDS elemental mapping of a) sf-NiSe2, b) sf-CoSe2 and c) sf-NiSe2/CoSe2, 

respectively. 

 

 

. 

 

 

Figure 5.4. Bandgap calculations of a) sf-NiSe2, b) sf-CoSe2 and c) sf-NiSe2/CoSe2 

respectively. 

5.3.2 Surface area of sf-NiSe2, sf-CoSe2 and sf-NiSe2/CoSe2 composite materials 

The most important factor in assessing the catalytic ability of catalysts is their active surface 

area. It is well-known that the larger the surface area better the catalytic activity. The rationale 

is that a substance with a large surface area will have an adequate number of active sites that 

will result in maximal adsorption, leading to enhanced catalytic activity. The N2 adsorption-

desorption isotherm curves in Figure 5.5 (a, b, c) showed that all materials followed type III 

isotherm. The isotherm displayed an exquisite interface between the adsorbent and the 

adsorbed layer, indicating an effective interaction and demonstrating multilayer adsorption. sf-
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NiSe2, sf-CoSe2 and sf-NiSe2/CoSe2 had a specific surface area of 17.65 m2/g, 21.24 m2/g, and 

26.29 m2/g respectively. According to BJH pore size distributions (Figure 5.5. d, e, f), the 

average pore sizes of sf-NiSe2, sf-CoSe2 and sf-NiSe2/CoSe2 were around 1.7 nm, 1.95 nm, 

1.56 nm. It is evident from the values that the samples were microporous. The whole surface 

area of materials was available for catalytic action because no other organic surfactant 

molecules were in their immediate vicinity [9d]. 

 

Figure 5.5. Nitrogen adsorption–desorption curves (a,b, and c) of a) sf-NiSe2, b) sf-CoSe2 and 

c) sf-NiSe2/CoSe2 and BJH pore size distribution plot of d) sf-NiSe2, e) sf-CoSe2 and f) sf-

NiSe2/CoSe2  respectively. 

5.3.3. Electrochemical non-enzymatic detection of glucose using sf-NiSe2, sf-CoSe2 and   

sf-NiSe2/CoSe2  

Electrochemical activities of the modified electrocatalyst were investigated in 0.1 M KCl 

solution containing 5 mM potassium ferricyanide (K3[Fe(CN)6]). In Cyclic voltammetry 

(Figure 5.6 a), a well-defined pair of redox peaks with an anodic peak at 0.24 V and cathodic 

peak at 0.16 V with a peak-to-peak separation of 0.08 V observed for sf-NiSe2/CoSe2 

composite material indicating the quasi-reversible redox reaction. While for sf-NiSe2 and sf-

CoSe2 materials, no proper redox peaks or higher peak-to-peak separations were observed. 

These observations demonstrated the better catalytic activity of the sf-NiSe2/CoSe2 composite 

material. EIS measurements were also performed in the frequency range of 100 KHz to 100 

mHz with an amplitude of 10 mV (Figure 5.6 b). The Nyquist plots showed that sf-NiSe2/CoSe2 
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composite has a lower semicircle diameter than sf-NiSe2 and sf-CoSe2 materials, implying a 

lower electron transfer resistance at the electrolyte/electrode surface. Furthermore, sf-

NiSe2/CoSe2 composite material exhibits characteristics spectra in the high-frequency region 

due to its electron transfer controlled process [2]. 

 

Figure 5.6. (a) Cyclic voltammograms and (b) EIS spectra of sf-NiSe2, sf-CoSe2, sf-

NiSe2/CoSe2, in 0.10 M KCl containing 5.0 mM K3[Fe (CN)6] at a scan rate of 50 mV s–1.  

Cyclic voltammetry was performed to demonstrate the response of electrodes in glucose 

sensing. Figure 5.7 illustrates the current response of each electrode with and without 0.1 mM 

glucose addition in 0.5 M KOH within the potential range of 0 to 0.8 V at a scan rate of 50 

mV/s. In Figure 5.7 a, b and c, it can be seen that all three electrodes showed redox peaks even 

in the absence of glucose. These peaks were due to the oxidation and reduction of electrode 

materials (catalyst coated on Ni sponge). The shift in the oxidation peak in the voltammogram 

of the catalyst in pure KOH solution and solution where glucose is added represents the current 

response with respect to the oxidation of glucose. This observation means that quick and 

complete oxidation of glucose would be responded to as more change in the oxidation peak, 

i.e., good sensing ability. From Figure 5.7d, it can be clearly noted that sf-NiSe2/CoSe2 showed 

a higher current response compared to sf-NiSe2 and sf-CoSe2, explaining the good 

electrochemical sensing capability of sf-NiSe2/CoSe2 composite material towards electro-

oxidation of glucose. This increased response might be due to the higher surface area (ref: 

Section 5.3.2) of composite materials, which increased the chances of adsorption and oxidation. 

The whole mechanism can be explained according to Incipient Hydrous Oxide Adatom 

Mediator (IHOAM) Model, as depicted below.  

𝑀𝑆𝑒2   +    𝑂𝐻𝑚𝑒𝑑𝑖𝑢𝑚
−    ⇌     𝑀𝑆𝑒2𝑂𝐻   +    𝑒−, where 𝑀2+   ⇌    𝑀3+  +   𝑒−, 
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Here the oxidation and reduction of metal centres happen in which the oxidation peak current 

is due to the oxidation of metal and reduction peaks due to the reduction of metals. After the 

addition of glucose, there is an enhancement in the current response, which can be explained 

as:  

     𝑀𝑆𝑒2𝑂𝐻     +    𝐶6𝐻12𝑂6  →     𝐶6𝐻12𝑂7   +     𝑀𝑆𝑒2    +     2𝐻2𝑂  

                                 glucose           gluconic acid 

 The MSe2OH species formed by the oxidation of metal centres will act as an oxidizing 

species (oxidizing agent) and helps in the oxidation of glucose to Gluconic acid, where the 

species itself will undergo reduction to form MSe2 material back. This species again undergoes 

oxidation and releases electrons, which increases the oxidation current. And this cycle 

continues [10, 16].  

 

Figure 5.7. Cyclic voltammograms of a) sf-NiSe2, b) sf-CoSe2, c) sf-NiSe2/CoSe2, before and 

after 0.1 mM glucose addition and d) merged responses of each electrode and bare after the 

addition of 0.1 mM glucose in 0.5 M KOH solution, scan rate: 50 mV/s. 
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The dependence of anodic peak current on scan rate for sf-NiSe2, sf-CoSe2, and sf-

NiSe2/CoSe2 was studied by recording the CV at different scan rates in 0.5 M KOH solution 

with 0.1 mM glucose (Figure 5.8 a, b and c). The study showed that as the scan rate increased, 

the oxidation peak current shifted towards the positive region while the reduction peak shifted 

in the negative direction. This shift demonstrated the quick and reversible redox reactions at 

the electrode-electrolyte interface, referring to the low resistance of electrode materials. The 

shape of the voltammograms was consistent across all scanning rates, indicating that the 

reaction was reversible and further established the reversibility of the catalytic oxidation of 

glucose by sf-NiSe2, sf-CoSe2, and sf-NiSe2/CoSe2 [10]. In addition to that, the peak current 

was directly proportional to the scan rate (figure 5.8 d, e, f) with correlation coefficients of 

0.9873, 0.9906, and 0.9958 for sf-NiSe2, sf-CoSe2, and sf-NiSe2/CoSe2 respectively [17], This 

observation established that the electro-oxidation of glucose was diffusion controlled, which is 

preferred for an ideal detection of glucose [3, 16].  

 

Figure 5.8. CV of a) sf-NiSe2, b) sf-CoSe2, c) sf-NiSe2/CoSe2  electrodes at different scan rate 

from 10 to 100 mVs-1 and plot of peak current versus scan rate for d) sf-NiSe2, e) sf-CoSe2, f) 

sf-NiSe2/CoSe2  electrodes with 1 mM glucose in 0.5 M KOH. 

 The effect of glucose concentration on performance by sf-NiSe2, sf-CoSe2, and sf-

NiSe2/CoSe2 electrodes was studied by CV measurements (figure 5.9). There was a rise in 

anodic and cathodic peak currents with an increase in the glucose concentration from 0.1 mM 



149 
 

to 1 mM. This rise proved that all three electrodes favored glucose oxidation with a correlation 

coefficient of 0.9948, 0.9964, and 0.9970 for sf-NiSe2, sf-CoSe2, and sf-NiSe2/CoSe2. The limit 

of detection and sensitivity was calculated from the linear plots of Figure 5.9. (d, e, f) and the 

results are tabulated in Table 5.1. The data (Table 5.1) established that sf-NiSe2/CoSe2 showed 

higher sensitivity and lower detection limits than sf-NiSe2 and sf-CoSe2. Also, the Ni foam on 

which the materials were coated increased the conductivity due to its charge transfer ability [2, 

16]. 

 

Figure 5.9. CV of a) sf-NiSe2, b) sf-CoSe2, c) sf-NiSe2/CoSe2  electrodes at different glucose 

concentrations and plot of peak current versus concentration for d) sf-NiSe2, e) sf-CoSe2, f) sf-

NiSe2/CoSe2  electrodes in 0.5 M KOH at a scan rate of 50 mVs-1. 

  

Material 
Limit of Detection 

(mM) 

Sensitivity          

(mA/mM cm2) 

NiSe2 0.08716 0.0495 

CoSe2 0.0655 0.0619 

NiSe2/CoSe2 0.0588 0.0896 

 

Table 5.1. Limit of detection and Sensitivity of sf-NiSe2, sf-CoSe2, and sf-NiSe2/CoSe2 as 

calculated. 
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 Long-term stability is crucial for sensors, which was examined by measuring up to 200 

cycles of sf-NiSe2, sf-CoSe2 and sf-NiSe2/CoSe2 electrodes in 0.1 mM glucose in 0.5 M KOH 

solution. As illustrated in Figure 5.12, all electrodes showed good stability up to 200 cycles. 

Higher stability was shown by the sf-NiSe2/CoSe2 composite electrode, which again confirmed 

its increased applicability for practical use. Therefore, it can be utilized as a reliable glucose 

sensor. 

 

Figure 5.12. CV of  a) sf-NiSe2, b) sf-CoSe2 and c) sf-NiSe2/CoSe2 electrodes for 200 cycles 

for showing the stability. 

5.3.4. Glucose sensing via chronoamperometric using sf-NiSe2, sf-CoSe2 and   sf-

NiSe2/CoSe2  

The amperometry technique is a well-known quick detection technique due to its higher 

sensitivity and lower signal-to-noise ratio characteristics, which is paramount for sensing 

applications. We performed chronoamperometric measurements to assess the operating range 

and sensitivity of sf-NiSe2, sf-CoSe2, and   sf-NiSe2/CoSe2 electrodes [3]. Figure 5.10. a, b, and 

c show the chronoamperometric measurement for successive addition of glucose per minute in 

0.5 M KOH with stirring conditions under 0.517 V, 0.496 V and 0.487 V for sf-NiSe2, sf-

CoSe2, and sf-NiSe2/CoSe2 respectively. It can be clearly seen that, as the concentration of 

glucose increased, the current response also increased step-wise, which validated the efficient 

catalytic performance of sf-NiSe2, sf-CoSe2, and sf-NiSe2/CoSe2 electrode for electrochemical 

glucose oxidation. After adding glucose, all electrodes responded and reached a steady state 

current. Among which sf-NiSe2/CoSe2 composite was responding within a short time of 0.603 

s when compared to sf-NiSe2 (0.73 s) and sf-CoSe2 (0.668 s), which illustrated the higher 

efficiency of sf-NiSe2/CoSe2 composite electrodes for glucose sensing than individual ones. 

The high efficiency of composite material is due to the synergistic effect of both sf-

NiSe2 and sf-CoSe2 and the availability of more active sites for adsorption. As can be seen in 
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Figure 5.10. (d, e, f), electrocatalytic activity had a strong linear dependence with different 

glucose concentrations with correlation coefficients of 0.9905, 0.9941 and 0.9964 for sf-

NiSe2, sf-CoSe2, and sf-NiSe2/CoSe2, respectively. 

 

Figure 5.10. Chronoamperometric response for successive glucose addition in 0.5 M KOH 

(a,b,c), corresponding calibration plot (d,e,f) and response time of sf-NiSe2, sf-CoSe2, and sf-

NiSe2/CoSe2 respectively. 

 The average glucose level is 4-7 mM but varies from person to person [3]. The 

selectivity of a non-enzymatic glucose sensor must be evaluated since the presence of 

interference-causing substances affects glucose detection. Because clinical and biological 

specimens contain a significant amount of co-existing and iso-structural species that could 

interfere with the target analyte, the ability of the suggested sensing platform for the selective 

measurements of glucose was assessed using interference analysis. In this context, the impact 

of species such as ascorbic acid (AA), urea, potassium chloride (KCl), potassium nitrate 

(KNO3), and sodium nitrite (NaNO2) were studied. Interfering substances are often quickly 

oxidized in human blood. However, the glucose level in the blood is typically at least ten times 
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higher than the interfering substances [18]. The amperometric current response after the 

continuous addition of 500 µM glucose solution followed by 100 µM interfering compounds 

in 0.5 M KOH with stirring conditions is as shown in Figure 5.11. The current response of each 

interfering ion was negligible compared to the response for glucose molecules. This 

observation indicated that interfering molecules in the clinical analysis would not affect the 

glucose signal, which showed the selectivity of synthesized materials. Among the three 

electrodes sf-NiSe2/CoSe2 composite electrode showed a higher current response when 

compared to individual electrodes, which again highlights the higher sensitivity and future 

applicability of this material in glucose sensors. 

 

Figure 5.11. Amperometric response of a) sf-NiSe2, b) sf-CoSe2 and c) sf-NiSe2/CoSe2 

electrodes towards sequential addition of 500 µM glucose, 100 µM of Ascorbic acid (AA), 

urea, potassium chloride (KCl), potassium nitrate (KNO3), sodium nitrite (NaNO2) in 0.5 M 

KOH solution. 

5.4. Conclusion 

In conclusion, we were able to synthesize surfactant free-NiSe2 (sf-NiSe2), CoSe2 (sf-CoSe2), 

and NiSe2/CoSe2 (sf-NiSe2/CoSe2) composite materials using HMDS-assisted method. PXRD 

and SAED patterns confirmed the formation and crystalline nature of products. In the non-

enzymatic glucose sensing experiments, all materials showed good performance, whereas sf-

NiSe2/CoSe2 composite material showed better electrochemical oxidation of glucose with a 

sensitivity of 0.0896 mA/mMcm2 and limit of detection (LOD) value of 0.0588 mM and a 

quick response time of 0.603 s. sf-NiSe2/CoSe2 composite also exhibits enhanced anti-

interference and stability at the same time. Therefore, sf-NiSe2/CoSe2 offers a new option for 

non-enzymatic glucose sensor materials due to its high performance, making it a promising 

candidate for accurately detecting glucose in real-world clinical samples. 
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CHAPTER 6 

SUMMARY AND CONCLUSION 

Organic surfactants have been used in most reactions to synthesise nanomaterials to date. 

Additionally, the majority of them involve lengthy, multistep reactions. Surfactants typically 

control morphology, cap the surface, and avoid nanoparticle aggregation by forming micelles 

surrounding the nanoparticles. However, the prominent involvement of surfactants has the 

drawback of lowering the efficiency of materials in various applications, specifically catalysts.  

The disadvantage is caused by the fact that surfactants block active sites of materials and create 

a barrier that prevents substrates from accessing the surface of the catalysts. Further, these 

surfactants can be toxic to the environment. However, the work presented here is an entirely 

one-step, surfactant-free synthesis.  

Our group developed a novel hexamethyldisilazane (HMDS)-assisted synthetic method 

to produce nanoparticles without organic surfactants or polymers. HMDS serves as a reaction 

initiator, reducing agent, and stabilizer in this simplest chemical method to produce different 

nanomaterials. Using this method, we produced various nanomaterials, including binary, 

ternary, and composite metal chalcogenide materials, using our ground-breaking method. As 

previously discussed in their respective chapters, we were successful in synthesising different 

metal doped surfactant free ZnS, AgBiS2 nanoparticles with and without surfactant, SnS2 with 

and without surfactant, surfactant-free NiSe2, CoSe2, NiSe2/CoSe2 nanoparticles. All 

chalcogenides were produced without the aid of an external surfactant under inert conditions. 

In the first study, we synthesised ZnS nanoparticles and metal-doped ZnS nanoparticles 

(sf-m-ZnS; m = Cu, Ni, Cd, Bi, or Mn) and correlated their activity with bandgap changes. 

Without using surfactants, polymers, or template molecules, we synthesised all of these 

compounds using hexamethyldisilazane (HMDS), and we comprehensively characterized them 

using various methods. The photocatalytic and antibacterial properties exhibited by the 

materials have demonstrated their dual usefulness. We have shown how doping has an impact 

on the expansion of the absorption band into the visible spectrum and the improvement of 

photocatalytic activity under visible light. Thus, we found that the bandgap variation has altered 

the material's performance as photocatalysts. While degrading two organic contaminants, 

Rhodamine B (RhB) and Methylene blue (MB), in water, sf-Cd-ZnS outperformed all other 

materials synthesised. The antibacterial activity of sf-ZnS and sf-m-ZnS against 

Staphylococcus aureus (S. aureus) was evaluated using the Zone of Inhibition method. The 
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material sf-Ni-ZnS exhibited the highest activity. The increased activity of materials can be 

attributed to the availability of the free surface of the nanoparticles, which allowed for close 

contact between the inorganic semiconductor material and organic and biomolecules. 

Therefore, we have explained that the properties can be improved by modifying the bandgap 

of the materials and enabling close contact between the materials and substrates. 

Intending to check the efficiency of surfactant-free materials in degrading the organic 

contaminants in water, we have studied the quality of water obtained before and after the 

degradation of pollutant Rhodamine B by SnS2 with (PEG-SnS2) and without surfactant (sf-

SnS2) under sunlight illumination. Similarly, we have tested AgBiS2 with (OLA/OA-AgBiS2) 

and without surfactant (sf-AgBiS2). Also, we have compared the efficiency of materials 

prepared using the HMDS and literature methods. The qualitative analysis was done by 

measuring Chemical Oxygen Demand (COD). The results demonstrated that the materials 

without capping agents (sf-SnS2 and sf-AgBiS2) had the highest Rhodamine B dye solution 

degradation and the lowest COD value. Therefore, this work emphasizes the significance of 

the Hexamethyldisilazane (HMDS) method for nanoparticle synthesis. This procedure ensured 

free active surface availability, resulting in close contact with the substrate. 

 As an initiatory step, nanoparticles synthesised using the HMDS-assisted method are 

subjected to therapeutic study. Long-chain organic surfactants or polymers are invariably 

needed for the chemical production of nanomaterials to stabilize them in the nano regime. 

These stabilizing compounds prevent nanomaterials from interacting with biological cells. In 

order to investigate the impact of stabilizers, we synthesised AgBiS2 nanoparticles with and 

without polymer coatings (sf-AgBiS2 and PEG-AgBiS2) using the HMDS method and tested 

their NIR-mediated anticancer and antibacterial activities. The key feature of a photo-

responsive system is the ability to get excited by a single wavelength. The near-infrared (NIR) 

light-absorbing AgBiS2 exhibit this characteristic feature. This work demonstrated the superior 

anticancer activity and biocompatibility of sf-AgBiS2 against HeLa cells and live 3-D tumour 

spheroids and showed excellent antibacterial activity against Gram-positive Staphylococcus 

aureus (S. aureus) in both the presence and absence of NIR radiation of over PEG-AgBiS2. The 

photothermal treatment (PTT) outcomes demonstrated the capacity of sf-AgBiS2 by raising the 

temperature of cancer cells to 53.3 °C under NIR illumination leading to the destruction of 

cancer cells. The significance of synthesising stabilizer-free nanoparticles to synthesise safe 

and potent PTT agents is illustrated by this work. 
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We have employed the HMDS method to synthesise NiSe2, CoSe2 and NiSe2/CoSe2 

composite materials. These materials exhibited their usefulness in effective glucose oxidation, 

highlighting the usage of these materials for non-enzymatic electrochemical detection of 

glucose. sf-NiSe2/CoSe2 showed a higher response. When compared to individual materials, 

sf-NiSe2/CoSe2 exhibited more excellent electrochemical response with a lower limit of 

detection of 0.0588 mM, good sensitivity of 0.0576 mAmM-1cm-2, and a short response time 

of 0.603 s as well as long-term stability and good anti-interference capabilities. Thus, this work 

demonstrates the enormous potential of sf-NiSe2/CoSe2 electrode material as non-enzymatic 

glucose sensors, making it possible to be employed as a practical glucose detector.  

 The HMDS-assisted method, when compared to intricate or multistep approaches 

published in various works of literature, was capable of producing nanomaterials in a single 

step. Materials with excellent phase purity and good crystallinity could be produced employing 

this HMDS-assisted method. The synthesised nanoparticles, however, were weakly soluble in 

organic solutions. Interestingly, the heterogeneous catalysts made using the HMDS-assisted 

method outperformed the identical materials synthesised using already-known methods in 

various catalytic applications. The current work offers novel insights into preparing materials 

with clean surfaces for the efficient degradation of contaminants in wastewater, biocompatible 

and potent PTT agents, and non-enzymatic glucose sensors. 
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Abstract
The materials showing multiple applications are appealing for their practical use and industrial production. To realize the 
suitable property for various applications, we have produced ZnS (sf-ZnS) and metal-doped ZnS nanoflakes (sf-m-ZnS; 
where m = Cu, Ni, Cd, Bi, or Mn) and correlated their activity with bandgap variation. We obtained all these materials via 
hexamethyldisilazane (HMDS)-assisted synthetic method without using any surfactants, polymers, or template molecules and 
characterized them thoroughly using various techniques. Photocatalytic, as well as antibacterial, activities of these materials 
showed their bifunctional utility. We have demonstrated the effect of doping and consequent extension of absorption band 
to the visible region and resultant improved photocatalytic activity under sunlight. Thus, the change in bandgap influenced 
their performance as photocatalysts. Among all materials produced, sf-Cd-ZnS provided superior results as a photocatalyst 
while degrading two organic pollutants—rhodamine B (RhB) and methylene blue (MB) in water. The antibacterial activ-
ity of sf-ZnS and sf-m-ZnS against Gram-positive bacteria, i.e., Staphylococcus aureus (S. aureus), was examined by the 
zone of inhibition method, wherein sf-Ni-ZnS showed maximum activity. The enhanced activity of these ZnS materials 
can be attributed to the free surface of nanoparticles without any capping by organic molecules, which provided an intimate 
interaction of inorganic semiconductor material with organic and biomolecules. Thus, we have demonstrated modification 
of properties both by bandgap tuning of materials and providing the opportunity for intimate interaction of materials with 
substrates. The photocatalytic activity and antibacterial action of metal-doped ZnS produced by our method exhibited their 
potential for environmental remediation, specifically water purification.

Keywords  Zinc sulfide · Transition metal dopants · Surfactant free · Photocatalysts · Antibacterial action

Introduction

Rapid growth in population and industrialization have 
resulted in vast pollution to the environment and water, 
leading to a severe threat to the endurance of human beings 
(Zhang et al. 2019; Ferreira-Neto et al. 2020). Photocatalysis 

is a light-driven chemical process and is a much-needed pro-
cess for our society’s well-being in terms of water purifica-
tion, water splitting, and other photocatalytic applications. 
The photocatalysis process is helpful for the degradation of 
contaminants on the surface of the photocatalyst. There is 
an increasing need to control chemical and bacterial con-
taminations in water that originate mainly from chemical, 
textile, printing, plastics, papers, food, cosmetic, drugs, and 
healthcare industries. Photocatalysts play a crucial role in 
the degradation of water pollutants that have fatal effects 
on humans. Though many methods such as coagulation, 
biodegradation, and photocatalysis have been used for 
water purification, photocatalysis is proved to be lethal for 
the degradation of pollutants like organic dyes (RhB and 
MB) (Poormohammadi-Ahandani et al. 2014; Velanganni 
et al. 2018). Several semiconductor photocatalysts such as 
metal oxides, metal hydroxides, sulfides, and metal-free 
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semiconductors have been used for water purification. Many 
of them worked well because of their high surface to volume 
ratio and quantum confinement effect (Wang et al. 2006; 
Corrado et al. 2009; Naofumiuekawa et al. 2015).

After the pioneering work of using the environmentally 
friendly and economical process of photocatalytic split-
ting of water on TiO2 electrodes by Honda and Fujishima, 
the focus on preparing II-VI semiconductor nanomaterials 
received widespread attention for their application in phos-
phors, electroluminescence devices, light-emitting dis-
plays, and optical sensors. Among many semiconductors, 
zinc sulfide (ZnS) is studied extensively by researchers for 
(Yang et al. 2002; Peng et al. 2006; Wang et al. 2006; Cadis 
et al. 2011; Kole and Kumbhakar 2012; Ummartyotin et al. 
2012; Zhang and Guo 2013; Poormohammadi-Ahandani 
et al. 2014; Sahraei and Darafarin 2014; Singh et al. 2014; 
Naofumiuekawa et  al. 2015; Harish et  al. 2017; Prasad 
and Balasubramanian 2017) versatile applications in many 
fields like photonics, electroluminescence, nonlinear optical 
devices, infrared windows, and as sensors. ZnS is an II-VI 
semiconductor material at room temperature with a wide 
direct bandgap (3.5–3.8 eV), and it possesses high exciton 
binding energy (40 meV) and is less toxic. Therefore, it can 
be used in the short wavelength region (UV, blue, green) of 
the electromagnetic spectrum for optoelectronic applications 
(Kole and Kumbhakar 2012). It is also a phosphor material 
with electroluminescent and photoluminescent properties 
and shows size-dependent electrical and photoluminescent 
properties, which are useful in the fields of sensors, displays, 
and lasers (Wang et al. 2006; Naofumiuekawa et al. 2015; 
Song et al. 2018).

Theoretically, ZnS possess a much higher capability of 
photo-carrier generation than TiO2 due to the direct bandgap. 
However, its wide bandgap energy restricts the absorption of 
the visible light reducing its usability as a photocatalyst. At the 
same time, the large bandgap favors it to host any metal ions. By 
incorporating the transition metal dopants on the ZnS material 
with different loadings, it is possible to tune the absorption 
capacity from the UV region to the visible region. Therefore, 
many studies were directed on improving its properties by 
doping process where the transition metal–doped ZnS are 
prominent (Wang et al. 2006; Peng et al. 2006; Cadis et al. 
2011; Kole and Kumbhakar 2012; Ummartyotin et al. 2012; 
Poormohammadi-Ahandani et al. 2014; Singh et al. 2014; 

Naofumiuekawa et al. 2015; Dilpazir et al. 2015; Prasad and 
Balasubramanian 2017; Jung et al. 2017; Velanganni et al. 2018; 
Song et al. 2018; Suganthi and Pushpanathan 2019a, 2019b). 
Since these materials have comparable surface atoms to those 
in the crystal lattice, their chemical and physical properties 
differ from bulk. In addition, luminescent centers are formed by 
doping ions, resulting in their luminescent property (Yang et al. 
2002; Wang et al. 2006). The role of these dopants is to create 
charge carrier traps which result in enhanced photocatalytic 
activities (Poormohammadi-Ahandani et al. 2014; Prasad and 
Balasubramanian 2017).

While acting as a photocatalyst, ZnS has also shown 
potent biological applicability, particularly the antibacte-
rial activity. According to the Infectious Disease Society of 
America (IDSA), the threatening bacterial species exhibiting 
rapid growth of antibiotic resistance include Staphylococcus 
aureus (S. aureus), Pseudomonas aeruginosa (P. aerugi-
nosa), and Enterobacter species. The methicillin-resistant 
Staphylococcus aureus caused a large number of deaths 
worldwide (Qumar et al. 2020). Therefore, more effective 
antibiotics are to be developed to overcome the resistance 
of S. aureus. The effect of doping ZnS in its antibacterial 
activity against Gram-positive bacteria S. aureus has also 
been studied and evaluated by the zone of inhibition method 
(Singh et al. 2014; Arun Kumar et al. 2017; Song et al. 
2018). These materials are popularly used in medical diag-
nostics since they are non-toxic, biocompatible, and biosafe 
(Rose et al. 2020; Hussain et al. 2020).

Different transition metals have been doped into ZnS 
through different methods of preparation for potential 
applications. While the unhindered mobility of charge 
is an essential characteristic, the toxicity of materials 
used is the deciding factor for biological activity. The 
intimate contact of active catalytic materials with pol-
luting molecules for their degradation and inhibition of 
bacterial growth is much needed for efficient catalytic 
activities. Many synthetic methods of ZnS and its doping 
processes involve using long-chain organic molecules as 
surfactants to assist in controlling the growth process 
of nanoparticles. These molecules form a layer between 
the active materials and the substrates, such as dye need-
ing decomposition or bacteria required to be inactivated 
(Fig. 1). Sometimes these surfactant molecules may be 
toxic to humans and also inhibit charge mobility. There 

Fig. 1   a, b Schematic rep-
resentation of interaction of 
surfactant-free and stabilized 
nanoparticles
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are few reports on stripping these surfactants by post-
synthetic methods such as ligand exchange reactions and 
annulation. Though these methods are somewhat effec-
tive, they do leave some impurities, and many of them 
involve multistep preparation processes.

This work aims to tune the absorption capacity of pure 
zinc sulfide (UV region) to visible region by having tran-
sition metal ions as dopants and providing unhindered 
movement to the charge carriers. In this work, the high 
pure surfactant-free ZnS nanoparticles (sf-ZnS) and sur-
factant-free metal-doped ZnS nanoparticles (sf-m-ZnS; 
where m = Cu, Ni, Cd, Bi, or Mn) were prepared with the 
tuneable bandgap, which showed excellent photocatalytic 
and antibacterial properties. The materials were synthe-
sized by a simple one-pot reaction utilizing the hexa-
methyldisilazane (HMDS)-assisted synthesis method, 
wherein HMDS played a multi-role such as a solvent 
and a capping agent (Srinivas et al. 2015; Kumar et al. 
2017; Srinivas and Muralidharan 2018; Ahmad Pandit 
et al. 2019, 2020). There are no previous reports on the 
preparation of metal-doped ZnS using this method. The 
reactions yielded high pure materials without any organic 
molecules in their surroundings. Various analytical and 
spectroscopic techniques are used to characterize the sf-
ZnS and sf-m-ZnS nanoparticles. The materials were 
tested for the photocatalytic degradation of organic dyes 
(RhB and MB) to explain clearly the impact of doping on 
ZnS nanoparticles. Besides photocatalysis, the effect of 
doping was studied through its action against the Gram-
positive bacteria S. aureus. This work, therefore, pro-
vides a way of tuning the properties of wide bandgap 
semiconductors and their impact on the degradation of 
environmental pollutants and health hygiene.

Experimental

Materials required

Zinc chloride (ZnCl2), thiourea, hexamethyldisilazane 
(HMDS), copper chloride (CuCl2), nickel chloride (NiCl2), 
cadmium chloride (CdCl2), bismuth chloride (BiCl2), and 
manganese chloride (MnCl2) were purchased from Sigma-
Aldrich. All chemicals were used without any further 
purification.

Synthesis of ZnS by the HMDS‑assisted method

The hexamethyldisilazane (HMDS)-assisted method 
(Scheme 1) was utilized to synthesize ZnS nanoparticles. 
Zinc chloride (200  mg, 1.4  mmol), thiourea (106  mg, 
1.4 mmol) (1:1 stoichiometric ratio), and excess HMDS 
(5 ml) were taken in a flask, and the mixture was heated 

to about 140 °C for 6 h under nitrogen (flow) atmosphere. 
After the reaction was completed, high vacuum was applied 
to remove excess HMDS and other gaseous side products. 
The residue was washed repeatedly with distilled water and 
acetone. The collected product (sf-ZnS) was dried in an 
oven at 70 °C for 24 h.

Preparation of metal doping of ZnS (sf‑m‑ZnS)

To prepare metal-doped ZnS, metal chloride (5% loading) 
was added to the reaction mixture of zinc chloride, thiourea, 
and HMDS. The rest of the reaction conditions and workup 
were similar to the one discussed for ZnS. Likewise, the 
other metal-doped zinc sulfides (sf-m-ZnS; where m = Cu, 
Ni, Cd, Bi, or Mn) (9 mg of CuCl2; 9 mg of NiCl2; 14 mg 
of CdCl2; 24 mg of BiCl3; and 9 mg of MnCl2) were also 
prepared following the above prescribed procedure.

Instrumentation

XRD patterns of sf-ZnS and sf-m-ZnS were collected at 
room temperature using a Bruker D8 X-ray diffractom-
eter (XRD) at a scan rate of 1 min−1 (CuKα = 1.54 Å; 
operating voltage = 40 kV; operating current = 30 mA) 
measurements with Cu Kα radiation in a 2θ range from 
10° to 80°. The synthesized sf-ZnS and sf-m-ZnS mate-
rials were made into suspension in ethanol by sonicating 
for 2–3 min. The suspension 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 of sf-ZnS 
and sf-m-ZnS particles. The morphology (FESEM) of 
sf-ZnS and sf-m-ZnS materials and energy-dispersive 
spectroscopy (EDS) were studied using an Ultra 55 Carl 
Zeiss instrument at an operating voltage of 10 kV. A 
JASCO 5300 spectrophotometer was used to record the 
Fourier transform infrared (FT-IR) spectra (KBr pellet) 
of sf-ZnS and sf-m-ZnS materials. The optical proper-
ties of sf-ZnS and sf-m-ZnS materials were confirmed 
by studying the UV/Vis absorption spectra of samples 
in the solid and liquid states (for photocatalysis) using 
a JASCO-V770 UV/Vis spectrometer, wherein barium 
sulfate was used as the filler. The lifetime studies were 

Scheme 1   Formation of zinc sulfide via HMDS-assisted reaction
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performed using a MicroTime 200 resolved confocal 
f luorescence setup from PicoQuant equipped with an 
inverted microscope, a 485-nm pulsed laser source used 
for excitation.

Photocatalytic degradation of organic dyes

Rhodamine B and methylene blue are the dyes chosen as 
pollutants in our study. The corresponding wavelengths 
used for rhodamine B and methylene blue are 554 nm and 
663 nm, respectively. Stock solutions of dyes (rhodamine 
B (RhB) and methylene blue (MB)) were prepared by 
adding 10 mgl−1 of dye in deionized water for the study 
of catalytic activity. From this stock solution, 60 ml was 
taken in a beaker. For the photocatalyst powders (doped 
and undoped ZnS), 30 mg was added to the solution, 
and 3 ml of solution was taken in a specific interval of 
time. The sample was centrifuged at 2500 rpm for 5 min, 
and its UV–Vis spectrum was recorded to identify the 
degradation of dye. The observed decrease in intensity 
of absorption peak represented the degradation. The rate 
of decolorization of the solution was measured as the 
decrease in absorbance. The decolorization efficiency 
is calculated using the formula given below.

where C0 is the amount of dye at 0 time, and Ct is the amount 
of dye at time t.

Antibacterial activity test

The antibacterial activity of ZnS and metal-doped ZnS 
has been evaluated through the zone of inhibition method 
in agar medium. The liquid agar medium was sterile at 
a temperature of 121 °C. It was poured into a petri dish, 
20 ml/plate, and was allowed to solidify. Filter papers 
of 0.5–0.6 cm in diameter were cut using a sterile borer. 
Nanoparticle solutions with concentration 2, 5, 10, 15, 
and 20 mg/ml were delivered to the filter paper discs 
leaving 5–10 min for semi-dry. As a positive-standard 
control, gentamicin discs consisting of the concentra-
tion of 2, 4, 8, and 10 µl (from the stock solution of 
2 mg/4 ml) were used to determine the sensitivity of 
microbial species. One hundred microliters of bacterial 
inoculums (1 O.D. at 600-nm wavelength of Staphylo-
coccus aureus containing 8.3 × 108 CFU/ml) was used 
to spread for each solidified agar plate. The inoculated 
plates were incubated at 37 °C for 12 and 24 h. To evalu-
ate the antibacterial activity, the diameter of the inhibi-
tion zone of tested bacteria was measured in centimeters. 
After 12 h and 24 h, the inhibition zone was examined.

Decolorization eff iciency =

(

C0 − C
t

C0

)

× 100,

Results and discussion

Synthesis and characterization of ZnS 
and metal‑doped ZnS

We have chosen the HMDS-assisted synthetic method to 
produce ZnS without organic surfactants (sf-ZnS) and 
metal-doped ZnS (sf-m-ZnS) to obtain high pure materials. 
When ZnCl2 was reacted with thiourea in an excess amount 
of HMDS, we obtained sf-ZnS. When the same reaction 
was conducted in the presence of other metal sources (Zn: 
metal ratio = 0.95:0.05), metal-doped ZnS were obtained. 
The possibility of getting a series of metal-doped ZnS by 
systematically changing the metal sources showcased the 
control and the versatility of the synthetic method. Earlier, 
we postulated the mechanism of this HMDS-assisted reac-
tion as occurring via the formation of a polymetric interme-
diate. The intermediate formation was confirmed earlier by 
time-dependent 31Si NMR spectral studies and GPC data 
of partially purified air and moisture-sensitive intermediate. 
This intermediate would form on the interaction of thio-
urea and HMDS and then surround the metal chloride. The 
interaction of this intermediate with chloride would produce 
trimethylsilyl chloride. When we monitored the pH of the 
reaction every 1 h, it remained around 7 and did not change 
considerably as the reaction progressed even after 6 h. This 
observation indicates the leaving of hydrogen gas rather than 
H+ ions from HMDS and thus rule out the formation of 
H2S gas as an intermediate. Also, since pH was not increas-
ing towards basic, the formation of NH3 in this reaction is 
ruled out. All these observations suggested that hydrogen 
and nitrogen from HMDS are leaving as H2 and N2 gases. 
Scheme 1 depicts the overall reaction. In all these reactions, 
HMDS played a dual role as a solvent and a surfactant dur-
ing synthesis, but not a part of the product. Therefore, these 
reactions are termed HMDS-assisted reactions.

The crystalline structure and grain size are obtained 
from powder X-ray diffraction. The PXRD pattern (Fig. 2) 
shows the Bragg’s reflection peaks at 2θ of 28.68°, 47.70°, 
and 56.47° analogous to the planes (111), (220), and (311), 
which are the planes of cubic phase zinc blende (ZnS) 
(JCPDS-05–0566) (Peng et al. 2006). We have noticed 
the shift in the peak positions in the PXRD pattern of 
doped ZnS due to the small dissimilitude in ionic radii of 
doped ions (Sahraei and Darafarin 2014). However, the 
peak pattern remains the same for all samples, indicating 
no crystal structure disturbances, showing that the metal 
ions are inside the lattice. Also, no impurity phases were 
observed within the resolution limits of the diffractometer 
(Peng et al. 2006). The small changes in full width at half 
maximum (FWHM) are due to the changes in the radius 
of metal atoms doped (Harish et al. 2017).
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Effect of doping on morphology and optical 
property

The effect of doping on the size and shape of ZnS nano-
particles can be observed in electron microscopic images 
(Fig. 3 (SEM) and Fig. 4 (TEM)). The SEM and TEM 
images revealed that all the synthesized particles exhibited 
a nanoflake morphology. There was a variation in thickness 
of nanoflakes as seen in SEM images attributed to doping. 

The average particle size of nanoparticles has been calcu-
lated (Fig. 3). The analysis revealed the average particle 
size as 119 nm for sf-ZnS, 115 nm for Cu-sf-ZnS, 124 nm 
for Ni-sf-ZnS, 98 nm for Cd-sf-ZnS, 112 nm for Bi-sf-ZnS, 
and 137 nm for Mn-sf-ZnS. Recorded elemental mapping 
(Fig. S1) of doped and undoped samples confirmed the 
homogeneous distribution of doped elements. The SAED 
patterns (Fig. 4 inset) show three broad diffused rings for 
ZnS due to the smaller size of particles, whereas the spots 
in the SAED pattern for the doped sample show a crystalline 
nature. The three rings in the SAED pattern are correspond-
ing to planes (111), (220), and (311) (Wang et al. 2006; 
Kuppayee et al. 2011; Vijai Anand et al. 2013; Murugadoss 
2013; Kumar et al. 2019; Bindu and Anila 2021; Mostafa 
et al. 2021). The PXRD pattern supports these observations 
as well.

Optical properties of the synthesized sf-ZnS and tran-
sition metal–doped sf-ZnS nanoflakes were examined by 
UV–Vis spectroscopy. Solid-state spectra were recorded 
to understand the optical properties, which showed a broad 
absorption. E-gap spectra (Fig. 5) calculated from DRS 
spectra (Fig. S2) for undoped and cadmium-doped zinc 
sulfide nanoparticles showed a blue shift in absorption after 
doping. For an efficient photocatalyst, the conduction band 
should be more negative, which zinc sulfide fulfills. How-
ever, ZnS has a wide bandgap that helps to absorb only UV 
light and not the visible light where doping becomes neces-
sary. When zinc sulfide is doped with transition metal ions, 
it creates a dopant level that acts as an electron–hole trap 

Fig. 2   PXRD patterns of as synthesized sf-ZnS and sf-m-ZnS 
(m = Cu, Ni, Cd, Bi, and Mn) nanoparticles

Fig. 3   FESEM images of as synthesized surfactant-free ZnS and transition metal–doped ZnS nanoflakes and also the calculated average particle 
size distribution of nanoflakes (inset). a sf-ZnS, b sf-Cu-ZnS, c sf-Ni-ZnS, d sf-Cd-ZnS, e sf-Bi-ZnS, and f sf-Mn-ZnS
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site between the fundamental energy level and thus helps 
decrease the HOMO–LUMO gap than that of undoped 
zinc sulfide. While doping, an exchange interaction occurs 
between valence band sp electrons and localized d electrons 
of doped ions (Harish et al. 2017) as observed in UV–Vis 
spectra and bandgap spectra. Among the doped metal ions, 
sf-Cd-ZnS has the lowest bandgap (3.441 eV), the lowest 
among the reported works. This observation highlights the 
effect of doping on ZnS nanoparticles and the efficiency of 
the HMDS-assisted method, which helped to synthesize cap-
ping agent-free nanoparticles with control in size. Similarly, 
in the bandgap calculated for Cu-, Ni-, Bi-, and Mn-doped 
ZnS (Fig. S3, Table 1), a variation is displayed compared 

to pure ZnS. A fine-tuning in the bandgap resulted in the 
change in absorption capacitance from UV to the visible 
region, enhancing the overall photocatalytic activity.

Effect of metal doping on photochemical 
degradation of dyes using zinc sulfides

Photocatalysis is a well-established technology for envi-
ronmental remediation. The doped ZnS photocatalysts 
exhibited excellent photocatalytic efficiencies since the 
high conduction band of ZnS is maintained even after dop-
ing (Michael et al. 2015). Apart from the bandgap tun-
ing, the HMDS-assisted method provided metal-doped 

Fig. 4   TEM and SAED patterns (inset) of a sf-ZnS, b sf-Cu-ZnS, c sf-Ni-ZnS, d sf-Cd-ZnS, e sf-Bi-ZnS, and f sf-Mn-ZnS 

Fig. 5   Bandgap calculations of 
a sf-ZnS and b sf-Cd-ZnS 
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ZnS without any organic insulating agent at the immedi-
ate surroundings of the particles. We tested the degrading 
abilities of these materials by measuring the absorbance 
dye solutions (RhB and MB) (Fig. S4 and S5) and calculat-
ing the rate constants of degradation reactions (Table 1). 
The plots of change in concentration of dyes versus time 
(Figs. 6, 7, S6, S7, and S8) in the presence of various cata-
lysts showed that the dye degradation followed first-order 
kinetics. The rate of dye degradation reaction was low 
(− 2.345 × 10−2 min−1 for RhB and − 6.23 × 10−2 min−1 
for MB) in undoped ZnS nanoparticle catalyst, whereas 
the rate increased considerably with doping. While using 
sf-Cd-ZnS nanoparticles as the catalyst, an approximately 

eightfold increase of reaction rate was observed 
(− 18.6 × 10−2 min−1 for RhB and − 28.23 × 10−2 min−1 
for MB). We have performed few controlled experiments 
to highlight the importance of the photocatalysis. In the 
first reaction, the degradation of dyes (RhB and MB) was 
monitored in the absence of catalyst but in the presence of 
light (photolysis), while the second degradation reaction 
was conducted in the presence of catalyst in dark condition 
(catalysis). From the results (Fig. S9), it was clear that to 
degrade the chosen pollutants, the catalyst shows its effi-
ciency only in the presence of sunlight (photocatalysis). 
To know the morphological stability of the used catalyst, 
we have performed the FESEM analysis for the recycled 
catalyst and noted that the morphology of the catalyst has 
been deformed after the fifth cycle, which might be the 
reason for the decrease in the activity (Fig. S10).

The metal doping creates impurity levels in the for-
bidden band, accommodating charge carriers and thereby 
increasing photocatalytic activity. Presumably, while dop-
ing with Cd, it maintained a relatively high conduction 
band compared to others, resulting in the best catalytic 
activity. The photocatalytic efficiency is related to the effi-
cient separation of photo-induced electrons and holes. It 
appeared that the charge separation was effective in the 
case of Cd, which showed excellent catalytic behavior. 
This explanation is supported by the lifetime of charge 

Table 1   Bandgap and rate constant determined for the photocatalytic 
degradation of dyes

Substance Bandgap
(eV)

Lifetime
(ns)

Rate constant value (min−1)

Rhodamine B Methylene blue

ZnS 3.58 2.47  − 2.345 × 10−2  − 6.23 × 10−2

sf-Cu-ZnS 3.56 2.66  − 7.254 × 10−2  − 7.066 × 10−2

sf-Ni-ZnS 3.53 2.68  − 8.888 × 10−2  − 10.01 × 10−2

sf-Cd-ZnS 3.44 3.27  − 18.6 × 10−2  − 28.23 × 10−2

sf-Bi-ZnS 3.49 2.90  − 10.405 × 10−2  − 14.69 × 10−2

sf-Mn-ZnS 3.45 3.05  − 12.584 × 10−2  − 20.61 × 10−2

Fig. 6   a (C/C0) and b ln(C/C0) 
vs time for degradation of 
rhodamine B dye solution by sf-
ZnS and sf-Cd-ZnS nanoflakes

Fig. 7   a (C/C0) and b ln(C/C0) 
vs time for degradation of 
methylene blue dye solution 
by sf-ZnS and sf-Cd-ZnS 
nanoflakes
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separation (Fig. 8), where Cd-doped ZnS showed a higher 
lifetime than other nanoparticles synthesized (Fig. S11).

Table 2 depicts the comparison of literature data on the 
photocatalytic performances of ZnS and doped ZnS-based 
photocatalysts to purify wastewater. To endorse our study, 
the results were compared with standard TiO2-P25 nanopar-
ticles (Ren et al. 2006; Natarajan et al. 2011). Interestingly, 
sf-Cd-ZnS was repeatedly used, and it showed good activity 
even after five cycles of degradation of both RhB and MB 
(Fig. S12 and S13 for RhB and MB, respectively).

The mechanism of degradation reaction is well-known 
in the literature. When sunlight falls on the semiconduc-
tor, the electrons from the valence band get excited to the 
conduction band. While doping with metal ions, it creates 
intermediate trap states decreasing the bandgap. More elec-
trons get excited to these states since less energy is needed 

for the excitation of electrons (Mageswari et al. 2013; Mote 
et al. 2013; Dilpazir et al. 2015; Kurnia and Hart 2015; Mad-
kour et al. 2016; Pricilla Jeyakumari et al. 2017; Mosavi 
and Kafashan 2019; Kumar et al. 2019; Gbashi and Hussein 
2020; Ramki et al. 2020; Bindu and Anila 2021; Mostafa 
et al. 2021; Das et al. 2021; Samba Vall et al. 2021) and 
this will increase the number of charge carriers available for 
dye degradation, which results in increasing photocatalytic 
activity (Poormohammadi-Ahandani et al. 2014; Prasad and 
Balasubramanian 2017). As soon as electrons are excited to 
the conduction bands or trap states, holes are created in the 
valence band. These holes are taken immediately by water 
adsorbed on the catalyst surface to undergo oxidation and 
produce hydroxyl radical, OḢ. These hydroxyl radicals so 
produced oxidize the organic species (dyes) adsorbed on the 
surface of catalysts to simpler molecules, CO2, H2O. The 

Fig. 8   Plot of lifetime of a sf-
ZnS, b sf-Cd-ZnS nanoflakes

Table 2   Photocatalytic performances of ZnS and metal-doped ZnS-based photocatalysts for the waste water treatment

Type of catalyst Pollutant concentration Amount of catalyst Time (min) Efficiency (%) References

ZnS RhB 10 mg/l 1000 mg/l 30 – Luo et al. 2012
PVP-ZnS MB 10 mg/l 100 mg/l 360 65 Soltani et al. 2013
Zn0.2Cd0.8S MB 10 mg/l 1600 mg/l 60 96 Song et al. 2010
ZnS MB 10 mg/l 300 mg/l 60 93 Zhang 2014
ZnS RhB 10 mg/l 750 mg/l 210 82 La Porta et al. 2017
ZnS RhB 20 mg/l 200 mg/l 180 70 Ayodhya and Veerabhadram 2016
ZnS MB 50 mg/l 500 mg/l 120 78 Ye et al. 2010
Ni-ZnS MB 10 mg/l 500 mg/l 120 52 Othman et al. 2019
Ni-ZnS RhB 10 mg/l 500 mg/l 180 87 Zhao et al. 2019
Mn-ZnS MB 5 mg/l Film in 20 ml 180 99 Kannan et al. 2020
Cu-ZnS MB 10 mg/l 1000 mg/l in 50 ml 300 100 Chauhan et al. 2014
Cu-ZnS MB 10 μM 250 mg/l in 100 ml 60 74 Prasad and Balasubramanian 2017
Sn-ZnS MB 20 ppm 1000 mg/l 180 93 Ramki et al. 2020
TiO2-P25 RhB 5 mg/l 1000 mg/l 300 22 Ren et al. 2006
TiO2-P25 RhB 2.8 × 10−5 M 1600 mg/l 180 96 Natarajan et al. 2011
sf-ZnS RhB 10 mg/l 500 mg/l 22 40 Present work

MB 10 mg/l 500 mg/l 20 74
sf-Cd-ZnS RhB 10 mg/l 500 mg/l 9 98 Present work

MB 10 mg/l 500 mg/l 8 99



Environmental Science and Pollution Research	

1 3

electrons in the conduction band react with oxygen to pro-
duce anionic superoxide radical species O−∙

2
 , which produces 

hydroperoxyl radicals, which in turn leads to the forma-
tion of  H2O2 and undergo dissociation to form OH.

, which 
degrades the organic dyes present on the surface (Fig. 9). In 
the case of Cd, this process is happening at a faster rate and 
thus enhances the photocatalytic activity. In contrast, there is 
a decrease in activity in other cases due to the recombination 
of charge carriers, resulting in the unavailability of charge 
carriers for the dye to participate in photocatalysis.

The retarding effect of capping agents 
on photocatalysis

The purpose of capping agents aimed for controlling the par-
ticle size in nano region, but impact, necessity, and further 
consequences of those capping agents were decided based 
on targeted applications. Adverse effects of capping agents 
were elaborated in the “Introduction” (Fig. 1). The presence 
of capping agents decreases the communication between the 
particles, which hinders the mobility of charge carrier. As 
we discussed in previous sections, capping agents hide the 
active centers of absorption which leads to reduced surface 
area and simultaneously affects the catalytic activity and 
finally reduces device efficiency and catalyst activity.

Photocatalysis is a surface phenomenon. In this area 
of research, capping agents play a major role in the pho-
todegradation of organic dyes, since they are at interface 
between dye molecules and catalyst surface. A reduction of 
visible emission spectra was observed for ZnO nanoparticles 
capped with capping agents such as polyvinylpyrrolidone 
(PVP), hexamine, tetraethylammonium bromide (TEAB), 
tetraoctlyammonium bromide (TOAB), and cetyltrimethyl-
ammonium bromide (CTAB) (Singla et al. 2009; Sudha et al. 
2012; Sudha and Rajarajan 2013). In support, the increase 

in concentration of humic acid as capping agent on ZnO 
decreased the photocatalytic efficiency of the catalyst, by 
trapping the electron generated by excitation of photocata-
lyst by humic acid (Cao and Zhang 2011; Chandran et al. 
2014). From our group, Srinivas et al. (2019) endorsed the 
surfactant-free approach over the PVP-stabilized SnS2 nano-
structures for the organic dye degradation and reduction of 
toxic heavy metals. The electrons and holes created by the 
excitation of photocatalysts are not able to reach the surface 
due to the covering created by capping agent, which restricts 
the formation of superoxide radical anion and hydroxide rad-
icals, which are the active species required for dye degrada-
tion. This ineptitude of active species formation decreases 
the photocatalytic activity of the photocatalyst.

Antibacterial activity of metal‑doped zinc sulfides

An earlier report (Song et al. 2018) suggested that the sharp 
edges and corners of nanoflakes can cause breakage of the 
bacterial cell membrane, which releases the oxidation prod-
ucts to cause oxidation of protein and eventually leads to cell 
death (Singh et al. 2014; Chu et al. 2014; Gnanamozhi et al. 
2020). The organic-free exposed surface of nanoflakes pro-
duced in our HMDS-assisted method could help to improve 
the adhesion between Staphylococcus aureus (S. aureus) 
bacteria and the nanoparticles. The antibacterial activity of 
ZnS and metal-doped ZnS against Gram-positive S. aureus 
was studied by the zone of inhibition method. Figure 10 
depicts the results of the antibacterial study at different 
concentrations of each nanoparticle produced in this work. 
In these pictures of agar–agar plates, the zone of inhibition 
is visible around the ZnS materials. The results illustrate 
that as the concentration of materials increased, the zone 
of inhibition also increased (Figs. S14 and S15) and thus, 

Fig. 9   Schematic illustration 
of energy band mechanism of 
photocatalysis by doped ZnS 
nanoparticles
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the nanoparticle synthesized was effective against Gram-
positive bacteria (S. aureus).

It is clear that the metal-doped ZnS showed higher activity 
than the undoped ZnS. The Ni-doped ZnS showed the highest 
activity among all doped ZnS. As explained in the existing 
reports, the nanoparticles like ZnS attack the cytoplasmic 
and extra-cytoplasmic targets when they enter through the 
bacterial membrane. This interaction results in the production 
of biologically reactive oxygen species (R.O.S) like superox-
ide anion (O−

2
) , hydroxyl ion (OH−) , and hydroxyl radicals 

(OH∙) . In addition to this, the metal ions do have an affinity 
towards carboxyl (–COOH), amino (–NH2), thiol (R-SH), and 
imidazole (C3H4N2) groups present in the microbial mem-
brane proteins, which cause a change in protein functions 
and nucleic acids of the targeted organism. These changes 
enhance the cell permeability, which in turn cause DNA 
damage and oxidation of protein, eventually causing cell 
death (Singh et al. 2014; Chu et al. 2014; Harish et al. 2017; 
Gnanamozhi et al. 2020). The results of the present study 
limn the efficiency of Ni-doped ZnS as an antibacterial agent.

Conclusion

In summary, we have successfully produced surfactant-
free ZnS (sf-ZnS) and metal-doped ZnS (sf-m-ZnS: 
m = Cu, Ni, Cd, Bi, Mn) nanoparticles using the HMDS-
assisted method. The X-ray diffraction and SAED patterns 
confirmed the formation of the cubical phase of crystal-
line ZnS nanoparticles. The bandgap tuning of ZnS was 
achieved by doping with transition metals as confirmed 
through measurements of the optical property. The sf-Cd-
ZnS exhibited higher photocatalytic activity among the 

other doped and undoped ZnS nanoparticles in degrading 
organic dyes (RhB and MB) under visible light. In the 
case of antibacterial activity, sf-Ni-ZnS showed higher 
activity against Gram-positive bacteria, Staphylococcus 
aureus. The absorption edge of the doped ZnS materials 
shifts to the lower energy region compared to pure ZnS. 
Simultaneously, the activity of the doped ZnS nanoparti-
cles has increased a maximum of eightfold for the photo-
degradation of organic dyes in comparison to undoped ZnS 
nanoparticles. Thus, this work highlights the impact of 
tuning the bandgap of wide bandgap semiconductor pho-
tocatalyst, ZnS, and its application in industrial wastewater 
treatment and its role as an antibacterial agent.
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Insight into the Effect of Stabilizers on Anticancer and
Antibacterial Activity of AgBiS2 Nanomaterial
Anju Joseph+,[a] Sajmina Khatun+,[b] Dasari Sai Hemanth Kumar,[a] Aravind K. Rengan,*[b] and
Krishnamurthi Muralidharan*[a]

Abstract: The near-infrared (NIR) light-absorbing AgBiS2 nano-
particles can be excited by single-wavelength light, which is
the primary characteristic of a photo responsive platform.
Chemical synthesis of nanomaterials inevitably requires long-
chain organic surfactants or polymers to stabilize them in the
nano regime. These stabilizing molecules barricade the
interaction of nanomaterials with biological cells. We have
produced stabilizer-free (sf-AgBiS2) and polymer-coated (PEG-
AgBiS2) nanoparticles; and assessed their NIR mediated
anticancer and antibacterial activity to evaluate the effect of

stabilizers. sf-AgBiS2 showed better antibacterial activity
against Gram-positive Staphylococcus aureus (S. aureus) and
displayed excellent cytotoxicity against HeLa cells and live 3-
D tumour spheroids compared to PEG-AgBiS2 both in
presence and absence of NIR radiation. The photothermal
therapy (PTT) results illustrated the tumour ablation ability of
sf-AgBiS2, which converted light into heat effectively up to
53.3 °C under NIR irradiation. This work demonstrates the
importance of synthesizing stabilizer-free nanoparticles to
produce safe and highly active PTT agents.

Introduction

The organizations for disease control and prevention reported
cancer is the major reason for death worldwide with 22.5 %
death rate. The standard treatments practiced are surgery,
chemotherapy, and radiotherapy.[1] The usage of these methods
is limited due to their adverse effects on healthy cells and the
immune system. Further, there exist chances of the generation
of secondary cancers.[2] There are enormous efforts by scientists
to develop efficient cancer treatments, among which the NIR-
mediated photothermal therapy (PTT) is more attractive owing
to its high specificity to tumour cells, non-invasive nature, and
minimal side effects. It also helps prevent metastasis by
stimulating immune-mediated abscopal phenomenon.[1–8] NIR
light possesses safety advantages like temperature-controlled
localized therapy, deep penetration, cancer cell cytotoxicity,
and minimal damage to healthy cells.

A good photothermal agent can inhibit the growth of
cancer cells effectively. In PTT, photothermal agents absorb NIR
light and translate it to heat energy, killing cancer cells.[1,5]

Various researchers have introduced different photothermal

agents, including noble metals like platinum (Pt), palladium
(Pd), gold (Au), metal sulphides, and metal selenides. A good
photothermal agent is anticipated to have high photothermal
conversion efficiency and good photo stability.[5] Bismuth-based
materials are significantly attractive due to their broad NIR
absorption, in vivo and in vitro photothermal effect, and low
cost.[1,6] Specifically, AgBiS2 is known for various
applications[1,3,6,9–21] and most prominently as good photo-
thermal agents as they are non-toxic, in vivo, and in vitro
biocompatible.[1,6]

Many methods are available to synthesize AgBiS2 nano-
particles, including microwave, solvothermal, and solid-state
chemical reaction methods.[1,3,6,9–21] These methods involve
complicated preparation procedures, high temperatures, and
using surfactant or polymer molecules to stabilize the particle
size in nano regimes. Nanoparticles interact with various cell
biopolymers in the biological environment. The physicochem-
ical interactions between nanoparticles and proteins have a
crucial impact on their potency.[22–25] The surface properties of
the nanoparticles influence physical and chemical phenomena
such as aggregation, an affinity for bacterial membranes, and
dissolution. Therefore, it is necessary to understand the
stabilizer molecule‘s impact on the interaction with biological
cells.

The stabilizers (long-chain surfactant or polymer molecules)
used during the synthesis of nanoparticles stay with particles.
They can sometimes be cytotoxic to the healthy cells during
treatment and encounter compatibility issues. Lao and co-
workers[23] studied the effects of surface compositional and
structural heterogeneity on protein adsorption on gold nano-
particles. Wheeler and co-workers[24] discussed the engineered
silver nanoparticle‘s mediation in protein corona formation,
while Lundqvist et al. studied[25] the surface implications of
polystyrene nanoparticles in a biological fluid. Dawson and co-
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workers explained, through in vitro or in vivo experiments, the
key protein recognition motifs that bind with SiO2 nano-
particle’s surface when they adsorb proteins.[26] Though the
surface effect has been studied to some extent by varying
protein environments, a comparative study on stabilizer‘s
effects by modifying the surface of nanoparticles on their
biological activity has been largely overlooked. In order to
minimize the complexity and adverse impact of surfactants, we
need a simple and effective way to synthesize AgBiS2 nano-
particles.

Herein, we adapted the hexamethyldisilazane (HMDS)
assisted method[27] to synthesize surfactant-free AgBiS2 (sf-
AgBiS2) and polyethylene glycol decorated AgBiS2 (PEG-AgBiS2)
nanoparticles. A comparative study of anticancer activity
against HeLa cells using sf-AgBiS2 and PEG-AgBiS2 reveals the
importance of a surfactant-free surface. In tumour treatments,
the immunosuppression from chemotherapy is always accom-
panied by bacterial infection.[6] Since silver has been known as
an antibacterial agent for years,[28–32] a comparative study of the
antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 against
clinically derived Gram-positive bacteria, S. aureus was also
performed. In this work, we have highlighted the importance
and advantage of using surfactant-free AgBiS2 nanoparticles as
an effective photothermal and antibacterial agent.

Results and Discussion

Synthesis and characterization

Numerous attempts have been made to identify photo
responsive material for simultaneous photothermal and photo-
dynamic therapy. Silver bismuth sulphide (AgBiS2) is studied
well for light-activated sterilization techniques as it can be
excited by a single-wavelength light in the NIR region. However,
many reported synthetic procedures of AgBiS2 are tedious and
inevitably require stabilizers like surfactants or polymers. In this
work, we prepared stabilizer-free nanoparticles sf-AgBiS2 and
polyethylene glycol wrapped PEG-AgBiS2, then compared their
antibacterial and photothermal anticancer abilities. These
materials were prepared successfully by a versatile hexameth-
yldisilazane (HMDS)-assisted synthetic method.[27a] In this meth-
od, thiourea reacts with HMDS to form a polymeric molecule,
which then reacts with metal chloride to form metal sulphides
and trimethylsilyl chloride as a by-product. The pH monitoring
throughout the reaction showed no change indicating the
absence of formation of both NH3 and H2S, and these reactions
are believed to occur via the formation of S� N polymeric
intermediate.[27]

HMDS acts as a reducing agent, solvent, and surfactant in
the synthesis by forming S� N polymeric intermediate. The
advantage of this method is all side products are volatile and
can be removed simply by vacuum. Since HMDS or any
intermediate in this reaction is removed after nanoparticle
formation, the purity of sf-AgBiS2 is very high. Further, the
active sites on the surface of sf-AgBiS2 are readily available for
interactions resulting in higher activity in multiple applications.

In comparison, many other reported methods use long-chain
surfactant molecules in the synthesis, which covers the surface
and prevents interactions. The presence of these surfactants
mostly retards the activity of nanoparticle by forming an
intermediate layer between the active surface and substrates.
Some surfactants are toxic to human beings also. This
sophisticated HMDS-assisted method has been used to produce
various surfactant-free metal sulphides, and those results
demonstrated increased performance in terms of conductivity,
photoresponsivity and catalytic activity.[27,33–38]

The powder X-ray diffraction pattern of sf-AgBiS2 and PEG-
AgBiS2 (Figure 1) implies the formation of cubic AgBiS2 (JCPDS-
89-2046).[10] The major peaks found at 27.451, 31.751, 45.531,
53.931, 56.621 and 66.281 corresponding to (111), (200), (220),
(311), (222), and (400) planes of cubic AgBiS2 respectively can
be clearly observed in Figure 1. Both sf-AgBiS2 and PEG-AgBiS2
nanoparticles shows the same crystal structure which can be
identified from the PXRD pattern. Moreover, the absence of
Bi2S3 and Ag2S peaks in PXRD shows the purity of samples
prepared using HMDS assisted method. The absence of peaks in
the IR spectrum (Figure 2A) of sf-AgBiS2 related to HMDS
indicates the absence of HMDS, whereas the peaks in IR
spectrum (Figure 2B) corresponding to PEG in PEG-AgBiS2,
confirm the formation of it. As discussed in the literature,[27] the

Figure 1. PXRD pattern of sf-AgBiS2 and PEG-AgBiS2 nanoparticles.

Figure 2. FTIR spectra. A) sf-AgBiS2 and hexamethyldisilazane (HMDS), B)
PEG-AgBiS2 and polyethylene glycol (PEG).
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presence of surfactant or stabilizer molecules on the surface of
nanoparticles receded its activity as most of their active sites
were covered.

The calculated absorption coefficient spectra (Figure 3) of
AgBiS2 shows the broad and strong absorption spectra near the
NIR region for both the samples indicating their utilization as
PTT agents.[3,6,39] The SEM and TEM images (Figure 4) showed a
nanorod-like morphology of both sf-AgBiS2 and PEG-AgBiS2
particles, while the SAED pattern confirmed the crystalline
nature of the samples. The average particle size of sf-AgBiS2
and PEG-AgBiS2 nanoparticles was 16.5 nm and 19 nm respec-
tively (Figure S1). Interestingly, both sf-AgBiS2 and PEG-AgBiS2
exhibited similar morphology and formed an excellent dyad for
a comparative study vis-à-vis presence and absence of stabil-
izers on the biological activity of AgBiS2. It appears that PEG-
AgBiS2 was agglomerated, probably due to the adhesive nature
of surfactants.

Capping agents are generally used to control the growth of
particles and prevent agglomeration. The surface modification
of nanoparticles is acquired using these capping agents. We
have chosen PEG as a capping agent in the current study
because of its biocompatibility for biomedical applications. This
non-ionic, hydrophilic, low molecular weight polymer with
antioxidant properties and high solubility in the buffer has a
high adsorption rate. It helps the nanoparticle penetrate
through the mucous membrane. PEG also helps nanoparticles
from non-specific protein binding and macrophages. PEG also

has antibacterial activity against various pathogens and is used
in biomedical applications.[40–45]

Photothermal effect

A good PTT agent can absorb at NIR regime. They get excited
when the PTT agent accumulated on cancer cells is irradiated
with the external light source. The excited PTT agent undergoes
vibrational relaxation through non-radiative decay, releasing
the energy as heat, which is transferred to the cancer cells. The
cells die when the temperature of the tissue is increased above
46 °C due to protein denaturation and plasma membrane
destruction.[5,46–51] The photothermal effect of sf-AgBiS2 and
PEG-AgBiS2 (20 μg/ml each) was measured at various time
using an 808 nm NIR laser (power =650 mW) for 3–10 min
(Figure 5). It was found that the temperature of sf-AgBiS2
reached to a maximum 53.3 °C after 10 min of radiation and
43.9 °C with 3 min exposure was. Similarly, the maximum
temperature obtained for PEG-AgBiS2 was 44.9 °C at 10 min and
38.9 °C for 3 min exposure. The temperature of DI water
(control) was only 25.9 °C (Table 1). The thermal stability of
compounds was studied as shown in Figure 6.

Generally, a temperature above 41 °C makes cell inactivation
for a definite time, while a temperature above 48 °C results in
irreversible cell inactivation. These results demonstrate the
efficiency of sf-AgBiS2 and PEG-AgBiS2 as effective photo-
thermal agents by converting NIR light to heat efficiently.
Interestingly, sf-AgBiS2 act as a more powerful photothermal

Figure 3. Calculated absorption coefficient of sf-AgBiS2 and PEG-AgBiS2
nanoparticles.

Figure 4. A) FESEM image, B) TEM image, C) High resolution TEM image, and
D) SAED pattern of sf-AgBiS2 nanoparticles. E) FESEM image, F) TEM image,
G) High resolution TEM image, and H) SAED pattern of PEG-AgBiS2
nanoparticles.

Figure 5. A) Photothermal transduction efficiency thermal images of (a)
control (water), (b) sf-AgBiS2, and (c) PEG- AgBiS2 nanoparticles irradiated
with 808 nm NIR laser. B) PTT transduction efficiency graph of control
(water), sf-AgBiS2 and PEG-AgBiS2 nanoparticles.
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agent compared with PEG-AgBiS2.
[3,6] The maximum temper-

ature obtained for even 20 μg/ml of sf-AgBiS2 when irradiated
with 808 nm NIR laser (power =650 mW) is much higher than
the earlier reported temperatures for AgBiS2 nanoparticles
prepared using different methods. In many reported works,
researchers have used a higher concentration of 150 μg/ml,
1000 μg/ml 125 μg/ml to obtain 60 °C, 62 °C, and 49 °C,
respectively, with NIR 808 radiation of 1 W for 10 min irradiation
and 200 μg/ml with 0.4 W NIR radiation to obtain 46.7 °C.[1,3,6]

Interestingly, we can bring a temperature as high as 53.3 °C
even at a lower concentration of sf-AgBiS2.

The difference in photothermal transduction temperature
can be explained based on the low thermal conductivity of
polyethylene glycol (PEG) in PEG-AgBiS2. In the case of PEG-
AgBiS2, the heat generated is trapped within the nanoparticle
and is not transferred to cancer cells. Whereas in the case of sf-
AgBiS2 the heat generated is wholly transferred to the cancer
cells as these nanoparticles are not covered with capping
agents, making it a good PTT agent. These can also exhibit SPR,
a phenomenon in which conductive free electrons resonate

jointly with the incoming electromagnetic radiation, which
results in increased light absorption and scattering. This
observation indirectly reveals that more free surface electrons
are available for sf-AgBiS2 than PEG-AgBiS2, where the surface
electrons are unavailable due to the coverage by the capping
agent polyethylene glycol (PEG). Thus, more NIR light absorp-
tion is observed in the case of sf-AgBiS2, leading to higher
temperature generation.

Due to their large light absorption and scattering cross
section, nanorods usually give high SPR frequency. Therefore,
nanorods can generally increase the temperature in tumour
cells more than other morphologies. Since both sf-AgBiS2 and
PEG-AgBiS2 exhibit nanorods morphology, the difference in
photothermal transduction temperature can be due to the
absence of the capping agent in sf-AgBiS2. sf-AgBiS2 prepared
using the HMDS-assisted method is crystalline. Albeit crystalline
nature, it exhibited a good PTT. It is worth mentioning that few
crystalline nanoparticles reported in the literature exhibited a
good PTT effect.[1,5] These results also demonstrate the
importance of HMDS-assisted method to obtain surfactant-free
nanoparticles to acquire a more active photothermal
agent.[5,46–51]

In vitro biocompatibility

In vitro biocompatibility for 20, 40, 60, 80, 100 μg/ml of sf-
AgBiS2 and PEG-AgBiS2 to normal cell line L929 was measured
using MTT assay. The results (Figure 7) reveal that both
exhibited no significant toxicity. Even at the high concentration
of 100 μg/ml, sf-AgBiS2 shows a cell viability 86.29 % to 71.63�
5 % with 20, 40, 60, 80 and 100 μg/ml and PEG-AgBiS2 shows a
cell viability of cell viability 86.29 % to 67.3�3 % with 20, 40, 60,
80 and 100 μg/ml. Among these, sf-AgBiS2 showed slightly
greater biocompatibility to normal fibroblast cell lines L929

Table 1. Photothermal transduction temperatures were obtained for control (water), sf-AgBiS2, and PEG- AgBiS2 nanoparticles.

Time [min] Temperature of Control (water) Temperature of sf-AgBiS2 Temperature of PEG-AgBiS2

0 25.4 25.1 25.2
3 25.9 43.9 38.9
5 27.6 45.8 42.9
7 28.0 47.4 44.6
10 29.0 53.3 44.9

Figure 6. A) Thermal stability (on/ off cycle) images irradiated with an
808 nm Laser of (a) control (water), (b) sf-AgBiS2, and (c) PEG- AgBiS2 NPs for
5 min (five cycles), B) Thermal stability (on/off cycle) graph of water, sf-
AgBiS2 and PEG-AgBiS2 nanoparticles irradiated with a 808 nm laser for
5 min (five cycles).

Figure 7. Biocompatibility of A) sf-AgBiS2 and B) PEG-AgBiS2 nanoparticles.
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than PEG-AgBiS2. The good biocompatibility of sf-AgBiS2 may
attribute to their more active sites available on the surface than
PEG-AgBiS2, where most of the active sites are covered,
resulting in less interaction with the cells.[33]

In vitro cytotoxicity in 2D and 3D cell culture

Cancer cell killing activity of sf-AgBiS2 and PEG-AgBiS2 against
HeLa was studied using the same MTT assay. A remarkable
decline in the viable cell % of HeLa was observed when
cultured in the presence of sf-AgBiS2 (20 μg/ml) and PEG-
AgBiS2 (20 μg/ml) and irradiated with NIR laser (Figure 8). For
sf-AgBiS2, the cell viability was 80�3 % without NIR laser and
51�4 % with NIR laser. For PEG-AgBiS2, the cell viability
without the NIR laser was 85�5 % and with the NIR laser was
72�6 % (Table 2). These observations show that sf-AgBiS2 has
more cell-killing efficiency than PEG-AgBiS2. The results indicate
that the synergic effect of the availability of free active surface
and the photothermal efficiency of sf-AgBiS2 results in more
cancer cell death than PEG-AgBiS2, where the presence of
surfactant hinders the PTT active AgBiS2 activity. Since both sf-
AgBiS2 and PEG-AgBiS2 have the same morphology, the differ-
ence in the anticancer activity exhibited by these nanoparticles
can be attributed to the presence and absence of the stabilizing
agent.

In vitro 3D tumor spheroids can mimic the microenviron-
ment of live tumours present in vivo. We observed that sf-
AgBiS2 with NIR irradiation has better cell-killing efficacy than
PEG-AgBiS2 (Figure 9) and without NIR irradiation (Figure S2).
Figure 9 shows that sf-AgBiS2 has significantly damaged
tumour cells from the edge to the core compared to PEG-

AgBiS2. In cancer treatment it is important to target the hypoxic
core of tumour cells to avoid metastasis, angiogenesis. When
NIR light is absorbed by nanoparticles, it gets excited and
undergo vibrational relaxation and leads to lattice vibration and
results in temperature rise. The increased temperature even-
tually destroys the membrane and proteins which covers the
cancer cells resulting in the penetration of nanoparticles into
the cell and leads to cell death. The possible reason for the
cancer cell death could be the good penetration capability of
sf-AgBiS2 in the hypoxic core of the tumour than PEG-AgBiS2.
In addition to that the decreased size (16.5 nm) and increased
SPR response of nanorod morphology in the case of capping
agent free sf-AgBiS2 will also pave the way for its enhanced
activity. In conjunction with that, capping agents will cover the
active sites on the surface of nanoparticles. Therefore, the
adsorption of nanoparticles to the cell surface is hindered,
whereas the sf-AgBiS2, with a greater number of active sites is
able to get adsorbed on cell surface easily which results in easy
and more penetration of nanoparticles inside cancer cells.[4,52]

Reactive Oxygen Species (ROS) Analysis

The Anticancer and Antibacterial Activity of AgBiS2 is usually
from the photothermal therapy (PTT) and the photocatalytic
activity (deriving from photo-excited ·OH, holes, O2

·� or other
active radicals). As reported earlier,[27] the capping agents or
stabilizer molecules cover the active sites on the photocatalyst
and hinder the transfer of excitons to dye molecules retarding
the photocatalytic activity of nanoparticles.[27,33–38] Similarly,
antibacterial and anticancer activities involve the adsorption of
nanoparticles on the cell surface. The stabilizers may impede

Figure 8. NIR laser mediated cell cytotoxicity of sf-AgBiS2 and PEG-AgBiS2
nanoparticles in HeLa cell line (P<0.05).

Table 2. The cell viability of sf-AgBiS2 and PEG-AgBiS2 against HeLa cells.

Sample
Cell viability [%]
without NIR irradiation with NIR irradiation

sf-AgBiS2 80�3 51�4
PEG-AgBiS2 85�5 72�6

Figure 9. In vitro NIR-laser-mediated cell cytotoxicity of sf-AgBiS2 and PEG-
AgBiS2 by the live/dead assay (FDA stains live cells (green) and PI stains
dead cells (red).
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the interaction between cancer cell/ bacterial and active
radicals (Figure 10). Since sf-AgBiS2 is not covered with the
capping agent, it can directly interact with the cell surface than
coated nanoparticles.

Reactive oxygen species (ROS) or free-radical generation in
the presence of NIR light is one of the cell-killing mechanisms
where excessive production of ROS can trigger DNA damage or
programmed cancer cell death.[4,53] 2’,7’-Dichlorodihydrofluores-
cein diacetate (DCFDA) is an indicator to analyse the generation
of ROS. Our analysis using DCFDA showed the generation of
ROS in both sf-AgBiS2, and PEG-AgBiS2 treated cells in the
presence of NIR light. The cell death is more with NIR light
when sf-AgBiS2 is used (Figure S3). The possible reason for the
enhanced activity of sf-AgBiS2 can be because the excitons
produced are available for the production of ROS, whereas, in
the case of PEG-AgBiS2, the excitons are trapped within the
nanoparticle due to the presence of PEG resulting in decreased
ROS production. Also, the free active surface on the sf-AgBiS2
makes adsorption easier for these nanoparticles than the PEG-
AgBiS2. The sf-AgBiS2 may also trigger other cell death
mechanisms, which we will check on in future work.

Antibacterial activity

The antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 against
Gram (+) S. aureus was investigated using the disc diffusion
method and MTT assay method (Figures 11 and 12). Clinically
derived S. aureus due to immunosuppression by chemotherapy
is a significant cause of infection in tumour treatment. Silver

has proven to be one of the best antibacterial agents.[28–32] The
area of the zone of inhibition visible around the disc indicates
the activity of nanoparticles as an antibacterial agent. According
to the earlier studies,[31,54,55] the sharp edges of AgBiS2 rods
pierce the cell membrane and thus release ROS, which damages
DNA and oxidises proteins, ultimately leading to cell death.
From Figure 11, it is clear that sf-AgBiS2 has a higher
antibacterial effect against S. aureus than PEG-AgBiS2. This
observation depicts that the surfactant-free AgBiS2 nanopar-
ticles synthesized using HMDS assisted method improve the
chances of getting S. aureus bacteria directly in contact with

Figure 10. Schematic diagram showing the possible interaction of sf-AgBiS2
and PEG-AgBiS2 with bacteria or cell. Figure 11. Antibacterial activity by disk diffusion method against S.aureus, A)

Negative control, B) Negative control (with antibiotic Gentamicin), C) PEG-
AgBiS2 and D) sf-AgBiS2 nanoparticles.

Figure 12. Antibacterial activity of sf-AgBiS2 and PEG-AgBiS2 nanoparticles
by MTT assay against S.aureus (P<0.05).
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nanoparticles (improves the cling between S. aureus bacteria
with the bare surface of nanoparticle) by exposing more active
sites than the nanoparticles covered with polyethylene glycol
(PEG) as surfactant. The antibacterial activity of sf-AgBiS2 and
PEG-AgBiS2 was also confirmed using the MTT assay method
(Figure 12). Accordingly, the results indicate that sf-AgBiS2
nanoparticles could be an excellent antibacterial agent and can
prevent the infection caused during cancer therapy.

We have studied the antibacterial activity of sf-AgBiS2 and
PEG-AgBiS2 against S. aureus with NIR irradiation by MTT assay
method. Since these materials showed lowest antibacterial
activity with 150 μg/mL concentration (Figure 11) without NIR,
we have checked the antibacterial activity at this lowest
concentration (Figure 13) with NIR irradiation. As shown in
Figure 13, the instant antibacterial activity without NIR irradi-
ation was insignificant, whereas, with NIR irradiation, these
materials showed effective bacterial inactivation. As expected,
sf-AgBiS2 is better compared to PEG-AgBiS2. The photothermal
antibacterial activity under NIR irradiation results from lattice
vibration caused by the non-radioactive deexcitation process.
This vibration results in photothermia, eventually leading to the
degradation of the bacterial cell membrane, helping the
penetration of nanoparticles inside the cell and leading to cell
death. As discussed earlier, the nanorod morphology of
materials described here shows good light absorption and
scattering cross-section.[47] However, thermal absorption by
PEG-AgBiS2 diminished its activity compared to sf-AgBiS2.

Conclusion

In summary, sf-AgBiS2 and PEG-AgBiS2 nanoparticles were
prepared successfully employing the HMDS-assisted synthesis.
The X-ray diffraction and SAED patterns revealed the cubic
phase formation of crystalline AgBiS2 nanoparticles. The max-
imum temperature attained for 20 μg/ml of sf-AgBiS2 when
irradiated with 808 nm NIR laser (power=650 mW) is much
higher than the earlier reported temperatures for AgBiS2 nano-
particles. The as-synthesized sf-AgBiS2 nanoparticles performed
as an excellent photothermal (PPT) agent against HeLa cells,

live 3-D tumour spheroids and an antibacterial agent against
Staphylococcus aureus than PEG-AgBiS2 nanoparticles with and
without NIR irradiation. The study showed that sf-AgBiS2 has
more cell-killing efficiency than PEG-AgBiS2. This work high-
lights and the importance of surfactant-free surfaces of nano-
particles to pave the way for effective nanomedicine and,
perhaps justifies the utility of HMDS-assisted method.
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