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SYNOPSIS 

Thesis Title: Modified hexamethyldisilazane (HMDS) – assisted synthesis of 

surfactant free metal chalcogenide nanoparticles and their applications as catalysts 

and photoresponsive materials 

The thesis comprises six chapters including an introduction chapter.  

Chapter 1: Introduction 

The chapter 1 discusses a few selective applications of nanoparticles in catalysis, 

photocatalysis and photoresponsive studies. Furthermore, a brief survey of the 

various reported strategies used for the synthesis of metal sulphides nanoparticles 

(NPs) has been illustrated. The need of surfactant or stabilizer molecules in the 

synthesis of NPs have been explained. The adverse effect of the presence of the 

organic molecules on the surface of NPs pertaining to their use as catalyst and as 

material to construct the solar cells is identified, which defines the problem for the 

present work. Comparison on different generations of solar cells and a description on 

device structure of quantum dot solar cell are also included in this chapter. The 

chapter 1 also highlights the available methods and present synthetic approach used 

in this thesis work to achieve the NPs without any organic capping stabilizing 

agents. 
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Chapter 2: Recyclable Ni3S4 nanocatalyst for hydrogenation of nitroarenes 

In this chapter, the synthesis of surface clean nanoparticles of Ni3S4, which is 

rare phase of nickel sulphides, is described and catalytic activity of the synthesized 

nanoparticles were discussed. Nanoparticles were synthesized in a single step via 

hexamethyldisilazane (HMDS)-assisted method using NiCl2 and thiourea as starting 

materials. This synthetic method yielded phase pure, spherical Ni3S4 nanoparticles of 

mean size 17 (± 4) nm having clean surfaces. The nanoparticles were characterized 

thoroughly by PXRD, FTIR, EDAX, and TEM analyses. Since newly produced 

Ni3S4 nanoparticles in our reaction had exposed surfaces, the catalytic behaviour of 

these particles was assessed by using it as a catalyst in the reduction reaction of 

aromatic nitro groups. We have demonstrated Ni3S4 nanoparticle as a versatile 

catalyst for the nitro hydrogenation of both activated and deactivated nitrobenzenes 

using hydrazine as a hydrogen source to yield corresponding amines in high yield 

(~90 %). The heterogeneous catalyst, Ni3S4 nanoparticles was recycled more than 

ten times without any change its activity. We have ascribed the enhanced catalytic 

activity of these Ni3S4 nanoparticles to their clean surfaces without any surfactant 

molecules around them. 
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Chapter 3: Stabilizer free copper sulphide nanostructures for rapid 

photocatalytic decomposition of rhodamine B 

In this chapter hexamethyldisilazane assisted synthesis of CuS, Cu2S 

nanostructures and photocatalytic activity of the synthesized nanostructures were 

discussed. Hexamethyldisilazane assisted method yielded hexagonal CuS 

nanoparticles with average size of 22 ± 6 nm and cubic Cu2S nanoparticles with 

average size of 52 ± 10 nm. The capping agents present on the surfaces of 

nanoparticles unfavourably modify the properties of the nanostructures. Particularly 

in the catalysis, most of the potential catalytic centres are screened by the capping 

agents. Therefore, we have developed a novel method of synthesizing stabilizer-free 

CuS and Cu2S nanostructures for photocatalytic applications. These nanostructures 

were synthesized by modified HMDS assisted synthetic method at 130                                                                                                                                                                                                                                                                                                                                                                

°C. The CuS microflowers were constructed by self-assembly of nanoflakes which 

was grown through anisotropic growth of (1 0 3) planes. We have demonstrated an 

efficient photocatalytic activity of CuS nanostructures through photocatalytic 

decomposition of Rhodamine B dye. The CuS flowers rapidly decomposed 

Rhodamine B in solution (12 min). The efficient catalytic activity is explained by 

invoking clean surfaces of nanoparticles. We have also demonstrated the influence 

of illumination intensity on the efficiency of catalyst and the recyclability.  
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Chapter 4: Effect of surfactant or support material free CdS nanoparticles on 

Cr(VI) removal 

This chapter describes the production of organic surfactant molecules or 

support material free CdS nanoparticles and its efficient photocatalytic activity for 

the reduction of toxic Cr(VI) to the less toxic and much less mobile form of Cr(III). 

We have synthesized the template free CdS nanoparticles by adopting the solution 

phase hexamethyldisilazane (HMDS)-assisted chemical synthetic method using 

CdCl2 and thiourea as the precursors. The nanoparticles were characterized by 

PXRD, FESEM, and TEM. We have demonstrated an excellent photocatalytic 

performance of as-prepared CdS nanoparticles under visible light illumination for 

the reduction of Cr(VI) to Cr(III) at acidic pH. The enhanced catalytic activity of 

CdS nanoparticles was explained by the availability of clean surfaces in the absence 

of insulating organic molecules as a surfactant or stabilizing agent. This situation 

encouraged the efficient separation of photoexcited electron–hole pairs, which was 

confirmed from the observed fast and uniform transient photocurrent response 

during transient studies and less resistance on to the separation of interfacial charges 

in the electrochemical impedance spectra (EIS).The catalyst also showed good 

photocatalytic stability and reusability, which makes it as an excellent candidate for 

waste water treatment.    
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Chapter 5: Photo-responsive Bi2S3 nanoflakes: Synthesis and device fabrication 

at ambient conditions 

This chapter describes hexamethyldisilazane (HMDS) assisted syntheses of 

Bi2S3 nanoflakes and its photo-responsive properties. Since the optoelectronic 

devices consist multicomponent interfaces, the synthesis of nanoparticles and 

fabrication of devices play a significant role in quality, cost, and fast fabrication of 

devices. The wet chemical synthesis holds the great promise of controlling of these 

factors. Herein, we have developed a wet chemical method for the synthesis of one-

dimensional Bi2S3 nanoflakes and demonstrated its photo-responsivity by fabricating 

prototype device by dry-casting of Bi2S3 suspensions on the electrodes. A key 

advantage of the present approach is the synthesis and fabrications were carried out 

in the ambient conditions. 
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Chapter 6: Synthesis of ternary metal chalcogenide nanoparticles for solar cell 

device fabrication  

Ternary metal sulphide nanoparticles, CuInS2, Cu2SnS3 and Cu3SnS4 were 

synthesized using the modified hexamethyldisilazane (HMDS) - assisted synthetic 

method. The structure, the shape and the composition of these nanomaterials were 

investigated using powder X-ray diffraction (XRD), field emission electron 

microscopy (FESEM) and energy dispersive X-ray analysis (EDX). PXRD pattern of 

CuInS2 showed tetragonal structure. FESEM images of CuInS2 NPs revealed a bead 

like morphology of size 10-20 nm. PXRD pattern of both Cu2SnS3 and Cu3SnS4 

were showed tetragonal and orthorhombic structures respectively. FESEM images of 

both Cu2SnS3 and Cu3SnS4 showed 30-50 nm aggregation of spherical NPs. The 

EDAX analysis of CuInS2, Cu2SnS3 and Cu3SnS4 displayed no signal for any organic 

moieties confirming the purity of the materials. The solar cells were fabricated by a 

simple drop-costing method and their efficiency was measured. Based on the 

preliminary analysis, the fabricated devices had only a little response as solar cell, 

but the procedure needs to be standardized to achieve higher efficiency.     
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Chapter 1 

Abstract 

The introductory chapter gives a brief review of the synthesis and applications of 

binary and ternary metal chalcogenides. Some of the applications covered in this 

chapter are catalysis, photocatalysis and photoresponsive materials. An account of 

the various strategies available in the literature for the synthesis of NPs is also 

included. The presence of organic surfactant molecules as the capping agent 

covering the surface of NPs and their influence on the property and applications 

are discussed in detail. The last part of this chapter sets an idea about how to 

overcome the issues related the presence of organic surfactant molecules as the 

synthetic strategy adopted in the present work. 
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Introduction 

1.1. Nanoscale materials and their properties 

The study of properties of materials at the nanoscale is termed as nanoscience. 

Nanoparticles (NPs) are ultrafine particles having a size in the range of 1-100 nm. 

They have interesting optical, magnetic and electrical properties, which are not 

found in their bulk counterparts. In modern terminology, NPs are described as 

quantum dots (QDs), artificial atoms (three-dimensionally ordered NPs), and 

nanoclusters ( a group of NPs). NPs exist in the form of semiconductors (e.g. Si, 

Ge, TiO2, Fe2O3, ZnO) [1, 2], metals (e.g. Al, Ag, Au, Cu) [3], carbon materials 

(e.g. graphene, fullerenes) [4], polymers (e.g. Polystyrene) [5], metal complexes 

and biological systems (e.g. DNA, Liposomes). They also exist in different 

geometrical forms like spheres, flowers, rods, wells, wires, flakes and wafers [6]. 

 

 

Figure 1.1. Classification of nanomaterials (a) 0-D spheres and clusters, (b) 1-D 

nanofibers, wires, and rods, (c) 2-D films, plates, and networks, (d) 3-D nanomaterials 

Pokropivny and Skorokhod [7] classified the nanostructured materials into 

0-D, 1-D, 2-D and 3-D nanoscale materials, which is illustrated in Figure 1.1. In 

0-D system (quantum dot), the electrons are confined in their motion in all three 

directions. Examples: spheres and nanoclusters. In 1-D system (quantum wire), 

the electrons are free to travel in one direction and confined in the other two 

directions. Examples: Nanofibers, nanowires, and nanorods. In 2-D system 

(quantum well), the electrons can easily move in two directions but confined in 

one direction. Examples: Nanofilms, nanoplates and branched structures. In 3-D 

system (bulk), the electrons are free to move in all three directions, and there are 
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no confinement and limitations. Example: powders, multilayer, fibrous and 

polycrystalline materials wherein nanostructural elements of 0-D, 1-D and 2-D 

are closely related with each other and form interfaces. 

1.1.1. Surface area 

Surface area is the portion of exposed area of an object. Figure 1.2 explains how 

the surface to volume ratio increase by the reduction of the particle size. Thus, the 

NPs have a relatively larger surface area compared to the same volume of the 

bulk material. The increased surface to volume ratio [8] leads to a characteristic 

change in physicochemical properties of the material such as the decrease in the 

melting point, increase in the band gap [9] and significant special capabilities like 

catalytic and bacterial action. The surface area of particles has a significant 

influence on reaction rate since chemical reactions take place at the surface level. 

A larger surface area provides more space for reactions to occur. Thus, a material 

having particles in nanoscale showed better catalytic activity compared to the 

same material in bulk. 

 

Figure 1.2. Pictorial representation explaining increase in surface area with the reduction 

in particle size. 
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1.1.2. Quantum confinement 

An interesting change in the properties of the material in the nanoscale is the 

quantum confinement. When the particle-making materials are at tiny sizes, the 

electrons are confined in all direction leading to a change in electronic energy 

levels from continuum to discrete and finally appear similar like atoms. Hence, 

the energy gap between VB and CB increases (Figure 1.3) [10]. This observation 

also explains the formation of these bands as matter grows from atoms or 

molecules to NPs to bulk matter. In bulk matter, the bands are formed by the 

merger of a bunch of contiguous energy levels of many atoms or molecules. As 

the particle size gets smaller and reaches the nanoscale, where every particle is 

made up of an only finite number of atoms, the number of overlapping orbitals or 

energy levels decreases and the width of the band becomes narrow. As an extreme 

case, a single atom or molecule will have very discrete energy levels that are 

represented by single lines. These phenomena are explained schematically in 

Figure 1.3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Description of sequential change in band gap from atomic level to bulk 

matter. 
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The change in the electronic energy levels from continuum to discrete 

explains the reason why the NPs have wider band gap than the corresponding 

bulk matter. With the increase in the band gap, the forbidden region becomes 

larger, and hence, the NPs exhibit lower electrical conductivity. This quantum 

confinement effect can easily be detected by the shift in absorption spectrum 

towards the lower wavelength blue region [11]. Thus, the actual energy level of 

VB and CB, as well as the band gap of the semiconductor materials, are deciding 

factor to choose a material for a particular application. 

1.1.3. Optical properties 

Due to their quantum confinement, quantum dots (QDs) show some unique and 

fascinating optical properties and high photostability. The properties of NPs are 

tunable by varying the size and stoichiometry of the materials. As illustrated in 

Figure 1.4, the optical properties of NPs arise because of the interaction of light 

with the localized surface plasmon bound to them. Localized surface plasmons 

are charge density oscillations arising in NPs when their size is much smaller than 

the wavelength of light [12]. The color due to the collective oscillation of 

electrons in the conduction band is known as the surface plasmon oscillation. 

A simple change in size or shape of NPs alters their optical properties. 

Figure 1.5 depicts a change in optical properties of CdSe and Au NPs with the 

change in size and shape respectively. It is apparent from the figure that there is a 

shift in absorption maxima of CdSe NPs with different size. The largest particles 

emitted in the region of red while blue emission was observed for the smallest 

clusters. Similarly, the optical property of the Au NPs changes dramatically when 

anisotropy is added to them especially in the growth of nanorods [13]. 
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Figure 1.4. Surface plasmon resonance oscillation for a sphere showing the 

displacement of the conduction electron charge cloud relative to the nuclei [12]. 

 

 

 

 

Figure 1.5. (a) Fluorescence emission of CdSe quantum dots of various sizes. (b) 

Absorption spectra of gold nanoparticles of various sizes and shapes [13]. 
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1.2. Application of nanoparticles 

The nanomaterials have various applications in the whole spectrum of science 

stretching from agricultural science to space technology. The size and 

stoichiometric dependent properties of NPs provided options for their use in 

various research fields (Table 1.1). Since the applications are vast, we have 

focused our attention towards the catalytic, photocatalytic and photovoltaic 

applications only. 

Table 1.1. Representative applications of nanomaterials. 

Application Materials Ref. 

Solar cell CdSe, Cu2S, CuInS2/Se2 NPs  [14] 

LED CdSe, CdZnSe alloy, CdSe-ZnS 

core shell NPs 

 [15] 

Photodetectors CdSe, PbSe, PbS NPs  [16] 

Catalyst Pd, Cu, MoO2, Ru5Pt  NPs [17] 

Fluorescent biological 

labels 

CdSe-CdS core-shell  NPs [18] 

High energy materials  Al NPs [19] 

Sensors 

 Explosives      

  

 Si nanowires  

 

 

[20] Chemosensor (gases and 

metals) 
 SnO2 nanowires, SnO2 Nix 

nanowires, TiO2, In2O3, TiO2-SiO2 

composite 

DNA                               CdSe-ZnS core shell  

Plasmon ruler Ag and Au NPs [21] 

Lasers CdSe-ZnS NPs [22] 

Magnetic storage media         CoCrTa, CoCrPt, SmCo NPs [23] 

Carbon monoxide 

dissociation(for artificial 

fuels) 

Co NPs [24] 

High performance color 

paints 

ZnO dispersions [25] 

Photocatalyst Hetero junction NPs: CdSe-CdS-Pt [26] 

Finger print visualization Au NPs [27] 

Nanomedicine Au NPs [28] 

Electrode materials Nano metal oxides, SnSb alloy NPs [29] 

Water purification Polyurethane coated silver NPs [30] 

Water splitting TiO2  NPs [31] 
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1.2.1. Nanoparticles as catalysts 

A catalyst plays a significant role in the production of fine chemicals, fertilizers 

and plastics as well as the remediation of environmental pollutants. Even though, 

homogeneous catalysts are highly efficient there is an inherent problem of catalyst 

separation for recycling reducing their utilization. Heterogeneous catalysis offers 

a more convenient option for catalyst recovery. However, the catalytic activity is 

limited as the surface atoms only are involved in catalyzing the reaction.  

The field of nanocatalysis in which the NPs are used to catalyze reactions 

has undergone an exponential growth during the past decade. Because the NPs 

have a large surface-to-volume ratio compared to bulk materials (Section 1.1.1), 

they are attractive materials to use as catalysts. Therefore, many metal and 

semiconductor NPs are employed in a variety of homogeneous and heterogeneous 

catalytic and photocatalytic reactions (Figure 1.6) [32]. In 1996, the possibility of 

synthesizing transition metal NPs having different shapes and the potential of 

using different shapes to catalyze various reactions [33]. Narayanan and El-Sayed 

have shown that shapes with more corners and edge atoms have a higher 

reactivity than similar NPs with fewer corner and edge atoms in homogeneous 

catalysis. Thus, the shape and crystal structure differences can lead to different 

catalytic rates [34].  
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Figure 1.6. Applications of nanocatalysts in different fields. 

Transition metals supported by various substrates are used as catalysts in 

many reactions involving heterogeneous catalysis [35, 36]. Three methods are 

employed to prepare nanocatalysts for heterogeneous catalysts, viz., adsorption of 

NPs onto supports, grafting of NPs onto supports and fabrication of nano-

structures onto supports by lithographic techniques. Some common supports used 

in the preparation of supported metal NPs catalysts are; carbon [37], silica [38], 

alumina [39], TiO2 [40] and polymers [41]. Many of the fuel cell reactions have 

been conducted by using transition metal NPs which are supported on various 

forms of carbon [42]. Pd and Ni NPs supported on the oxidized diamond were 

used as catalysts for the methane decomposition reaction to produce the carbon 

nano whiskers [37g].  

Most of the semiconducting nanomaterials have shown higher catalytic 

activity in heterogeneous catalysis. CuS quantum dots (QDs) were used as 

catalysts in Biginelli reactions, and they exhibited good catalytic activity for the 

synthesis of dihydropyrimidinones [43]. Flower-like Ni7S6 NPs showed much 



Chapter 1 
 

10 
 
 

higher activity and selectivity in the hydrogenations of nitrobenzene and 

chloronitrobenzenes with different chlorine substituent site [44]. Single-phase 

nickel sulphides such as NiS, NiS2, Ni3S4 and Ni7S6 were prepared by using a 

temperature controlled precursor injection method and were applied in the study 

of the catalytic reduction of 4-nitrophenol [45]. Recently, it was revealed that the 

activities of platinum NPs of various shapes were indeed different for the same 

electron-transfer reaction in colloidal solution [46]. This potential shape 

dependent catalysis adds the advantage of selective utilization of NPs as catalysts. 

Of course, being small with corners and edges made their surface atoms unstable 

during the chemical reaction they catalyze, leading to the change in their shape 

[47]. 

1.2.2. Nanoparticles as photocatalysts 

Semiconductor nanomaterials are the prime candidates for photocatalytic 

applications since they show a strong absorption of light in the visible regime. 

The semiconductor nanostructure facilitates the separation of charge carriers 

generated by light absorption; these electrons and holes induce reductive and 

oxidative reactions leading to photocatalysis. Nanostructured semiconductors 

have faster electron migration and charge generation rate due to their higher 

surface area-to-volume ratio than the bulk [48]. Titanium dioxide is an excellent 

photocatalyst because of its low cost, high stability, and environmental 

friendliness. However, it showed photoactivity only under ultraviolet light 

irradiation, due to its large band gap energy of 3.2 eV. Therefore, the 

development of new visible-light active photocatalysts is one of the most 

significant subjects in photocatalysis research.  

Many metal sulphide visible light sensitive semiconductor photocatalysts, 

such as CdS, CuS, ZnS, Bi2S3 and Sb2S3 have been developed [49]. CdS 

nanostructures were used as a photocatalyst for the reduction of aromatic nitro 

compounds under the irradiation of blue LED (3W) [50]. The well-defined one-

dimensional (1D) CdS@MoS2 (CM) core-shell nanowires were prepared by 
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hydrothermal synthesis and used as photocatalyst for photocatalytic hydrogen 

evolution under illumination of visible light [51]. CdS nanowires−RGO 

nanocomposites were synthesized and used for selective reduction of nitro 

organics under visible light irradiation [52]. The uniform CdS 

nanospheres/graphene hybrid nanocomposites were used as photocatalysts for 

selective reduction of nitro-organics in water under visible-light irradiation [53]. 

The highly dispersed phase of SnO2 on TiO2 and Fe2O3 on Au nanopillars were 

used as photocatalysts for the enhanced hydrogen generation by photocatalysis 

[54].  

Template free flower-like CdS NPs were synthesized by a facile 

hydrothermal approach and as-prepared CdS NPs were used as photocatalyst for 

the photodegradation of various organic dyes [55]. CuS NPs synthesized by 

chemical dealloying method exhibited excellent photocatalytic activity towards 

the degradation of rhodamine B, methylene blue and methyl orange [56]. 

Monodisperse CuS/ZnS nanocomposite has been synthesized successfully by an 

ion-exchange method, and their photocatalytic activity was evaluated through the 

photocatalytic decomposition of rhodamine B in aqueous solution under visible-

light irradiation [57]. The photocatalytic activity of nanoporous ZnS NPs was 

evaluated by conducting the photodegradation of eosin B dye at ambient 

temperature [58]. Many metal oxide visible-light sensitive semiconductors such 

as TiO2, ZrO2, SnO2, CeO2 Fe2O3, Al2O3, and In2O3, have been studied as 

photocatalysts [59]. Porous crystalline ZnO NPs were prepared by hydrothermal 

treatment, and their photocatalytic activity was studied by photocatalytic 

degradation of Rhodamine B in water at ambient temperature [60]. A range of 

environmental clean-up technologies has been developed for wastewater 

treatment, which uses iron oxide nanomaterials as nanosorbents and 

photocatalysts [61].  

1.2.3. Nanoparticles in photovoltaic cells 

Photovoltaic cells, working based on the principle of photovoltaic effect, convert 

sunlight directly into electric current (Figure. 1.7). The efficiency of the 
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conversion process ranges from a few percent up to nearly 37 percent [62] 

depending on the type of photovoltaic cell. In photovoltaic cells, energy 

conversion happens in three steps; (i) Generation of the exciton (hole-electron 

pair) by absorption of light (ii) Separation of excitons (iii) Collection of charges. 

The layer of materials which absorb sunlight is called as the active layer, and it is 

normally sandwiched between p and n layer materials for charge separation. The 

silicon-based solar cell has been extensively studied and has been in practical use. 

The high cost of manufacturing and long energy payback time hinder the large 

spread silicon solar cells for PV power generation. Therefore, it is desired to 

obtain relatively high conversion efficiency from inexpensive materials with low 

production cost and low-energy consumption. 

 

Figure 1.7. Schematic representation of working of photovoltaic cell. 

The thermodynamic limit or Shockley- Queisser limit established the ideal 

band gap of active materials as 1.1 eV [63]. Therefore, many materials having 

band gap close to this limit have been used to fabricate the solar cells. Among the 

numerous materials utilized for the fabrication of solar cells, the quantum dots 

(QDs) are attractive because of their suitable band gaps, efficient optical 

adsorption, nonlinear optical properties, and less toxicity. Comprehensive 

research is going on to increase the efficiency of QDSCs by making materials 

using simple synthetic procedures and by adopting easy fabrication techniques. 
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Figure 1.8. Schematic representation of CuInGaS2/Se2 based quantum dot solar cell. 

Ternary metal chalcogenides such as CuInS2 NCs [64] and CuInGa(S/Se)2 

(CIGS) [65] have direct band gap with energies well matching to the solar 

spectrum, high radiation stability, high absorption coefficients and low toxicity, 

which make them as suitable material for PV solar cells. Solar cells showing high 

efficiency of ~20% at laboratory conditions have been achieved using CIGS. 

Schematic representation of CuInGaS2/Se2 based quantum dot solar cell is shown 

in Figure 1.8. In the fabrication of CIGS type solar cells, CIGS is a p-type active 

layer, which absorbs sunlight and generates an exciton, CdS was used as the 

buffer layer and ITO/FTO as electrodes. A transparent conductive oxide is used as 

front contact layer while molybdenum coated by the sputtering process is used as 

a back contact layer. This fabrication approach eliminated the need for processing 

steps such as chemical bath deposition of the CdS layer, high-temperature post 

deposition sulfurization treatment, and a cyanide bath etch step to correct phase 

purity and grain size. However, the efficiency of solar cells made using NPs 

depends on the purity of the materials obtained by chemical synthesis. 
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1.3. Synthesis of metal chalcogenide nanoparticles 

1.3.1. Stoichiometric varieties in metal chalcogenides and general synthetic 

approach 

The synthesis of NPs with good monodispersity, crystallinity, and purity for 

targeted applications is a challenge. Various strategies of syntheses of 

semiconductor nanocrystals have been developed by utilizing different metal 

sources so that the composition, size, shape and surface protection can be 

regulated. Two types of general approaches are used to produce NPs; one is top-

down approach, and another one is the bottom-up approach. In the top-down 

method, the bulk material is brought into a smaller dimension by applying various 

tools (external force), such as etching, various lithographic techniques, ball 

milling and sol-gel technique. This method is very useful for the large-scale 

industrial production of nanomaterials.    

The bottom-up method refers to making of NPs from atoms based on the 

atomic transformation or molecular condensations. The bottom-up approach can 

be divided into physical and chemical methods. Physical methods are not cheap 

and not easily adaptable for manufacturing. Chemical methods are favorable due 

to their potential for scalability, better control in sizes, shapes, less expensive and 

simple instrumentation. These chemical methods include sol-gel, co-precipitation, 

colloidal method, chemical vapor deposition (CVD), and thermal decomposition.  

Properties and applications of NPs are specific to stoichiometries of the 

material. From the inorganic materials point of view, chalcogenides, especially 

copper sulphide (CuxS), cadmium sulphide (CdS), bismuth sulphide (Bi2S3) and 

nickel sulphide (NixSy) have received considerable attention in recent years owing 

to their wide stoichiometric compositions. The shape, size, stoichiometric 

composition and crystal structure control the optical and electrical properties of 

these sulphides. Specifically, for the past few years, various efforts have been 

developed to control the architecture and spatial patterning of metal chalcogenide 

semiconductor particles [66].  
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The main focus of this thesis is the synthesis of metal sulphide NPs and 

hence solution-based colloidal preparation of nanomaterials is highlighted in this 

chapter. Some of the representative synthetic procedures for copper sulphide 

(CuxS), cadmium sulphide (CdS), bismuth sulphide (Bi2S3), nickel sulphide 

(NixSy), copper indium sulphide (CIS) and copper tin sulphide (CTS) are 

explained in the following sections.   

1.3.2. Synthesis of copper chalcogenides 

In the metal chalcogenides family, copper chalcogenides (CuS, Cu2S, and Cu2-

xSe) are relatively cheap, less hazardous and valuable materials for device 

fabrication. Copper sulphides are important p-type compounds, and they gained 

much importance because of their variable stoichiometric compositions (Table 

1.2), valence states, nanocrystal morphologies and the differences in the crystal 

structures.  

Table 1.2. Variable stoichiometries of copper chalcogenides 

Name Composition Band gap (eV) 

 

Reference 

covellite CuS  

 

2.2 [66-69] 

chalcocite Cu2S  1.2 [70] 

anilite Cu7S4 2.11 [71] 
 Cu1.75S 

digenite Cu1.8S 1.75 [72] 

 Cu9S5 

djurleite Cu31S16 2.19 [73] 

Cu1.94S   

 

Among the eight CuxS compositions, the most stable structures are copper 

rich Cu2S (chalcocite) and copper deficient stoichiometric phases, i.e. CuS 

(covellite), Cu1.75S (anilite), Cu1.8S or Cu9S5 (digenite) and Cu1.96S (djurleite). 

Despite their stability, a selective synthesis of a single structure of CuxS NPs is a 

challenge. Control in the synthesis to obtain a specific composition can be 

achieved by altering the Cu/S ratio, temperature, changing the precursor materials 

and stabilizing ligands. These copper sulphides behaved as semiconductors with 
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either direct or indirect band gaps depending on the stoichiometric ratio of Cu to 

S. The percentage of copper is known to control the band gap of CuxS. The band 

gap of CuxS increases with a decrease in the x (Stoichiometry) value. For 

example, band gap is 1.2 eV for Cu2S, 1.75 eV for Cu1.8S and 2.2 eV for CuS. 

Concerning these band gap values, CuS can absorb maximum solar energy among 

the CuxS.  

Covellite (CuS) phase has been used in solar hydrogen production, while 

chalcocite (Cu2S) is widely used as a likely replacement of high-cost Pt counter 

electrodes in quantum dot-sensitized solar cells (QDSSCs) [66, 68, 74]. 

Furthermore, CuS nanocrystals have been found as one of the possible materials 

for the use in catalysis, biosensor, tissue imaging, drug delivery, Li-ion battery 

and memory cell [75]. Therefore, it is imminent to synthesize CuS that is suitable 

for possible applications in the solar cells and other optoelectronic devices. The 

methods used to synthesize copper chalcogenides in variable stoichiometries are 

listed in Table 1.3. 

Table 1.3. General synthetic methods for copper chalcogenide nanoparticles 

 

Author 

Name 

Scheme 

 

 
X. Huang 

et al., 
(76) 

 

 
J. Yin et 
al., (77) 

 

 

 
Y. Qian 
et al., 
(78) 
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B. A. 
Korgel et 
al., (79) 

 

 
A. P. 

Alivisato
s et al., 

(80) 
 

 
W. 

Zheng et 
al., (81) 

 

 
L. Zhu et 
al.,(82) 

 

B.G. 
Kumar et 
al., (83)  

 

1.3.3. Synthesis of cadmium chalcogenides 

CdS is an important IV-VI semiconductor having large effective Bohr radius 

(CdS=2.4 Å) and have the band gap as 2.41 eV. Because of its suitable band gap 

CdS is used as photocatalyst and buffer layer in CIGS based solar cells. Various 

methods are reported for the synthesis of CdS NPs, some of them are listed in 

Table 1.4 below. 
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Table 1.4. General synthetic methods for CdS nanoparticles 

Author 

Name 

Scheme 

 

 
K. H. 

Whitmire 
et al., (84) 

 

 

 
 
 

Y. Qian et 
al., (85) 

 

 

 
Y. Li et.al., 

(86) 

 

 
 

S. Oh Cho 
et al., (87) 

 

 
 

1.3.4. Synthesis of bismuth chalcogenides 

Another important class of metal chalcogenides is bismuth chalcogenides, which 

earned much importance especially due to its optoelectronic properties. The 

family of bismuth sulphides can exist in three types of stoichiometric variable 

forms such as BiS, BiS2 and Bi2S3 NPs. Among these phases, the Bi2S3 form is 

only well studied because of the stability factors. The high availability of sulphur 

and bismuth in the earth crust is also an important factor for the use of Bi2S3 for 

optoelectronic applications. Orthorhombic bismuth sulphide (Bi2S3) is an 

important semiconductor with the direct band gap of 1.3 to 1.7 eV and a large 

absorbance coefficient [88]. It is used as thermoelectric, electronic, and 

photoresponsive materials. Thin-films of Bi2S3 is good light-harvesting substrates 

with absorption in the visible and near-IR part of the solar spectrum, which allows 

their applications in photodiode arrays and photovoltaic converters [89]. While a 
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significant work on the Bi2S3 based photodetector is known [90], there is still 

need for the search of best synthetic methods and simplicity in processing 

methods [91]. Various methods are available for the synthesis of Bi2S3 NPs, some 

of them are shown in Table 1.5. 

Table 1.5. General synthetic methods for Bi2S3 nanoparticles 

Author 

Name 

Scheme 

 

 
S. Ge et 
al., (92) 

 

 

 
S. 

Thirumara
n et al., 

(93) 

 

 

 
C. Hu 

et.al., (94) 

 
 

 
Y. Qianet 
al., (95) 

 

 

 

1.3.5. Synthesis of nickel chalcogenides 

The family of nickel sulphides has different complex phases of nickel sulphides 

such as NiS (α-NiS and β-NiS), Ni3S2, NiS2, Ni3S4, Ni9S8, and Ni7S6 (Table 1.6). 

The presence of various phases makes the synthesis of single-phase nickel 

sulphide complicated. Nickel sulphide NPs exist in morphologies such as layer-

rolled, hexagonal, cuboids, nanobelts, three-dimensional flower-like 

rhombohedral and dodecahedral [45]. Nickel sulphides with a controlled 
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morphology are of great interest due to their potential applications as 

hydrogenation catalysts and electrode materials. 

Table 1.6. Variable stoichiometries of nickel chalcogenides 

Name Composition Reference 

millerite NiS [96] 

pyrite NiS2 [97] 

heazelwoodite Ni3S2 [98] 

polydymite Ni3S4 [99-104] 

godlevskite Ni6S5 [105] 

godlevskite Ni7S6 [106] 

godlevskite Ni9S8 [107] 

Among the various stoichiometries of nickel sulphides, Ni3S4 has attracted 

much less attention compared to other binary nickel sulphides due to the synthetic 

challenge in obtaining the single phase Ni3S4. Ni3S4 has a cubic spinel structure 

and is found in nature as the mineral polydymite. The problem associated with the 

synthesis of Ni3S4 is obtaining it in pure phase. Ni3S4 along with NiS and NiS2 

impurities was obtained through solid state reactions between Ni and S, NiS and 

S, or NiS and NiS2 at 200–300 °C even after extending the reaction up to 6 

months. Therefore, many properties of pure Ni3S4 are not completely known [108, 

109, 110]. Manthiram and co-workers successfully synthesized Ni3S4 at room 

temperature using an aqueous nickel chloride in a sodium dithionite solution [99]. 

Ni3S4 has been also obtained by colloidal processes using elemental sulphur as a 

precursor in oleylamine at high temperature (180 °C) [100]. Alternatively, Ni3S4 

has been found to appear as a by-product in a solvent-less synthesis of 

rhombohedral NiS nanorods and triangular nanoprisms or under hydrothermal 

conditions [101]. However, the synthetic approaches mentioned above produced 

either poor crystallinity or irregularly shaped particles. Much effort has been 

devoted to obtaining single-phase Ni3S4 efficiently in laboratories. Through a 

selective control in the reaction conditions, Ni precursor used or capping agents 

employed, it is possible to get single phase of Ni3S4. Recently, Tuna and co-
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workers reported the synthesis of Ni3S4 NPs with different shapes by thermolysis 

using a single-source of Ni precursor, ([bis(1,1,5,5-tetra-isopropyl-2-thiobiuret) 

nickel(II)]) in the presence of oleylamine, octadecene, or dodecanethiol [102]. 

Various methods of synthesis of nickel sulphides are listed in Table 1.7 

Table 1.7. General synthetic methods for nickel sulphide nanoparticles 

Author 

Name 

Scheme 

 

 
Y. 

Hayakawa 

et al., (45) 

 

 
N. 

Revaprasa

du et al., 

(111)  

 

 

M. 

Salavati-

Niasari 

et.al., 

(112) 

 

 

 

H. Zhanget 

al., (113) 

 

1.3.6. Synthesis of ternary systems 

The I-III-VI group based materials; mainly CuInS2 and CuInSe2 have large 

absorption coefficients and excellent photoconductivity [114]. The synthesis of 

non-toxic ternary chalcogenides semiconducting NPs (I-III-VI) such as CuInS2, 

CuInSe2, and CuInxGa1-xSe2 gained much attention of researchers because they 

are considered to replace the expensive silicon-based solar cells. They are also 
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better than toxic semiconductors such as CdS, CdSe, CdTe, PbSe, etc.  Another 

important class of ternary systems is the material based on I–IV–VI combinations 

as they have potential application in photovoltaic cells, electrochemical devices 

and photocatalytic material [115]. Among them, Cu–Sn–S (CTS) system is 

gaining importance because of the elements copper, tin and sulphur are nontoxic 

and abundant in the earth. In CTS systems, especially Cu2SnS3 and Cu3SnS4 are 

significant, and they have high absorption coefficient and tunable band gap which 

cover the optimal solar spectrum [116]. The band gap of these materials can be 

tuned by changing the particles size and composition, which offers the possibility 

of matching a specific region of the solar spectrum [117]. Various methods are 

available for the synthesis of CuInS2, CuInSe2 (CIS/Se) and Cu2SnS3 (CTS) some 

of them are listed in Table 1.8. 

Table 1.8. General synthetic methods for CI(S/Se)2 and CTS nanoparticles 

Author 

Name 

Scheme 

 

 
B. A. 

Korgel et 

al., (118)  

 
B. A. 

Korgel et 

al., (66) 

 

 

 

B. Koo et 

al., (67) 

 

 

F. 

Bensebaa 

et al., (68) 
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S. Dias et 

al., (119) 

 

J. Xu et al., 

(120) 

 

Q. Liu et 

al., (121) 

 

1.4. Role of capping agents and the stability of the nanoparticles 

Capping agents are surfactant molecules used during the synthesis of NPs. They 

may or may not participate in the synthesis of NPs. Capping agent controls the 

growth of NPs by preventing them from aggregation and precipitation due to 

which the surface functionalization and stability of NPs are achieved. The 

capping agent should be bulk enough to prevent agglomeration and small enough 

to passivate the surface. The best capping agent would be the one with a 

balancing of passivation (quenching surface) and stabilization (prevent 

agglomeration) of NP surface. These capping agents create an inorganic-organic 

interface, and these interfaces influence the properties of the materials and 

subsequently the applications. 

1.4.1. Architecture of capping agent 

The capping agents are organic molecules which behave as Lewis bases. The 

skeleton of capping agents has a head group with elements having a lone pair of 

electrons and a tail group with a long alkyl chain (Figure. 1.9). Head groups 

passivate the surface of NPs and tail groups provide the solubility to the materials. 

Oleylamine, CTAB, octylamine, and pyridine are nitrogen based capping agents 

or surfactants [122]. The phosphorus-based capping agents are TOPA, TOPO, 

TPP, alkyl phosphonic acids and phosphazenes [123]. Long chain alcohols like 

octanol, oleyl alcohol are the oxygen based capping agents [124]. The sulphur 

based capping agents are long chain thiols, cysteine, and thiophenes [125]. 
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Figure 1.9. Systematic representation of the architecture of the capping agent. 

1.4.2. Modes of stabilization 

Three different modes of capping viz., passivation, stabilization, and 

functionalization are usually practiced during the synthesis of NPs. The selection 

of specific mode capping will depend on the application aimed for [126]. 

Passivation  

Complete quenching of the surface is called passivation. The maximum 

thermodynamic stability of NPs is possible in passivation which can obtain by 

surface coating of metals, metal oxides or any inorganic lattices.  

Stabilization  

Stabilizing agent prevents the agglomeration of NPs in the reaction medium by 

providing inter particle electrostatic and/or steric repulsions.   

Functionalization 

Functionalization of NPs can be achieved by tuning the structure of capping agent 

so that NPs can be used for a specific application. The general methods of surface 

modification are grafting thiolated surfactants or polymers, adsorption of charged 

surfactants, charged ligands or polymers, fullerenes, attachment of biological 

molecules such as DNA, peptides, proteins, and antigens [126]. 
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1.5. Definition of the problem  

The majority of NPs are produced by colloidal synthetic method [127]. A typical 

reaction system for colloidal nanocrystals consists of three components: 

precursor, a reducing agent, organic surfactant, and solvent. In some of the 

syntheses, surfactants serve as solvents also. During synthesis of NPs, upon 

heating the reaction medium to a sufficiently high temperature, the precursor 

molecules chemically transform into active atomic or molecular species. These 

atomic or molecular species are building units of a material (substance), and they 

are known as nuclei. This process is called as nucleation. These nuclei then grow 

by incorporating additional building units still present in the reaction medium. 

The formation of NPs is governed by the relative rates of two competitive 

processes, i.e. (i) Nucleation and (ii) Growth of nuclei to form larger particles. 

The size of the particles obtained in a reaction is decided by the mechanism that 

predominates in a reaction. 

 

Figure 1.10. Schematic description of stages involved in colloidal synthesis. 

The first step in the colloidal synthesis is to choose a temperature that is 

sufficient enough for the reaction to occur and a super saturated condition of 

growing nuclei. It is necessary to stop (cap) the growth of nucleated particles at 

the nanoscale, therefore capping agents play a role in adsorbing on the surface of 

the particles and preventing the uncontrolled growth. Otherwise, NPs undergo 

reversible agglomeration or irreversible aggregation (Figure 1.10 is adopted from 
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Ref. [125]). Therefore, the capping agents are used in the reaction to control the 

growth of particles. The surfactant molecules should be effective to stop at nano 

size as well as to prevent agglomeration or aggregation. Apart from the selection 

of capping agent, the selection of precursor materials and reagents, and their 

solubility are also important factors. Further, it is required to maintain the reaction 

mixture under reduced atmosphere to reduce metal/ sulphur source as well as to 

arrest/stop the growth of NPs in the reaction mixture by the assistance of 

surfactant/capping agent.  

Organic surfactant molecules surround the NPs obtained by synthetic 

methods called as capping agent or stabilizing agents. The presence of these 

undesired capping agents hinders the chances of harnessing benefits of surface-

dependent properties to their full potential. Some of the disadvantages of capping 

agent are;  

(i) Surrounding of chemically synthesized NPs by organic surfactant 

molecules or any other surface coating would affect surface-related 

processes such as surface recombination or charge transfer.  

(ii) The presence of organic surfactants around NPs hinders the mobility of 

charge carriers in the electronic devices such as solar cells, which cause 

the deficiency of devices fabricated using these materials. 

(iii) These molecules shield the active sites of catalyst imputing less catalytic 

activity than its potential. 

(iv) When NPs are intended to use in the biological or medicinal application; 

there is apprehension due to the toxicity of organic surfactant molecules.   

Another drawback in the synthesis of NPs is obtaining a specific stoichiometric 

product selectively in a pure form when various stoichiometric products of the 

material are available. As mentioned in Section 1.3, many methods including 

template-assisted synthesis and use of sensitive organometallic precursors have 

been developed. However, producing the rare phase of NPs of metal 
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chalcogenides selectively in a simple bottom-up synthesis is remain as a 

challenge. 

1.6. Scope of the thesis 

As mentioned in Section 1.5, the capping agent stabilizes NPs but also affects 

other properties like optoelectronic properties, crystallinity, and catalytic 

application. These issues can be addressed by avoiding the organic surfactant 

molecules at pre-synthetic or post-synthetic conditions. In our group, the 

hexamethyldisilazane (HMDS) assisted synthesis was developed and has been 

used to produce few metal chalcogenides. Since the solubility of reactants plays a 

significant role in any reaction medium and decides the product(s) formation, the 

method needed an improvement to control the reaction products. Therefore, in the 

present work, we have modified the HMDS – assisted reaction changing the metal 

precursor, sulphur source and the reaction conditions. Metal chlorides were 

preferred over other metal sources due to their better solubility while thiourea was 

used instead of sulphur powder again due to the solubility. As determined earlier 

in our group, HMDS played multiple roles; as a solvent, reducing agent, and 

capping agent in arresting the growth of particles during syntheses. 

 

Scheme 1.1. Synthetic methodology for modified HMDS - assisted synthesis. 

At present, using the modified HMDS- assisted method, we have prepared a 

variety of binary metal chalcogenides viz., CuS, Cu2S, CdS, Ni3S4, Bi2S3, and 

In2S3. The reaction was further extended to the synthesis of ternary metal 

chalcogenides. All those reactions yielded binary and ternary metal chalcogenide, 

semiconductor NPs without surrounding of any organic surfactant molecules. 

Since these materials had free or clean surfaces, it is important to study the effect 

of NPs with clean or bare surfaces on various applications. The detailed 



Chapter 1 
 

28 
 
 

discussion on the study of the effect of NPs with bare surfaces on catalysis, 

photocatalysis and photo-responsive behaviour is presented in this thesis. The 

various topics covered in the thesis are listed below, and the same is shown 

schematically in the Figure 1.11 below. 

1. Organic functional group transformation using Ni3S4 NPs as catalysts 

2. Photocatalytic degradation of organic dyes using CuS NPs 

3. Photocatalytic reduction of Cr(VI) using CdS NPs 

4. Photo-responsive behaviour of Bi2S3 NPs on exposure of light of varying 

intensity 

5. Fabrication of solar cells using surfactant-free ternary metal sulphides 

 

Figure 1.11. Systematic representation of the different applications of synthesized NPs. 
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Abstract  

In this chapter, the synthesis of surface clean nanoparticles (NPs) of Ni3S4, which is 

rare phase of nickel sulphides and its catalytic activity are discussed. NPs were 

synthesized in a single step via hexamethyldisilazane (HMDS)-assisted method 

using NiCl2 and thiourea as starting materials. This synthetic method yielded phase 

pure, spherical Ni3S4 NPs of mean size 17 (± 4) nm having clean surfaces. The NPs 

were characterized thoroughly by PXRD, FTIR, EDAX, and TEM analyses. The 

catalytic behaviour of these particles was assessed by using it as a catalyst in the 

reduction reaction of aromatic nitro groups. The Ni3S4 NPs behaved as a versatile 

catalyst for the nitro hydrogenation of both activated and deactivated nitrobenzenes 

using hydrazine as a hydrogen source to yield corresponding amines in high yield 

(~90%). The heterogeneous catalyst, Ni3S4 NPs was recycled more than ten times 

without any change its activity. The enhanced catalytic activity of these Ni3S4 NPs 

was ascribed to their clean surfaces without any surfactant molecules around them.        
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2.1. Introduction  

NPs are the innovative class of catalytic materials having surface dependent catalytic 

properties [1-6]. Compared with the bulk materials, the high surface to volume ratio 

of NPs promotes the catalytic activity. Though, stabilizing or surfactant molecules 

cover the surfaces of NPs (Section 1.4). However, as mentioned in the Section 1.2, 

the presence of these undesired capping agents hinders the chances of harnessing 

benefits of surface-dependent properties to their full potential [7-11]. Hence, to 

enhance the catalytic activity, the capping agent might be removed from the surfaces 

of NPs. On the other hand, many successful nanocatalysts used in organic synthesis 

were prepared by elegant and intricate designs.  

Nickel sulphide exists in various stoichiometries such as NiS, NiS2, Ni3S2, 

Ni6S5, Ni7S6, Ni3S4, and Ni9S8. There are several efforts to synthesize nickel 

chalcogenides NPs [12-19], but many of them resulted in the formation mixture of 

sulphides. However, the challenge is to produce rare Ni3S4 phase in a simple bottom-

up synthesis selectively. Since the formation of Ni3S4 is rare during the synthesis of 

nickel sulphides, and there is no commercial source available, many of its properties 

including the catalytic behaviour of Ni3S4 NPs are unexplored.    

Aromatic nitro hydrogenation is an important process in academia, industry, 

and nature [20-22] because of the widespread occurrence of the nitro group in the 

natural products and biologically active molecules. Therefore, many catalyst were 

utilized in the hydrogenation. Some of the catalysts are Pt/carbon nanofibers, 

Fe2O3/Au, Fe(BF4)2, Fe3O4, Rh3Ni, Fe, Co, Rh, Ni, Pd, Pt, Cu, Ag, Au, and Zn [23-

35]. Though various catalysts are available for hydrogenation of nitroarenes, the 

performance of many of them still needs improvement. Also, some of the available 

reports did not mention TOF, which needed for complete understanding the catalytic 

performance.  

Always there is a need for simplified method to produce catalyst, enhanced 

catalytic activity, recyclability of the heterogeneous catalyst, and versatility to use 

for various reactions. Many literatures indicated that the NPs as catalysts can be 

easily separated and recycled with retention of catalytic activity compared to their 
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bulk counterparts [36-39]. In the past years, many hierarchical nanostructures have 

been used in catalysis. However, the dearth of simplicity in the production of 

nanocatalyst compared with conventional bulk catalyst is a major hurdle for their use 

in catalysis. 

It was well acknowledged that a high specific surface area was constructive 

for increasing the active sites. However, if the surfactant molecules block the active 

sites, the catalyst would show less activity than its potential. Therefore, in pursuit of 

finding a simple procedure for the synthesis of NPs, we have developed a novel 

HMDS-assisted method to produce NPs having clean surfaces. In this chapter, we 

have demonstrated a selective synthesis of Ni3S4 phase of nickel sulphide as NPs and 

their catalytic activity in hydrogenation of nitroarenes. 

2.2. Experimental section  

2.2.1. Materials  

The chemicals used in the syntheses, NiCl2, thiourea and hexamethyldisilazane 

[HN(SiMe3)2] (HMDS) were purchased form sigma-Aldrich and used without 

further purification. All solvents were purified using standard procedures.    

2.2.2. Synthesis of nickel sulphide nanoparticles 

In a typical procedure (Scheme 2.1), nickel chloride (0.2 g, 1.5 mmol) was reacted 

with thiourea (0.15 g, 2.0 mmol) and excess of 1,1,1,3,3,3-hexamethyldisilazane 

[HN(SiMe3)2] (HMDS) at 130 °C in a 50 mL round bottom flask equipped with a 

magnetic stirring bar and a condenser. The product started forming within 15 min 

but to complete the formation of Ni3S4 NPs; the reaction was continued up to 3 h. 

The colour of the reaction mixture was changing steadily from orange to black 

indicating the formation of nickel nanostructures. Unreacted HMDS and volatile side 

products were removed by applying high vacuum. The remnant was repeatedly 

washed with ethanol and acetone (10 ml × 3) to remove unreacted NiCl2 and 

thiourea. The resultant nickel sulphide NPs were dried in a vacuum oven at a 

temperature of 120 °C for 4 h to remove the absorbed water or methanol for 
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subsequent characterizations. The yield of the reaction was 80%. Throughout the 

reactions, inert conditions were maintained using Schlenk line technique. 

2.2.3. Hydrogenation of the nitroarenes 

In a typical reaction, nitroarenes (6 mmol), NH2NH2 (48 mmol), Ni3S4 (1 mol%, as 

catalysts) and ethanol (10 mL) were added into a 50 ml two neck round bottom flask 

equipped with a reflux condenser, where the second neck was closed after adding the 

compounds. The reaction mixture was stirred under atmospheric pressure at 125 °C. 

Progress of the reaction was monitored by a TLC, while the final products were 

confirmed by NMR spectral data (Figure. S1- S10). Turnover number (TON) of the 

catalyst was calculated by the ratio of moles of product and catalyst. TON= No of 

moles of product / No of moles of catalyst. Turnover frequency (TOF) was 

calculated from the ratio of TON and time (min).     

2.2.4. Instruments and sample preparation 

Powder X-ray diffraction (PXRD) patterns of obtained Ni3S4 nanocatalyst were 

recorded on a Bruker D8 X-ray diffractometer [λ (Cu-Kα) = 1.54 Å], employing a 

scan rate of 1° min
–1

 for the range of 20 to 80°.  Field emission-scanning electron 

microscopy (FESEM) images and energy-dispersive X-ray spectroscopy (EDAX) 

were recorded using Ultra 55 Carl Zeiss instrument) operated at variable voltages. 

The NPs were dissolved in isopropanol and then dispersed on ITO plates to obtain 

FESEM micrographs. TEM images were acquired by using an FEI Technai G2 20 

STEM instrument at an acceleration voltage of 200 kV. The NPs used for TEM 

measurements were dispersed in isopropanol and 1-2 drops of dispersion were 

dripped onto a carbon-coated copper grid (200 mesh). IR spectra were recorded with 

an Alpha FTIR spectrometer. The FTIR spectra of Ni3S4 nanocatalysts were 

subtracted from the spectrum of the substrate. The NMR spectra of compounds were 

obtained using a Bruker Avance 400 MHz FT-NMR spectrometer at room 

temperature with CDCl3 as a solvent. The data are reported in parts per million (δ) 

with reference to tetramethylsilane. Chemical composition was analysed using a 

Varian Model Liberty Series Inductively Coupled Plasma-Optical Emission 

Spectrometer (ICP-OES) by dissolving the samples in nitric acid. Surface area and 
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pore size analysis were determined from the BET studies, which analyses were 

recorded by the Quantachrome instruments. 

2.3. Results and discussion 

2.3.1. Synthesis of Ni3S4 Nanocatalyst 

We have demonstrated a novel HMDS-assisted method of synthesis of Ni3S4 

nanocatalysts. The reaction shown in the Scheme 2.1 yielded phase pure Ni3S4 NPs 

at the reflux temperature (130 °C) without mixing of any other stoichiometric 

products. As a replacement to the organometallic precursors, we used simple starting 

materials to prepare the Ni3S4 NPs (nickel (II) chloride and thiourea). Synthesis at 

low temperature was possible because of the activation of metal by HMDS. Driving 

force of the reaction was the ability of HMDS to function as a capping agent, 

stabilizing surfactant molecule and solvent. During the reaction, two large 

trimethylsilyl groups of HMDS behaved as a surfactant and prevented the growth of 

Ni3S4 NPs while the lone pair of electrons on nitrogen atom effectively passivated 

the surface of NPs. Unreacted HMDS was removed from the surfaces of particles by 

high vacuum since it was a low boiling organic compound. 

 

Scheme 2.1. Schematic representation of sequence of the reaction for nickel sulphide 

(Ni3S4) nanoparticles synthesis. 
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In many reactions involving sulphur and nitrogen, albeit yielding the pure 

products, there is an ambiguity on the nature of intermediate steps. However, we 

have established the activation of HMDS-assisted syntheses of metal chalcogenides 

through the formation of an S-N intermediate, which was formed by the reaction of 

HMDS with sulphur [40- 42]. In the present study, thiourea has been used as a 

sulphide source instead of elemental sulphur due to its solubility at room 

temperature. Many reactions in organic and inorganic syntheses, thiourea has been 

used as a source of sulphide (S
2-

). Similarly, it might have interacted with the HMDS 

and formed a similar S-N intermediate. This intermediate subsequently reacted with 

nickel chloride forming nickel sulphide and in turn released trimethylsilyl chloride as 

a side product [40-44]. The sequence of the reaction is shown in the Scheme 2.1. 

Table 2.1: Controlled reactions for Ni3S4 nanoparticles synthesis 

NO. Reactions Product 

1. NiCl2 + Thiourea + Toluene No reaction 

2. Thiourea + HMDS S-N Intermediate 

3. NiCl2 + Thiourea + HMDS Ni3S4 nanoparticles 

 

To confirm the sequence of reactions, we performed a few control reactions, 

which are shown in the Table 2.1. In our optimized reaction condition, there was no 

reaction between nickel chloride and thiourea in toluene. However, thiourea reacted 

with HMDS (reaction 2, Table 2.1) yielding a compound, which is similar to the one 

obtained in the reaction of S and HMDS. This observation was confirmed from the 

time dependent 
29

Si NMR spectra (Figure. 2.1) of samples withdrawn from the 

reaction. The observed small multiplet peak around Si 6.6 ppm corresponds to the 

probable S-N intermediate envisaged in the reaction S and HMDS (HMDS: Si 2.3 

ppm). After successfully synthesized and characterized Ni3S4 NPs we have studied 

the catalytic activity of as synthesized NPs for the hydrogenation of nitroarenes.  
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Figure 2.1. 
29

Si NMR studies of the reaction mixture at different time intervals (HMDS δSi 2.3 

ppm and intermediate δSi 6.6 ppm). 

2.3.2. Characterization of Ni3S4 nanomaterial 

The crystal structure and phase purity of just synthesized Ni3S4 NPs were established 

by powder X-ray diffraction studies (Figure. 2.2). The intensity and position of 

diffraction lines of NPs matched with the standard pattern of the cubical phase of 

Ni3S4 (JCPDS # 76-1813). There were no undesirable or additional peaks related to 

other phases of nickel sulphide. Clear PXRD pattern obtained signified the 

selectivity of the synthetic method.  Further, any variation in the stoichiometry of 

reaction did not change the selectivity of nickel sulphide formation. Phase selectivity 

of the present method was further probed by a time-dependent PXRD study (Figure. 

2.3). During the synthesis, NPs were isolated periodically, purified and analysed by 

PXRD. In the PXRD patterns, there was no signature of any other stoichiometry at 

any stage of the reaction. Thus, the time-dependent PXRD study supports the 

selective formation of Ni3S4 in the reaction from the beginning. EDAX spectra 

(Figure. 2.4) of the product obtained in our reactions showed no signature of starting 

materials (absence of chloride and silicon), while the atomic ratio was matching with 

Ni3S4 (Ni:S = 3:4) only. Hence, the HMDS- assisted method was phase specific and 

yielded only Ni3S4 NPs. 
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Figure 2.2. PXRD pattern of as synthesized Ni3S4 nanoparticles 

 

 

Figure. 2.3. Time dependent PXRD patterns of nanoparticles during the synthesis. The 

Ni3S4 phase selectivity was achieved from the initial stage of synthesis. 
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Figure 2.4. EDAX spectrum of as synthesized Ni3S4 nanoparticles 

2.3.3. Microscopic investigation of Ni3S4 nanoparticles 

TEM micrographs showed the aggregated spherical NPs having (Figure. 2.5) 

diameter of 8-29 nm and an average size of 17 ± 4 nm (Figure. 2.6). HRTEM 

micrographs showed the lattice spacing of 2.8 Å and 1.6 Å, which was 

corresponding to the inter-spacing of (3 1 1) and (4 4 0) planes of the standard 

pattern (Figure. 2.7). These planes were matching with the principal planes observed 

in the PXRD pattern of Ni3S4 NPs. A thorough analysis of surface by HRTEM 

(Figure. 2.7) showed no amorphous boundaries (signature of HMDS) on the surface 

of NPs indicating the complete removal of capping agents. Selected area diffraction 

showed a clear dotted pattern with (3 1 1) planes as dominating, which was 

indicative of the single-crystalline nature of Ni3S4 NPs (Figure. 2.7c). The SAED 

observations were consistent with the PXRD pattern of Ni3S4 NPs. FTIR spectrum 

did not have any signal of amine or alkane (HMDS) confirming the absence of 

capping agent on the surface (Figure. 2.8). Similarly, we did not observe the signal 

of silicon (HMDS) (Figure. 2.4) in the EDAX spectra. We obtained an ICP data and 

found no element other than Ni and S in our product. In summary, data from 

HRTEM, SAED, EDAX, ICP and FTIR analyses confirmed the capping agent free 

surfaces of NPs (Figure. 2.7 and 2.8). 
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Figure 2.5. (a) and (b) are TEM micrographs of as synthesized Ni3S4 nanoparticles. 

Particles were well dispersed for effective catalytic activity.  

 

 

 

Figure 2.6. Particles distribution diagram from the TEM micrographs. Particles were mono 

dispersed with the average size of 17 ± 4 nm.  
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Figure 2.7. Surface characterization of the Ni3S4 nanocatalyst: (a) HRTEM micrograph of 

the nanoparticles. Particles were crystalline and dominant planes matched with PXRD 

pattern. (b) Individual nanoparticle (c) Selected area diffraction of the nanoparticles. 

Dominant plane is indicated by the circle which is complemented with the PXRD pattern. 

Dotted pattern represents the crystalline nature of the nanoparticles.  

 

 

Figure 2.8. FTIR spectra of the Ni3S4 nanoparticles. Since there was no signal of the amine 

(HMDS), capping agent was completely removed from the surfaces.  
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2.3.4. Ni3S4 nanoparticles as the catalyst   

Since nickel sulphide obtained in our reaction had clean surfaces; we assessed the 

catalytic activity of Ni3S4 NPs using it as a catalyst in the reaction of hydrogenation 

of nitrobenzene (Table 2.2). The reduction of aromatic amines was chosen because 

of its important in the total synthesis of many organic molecules [22]. The Ni3S4 NPs 

displayed a remarkable catalytic activity towards the hydrogenation of nitrobenzene 

to aminobenzene under optimal conditions (Table 2.2). Reduction reactions were 

performed efficiently using 1 mol% of Ni3S4 NPs in ethanol using hydrazine as a 

hydrogen source. It was observed that under the optimized condition, 8 equivalents 

of hydrazine hydride was required to complete the reaction [19]. The maximum yield 

achieved under the optimized conditions was 88% with TOF of 111 min
-1

.  

 

 

 

 

 

 

Scheme 2.2. Reduction of the nitroarenes using the Ni3S4 nanoparticles as catalyst.  

In control reactions, the hydrogenation of aminobenzene did not proceed 

either in the absence of Ni3S4 NPs or hydrazine in the reaction (Figure. 2.9). This 

observation confirmed the need for both these compounds to complete the reaction. 

The versatility of the catalyst was examined further in the reduction of substituted 

nitrobenzenes (O2NC2H4R; R = X, CH3, NH2, COOH, OH) under optimized reaction 

condition, which is shown in the Scheme 2.2. The reactions successfully yielded 

corresponding aminobenzenes with high yields (85-93%). The products were 

confirmed by NMR spectral data (Figure. S1- S10). Various catalytic systems were 

used for the reduction of nitrobenzenes [23-35]. Few reports demonstrated the 

catalytic activity of different forms of nickel sulphides (except Ni3S4 phase) (Table 

2.3). However, the present work is an elaborate study on catalytic activity of Ni3S4, 
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which showed the excellent result with high TOF and yield [41-43]. Thus, the study 

showed the effectiveness of Ni3S4 NPs as a catalyst towards the hydrogenation of 

various substituted nitrobenzenes.  

 

 

Figure 2.9. Controlled reaction to prove catalytic activity of Ni3S4 nanoparticles. Catalysis 

occurred only in presence of both Ni3S4 and hydrazine in the reaction.  
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Table 2.2: Results of nickel sulphide catalyzed reduction of nitrobenzenes 

Entry Substrate TOF(min
-1

) 

 

Yield(%) 

1 
 

 113 88 
 
 

2 
 

 112 89 

3 
 

 115 91 

4 
 

 113 90 

5 
 

 108 85 

6 
 

 118 93 

7 
 

 110 87 

8 
 

 114 90 

9 
 

 111 88 

10  112 89 

 

All the reactions were carried out under the optimal conditions. Reactant = 6 mmol; 

hydrazine = 48 mmol; temperature = 125 °C, catalyst = 1 mol %. Size of nanoparticles = 17 

nm; Time = 3 h; solvent = ethanol, 10 ml. 
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Table 2.3. Comparison table of numerous catalysts with various nitroaromatics. 

Catalyst Substrate Time Yield 
(%) 

TOF 
(min

-1
) 

Reference 

Pt/CNF CNB 5h 99 610 23 

Fe2O3/Au NB 8h 90 -- 24 

Fe(BF4)2 NB 2h 89 -- 25 

Fe3O4 PNP 8 min 99 -- 26 

Rh3Ni CNB 5h 97 -- 27 

Fe NB 2-3h 95 -- 28 

Co NB 15h 99 -- 29 

Rh NB 10h 93 -- 30 

Ni NB 4h 93 -- 31 

Pd NB 1h 89 -- 32 

Pt PNP 3h 99 -- 33 

Cu, Ag, Au PNP <10 min -- -- 34 

Zn NB 2.5h 99 -- 35 

Ni7S6 

(Ni3S4) 

NB 24h -- -- 37 

NiS 

(Ni3S4) 

PNP 400 sec -- -- 38 

NiS2+x/g-

C3N4 

NB 1h -- -- 39 

Ni3S4 NB 3h 88 113 Present  

work 

        CNB = Chloro nitrobenzene; NB = Nitrobenzene; PNP = p-Nitrophenol; 
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In the reactions involving heterogeneous catalysis, the reacting molecules 

adsorb on the catalytically active solid surface. Then the chemical bonds are broken 

and formed on the surface, and finally the products are released. However, the 

catalytic activity of NPs depends on various factors such as particle size, surface 

area, structure-insensitivity/sensitivity, and the number of atoms/molecules in the 

surface that are available for catalytic activity [45]. We determined the surface area 

of Ni3S4 NPs by BET analysis as 6.49 m
2
/g (Figure. 2.10). In spite of less surface 

area, these Ni3S4 NPs showed a significant catalytic activity. Interestingly, Radek 

Zboril and co-workers [46] also observed high catalytic activity iron(III) oxide NPs 

at relatively lesser surface area for the decomposition of hydrogen peroxide. They 

ascribed the reason to the absence of an amorphous phase. In the present study, the 

surprisingly high catalytic activity of Ni3S4 NPs having less surface area can be 

attributed to the availability of more number of bare active sites at the surface since 

there was no other material surrounding the NPs. These free surfaces were possible 

because of the inherent advantage HMDS-assisted synthesis. 

 

Figure 2.10. BET isotherm of as synthesized Ni3S4 nanoparticles. 

Rioux et.al
 
[47] observed a difference in the particle sizes polymer coated Pt 

determined by a chemisorption method and from PXRD lines. This observation was 
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explained based on the reduced exposed surface area due to the existence of 

unremoved polymer coated on the surface of Pt NPs which hindered the adsorption 

of gas. This observation also supported that not only the surface area or size of the 

NPs but also the availability of exposed active site at the surface are relevant to 

enhanced catalytic activity observed in this present study. However, any tangible 

evidence is needed for the prediction of a definite mechanism of the reaction. 

2.3.5. Recyclability 

For practical applications, recycling capability is desirable for any catalyst. Further, 

sulphur atoms often leach from sulphur-based compounds leading to the deactivation 

of their catalytic activity. Interestingly, the Ni3S4 NPs prepared in our reactions 

showed an excellent stability and recyclability in the reduction of nitrobenzenes. 

When the reaction mixture was filtered at hot condition, a minute solubility of Ni3S4 

was observed. However, at room temperature, the catalyst precipitated from the 

solution. Therefore, we recovered and reused the catalyst more than ten times 

without any activation procedures (Figure. 2.11). After the each reaction, the catalyst 

was separated by centrifugation from organic layer and, washed, dried and reused. 

Throughout ten cycles, the reaction yield was almost constant; then there was a 

slight reduction in the yield (from 88% to 85%). 

 

Figure 2.11. Stability of the catalyst. Recyclability analysis of the nickel sulphide. The yield 

of the aniline was not significantly reduced even after 10 cycles.  
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Thermogravimetric analysis showed that NPs were stable approximately up 

to 200 °C and the catalytic activity did not destroy them (Figure. 2.12). A clear 

weight loss at 500 C seen in the TGA plot was presumable due to loss of trapped 

HMDS or intermediate during the reaction. However, in the reused catalyst these 

trapped compounds would have dissolved into the reaction solvent and hence there 

was no sharp loss in weight.  

 

Figure 2.12. Thermal stability of the catalyst. TGA analysis of Ni3S4 nanoparticles. Potential 

use of catalyst at high temperature was explored. 

 

Figure 2.13. TEM micrograph of the reused Ni3S4 nanoparticles. Size of the particles were 

retained after catalysis. 
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Further, analysis of NPs by TEM after cycles of catalysis did not show any 

significant change in shape and size of the particles even after ten cycles (Figure. 

2.13). Presumably, retaining of size and shapes of NPs ensured a constant catalytic 

activity for many cycles. In summary, the NPs were recyclable for many catalytic 

reactions due to their chemical stability and the preservation of the nano-regime. 

2.4. Summary  

In this chapter we have systematically explained the synthesis of Ni3S4 NPs and also 

successfully explained the catalytic activity of the synthesized Ni3S4 nanomaterials. 

We have developed a novel method for the production of a rare stoichiometric form 

of nickel sulphide (Ni3S4) NPs. The newly developed procedure was simple, single 

step and scalable for bulk preparation. The method yielded NPs with clean surfaces, 

which was characterized methodically by various techniques. We have demonstrated 

hitherto unexplored catalytic activity of Ni3S4 phase of nickel sulphide NPs in the 

hydrogenation of nitroarenes. The broad scope of substrates, easy recovery and 

recyclability highlight the potential of Ni3S4 as a catalyst. The high catalytic activity 

of Ni3S4 having less surface area is ascribed to the clean, surfactant free surface of 

NPs, which is an inherent advantage of HMDS-assisted synthesis. 
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Chapter 3 

Stabilizer free copper sulphide nanostructures 

for rapid photocatalytic decomposition of 

rhodamine B 

Abstract  

In this chapter hexamethyldisilazane (HMDS)- assisted synthesis of CuS and Cu2S 

nanostructures and photocatalytic activity of the synthesized nanostructures were 

discussed. These nanostructures were synthesized by modified HMDS assisted 

synthetic method at 130 °C. The reaction yielded hexagonal CuS NPs with average 

size of 22 ± 6 nm and cubic Cu2S NPs with average size of 52 ± 10 nm. The CuS 

microflowers were constructed by self-assembly of nanoflakes which was grown 

through anisotropic growth of (1 0 3) planes. We have demonstrated an efficient 

photocatalytic activity of CuS nanostructures through photocatalytic decomposition 

of Rhodamine B dye. The CuS flowers rapidly decomposed Rhodamine B in 

solution (12 min). The efficient catalytic activity is explained by invoking clean 

surfaces of NPs. We have also demonstrated the influence of illumination intensity 

on the efficiency of catalyst and the recyclability. 
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3.1. Introduction  

Colloidal syntheses of NPs have provided accesses to the complex nanostructures 

like flowers [1, 2], dandelions [3], wafers [4], heterodimers [5], core-shell particles 

[6], fibrous materials [7], porous materials [8] and other hierarchical nanostructures. 

However, the reaction conditions and reagents used in the chemical syntheses decide 

the dimensions and properties of the complex structures. Microflowers are 3D-

superstructures of intermediate size with remarkable properties [9–15]. Microflowers 

have a unique morphology; being in microscale but constructed by nanoscale flakes 

and therefore ensemble the properties of individual nanoflakes too. Thus, the 

structure helps in harnessing entire size dependent properties all at the same time. 

Photocatalysis was one among many fields benefitted from the flower morphology 

[16–20]. Other than contribution of the nano size, flower morphology provides 

porous cavities for photocatalytic activity [21]. Among various photocatalytic 

materials, copper sulphide gained attention because of the low cost, abundance and 

tunability. Recently, copper sulphide nanostructures showed improved photocatalytic 

performance [22–30].  

 

 

 

 

 

Figure 3.1. Pictorial representation of the water pollution by the organic dyes from textile 

industries. 
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.  

Figure 3.2. Pictorial representation of the photocatlytic degradation of the waste water. 

In the field of environmental contamination caused by dyes (Figure. 3.1), the 

heterogeneous photocatalytic process (Figure. 3.2) is an authentic technique, which 

can be successfully used to oxidize the organic pollutants present in the aqueous 

system [36]. During the advance oxidation process, the pollutants or organic matters 

are completely converted to carbon dioxide or to less harmful compounds based on 

the stability of those intermediates. Experimental observations indicate that almost 

complete mineralization of organic compounds to carbon dioxide, water and 

inorganic anions have taken place in the photocatalytic process. Mostly, the 

semiconducting nanomaterials such as ZnO and TiO2 are often used as catalyst in the 

photocatalytic process because of their high stability, low costs, high efficiency and 

nil toxicity. However, wide band gap of the TiO2 and ZnO made them active only in 

the UV range and show less photocatalytic efficiency in visible region.  

The major research is going on to find a suitable semiconducting material 

which is active in visible region to achieve higher photocatalytic activity towards the 

dye degradation. As mentioned in the Section 1.2., the surfactants/capping agents 

that are present around/on the surfaces of NPs unfavourably modify the properties of 
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the nanostructures. Case in point, most of the potential catalytic centres in the NPs 

are protected by the capping agents. However, synthesizing NPs for catalysis, 

without organic surfactants but utilizing less energy, simple starting materials and 

simple purification procedures is a challenging task [31, 32]. Herein, we have 

developed a direct synthesis of CuS microflowers assisted by HMDS and their 

photocatalytic activity. It was determined that the nanoflakes constructed these 

microflowers. Using the same procedure, but by tailoring the stoichiometry of 

reaction, Cu2S NPs were also synthesized. HMDS used in these syntheses is a 

multifunctional reagent with capping and reducing abilities [33–35].  

In this chapter, an efficient photocatalytic activity of CuS microflowers by 

photocatalytic degradation (within 12 min) of the Rhodamine B solution is 

demonstrated. We have investigated the influences of illumination intensity, amount 

of catalyst and flower morphology on the photocatalytic activity and quantified 

through rate constant measurements. We have also analysed the reason for the 

enhanced photocatalytic activity of CuS microflowers compared to the similar 

studies reported in literature [22–30]. 

3.2. Experimental section 

3.2.1. Materials  

The chemicals used in the syntheses, copper chloride (CuCl2), thiourea and 

hexamethyldisilazane [HN(SiMe3)2] (HMDS) were purchased form Sigma-Aldrich 

and used without further purification. All solvents were purified using standard 

procedures. Instrumentation and sample preparation are similar to the one discussed 

in Chapter 2 and Section 2.2.4. 

3.2.2. Synthesis of CuS microflowers  

 

In a typical synthesis (Scheme 3.1), a reaction flask containing copper (II) 

chloride (0.18 g, 1.4 mmol) and thiourea (0.10 g, 1.4 mmol) was degassed and 

flushed with dry nitrogen gas and then 1,1,1,3,3,3–bis(trimethylsilyl) amine 

(HMDS) (5 mL, 23.8 mmol) was injected into the flask. The reaction mixture 

was stirred at around reflux temperature (∼130 °C) under inert condition. 

Although the formation of copper sulphide was instantaneous, the reaction 



Chapter 3   

71 
 

mixture was refluxed for 3 h to achieve uniform flower distribution. At the end 

of reaction hour, a black precipitate was isolated. The side products and 

unreacted HMDS were removed by vacuum. Then the black precipitate was 

washed with methanol (20 mL × 3) followed by acetone (20 mL × 3) at 

ambient temperature to remove unreacted copper (II) chloride and thiourea 

respectively. The final product was dried at 120 °C for 3 h before analysis. 

Using synthetic procedure discussed here, we have synthesized copper 

sulphide NPs up to 2.5 g, which showed the potential ease of method to scale 

up for commercial production. 

3.2.3. Synthesis of Cu2S nanoparticles 

 

Synthetic procedure of Cu2S NPs was same as the CuS flowers except for the 

reaction stoichiometric ratio (Scheme 3.1). Stoichiometry was set as 1: 0.5 

excess for CuCl2 (0.2 g, 1.4 mmol), thiourea (0.053 g, 0.7 mmol) and HMDS 

(capping agent, 5 mL, 23.8 mmol) respectively. Since an excess of HMDS was 

present in the reaction, the mole ratio of HMDS was maintained constant for 

all reactions. The reaction mixture was stirred for 3h at room tem-perature to 

avoid local concentration differences in the reaction mixture. A black 

precipitate of Cu2S NPs was obtained after 3 h of reflux. Modification of 

reaction time or temperature did not have any noticeable change in the 

product. 

3.2.4. Photocatalysis 

 

Decomposition of Rhodamine B in aqueous solution was studied in the 

presence of CuS microflowers as photocatalyst. All photocatalytic 

decomposition experiments were conducted in a cylindrical pyrex cell which 

was kept ∼10 cm away from the light source to avoid thermal effect. In a 

standardized procedure, 60 mg of photocatalyst was added into the pyrex cell 

containing 60 mL aqueous solution of Rhodamine B of 3 M (1 g. L
-1

) 

concentration. Since it was a heterogeneous catalysis, CuS was added 

according to the weight ratio (60 mg of CuS per 60 mL of 3 M of RhB). The 

solution was stirred before illumination under dark to create adsorption and 

desorption equilibrium (15 min). Blue LED controlled by Zahner Zennium 
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electrochemical workstation (Zahner, Germany) illuminated the reaction 

mixture (454 nm, 200 W. m
−2

). The reaction mixture was bubbled by constant 

flow of atmospheric oxygen. Analysing environments were maintained cool to 

avoid thermal assistance in photocatalysis. 

 The Rhodamine B concentration was monitored by colorimetry. During the 

photocatalysis, samples (5 mL ) were withdrawn periodically (1 min) using 

syringes. Then the samples were centrifuged to remove residual catalyst 

particulates. This centrifugation process also avoided the scattering of UV 

light by CuS particles in analysis. Absorption spectra were collected until no 

changes were observed in the absorption maximum. Rhodamine B 

concentrations in each sample were calculated by Beer Lambert law [c = A/(ε 

× l)], where, A = absorbance of dye at 553 nm, ε= molar absorption coefficient 

[37] of Rh B (= 87,000 M
−1

cm
−1

), l = path length of cuvette (1 cm). All 

absorption profiles were normalised for visual comparison. Rate constants 

were calculated from the slopes of plot −ln(C/C0) versus irradiation time (t). 

Rate constants were expressed in inverse minutes. To ensure consistency, all 

analyses were repeated three times and standard errors were calculated. To 

confirm recyclability, the catalyst was recovered by centrifugation after every 

cycle. The recovered catalyst was purified by washing with methanol (10 mL 

× 5) and acetone (10 mL × 2) and dried under vacuum for 2 h to obtain in 

powder form, which was used for recycling experiments and SEM analyses. 

Recycling experiments were also conducted under the standardized conditions 

mentioned above.  

3.3. Results and discussion 

3.3.1. Modified HMDS-assisted synthetic method 

It is known that the solubility of reactants play an important role in any 

reaction and decides the product(s) formed from the reaction [34, 35]. We 

have developed a modified HMDS-assisted method [31–33] to synthesize CuS 

microflowers wherein easily soluble thiourea was used as the source of 

sulphur rather than elemental sulphur. Elemental sulphur was soluble in 

HMDS only at high reaction temperature. In this reaction, copper (II) chloride 
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was reacted with thiourea (1:1) in HMDS to obtain CuS microflowers 

(Scheme 3.1). Since thiourea was a soluble form of sulphur source at room 

temperature and its removal after the synthesis was easy. Solubility of thiourea 

provided control in the present reaction and improved the quality of the 

materials obtained and further provided favourable condition to perform many 

reactions by adjusting the stoichiometry. While varying the stoichiometry of 

the reaction, Cu2S NPs were obtained when copper (II) chloride to thiourea 

ratio in the reaction was 2:1. Thus, the “modified HMDS-assisted synthesis” 

afforded a methodology for the production of both CuS microflowers and 

Cu2S NPs.  

 To explain the role of the HMDS in these reactions, a controlled reaction 

(CuCl2 + thiourea) was performed. In this reaction, no copper sulphide was 

formed in the absence of HMDS explaining the necessity of HMDS to activate 

thiourea in the reaction. Dual role of HMDS as solvent and its involvement in 

arresting the growth of particles during syntheses in the HMDS-assisted 

methodology was explained clearly in the previous reports from our laboratory 

[33–35]. HMDS is presumed to play similar roles in this modified HMDS-

assisted synthetic methodology for the production of metal sulphide 

nanomaterials. 

 

Scheme 3.1. Schematic illustration of synthesis of CuS and Cu2S nanoparticles. 
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3.3.2. Characterization of CuS nanomaterial 

The synthesized products CuS and Cu2S NPs were initially characterized by 

PXRD. The PXRD analysis confirmed the formation of CuS nanostructures 

and it crystal structure (Figure. 3.3). In PXRD pattern obtained, the peak 

positions were resolved and broadened. Two dominant planes (1 0 3) and (1 1 

0) were observed. Similar to the products obtained in other synthetic 

procedures, (1 1 0) CuS plane grew higher than standard pattern [13, 34]. 

Comparing with the standard diffraction pattern, it was concluded that CuS 

flowers had covellite crystal structure (JCPDS# 06-0464; hexagonal) and no 

other stoichiometric copper sulphide phases were identified in the PXRD 

pattern. To confirm the composition of copper sulphide, EDAX (Figure. 3.4) 

spectrum was obtained, which showed the atomic ratio of flowers as Cu:S = 

1:1. The absence of chlorine (CuCl2) and carbon signals in the spectrum 

confirmed complete removal of starting materials in the product and its purity. 

 

 

Figure 3.3. Powder X-ray diffraction pattern of copper sulphide nanostructures. The 

vertical lines represent standard diffraction pattern from JCPDS library. CuS flowers 

had bulk hexagonal crystal structure.  
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Figure 3.4. EDAX spectrum of CuS nanostructures. Peaks are labelled according to 

the energy values. Atomic ratio was 1:1. Peaks corresponding to starting materials, 

capping agent and carbonaceous materials were not observed.  

 

 

 

Figure 3.5. FTIR spectrum of copper sulphide nanostructures. FTIR spectrum of 

HMDS is presented for visual comparison. Absence of capping agent in CuS 

nanostructures was confirmed.                        
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 The absence of signal of silicon and carbonaceous species in EDAX 

spectrum and no absorbance in IR region (Figure. 3.5) relating any organic 

moieties confirmed the clean surfaces of CuS flakes. Moreover, HRTEM 

micrographs did not show any signature of capping agent (amorphous layer) 

on the surface of nanoflakes (Figure. 3.7a). Since there was no capping agent 

on the surfaces of particles, the peak broadening in PXRD pattern was only 

due to the tiny sizes of particles. Although no capping agent (HMDS) was on 

the surfaces of NPs, there was no agglomeration of NPs and they were stable 

against oxidation. HMDS arrested the growth of nucleus formed during 

reaction but was removed in post synthetic process.   

3.3.3. Dimensions and flower morphology of CuS particles  

 
Dimensions and morphology of CuS particles formed in the present synthesis 

were analysed by transmission electron microscope. TEM micrographs 

showed a flower like architecture of CuS particles (Figure. 3.6a, b and c). Low 

magnification images showed abundance and distribution of flowers. High 

magnification images showed that the flowers were constructed by nanoscale 

flake shaped particles (Figure. 3.6a). Numerous flakes associated to construct 

three-dimensional architectures of flowers while the number of nanoflakes 

constructing flowers was not constant. Flower like structures were stable and 

not dissociated by sonication or concentration variation. Flower architecture 

was obtained in all reactions independent of variation in solvents and 

substrates.  

 The width of the flakes that constituted the flower like archi-tecture was 

between 9 and 35 nm with the average of 22 ± 6 nm (Figure. 3.6d). The flakes 

had a constant width along the entire length of flakes. Flake widths were 

monodisperse and length varied according to the flower size. Polydispersity in 

length of flakes created polydispersity in the sizes of the flowers. Selected area 

diffraction (SAED) analysis of flowers showed a bright dotted pattern (Figure. 

3.6e). The bright dots were indexed as (1 0 3), (2 0 2) and (1 1 0) planes of the 

bulk covellite structure. The dotted SAED pattern attributed to the crystalline 
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nature of flakes. The obtained selected area diffrac-tion pattern was consistent 

with powder diffraction pattern. 

 

Figure 3.6. (a), (b) and (c) are TEM micrograph of copper sulphide nanostructures. 

The flower was constructed by flake shaped nanoparticles. (d) Distribution diagram of 

CuS flowers. Flake widths were 9–35 nm (Dav= 22 ± 6 nm) and length of flakes varied 

with the size of the flowers. (e) Selected area diffraction pattern of flowers. Dotted 

pattern indicated the crystalline nature of flowers. Dominant (1 0 3) CuS plane is 

highlighted by a circle. 

3.3.4. Anisotropic growth of (1 0 3)CuS planes: self-assembly of nanoscale 

flakes 

To understand the flake formation and their construction, inter-planar 

distances of a flake present in the periphery of a flower were measured by 

HRTEM (Figure. 3.7a). Lattice measurements of the flake showed lattice 

fringe of 2.8 Å (Figure. 3.7b), which corresponds to (1 0 3) planes of covellite 

structure. All the flakes possessed homogenous (1 0 3) planes irrespective to 
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the size of the flowers. The (1 0 3) planes have grown parallel to the flakes. 

Hence, an anisotropic growth of (1 0 3) planes was responsible for flake like 

shape. This observation was consistent with PXRD pattern. HRTEM images 

showed that flakes were crystalline without visual defects. Further, the flakes 

were magnified to the atomic level (Figure. 3.7c) and corresponding two-

dimensional fast Fourier transformation (FFT) was obtained (Figure. 3.7d). 

FFT patterns were matching with patterns of PXRD and SAED.  

 All flakes seen in the TEM micrographs were uniform and without side 

arms. This observation eliminated the possibility off lower formation from the 

branching of single flake. There were no appreciable defective interfaces or 

twins detected in high magnification TEM images of the flakes (Figure. 3.7c). 

Thus, the flower formation did not originate from oriented attachment of 

smaller NPs [38]. In all micrographs, no flakes were interfaced with other 

flakes in flowers. All flakes existed individually in flowers. Hence, the flakes 

were the basic building blocks of flowers. Moreover, HRTEM image of flakes 

did not have amorphous layer on the surfaces (Figure. 3.7a). Hence, the 

capping agent was absent on the surface of nanoflakes. To minimize the 

surface energy, nanoflakes self-assembled and constructed the flowers [10, 

34]. 
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Figure 3.7. (a) TEM image of a flake with width size of 16 nm. (b) Lattice profile of the 

flake. The flake grew parallel to (1 0 3) CuS plane. (c) HRTEM image of a flake. 

Lattices indicated the crystalline nature of the nanoflake. Lattices were free from 

defects. (d) Two dimensional fast Fourier transformation of image (c). Dominant (1 0 

3) plane is highlighted by a circle. 

3.3.5. Stoichiometric modification-Cu2S nanoparticles formation   

Since copper sulphides exist in different stable stoichiometries, the reaction 

stoichiometric ratio was modified to understand the change in the product 

formation. When the stoichiometric ratio of CuCl2: TU in the reaction is 2:1, 

Cu2S NPs were formed (Figure 3.8). Other stoichiometric variations yielded 

the same Cu2S NPs. PXRD and EDAX analyses (Figure 3.9 and 3.10) 

confirmed successful synthesis of Cu2S NPs. PXRD pattern showed 

reflections of phase pure cubic Cu2S (JCPDS # 65-2980). No traces of other 

stoichiometric compounds were found. Peaks position and relative intensities 

were matching with standard pattern. EDAX spectrum showed Cu to S 

stoichiometric ratio in the product as 2:1. The absence of silicon signal in the 
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EDAX spectrum and the absence of signature of HMDS in FTIR spectrum 

(Figure 3.11) confirmed the complete removal of capping agent on the 

surfaces of Cu2S NPs. 

 

Figure 3.8. PXRD patterns of stoichiometric variation. All attempted variations given the 

pattern of Cu2S nanoparticles (65-2980)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Powder X-ray diffraction pattern of Cu2S nanoparticles. The vertical blue lines 

are the peak positions from JCPDS library. Cu2S nanoparticles had bulk cubic-crystal 

structure.  
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Figure 3.10. EDAX spectrum of Cu2S nanoparticles. Atomic ratio was calculated as 

Cu:S = 2:1.1. 

 

 

 

 

 

Figure 3.11. FTIR spectrum of Cu2S nanoparticles. Absence of capping agent on the 

surfaces of nanoparticles was confirmed.  
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 Morphology of Cu2S NPs was investigated by TEM analysis (Figure. 3.12a-

d). Cu2S particles had a spherical shape with the diameter of 29–75 nm (Dav= 

52 ± 10 nm) (Figure. 3.12e). SAED pattern of Cu2S NPs showed a clear dotted 

pattern (Figure. 3.12f) confirming the crystalline nature of NPs. 

 

 

Figure 3.12. (a, b, c and d) are TEM images of Cu2S nanoparticles with different 

magnifications. Abundance of particles was high. Particles had nearly spherical 

shape. (e) Particle size distribution diagram. Cu2S particles had a size of 29–75 nm 

with Dav= 52 ± 10 nm. (f) SAED pattern of Cu2S nanoparticles. Dominant plane is 

highlighted by a circle. 

 

 HRTEM micrographs (Figure. 3.13a, c) showed one of the dominant planes 

(2 0 0).The information obtained from PXRD, SAED and HRTEM regarding 

crystallinity and inter planar distances were consistent with each other. 

Further, two-dimensional fast Fourier transformation acquired Cu2S NPs at 

higher magnification (Figure. 3.13c and d) were matching with the standard 

diffraction pattern. Defect free particles confirmed single crystalline nature of 
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the Cu2S NPs (Figure. 3.13d). In summary, Cu2S NPs were synthesized by 

stoichiometric modification in the CuS synthesis and characterised 

completely.  

 

Figure 3.13. (a) HRTEM micrograph of a Cu2S nanoparticle. (b) Lattice profile of 

selected region of image. (a) Plane (2 0 0) of Cu2S was observed. (c) HRTEM image 

showing continuous lattice points. Clear lattice points denoted the crystalline nature of 

nanoparticles. The lattices were free from defects. (d) Two dimensional fast Fourier 

transformation of image (c). 

3.3.6. Optical properties 

 
Optical properties of CuS and Cu2S NPs were examined by UV–Vis 

spectroscopy. Solid-state spectra were recorded to understand the optical 

properties since complete removal of capping agent on the surface of NPs 

reduced the solubility of these materials. Solid-state UV spectrum of the CuS 

flowers showed a broad reflectance, but the shape of the spectrum was similar 

to the spectra reported earlier [13]. The spectrum of Cu2S NPs had a broad 

reflectance peak centred on 586 nm (Figure. 3.14a). The band gap calculations 

of the as synthesized CuS and Cu2S NPs were made from the absorption 
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spectral data, and the band gap of CuS microflowers was 2.81 eV and Cu2S 

NPs was 1.97 eV (Figure. 3.14b and c).   

 

Figure 3.14. (a) Solid UV–visible reflectance spectrum of CuS and Cu2S 

nanostructures. (b, c) are optical band gap spectrum of CuS and Cu2S 

nanostructures. 

3.3.7. CuS flowers as photocatalyst 

 
Photocatalytic activities of CuS and Cu2S NPs were examined by following 

the photocatalytic degradation of Rhodamine B (Rh B) dye in solution. CuS 

flowers exhibited photocatalytic activity under illumination by visible light 

(blue, 454 nm, 200 W. m
−2

). During analyses, colour of the solution was 

changing gradually from bright pink to colourless (12 min, Figure. 3.15a inset) 
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in the presence of CuS. The decolouration explained that the structure of Rh B 

was destroyed during photocatalysis [39, 40]. This observation can be 

attributed to the oxidative degradation of the Rh B in analytical solution [41].  

 Degradation of Rh B (Structure of Rh B in Figure 3.16) in aqueous solution 

(60 mL of 3 M) in the presence of CuS microflowers (60 mg) was monitored 

by observing the change in Rh B concentration through absorption spectra 

(Figure. 3.15a and b). The Figure. 3.15a illustrates that the absorbance maxima 

of Rh B (λmax= 553 nm) was decreasing rapidly without any shift and no new 

absorption peak was appearing. Hence, the concentration changes and relative 

concentration (C/C0) of Rh B were calculated from the absorbance maxima. 

Figure. 3.15b shows temporal progression of degradation of Rh B under 

various conditions. Photocatalytic degradation (decolouration) was practically 

instantaneous. Within 3 min, CuS flowers decomposed ∼64% of Rh B 

solution. Complete photodegradation (∼99%) of Rh B occurred within 12 min. 

Subsequent absorption visualized in the UV spectrum originated from the 

residual fragments in analytical solution [42]. Initial phase degradation was 

faster compared to the final phase of degradation. We attribute this 

observation to the lack of availability of catalyst in the final phase of reaction. 

This rapid photocatalytic degradation of Rh B solution showed the 

effectiveness of CuS flowers as photocatalysts. Photons alone (photolysis) did 

not decompose the Rh B (circles) and catalyst alone (catalysis) did not 

decompose Rh B (squares). Both photons and catalyst synergistically 

decomposed Rh B (triangles). Error bars were calculated from three 

independent measurements. Plots of absorbance versus time is given in the 

Figure. 3.17. 
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Figure 3.15. Photocatalytic activity of the CuS Flowers. (a) Optical absorption profile 

of decomposition of Rh B aqueous solution. Changes in the concentration can be 

seen at 553 nm. Inset shows digital images of colour change during the 

decomposition. (b) Controlled reactions were described using the relative 

concentration of the Rh B (C/C0).  
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Figure 3.16. Structure of Rhodamine B dye. It is a toxic colorant in textile industry 

and cosmetic products. It is a common organic pollutant in water.   

  

 

Figure 3.17. Normalized profiles of absorption. (a) Absorption kinetics of photolysis. 

Decomposition of Rh B was carried out in the absence of copper sulphide catalyst. 

Photons alone did not decompose Rh B aqueous solution. (b) Absorption kinetics of 

catalysis. Decomposition of Rh B was carried out in the absence of light. Catalyst 

alone did not decompose Rh B aqueous solution. (c) Absorption kinetics of 

photocatalysis. Decomposition of Rh B was carried out in the presence of both 

photons and catalyst. Degradation of Rh B is self-evident from the plot. 
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 To confirm photocatalytic activity as only the reason for degradation of Rh 

B, separate catalysis and photolysis were performed. Observation from the UV 

spectrum showed that changes in Rh B concentration were negligible in both 

photolysis and catalysis (Figure. 3.15b). There was no appreciable decrease in 

maxima of RhB in both the process even after extended reaction time (120 

min, Figure. 3.17c). Hence, it was clear that the visible light irradiation alone 

did not decompose Rh B (Figure. 3.15b, circles and Figure. 3.17a) and thus the 

failure of direct photolysis (without CuS) excluded the possibility of Rh B 

degradation by self-sensitisation. There was a slight decrease in the dye 

concentration when CuS (without UV irradiation) was added to the reaction 

mixture (Figure. 3.15b, squares and Figure. 3.17b). This may be due the 

decomposition of dye or adsorption dye on the surfaces of catalyst particles. 

Both results confirmed that independent photolysis (with photons and without 

catalyst) and catalysis (with catalyst and without photons), did not influence 

the decomposition of Rh B. Decomposition of Rh B was accelerated only 

when both catalyst and photons were present (Figure. 3.15b, triangles). Hence, 

both catalysis and photolysis synergistically influenced the decomposition of 

Rh B. CuS nanostructures effectively couple photons and catalytic activity to 

decompose the Rh B solution. In brief, controlled reactions clarified that CuS 

flowers degraded the Rh B solution through photocatalysis.  

 To quantify the photocatalytic activity, the rate constant of the 

photocatalytic degradation was calculated. Initial phase of the degradation 

(within first three minutes) fitted well in pseudo first order kinetics [−ln(C/C0) 

= k.t] [43, 44]; where C and C0 are reaction and the initial concentrations of Rh 

B, respectively, t is the irradiation time, k is the apparent reaction rate 

constant. Since major degradation occurred within three minutes, the rate 

constant (kobs) observed at initial stage was used for all performance analyses 

[45]. The calculated rate constant was 0.50 ± 0.02 min
−1

. Larger rate constant 

value revealed the effectiveness of catalyst. 

 To check the catalytic activity of as synthesized Cu2S NPs, we have done 

an experiment for the photocatalytic degradation of Rhodamine B dye under 

identical conditions which are maintained for the CuS NPs. Unexpectedly, the 
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Cu2S NPs showed very less activity and there was no reproducibility of 

results. This unexpected behaviour is may be because of morphology of 

synthesized NPs.   

3.3.8. Effect of amount of catalyst and intensity of photons 

 
When the amount (between 0.5 and 1.75 g. L

−1
) of CuS was varied there was 

increment in photocatalytic performance. The rate constants showed, the 

amount of catalyst had a linear relationship with the rate constant (Figure. 

3.18a). At initial variation, there may not be enough photocatalyst to enhance 

the degradation. The increasing amount of catalyst will provide more catalytic 

centres and hence more absorption of photons. At 1.75 g. L
−1

, rate constant 

was 4.2 times higher than the initial value. At the higher concentrations, larger 

errors were observed in measurements. This observation was due to scattering 

of light and opaqueness of the solution. Results suggested that the 

photocatalytic activity of CuS flowers could be enhanced by increasing the 

amount of catalyst.  

 We observed that photocatalytic performance of microflowers increased 

with increasing intensity of light. Hence, we conducted the intensity dependent 

studies on CuS photocatalyst by varying the intensity of the light at constant 

intervals (25 W. m
−2

). Other experimental conditions were unchanged. 

Photocatalyst amount was maintained as 1 g. L
−1

. Rapid decolouration of Rh B 

was observed along with the increasing intensity of photons. The degradation 

was duly monitored by rate constant measurements. The rate constant had a 

direct relationship with intensity of light (Figure. 3.18b). Variation in rate 

constant along with light intensity confirmed that decomposition of Rh B had 

photon assistance. At 200 W· m
−2

, rate constant was 3.3 times higher than the 

initial value. This observation attributed to the fact that higher degree of 

illumination would generate more carriers in photocatalyst. Hence, the 

contribution of light in photocatalysis was more. In summary, photocatalytic 

performance of CuS flowers can be improved by increasing the intensity of 

light.      
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Figure 3.18. Influence of photons (a) and catalyst (b) in the photocatalysis. Both 

influences had a linear relationship with the rate constant. Lines represent linear fit of 

the data. Error bars were calculated from three independent measurements. 
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3.3.9. Recyclability 

 
To highlight CuS microflowers as a reusable photocatalyst, we have 

conducted recyclability studies. Under identical conditions, three catalytic 

cycles were consecutively performed (Figure. 3.19a). We fixed the 

concentrations of photocatalyst (1 g. L
−1

) and Rh B (3 µM) in the analysis. 

Once Rh B degraded completely, microflowers were recovered and then used 

for another fresh catalytic reaction. Since the photocatalyst was denser than 

the analytical solution, it was recovered by centrifugation without impurities. 

The heterogeneous nature of CuS catalyst was the key to the photocatalysis 

and it simplified the recycling process. After every cycle, photocatalyst was 

reused without activation. Recyclability was monitored using absorption 

spectra through C/C0 plots (Figure. 3.19a). Compared to the first cycle (12 

min), both second (17 min) and third cycles of decomposition had taken 

longer time (31 min) for completion. This observation indicated the 

deterioration of photocatalytic activity.  

 To compare cycles, recyclability was followed by rate constant calculations 

(Figure. 3.19b and Figure. 3.20). Results showed that rate constants decreased 

after each cycle of photocatalysis. The third cycle rate was 3.6 times smaller 

than first cycle. The smaller rate constant value indicated the slower 

degradation rate of Rh B. Hence, CuS photocatalyst was stable up to two 

cycles. It should be noted that stability of photocatalyst was moderate for 

recyclability. Reason for the decreased photocatalytic activity is explained in 

following section. Recyclability studies showed that the photocatalytic 

performance of the CuS microflowers reduced after every cycle. 
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Figure 3.19. Recyclability of CuS photocatalyst. (a) Recyclability is explained by C/C0 

measurements (1 g cat· L
−1

). (b) Trend of rate constants during recyclability of 

photocatalyst. After every cycle, rate constant decreased. (c) SEM micrographs after 

every cycle. (d) Flower structure disrupted after each cycle. Highlighted area shows 

major changes in the morphology. (e) After third cycle, nanoflakes transformed to 

bulk rods. (f) Atomic ratios measurements from EDAX analysis. Atomic ratios were 

compared at each cycle. Oxide formation was observed after first cycle. (g) PXRD 

pattern after each cycle. The CuS phase was retained after three consecutive cycles. 

Copper oxide signature was absent and it might be due to the uneven oxidation or 

detection limit of PXRD measurements. 
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Figure 3.20. Rate constant measurements during recycling process. Standard 

conditions were utilized (1 g of CuS catalyst for 1 L of Rh B aqueous solution; light 

intensity 200 W. m
-2

). Decreasing trend of rate constant was observed.    

 To explore the issues of recyclability, we investigated structural stability of 

the photocatalysts. After every cycle, photocatalyst was purified and subjected 

to SEM analysis (Figure. 3.19c–e). SEM studies indicated that photocatalytic 

activity was sensitive to the structural change of the flowers. The stability of 

flower architectures was weak and disrupted over cycles. Density of 

nanoflakes gradually decreased after the first cycle (Figure. 3.19a and b). After 

the second cycle, nanoflakes were separated and started growing as bulk par-

ticles. After third cycle, the nanoflakes transformed to the bulk rods (Figure. 

3.19e). Rods were with a length of 266 ± 62 nm and width of 105 ± 26 nm. 

Clearly, nano regime was lost during the photocatalysis. Hence, structural 

degradation was a reason for moderate recyclability.  

 Along with structural stability, we have duly followed the stability of 

copper sulphide phase during the photocatalysis. After every cycle, copper 

sulphide was subjected to the EDAX and PXRD analyses (Figure. 3.19f and 
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3.19g). EDAX analysis showed that oxide formation (∼8%) occurred during 

the photocatalysis. Every sulphur released from CuS was quantitatively 

replaced by oxygen. However, PXRD patterns did not show any oxide 

formation. This observation may be attributed to uneven regional oxidation on 

the surfaces of NPs and the detection limit of PXRD measurements. Hence, 

the chemical instability of CuS also deteriorated the activity of the catalyst. In 

summary, we identified that copper sulphide and its flower architectures 

collectively contributed to photocatalytic activity. 

3.3.10. Clean surfaces and enhancement of photocatalytic activity 

 
The following factors explained the origin of structure dependence of 

photocatalytic activity. Porous cavities (Figure. 3.6a-c) among the nanoflakes 

in flowers behaved as additional catalytic centres [21]. Those nano cavities 

could have accommodated more RhB than individual flakes and hence showed 

increment in the photodegradation. Moreover, these porous nature influences 

the absorbed light by multiple reflections [21, 46]. These reflections enhance 

the photon harvesting capability of photocatalyst. Therefore, higher number of 

photogenerated electrons and holes would be generated. This process 

enhanced the photocatalytic efficiency of CuS flowers. The effective 

photocatalysis also owed to self-assembly of nanoflakes forming flowers. 

These flowers could efficiently harvest photogenerated charges from all 

constituted nanoflakes [47]. These arguments were in accordance with 

recyclability studies; once the flower architectures were lost, catalytic activity 

of copper sulphide decreased (Figure. 3.19b). Based on these observations, we 

propose that the efficient photocatalytic was due to the large surface area, 

porous structures and self-assembly.  

 EDAX and TEM analyses confirmed that capping agent was absent on the 

surfaces of NPs (Figure. 3.4 and Figure. 3.6). Since photocatalytic reactions 

occur on the surfaces of photocatalyst, clean surfaces could facilitate the 

photocatalytic activity of CuS nanostructures. NPs that were obtained using 

modified HMDS-assisted synthetic method were free from capping agents and 

hence all potential catalytic surfaces would be readily available for 
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photocatalysis [48]. Moreover, capping agent-free surfaces would create 

dangling bonds and trap states on the surfaces and thus could induce charges 

on photoexcitation of the catalyst [49–52]. These charges promoted more Rh 

B molecules approaching the surfaces of the photocatalyst. This was leading to 

the increased degradation of Rh B solution. The whole process collectively 

enhanced the photocatalytic activity of the CuS flowers. Based on 

observations, we concluded that photocatalytic enhancement was due to clean 

surfactant free surfaces of CuS flowers.  

3.4. Summary   

In this chapter, we have thoroughly explained the synthesis of both CuS and 

Cu2S nanostructures and also successfully explained the photocatalytic activity 

of the synthesized materials. The described methodology enables synthesis of 

both CuS microflowers and Cu2S NPs from same starting materials. Cu2S NPs 

were synthesized by tuning the stoichiometry of the reaction. The NPs were 

free from capping agent on the surfaces. Cu2S NPs had spherical shape and 

CuS NPs had flower architecture. The flower nanostructures were synthesized 

without any linkers or post-modification process. Nanoflakes were a basic 

building block of flower architectures. Anisotropic growth of (1 0 3) planes 

was responsible for flake shape. Nanoflakes self-assembled and constructed 

flower architectures. We demonstrated that CuS microflowers could serve as a 

photocatalyst and rapidly degraded Rh B solution (12 min). Recyclability 

studies showed that photocatalyst could be recycled upto three times. SEM 

analysis confirmed that flower architectures are responsible for photocatalytic 

activity. Our results also suggested that higher amount of catalyst and higher 

illumination intensity enhanced the photocatalytic activity of flowers. An 

enhanced photocatalytic activity was due to unique flower morphology and 

clean surfaces. Facile synthesis, ease of removal of capping agent and 

photocatalytic activity may influence possible applications of copper sulphide 

NPs. 
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Chapter 4 

Facile preparation of surfactant or support 

material free CdS nanoparticles with enhanced 

photocatalytic activity 

Abstract  

This chapter describes the production of organic surfactant molecules or support 

material free CdS nanoparticles (NPs) and its efficient photocatalytic activity for the 

reduction of toxic Cr(VI) to the less toxic and much less mobile form of Cr(III). We 

have synthesized the template free CdS NPs by adopting the solution phase 

hexamethyldisilazane (HMDS)-assisted chemical synthetic method using CdCl2 and 

thiourea as the precursors. The NPs were characterized by powder X-ray diffraction 

(PXRD), field emission scanning electron microscopy (FESEM), and transmission 

electron microscopy (TEM). We have demonstrated an excellent photocatalytic 

performance of as prepared CdS NPs under visible light illumination for the 

reduction of Cr(VI) to Cr(III) at acidic pH. The enhanced catalytic activity of CdS 

NPs was explained by the availability of clean surfaces in the absence of insulating 

organic molecules as stabilizing agents. The efficient separation of photo excited 

electron–hole pairs was confirmed by the observed stable transient photocurrent 

response during transient studies, which was further confirmed through the 

experienced less resistance to the interfacial charges in the electrochemical 

impedance spectra (EIS). The catalyst also showed good photocatalytic stability and 

reusability, that made it as an excellent candidate for waste water treatment. 
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4.1. Introduction 

Nanoporous materials exhibit improved properties over their bulk counterparts 

because of increased surface area [1]. The surface of the semiconductor NPs 

influences the photocatalytic activity since reactants interact with the photocatalyst 

surface, where the catalytic reaction takes place. Surrounding of chemically 

synthesized NPs by organic surfactant molecules or any other surface coating would 

affect surface-related processes such as surface recombination or charge transfer. 

However, as mentioned in the Section 1.2., these molecules shield the active sites of 

catalyst imputing less catalytic activity than its potential. Therefore, it is of great 

importance to research not only how to produce the catalyst in some simple 

processes efficiently, but also how to provide it with clean and active surfaces.   

Cadmium sulphide (CdS) is one of the important II–VI semiconductors and 

an essential technological material. It has attracted significant interest because of its 

appropriate band gap energy of around 2.4 eV, visible light response, excellent 

stability and abundant availability [2-11]. Cadmium sulphide has been explored for 

applications in many fields such as solar cells, bioimaging [12], photoconductivity 

[13], chemiluminescence [14, 15] and sensing applications [16]. It is also used 

extensively as a promising visible-light driven photocatalyst. However, CdS 

photocatalyst has restrictions due to the photo-corrosion problem, the facile 

recombination of electron–hole pairs and the less surface reaction efficiency. 

Therefore, the development of stable CdS-based photocatalysts with efficient charge 

separation and high photocatalytic activity is crucial to increase their potential for 

practical applications.  

Several hierarchical nanostructures of CdS are prepared by various methods 

such as microwave assisted synthesis [17, 5], chemical vapour deposition [18], 

hydrothermal route [19], chemical bath deposition (CBD) [4], UV irradiation 

technology [20] and electrochemical and chemical synthesis [21-24]. Some of the 

nanostructures obtained by these methods have been used in catalysis. Much 

research efforts are on incorporating CdS on support materials to overcome the 

constraint of its poor adsorption properties and photochemical instability when used 

as a photocatalyst. These substrate-supported CdS NPs have shown improved 

catalytic properties [3, 17, 25-27]. Though the available chemical methods are 
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capable of preparing composite semiconductors with hetero-interfaces for charge 

transfer, there is a need to produce efficient semiconductor nanomaterials with 

suitable surfaces to provide more active sites for catalytic reactions. Further, it is of 

interest to understand the effect of surfactant free surfaces of semiconductor NPs on 

photocatalysis. 

Hexavalent chromium compounds, Cr(VI), are highly toxic, carcinogenic and 

a contaminant frequently found in wastewater from industrial processes such as 

electroplating, pigments, metal cleaning, leather tanning, mining, and chromate 

production (Figure 4.1) [28-31]. The widely recognized, promising way for the 

treatment of wastewater containing hexavalent chromium compounds is 

semiconductor-based photocatalytic (In Chapter 3, Figure 3.2) reduction using CdS 

based materials [3, 25-27]. These materials have exceptional advantages, such as low 

cost, direct use of clean and safe solar energy, and reusability [4, 5, 32, 33].  

 

 

 

 

 

 

 

Figure 4.1. Pictorial representation of the water pollution by the Cr(VI) from heavy metal 

industries. 

In this chapter, we have discussed a facile synthesis of template free pure 

CdS and the enhanced photocatalytic activity of NPs with clean surfaces. The 

photocatalytic activity of unsupported and unprotected CdS was tested for the 

reduction of Cr(VI) to the less toxic and much less mobile form of Cr(III). Besides, 

we have shown the recyclability and stability of CdS NPs. In this study, we have 

synthesized template free CdS NPs by adopting the solution phase HMDS-assisted 

chemical synthetic method using CdCl2 and thiourea as the precursors. 
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4.2. Experimental section 

4.2.1. Materials 

The chemicals used in the syntheses, cadmium chloride (CdCl2), thiourea and 

hexamethyldisilazane (HMDS) were purchased from Sigma-Aldrich and used as 

received. All solvents were purified using standard procedures. Instrumentation and 

sample preparation are similar to the one discussed in Chapter 2 and Section 2.2.4. 

4.2.2. Synthesis of surfactant free CdS nanoparticles 

All the chemicals used in the synthesis were purchased from Aldrich and used 

without further purification. The reactions were performed under inert 

atmosphere using standard Schlenk techniques. In a typical synthesis (Scheme 

4.1) the reaction flask (two-necked round-bottomed flask) containing CdCl2 

(0.188 g, 1.4 mmol),  thiourea (0.106 g, 1.4 mmol) were placed and then 

deoxygenated 1,1,1,3,3,3–bis(trimethylsilyl)amine or hexamethyldisilazane 

(HMDS) (capping agent, 5mL, 23.85 mmol) was introduced into the flask. 

The reaction mixture was refluxed for 3 h, and yellow precipitate of CdS NPs 

was observed after the completion of the reaction. The side products and 

unreacted HMDS were removed by applying high vacuum. The obtained 

yellow precipitate was subsequently washed with methanol (3×20 mL) 

followed by acetone (3×20 mL) to remove unreacted CdCl2 and thiourea 

respectively, and the final product was dried at 120 °C for 3 h before analysis. 

This synthetic procedure was easy to scale up, and we have synthesized up to 

2.5 g of cadmium sulphide NPs.  

4.2.3. Photocatalytic activity test 

The photocatalytic activity of the CdS was evaluated by conducting the experiment 

of Cr (VI) reduction under visible light (sun light). Typically, a 30 mg photocatalyst 

was suspended in a 60 mL of Cr(VI) solution (K2Cr2O7, 50 mg L
-1

) under constant 

stirring. Before irradiation, the suspension was magnetically stirred in the dark for 30 

min to ensure adsorption equilibrium of the Cr (VI) on the catalyst surface. After 

that, the reaction vessel was moved to expose to sun light. At specific time intervals, 

3 mL aliquots were taken and centrifuged to remove the catalyst. The reduced 
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solutions were examined spectrophotometrically by measuring the absorbance at 349 

nm on a UV-Vis spectrometer (JASCO- V770). All photocatalytic measurements 

were repeated three times to make sure the reliability of the results. 

4.2.4. Electrochemical activity test 

Transient measurements were conducted using Zahner-Zennium electrochemical 

workstation with three electrode system, where a Pt wire as the counter electrode, 

Ag/AgCl as the reference electrode and the prepared sample on the FTO as the 

working electrode. Working electrodes were prepared as follows: 25 mg of CdS NPs 

were dispersed in toluene and the mixture was dispersed ultrasonically for 30 min, 

then the homogeneous mixture was dispersed on 1cm × 1cm area of a cleaned FTO 

glass plate. Finally, 20 μL of Nafion (10%) solution was dispersed on the coated 

area. The remaining part of the FTO glass was sealed with the Teflon tape and then 

allowed to dry at room temperature condition for slow evaporation, and the as-

prepared electrode was further annealed at 60 °C in a vacuum oven overnight to 

remove the resin and to obtain a uniform coating on electrodes. 1 M phosphate 

buffer solution (pH 7) was used as the electrolyte. Photocurrent-time curves were 

recorded at open circuit potential with 20 sec light on/off cycles. To perform 

electrochemical impedance measurements (EIS), we have taken 200 mg of CdS NPs 

and made it into a pellet form by using pelletiser by applying 3 ton pressure. The 

prepared pellet was sandwiched between the two gold coated Cu electrodes and 

carried out the impedance measurements by two- probe method. The measurements 

were performed over the frequency range 1–100 kHz at the open-circuit potential 

and the amplitude of the applied sinusoidal voltage was 10 mV. 

4.2.5. Recycling test 

The recyclability studies were conducted under identical conditions described above. 

Five catalytic cycles were consecutively performed. For all recyclability studies, a 

fixed concentrations of catalyst (0.5 g. L
-1

) and pollutant (50 mg. L
-1

) were used for 

analysis. Since, the process is heterogeneous catalysis, the catalyst was easily 

separable by centrifugation after each cycle and purified by washing with 0.5 M HCl 
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solution, water and acetone for several times and dried under vacuum at 60 °C for 2 

h.    

4.3. Results and discussion  

4.3.1. Surfactant free CdS nanoparticles 

The solubility of reactants plays a significant role in any reaction medium and 

decides the product(s) formation. We have utilized the modified HMDS-

assisted method [34] to synthesize CdS NPs using CdCl2 as a metal source and 

thiourea as a sulphur source (mole ratio = 1:1) (Scheme 4.1). Both these 

precursors were soluble in HMDS at room temperature. To highlight the role 

of the HMDS in the reaction, we performed controlled reactions where the 

reaction of CdCl2 and thiourea did not proceed without HMDS. These results 

explained the necessity of HMDS to activate thiourea in the reaction. HMDS 

played multiple roles; as a solvent, reducing agent, and capping agent in 

arresting the growth of particles during syntheses. 

 

Scheme 4.1. Schematic illustration of synthesis of surfactant free CdS NPs. 
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Figure 4.2. PXRD spectrum of as synthesized surfactant free CdS NPs. 

The crystallographic structure and phase purity of the as-prepared CdS NPs 

were established by powder X-ray diffraction (XRD). In the XRD patterns (Figure. 

4.2) all characteristic peaks were indexed to the hexagonal structure of CdS (JPCDS 

No. 77-2306). The strong and sharp peaks clearly suggest that the CdS NPs were 

well-crystallized. Since no other crystalline impurities were detected, the synthesized 

CdS had single phase, and no crystal phase impurity existed in it. The EDS analysis 

(Figure. 4.3) also showed only Cd and S with 1: 1 ratio (atomic percentage = 51.55: 

48.45) indicating the purity of synthesized nanocatalyst without any impurity from 

the precursor. 

 

Figure 4.3. Elemental analysis by the energy dispersive X-ray spectroscopy. Atomic ratios 

were matched with the theoretical values. EDAX spectrum of fresh CdS catalyst. 
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Figure 4.4. Morphological study of surfactant free CdS nanocatalyst. (a) to (d) are FESEM 

micrographs of CdS nanoparticles at different magnifications.  

 

 

 

Figure 4.5. (a) and (b) TEM micrographs of as synthesized CdS NPs. 
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Figure 4.6. Particles distribution diagram from the FESEM micrographs. Particles were 

mono dispersed with the average size of 24 ± 6 nm.  

Figure 4.4 and 4.5 show the morphology of CdS NPs observed by the field 

emission scanning electron microscopy (FESEM) and transmission electron 

microscopy (TEM). FESEM images show an overview of the spherical shape of NPs 

of size about 12–42 nm in diameter with an average 24 ± 6 nm which is expressed in 

Figure.4.6. The TEM images also revealed the spherical shape of CdS NPs. The 

precisely observed fringe spacing of 3.1 Å in the HRTEM image (Figure. 4.7 and 

Figure. 4.8) was in agreement with the separation of (1 0 1) lattice plane of 

hexagonal Wurtzite structure (JPCDS No. 77-2306) of the CdS. And the associated 

selected area electron diffraction (SAED) rings (Figure. 4.8b) identified the (1 0 1), 

(1 1 2) and (1 1 0) planes. The circle indicated the dominating planes and those 

planes matched well with the XRD pattern of the hexagonal phase of CdS (JPCDS 

No. 77-2306). Further, these results showed crystalline nature of as-prepared CdS 

NPs. 
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Figure 4.7. (a) and (b) are HRTEM micrograph of as synthesized CdS NPs. 

 

 

Figure 4.8. Surface characterisation of the CdS nanocatalyst (a) HRTEM micrograph of the 

nanoparticles. Particles were crystalline and dominant planes matched with XRD pattern. (b) 

Selected area diffraction of the nanoparticles. Dominant plane is indicated by the circle 

which is matched with the XRD pattern. Dotted pattern represents the crystalline nature of 

the nanoparticles.   

For catalytic applications, the catalyst surface must be clean from any 

hindrance. In FT-IR spectrum of as-prepared CdS (Figure 4.9) NPs showed no signal 

for any organic moieties confirming the absence of any organic molecules covering 

the particles. Thus, our reactions yielded NPs without any surfactants surrounding 

them. Our recent work [34] proved the stability of NPs even without surfactant. We 

also observed that metal sulphide NPs did not agglomerate readily. The UV-Vis 

diffuse reflectance spectra (DRS) were used to determine the optical properties of 

the sample. Figure. 4.10 shows the UV-vis diffuse reflectance spectra (DRS) of CdS 

NPs. Freshly prepared samples exhibited strong absorption in the visible region [35]. 

Besides, the DRS spectrum indicated that the CdS NPs could be photoexcited by 
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visible-light irradiation, by which chemical redox reactions could be triggered. The 

surface area of CdS NPs was determined from the BET analysis (Figure. 4.11) as 

6.55 m
2
/g. 

 

 

Figure 4.9. FTIR spectra of the nanoparticles. Since there was no signal of the amine 

(HMDS), capping agent was completely removed from the surfaces.   

 

 

 

 

Figure 4.10. (a) UV-vis diffuse reflectance spectra (DRS) of CdS NPs and (b) Band gap 

image of the CdS NPs. 
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Figure 4.11. BET surface area analysis of CdS NPs. Nitrogen adsorption-desorption 

isotherm. 

4.3.2. Photocatalytic performance  

Due to its high toxicity and high mobility in water, the hexavalent chromium is a 

priority pollutant requiring attention. Many approaches have been developed to treat 

Cr(VI) ions [17, 36-39],  but the most common remediation strategy is the 

photocatalytic reduction of Cr(VI) ions to a less toxic form of Cr(III) using 

semiconductor nanomaterials. Therefore, we have evaluated the photocatalytic 

activity of the surfactant-free CdS NPs obtained using HMDS-assisted synthesis in 

the photocatalytic reduction of Cr(VI) under visible light irradiation. A solution of 

K2Cr2O7 in deionized water was used as a model solution as a source of Cr(VI). The 

time-dependent UV-Vis spectra (Figure. 4.12a) exemplify a steady decrease in the 

intensity of absorption maxima of Cr(VI) confirming its reduction. 
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Figure 4.12. Photocatalytic activity of the CdS nanoparticles. (a) Optical absorption profile of 

reduction of Cr(VI) aqueous solution. Changes in the concentration can be seen at 349 nm. 

(b) UV-visible spectra of PDCA treated solutions of K2Cr2O7, K2Cr2O7 reduced with NaHSO3, 

and photoreduced K2Cr2O7 with nanoparticles. 
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Figure 4.13. Controlled reactions of Cr(VI) reductions, a) Photolysis and b) Catalysis.  

To explain the importance of the photocatalytic effect and to confirm the 

reduction product, we have carried out few control reactions separately (Figure. 

4.13).  In these control reactions, if either catalyst or light source was absent there 

was no reduction of Cr(VI) to Cr(III).  Further, the reduction of Cr(VI) to Cr(III) by 

CdS was confirmed by forming a metal complex with 2,6-pyridine dicarboxylic acid 

(PDCA). The PDCA was known to form a unique violet colour complex with Cr(III) 

specifically [40, 41]. We have also prepared a K2Cr2O7 solution (50 mg. L
-1

) and 

reduced it using NaHSO3, followed by heating the resultant solution with PDCA for 

about 30 min. Both these solutions displayed a light violet colour, which was 

analysed by UV-Vis spectrophotometer (Figure. 4.12b). Both the photoreduced as 

well as NaHSO3 reduced samples exhibited the light absorption in the range of 

550−555 nm. Finally to cross check the oxidation state of chromium we conducted a 

negative control reaction, in which a non-reduced K2Cr2O7 solution did not show any 

absorption band in this wavelength range after treatment with PDCA. The obtained 

results confirmed the successful conversion of Cr(VI) to Cr(III) under the 

photoreduction conditions. 

4.3.3. Significance of surface clean CdS nanoparticles 

We have analysed the photocatalytic Cr(VI) reduction to Cr(III) using template free 

CdS NPs alone (without any support) as a catalyst. Table 4.1 displays the data about 

the Cr(VI) reduction by using CdS coupled with other moieties such as TiO2, RGO, 

ZnS, etc. It is apparent from the table that the CdS NPs obtained from HMDS-

assisted synthesis worked as a suitable photocatalyst.  
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Table 4.1. Comparisons between the CdS nanoparticles and previously reported 

photocatalytic reduction of Cr(VI) in the presence of other CdS hetero-structures. 

Photo-catalytic 

materials 

Catalytic 

amount 
Amount of K2Cr2O7 

Require

d time 
Ref. 

CdS/N-rGO 3.5 mg 

20 ml of  Cr(VI) 

solution  

(10 mg. L
-1

) 

25 min 3 

RGO–CdS 
(0.0025 

g L
-1

 ) 

100 ml of K2Cr2O7, 

1.0 × 10
-5

 M 
80 min 4 

CdO–CdS core–

shell nanoboxes 
7 mg 

20 mL Cr(VI) solution  

(10 mg. L
-1

) 
30 min 5 

CdS–reduced 

graphene oxide 

composites 

10 mg 1 g. L
-1

 250 min 17 

RGO–CdS 100 mg 
100 mL of 10 ppm 

Cr(VI) solution 
120 min 25 

ZnS(en)0.5–CdS 50 mg 
200 mL of 100 ppm of 

K2Cr2O7 (0.4 mM) 
-- 26 

CdS(QDs) 

sensitized TiO2 
-- 

100 mL Cr(VI) solution 

(10 mg. L
-1

) 
240 min 27 

CdS–grapheme 

nanocomposites 
10 mg 

30 mL Cr(VI) solution 

(20 mg. L
-1

) 
20 min 32 

CdS@TiO2 Core-

Shell 

Nanocomposites 

10 mg 

40 mL Cr (VI) 

suspensions 

 (20 mg. L
-1

) 

30 min 33 

Hetero-system 

CuFe2O4/CdS 
50 mg 50 mL of 5 × 10

−4
 M 250 min 39 

TiO2 Layer Coated-

CdS Spheres 
15 mg 

40 mL of 

Cr(VI)solution 

(10 mg. L
–1

). 

60 min 44 

CdS/α-Fe2O3 50 mg 
200 mL of Cr(VI) 

solution (50 mg L
−1

) 
120 min 45 

CdS NP’s 
 

30 mg 

 

60 mL of Cr(VI) 

solution (50 mg. L
-1

) 
15 min 

Pres

ent 

work 
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The photoelectrochemical performance of semiconductors primarily hinges 

on the generation of the photoinduced electron, separation of electron–hole pairs and 

efficiency of charge carrier transfer. Since the surface of the semiconductor NPs has 

an influence on photocatalytic activity and the presence of organic insulators 

surrounding the NPs as surfactant molecules, the charge transfer process is impeded. 

Therefore, it is interesting to study photocurrent generation in the organic surfactant 

free CdS NPs obtained through HMDS-assisted synthesis. The photocatalytic 

activity of material can be directly echoed by the transient photocurrent generated 

under light illumination. An electrochemical system (Zahner Zennium) was 

employed to measure the photocurrents and electrochemical impedance spectroscopy 

(EIS). 

The transient photocurrent response of the products was measured using a 

standard three-electrode system under visible light irradiation (LED light) of 

wavelength 450 nm. The as-prepared CdS NPs were drop-casted on FTO conductive 

glass and coated with Nafion polymer to produce photoelectrode (working 

electrode). FTO glass was used as the current collector. The Pt counter electrode and 

Ag/AgCl reference electrode were other two electrodes in the cell. The 1 M 

phosphate buffer (pH 7) solution was used as the electrolyte solution. 

 

Figure 4.14. (a) Transient photocurrent responses of template free CdS nanoparticles under 

visible light irradiation in 1 M PBS (pH 7) aqueous solution. (b) Nyquist plot obtained for 

template free CdS nanoparticles by two probe method. 
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No photocurrent was observed for CdS in the dark, for the blank FTO, while 

the organic surfactant free CdS showed appreciable photocurrents under visible light 

irradiation. As shown in Figure. 4.14a, the spikes of the transient photocurrent 

responses of CdS over on–off cycles of intermittent light irradiation were observed 

with no breakage for multiple times. The fast and uniform transient photocurrent 

response of the products indicates an efficient separation of photoexcited electron–

hole pairs from the as-prepared template free CdS under visible light irradiation. The 

intensity of photocurrent was stable and comparable to that reported in the literature 

for the particles without supports [42, 43]. The increased photocurrent was due to the 

clean surfaces of the CdS and was achieved without any support materials. 

The effective electron transfer and recombination processes at the electrolyte 

and electrode interfacial surface were investigated further by the electrochemical 

impedance spectra (EIS). The spectra were obtained at the frequency of 100 kHz and 

alternating current (AC) voltage amplitude of 10 mV with an open circuit potential 

of 1 V. The results are represented as Nyquist plot (Z imaginary vs. Z real) in Figure. 

4.14b. All the Nyquist plots contain a linear part at low frequencies that is associated 

with the diffusion process and a semicircle portion at high frequencies, which 

corresponds to the electron transfer limited process. It is evident from the Figure. 

4.14b that as-prepared CdS NPs showed a lower resistance on interfacial charge 

transfer compared to the CdS materials that were prepared with support/surfactants. 

This observation confirmed the efficient separation of photoexcited electron–hole 

pairs from the surfactant and support material free CdS NPs under visible light 

irradiation. The surfactant-free structure of CdS NPs might have provided a path for 

free run of electrons and favoured the separation and transfer of charges. The 

obtained result was in agreement with the order of photocatalytic activity because 

the generation of photogenerated carriers is a critical step in photocatalytic reactions.  

4.3.4. Stability of photocatalyst and recyclability 

The stability of the photocatalyst (CdS) during the reaction is critical for practical 

application. The recycling usability of five cycles for the photoreduction of Cr(VI) to 

Cr(III) (Figure. 4.15) was carried out. The catalyst was recovered after every cycle 

by centrifugation. The recovered catalyst was purified by washing with 0.5 M HCl 
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solution, deionized water, and acetone for several times and then dried under 

vacuum for 2 h to obtain as a powder. The re-born NPs were used to check the 

recyclability and stability of the catalyst. The recyclable nature of the catalyst was 

tested in the new solution of Cr(VI) under the same experimental conditions as 

mentioned above. There was no noticeable decrease in the photocatalytic efficiency 

up to three cycles. In the first three cycles, reduction of Cr(VI) to Cr(III) by CdS was 

occurring in 15- 24 min, after that the catalytic activity was decreasing slowly. 

Reduction of Cr(VI) required nearly 42 min at the fifth cycle. 

 

Figure 4.15. Photocatalytic activity of the CdS nanoparticles.Recyclability studies. The 

catalyst was stable up to 3 cycles and the activity was decreased at the 5
th
 cycle. 

It is well known that the CdS cannot sustain water oxidation reaction and 

suffers severe photo-corrosion. There is no sacrificial hole acceptor present in our 

system and this condition could lead to a degradation of catalyst.  Therefore, we 

have performed XRD, FESEM and EDS analyses of the recovered CdS catalyst after 

every cycle of photo reduction. The XRD pattern was found to be same as that of as-

synthesized catalyst and thus confirmed that there was no change in the crystal 

structure before and after photo reduction (Figure. 4.16). The EDS analyses (Figure. 

4.17) also revealed that the elemental composition of the catalyst remained 

unchanged even after five cycles. However, the FESEM image showed that the 

morphology of NPs was changing slowly (Figure. 4.18). After the first cycle of 

reduction, the morphology of NPs was retained, while it changed slightly after the 

third cycle. After fifth cycles, the particles agglomerated fully into large particles. 

These observations have proved the deactivation of photocatalyst under the reaction 

conditions. 
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Figure. 4.16. XRD pattern of as synthesized and recycled CdS nanoparticles. The CdS 

phase was retained after five consecutive cycles. 

 

 

 

Figure 4.17. Elemental analysis by the energy dispersive X-ray spectroscopy. Atomic ratios 

were matched with the theoretical values. EDAX spectrum of reused CdS catalyst. 
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Figure. 4.18. FESEM micrographs of the reused CdS NPs. (a) FESEM micrographs after 1
st
 

cycle. (b) After 3
rd

 cycle, spherical of particles was slightly agglomerated. (c) After 5
th
 cycle, 

spherical shape of particles was transformed into bulky shapes. 

4.4. Summary  

In this chapter, the HMDS-assisted synthetic methodology was tested for the 

synthesis of surfactant free CdS NPs. The method was useful for the synthesis of 

CdS in 2-3 g scale. We have utilized the bare CdS NPs as catalyst for Cr(VI) 

remediation in aqueous solution at acidic pH under visible light (λ > 420 nm) 

irradiation, and showed that the HDMS-based synthesis leads to highly active CdS 

NPs, rivalling with common CdS-supported catalyst. The photocatalytic activity was 

explained by the availability of clean surfaces without any organic surfactant 

molecules surrounding the CdS NPs, which supported a fast separation of 

photoexcited electrons under visible light illumination.  

The fast charge separation was evaluated by transient photocurrent responses 

over on–off cycles of intermittent light irradiation and by electrochemical impedance 

spectra (EIS). The observed rapid and uniform transient photocurrent response 

indicated an efficient separation of photoexcited electron–hole pairs from the as-

prepared CdS NPs under visible light irradiation. The intensity of photocurrent was 

significantly higher than that reported in the literature for the particles without 
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support materials. A semicircle portion of small diameter at high frequencies in 

Nyquist plot showed the lowest resistance to the interfacial charge transfer. This 

observation confirmed the efficient separation of photoexcited electron–hole pairs 

from the surfactant and support material free CdS NPs under visible light irradiation. 

To the best of our knowledge, this is the first report of effective reduction of Cr(VI) 

by CdS NPs without any surfactant molecules in surrounding or support materials. 
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                              Chapter 5 

Photo-responsive Bi2S3 nanoflakes: Synthesis 

and device fabrication at ambient conditions  

Abstract 

This chapter describes hexamethyldisilazane (HMDS) assisted syntheses of Bi2S3 

nanoflakes and its photo-responsive properties. Since the optoelectronic devices 

consist multicomponent interfaces, the synthesis of NPs and fabrication of devices 

play a significant role in quality, cost and fast fabrication of devices. The wet 

chemical synthesis holds a great promise of controlling these factors. Herein, we 

have developed a wet chemical method for the synthesis of one-dimensional Bi2S3 

nanoflakes and demonstrated its photo-responsivity by fabricating prototype device 

by dry-casting of Bi2S3 suspensions on the electrodes. A key advantage of the 

present approach was the synthesis and fabrications were carried out under ambient 

conditions. 
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5.1. Introduction  

Material processing technology is a key industrial component for the mass 

production of optoelectronic devices [1-12]. The solution processing 

technology offers an advantage of making the devices at ambient conditions 

because of the possibility of making devices from solution using any of the 

following techniques; spray coating [1, 2], mist coating [3], spin coating [4, 5], 

dry casting [6, 7], dip coating [8, 9], roll-to-roll printing [10] and inkjet 

printing [11, 12]. Furthermore, these processing methods allow the fabrication 

of flexible modern electronics by integrating nanomaterials with any 

substrates. Thus, the nanomaterials prepared by wet chemical methods offer 

the way for cheap and fast processing technology. 

Photodetectors have received much attention as an important class of 

optoelectronic devices owing to their extensive use in electronic eyes [13-15], 

night vision devices [16], tumour detection [17], imaging [18, 19] and quality 

control of industrial products [20]. Photodetectors made out of inorganic 

materials will have tunable absorption, stability, and high quantum yield. 

Bi2S3 is a useful photo-responsive material with a direct band gap of 1.3 eV 

[21] and a large absorption coefficient [22]. The high availability of sulphide 

and bismuth in the earth crust is also an important factor for the use of Bi2S3 

for optoelectronic applications. While a significant work on the Bi2S3 based 

photodetector is known [23-32], there are still a need for the search for the 

best synthetic methods [33-48] and simplicity in processing methods.   

In this work, we have demonstrated a novel synthesis of Bi2S3 (bismuth 

sulphide) NPs using the HMDS-assisted method. Interestingly, the Bi2S3 

nanoflakes have been synthesized in a short duration (3 h) using readily 

available bismuth chloride and thiourea as starting materials. The Bi2S3 

nanoflakes had width 15-82 nm with the average 48 ± 15 nm and the length up 

to few microns and are obtained in a high morphological yield (~98%). The 

reaction produced one-dimensional nanoflakes without any seeds or shape 

selection procedures and they were free from the capping agents.  
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To understand the photo-responsive properities of Bi2S3 nanoflakes, we 

have fabricated a prototype of photodetectors with a configuration of 

ITO/Bi2S3/ITO, by dry-casting the Bi2S3 suspensions. The devices showed a 

green light-induced conductivity that had a linear response to the intensity of 

the light. Further, the transient measurements established a reversible "on" and 

"off" switching phenomena with the rise-and-decay time as 1.11 ± 0.10 ns and 

2.06 ± 0.21 ns. Herein, we present the synthesis and photo-responsive study of 

organic surfactant free Bi2S3 nanoflakes.  

5.2. Experimental section 

5.2.1. Materials 

The chemicals used in the syntheses, bismuth (III) chloride (BiCl3), thiourea and 

hexamethyldisilazane (HMDS) were purchased from Sigma-Aldrich and used as 

received. All solvents were purified using standard procedures. Instrumentation and 

sample preparation are similar to the one discussed in Chapter 2 and Section 2.2.4.   

5.2.2. Synthesis of Bi2S3 nanoflakes 

We have used the HMDS-assisted method to synthesize Bi2S3 nanoflakes. [49, 50, 

51] In a typical method, bismuth(III) chloride (0.20 g, 0.63 mmol) and thiourea 

(0.072 g, 0.94 mmol) were added to the reaction flask. Then, HMDS (5.0 mL, 23.8 

mmol) was injected into the flask and stirred for the homogeneity. Then the reaction 

mixture was heated to reflux and maintained for 3 h. The black precipitate was 

obtained at the end of the reaction. The reaction mixture was smelly, and the 

precipitate was separated out by the filtration. (Caution: intermediate is smelly and 

will widely diffuse in the air). Then the precipitate was washed with methanol (20 

mL × 3) and acetone (20 mL × 2) by centrifugation (3500 rpm, 5 min). Purification 

procedures were carried out under ambient conditions. The product was dried under 

high vacuum (120 °C, 1 h) and the fine black powder was obtained. The reaction 

procedure was reproducible, and yield was 62 ± 4%. 
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5.2.3. Electronic measurements 

Device configuration was ITO/Bi2S3/ITO. The prototype photodetector devices are 

made from dry casting the samples on surface of the ITO plates. Conductive indium 

tin oxide glass plates were used (resistance = 60 Ω. sq
-1

). The active area of the 

device was 1 cm × 1 cm. Before the coating, ITO plates were washed with a 

detergent solution followed by the ultrasonication in acetone. Electrode area of the 

device was directed by masking with teflon tape. Then etching of the device was 

performed on the other ITO plate (10% of HCl solution; 3 h).  Then plates were 

washed with IPA solution, and the sample was coated with isopropyl alcohol 

suspension of Bi2S3 nanoflakes (40 mg in 1.5 mL). The coated samples were air-

dried for a uniform active layer. Finally, devices were made by binding the coated 

plate with other ITO by binder clips. Two-probe method was used to study the 

optoelectronic properties. The photoconductivity of the device was analysed by I-V 

measurements. Green LED (532 nm, 122 W. m
-2

, bandwidth = 22 nm) was utilized 

for the illumination of the device. Green LED was controlled by Zahner Zennium 

electrochemical workstation (Zahner, Germany). In transient studies, the light 

intensity of 90 W. m
-2

 was used. Reproducibility of the devices was confirmed by 

three different batches of the synthesis and device making. All the analytical data 

were plotted with standard error. Device measurements were conducted under 

ambient conditions. For the energy level diagram, energy values were adopted from 

the literature [65]. 

Impedance measurements were carried out in Zahner Zennium 

electrochemical workstation and procedures are mentioned below. Two-probe 

analytical method was utilized for the impedance measurements. The Bi2S3 was 

made as a pellet under pressure (3 ton) with pellet dimensions of radius = 0.8 cm and 

thickness = 0.062 cm. The resistance was calculated from the impedance 

spectroscopy. We utilised frequency range from 100 Hz to 4 MHz with AC 

amplitude of 20 mV. The temperature was stabilized for 30 min before the 

measurements. Measurements were repeated three times and standard error was 

reported in this chapter. Bulk resistance was calculated from the real axis intercept of 

the semicircle in the Nyquist plot. 
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5.3. Results and discussion 

5.3.1. Synthesis of Bi2S3 nanomaterials 

We have successfully synthesized organic-free Bi2S3 nanoflakes by the 

HMDS-assisted method with yield of 62 ± 4%. We have used soluble thiourea 

in the present procedure as a sulphur source due to the prospect of easy 

handling in pre and post-synthetic manipulations. In these reactions, HMDS 

performed duel role as a capping agent as well as a solvent. Bulk trimethylsilyl 

group of HMDS acted as capping group and avoided the agglomeration of NPs 

(Scheme 5.1) during their formation. Hence, HMDS stabilized the NPs and 

yielded quantum confined one-dimensional Bi2S3 nanoflakes. The key 

advantage of the method was that capping agent (HMDS) could be removed 

from the NPs efficiently by high vacuum. Thus, NPs were free from insulating 

organic layer. Because of mild reaction conditions and simple purification 

procedure, the present synthetic design is worthy for scale up. Thus, we have 

produced 2 g of nanoflakes and used it for device fabrication. Therefore, the 

current synthetic procedure is robust for large scale synthesis also offers 

quantum confined Bi2S3 nanoflakes.  

 

 

 

Scheme 5.1. The modified HMDS-assisted synthesis of Bi2S3 nanoflakes. 
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5.3.2. Structure and composition of Bi2S3 nanoflakes  

Primarily, the acquired powder X-ray diffraction patterns (Figure 5.1) 

confirmed the formation of Bi2S3 in our reaction. Intensities and position of 

observed lines were matching with the standard pattern of orthorhombic 

structure bulk Bi2S3 (JCPDS Library; Card # 84-0279); but with a preferred 

orientation of (1 1 1) and (1 2 1) planes. Supported by HRTEM images 

(Figure 5.7a), we have identified (1 2 1) planes as responsible for the flake 

shape. The absence of signature of secondary amines or any other signals 

related to organic compounds in the FTIR spectrum (Figure 5.2) ruled out the 

possibility of broadening of lines by organic impurities. Therefore, broadening 

of lines in diffraction patterns was attributed only to the nano-regime of the 

Bi2S3 flakes. Thus, the absence of the capping agent (HMDS) on the surface of 

the Bi2S3 nanoflakes was self-evident.       

 

 

 

 

 

 

 

 

 

Figure 5.1. Primary characterization of Bi2S3 nanoparticles. (a) PXRD pattern of the 

nanoflakes. We observed that the obtained pattern matched with orthorhombic Bi2S3 

(JCPDS # 84-0279).  
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Figure 5.2. Primary characterization of Bi2S3 nanoparticles. FTIR spectrum of the 

nanoflakes. HMDS spectrum was plotted for the visual comparison.   

 

Scanning electron microscopy images of Bi2S3 (Figure 5.3) showed a 

uniform distribution of particles of size ranging up to 2 mm, but with a high 

morphological yield of nanoflakes (~98%). Any change in reaction parameters 

like temperature, stoichiometry, and solvents did not alter the morphology and 

dimensions of NPs obtained. EDAX measurements showed the stoichiometric 

ratio of Bi:S as 1.7: 3 which clearly showed 3% bismuth deficiency in NPs 

obtained from our reactions (Figure 5.4).  Bismuth ratio was not improving 

even after the addition of excess BiCl3. However, the bismuth deficiency did 

not influence the properties of Bi2S3 nanoflakes or fabricated devices. EDAX 

did not have the signature of Si and Cl, which showed the purity of NPs and 

the absence of the capping agent. This observation explained that nanoflakes 

were free from the insulating organic layer on the surface of the NPs. 

Surprisingly, even in the absence of the capping agent, nanoflakes were well 

separated and we did not observe agglomeration. Thus, the growth or 

stoichiometry of the NPs and morphological yield was insensitive to the 

experimental parameters. 
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Figure 5.3. Primary characterization of Bi2S3 nanoparticles.  FESEM micrographs of the 

nanoparticles. 

 

 

 

Figure 5.4. Primary characterization of Bi2S3 nanoparticles. EDAX spectrum of the 

nanoflakes. Atomic ratio showed that obtained product was slightly bismuth deficient (3%). 
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TEM micrographs confirmed the flake shape of the NPs obtained from the 

present procedure (Figure 5.5a and 5.6a, b). TEM micrographs also showed the high 

abundance of NPs (Figure 5.5a). The nanoflakes had the width of 15-82 nm with 

average of 48 ± 15 nm (Figure 5.5b). Also the nanoflakes had the length up to few 

micrometers. Since the width of few flakes was less than Bohr radius of Bi2S3 (~30 

nm) [52], weak confinement along the width was observed (spectrally determined 

band gap = 1.40 eV; Figure 5.8b). The width of the flakes was constant along the 

length but the edges were sharp. The observed modification at the edges might be to 

tolerate the strain in growth [50]. Selected area diffraction (SAED) showed a clear 

dotted pattern which was indicative of the single-crystalline nature of NPs (Figure 

5.6c) and we did not observe rings characteristic of amorphous organic capping 

agents indicating their absence.  

 

 

Figure 5.5. (a) Large area TEM image of the Bi2S3 nanoflakes. Abundance of the flakes was 

high. Flakes were thin and less visible in the low magnification. (b) Particle distribution 

diagram of the Bi2S3 nanoflakes.   
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Figure 5.6. (a, b) are TEM micrographs of the Bi2S3 nanoparticles. (c) SAED pattern of the 

flake. The circle indicates dominant (1 2 1) planes.  

Parallel to the observation in the PXRD pattern, the HRTEM micrographs 

(Figure 5.7a) showed (1 2 1) as dominating planes. Two-dimensional FFT (Figure 

5.7b) also confirmed construction of nanoflakes by principal (1 2 1) and (1 3 0) 

planes. Moreover, we have not observed any dislocation, distortion, and twins in 

lattices of nanoflakes.  Hence, the oriented growth mechanism did not influence the 

flake shape of the NPs [53]. Since there was no capping agent on the surfaces to 

minimize the surface energy of the particles, the planes might have grown to flake 

shape. Nanoflakes were crystalline along the whole length of the axis as confirmed 

by HRTEM studies. A curious observation is the high crystallinity was achieved 

using a moderate reaction temperature. Altogether the HRTEM observations 

suggested that nanoflakes were single crystals and structurally constructed to flakes 

by (1 2 1) and (1 3 0) planes. 
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Figure 5.7. (a) HRTEM micrograph of the Bi2S3 nanoparticles. (b) FFT analysis of whole 

flake in the image (a). 

5.3.3. Optical properties  

The solid state optical spectrum showed broad characteristic absorption of the Bi2S3 

NPs with the maxima positioned at ~602 nm (Figure 5.8a). Due to the poor solubility 

of Bi2S3 NPs solid phase spectrum was recorded. The band gap of Bi2S3 was 

calculated from the absorption spectra (Figure 5.8b) using the Kubelka-Munk 

method by assuming Bi2S3 as a direct band gap material [54]. We determined band 

gap as 1.40 eV which was slightly higher than that reported for bulk band gap (1.3 

eV) [21]. Since the width size of fewer flakes is lower than the Bohr radius (~30 

nm), we attributed the minor blue shift to weak confinement of carriers in the width 

of the nanoflakes. 

 

Figure 5.8. (a) Solid state UV analysis of the Bi2S3 flakes. The broad absorption spectrum 

spanning the entire UV-Visible region. (b) Band gap calculation by Kubelka-Munk method. 

Straight line represents the fit with R
2
 = 0.99. 
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5.4. Electronic properties 

5.4.1. Device construction 

The capping agent free NPs are critical for efficient optoelectronic applications [55, 

56], since these capping agents will create an insulating barrier on every NP and 

decrease the efficiency of the devices. Hence, we have synthesized organic-free 

Bi2S3 nanoflakes and built a prototype device of the photodetector (Figure. 5.9). 

Among the various processing techniques, dry-casting is an attractive laboratory-

friendly technique to fabricate the devices with small substrates (~1 cm). Moreover, 

the dry-casting technique does not require any costly equipment. The thickness of 

the active layer in the device can be controlled by the concentration of the NPs. We 

fabricated the devices by binding the dry-casted Bi2S3 active layer between two ITO 

electrodes with instrument configuration of ITO/Bi2S3/ITO, and the active area was 

1 cm × 1 cm.  

 

Figure 5.9. (a) Device making from the dry casting. Devices were made by binding the 

active layer between ITO electrodes. Active area of the device was 1 cm × 1 cm. 



  Synthesis of Bi2S3 NPs 
 

135 
 

 

Figure 5.10. Cross sectional view of the device with circuits. 

Figure 5.9 illustrates the fabrication process of the device at ambient 

conditions. At first, the active layer was made by the dry-casting of the suspension of 

Bi2S3 nanoflakes (40 mg in 1.5 mL) on the etched ITO substrate. The non-active area 

of ITO plates was etched to avoid shorting of the circuit while binding. We observed 

the dewetting of the Bi2S3 layer from the ITO substrates when more concentration 

than the specified in experimental section was used for casting. Slow evaporation of 

Bi2S3 suspension of the NPs helped in achieving a high-quality active layer. Then, 

another ITO plate was sandwiched with binder clips to make the final device. An 

identical parallel ITO electrode structure was used to support the charge collection 

(Figure 5.10). Figure 5.11 explains the working principle of the device. Illumination 

by light generated a photocurrent while charge separation occurred in ITO junctions. 

Three devices were analysed to check the reproducibility of performance. The 

performance of the device was stable in air and no degradation was observed after 

two months. 
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Figure 5.11.  Energy level diagram of the device components. 

5.4.2. I-V Studies 

We evaluated I-V characteristics of the devices made from Bi2S3 nanoflakes. Figure 

5.12 shows the representative I-V curves of devices under dark and illuminated 

conditions.  Illumination of device by green light (532 nm, 122 W. m
-2

) showed the 

enhanced photoconductivity compared to dark condition (I532 nm ≈ 1.5× Id). Both 

dark and illuminated conditions exhibited a linear response. The linear behaviour 

indicated that Ohmic contact was established between the nanoflakes and the ITO 

[57]. The change in slope of the curves between dark and illuminated conditions 

specified increase in current with the illumination which indicates high sensitivity. 

We have observed photoexcited current of 50 µA at the bias voltage of 2 V. 

Compared to the photocurrent (46 µA) generated by the device of similar Bi2S3 

architecture reported earlier [23], we have achieved slightly higher photocurrent of 

50 µA at the increased voltage (2 V). Thus, the capping agent free nature of the NPs 

enhanced the photocurrent. The observed photocurrent generation even below 1 V 

can be attributed to the low resistance of the devices. Above 1 V, the difference 

between the dark current and photocurrent increased because the higher voltages 

enhanced the separation of photogenerated electrons and holes. The error bar in the 

I-V curves exemplified the stability of the device and the reproducibility of data. 

Even though ITO plates were bound physically, there was no breakdown of the 

device during measurements. All these findings indicated that the capping agent free 
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Bi2S3 nanoflakes exhibit considerable photoresponse under the green light 

illumination.  

 

Figure 5.12. Two probe I-V measurements (532 nm, 122 W. m
-2

). 

It is to be mentioned that considerable dark current was observed in the 

devices which can be attributed to trap-assisted current [58-62] and minimal 

resistance (Section 5.4.5). Since the NPs did not have capping agent on the surfaces, 

there were more surface traps and less resistance [57-61]. The charges might be 

trapped in the devices and contribute to the current in dark conditions. It seems that 

the capping agent free surfaces generated more surface traps leading to moderate 

device performance. However, we have accomplished the workable photoconductor 

with a simple device design. Hence, the synthetic method or fabrication procedure 

requires modification to achieve a balance between surface traps and better 

conductivity.  

5.4.3. Intensity dependent studies 

We examined the effect of illumination on the photocurrent (Figure 5.13) by 

exposing the device to green light of varying intensity but at a fixed wavelength. 

Interestingly, the photocurrent increased linearly with the intensity of illuminated 

light according to the power law I  P
0.070

. It was observed that photocurrent rose 

from 37 µA (at dark) and reached a maximum of 44 µA at the 50 W. m
-2

. The linear 
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increase in the current with the green light indicates more carrier generation in the 

device. Compared with a standard Bi2S3 based photodetectors (I  P
0.77

) [27], we 

have observed little power dependence in the present system. The low 

responsiveness may be attributed to the reflective ITO glass substrates [63] and 

surface trap based recombination centers [64]. We have tested the device up to 50 

W. m
-2

 without damaging the device performance. These findings indicated the 

stability of device without any break-down and the robust nature of the Bi2S3 

nanoflakes at an incident light of high intensity. In summary, the high-intensity 

illumination can improve the photoresponse of the Bi2S3 nanoflakes. 

 

Figure 5.13. Intensity-dependent measurement of the device. 

5.4.4. Transient studies  

We next evaluated the use of Bi2S3 as a photodetector by transient state 

measurements (Figure 5.14). Square wave pulse of 50 W. m
-2

 with the interval of 40 

s was given as an input optical signal to the device and output current was measured. 

While turned on, the pulse photocurrent increased from 4.5 nA to 5.6 nA.  The photo 

current reached the study state and sustained until it is switched off. The 

photocurrent curves replicated the pattern of input optical signals. The rise time of 

the device was calculated as 1.11 ± 0.10 s and decay time was 2.06 ± 0.21 s (Figure 

5.15 and Table 5.1).  Rise time was calculated from the interval of 10-90% of its 
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peak value while the decay time was calculated from the range of 90-10% of its peak 

value. Since the rise and fall curves are symmetric, the device can produce reliable 

photodetection. The photocurrent was almost constant during all the cycles. The 

photocurrent On: Off switching current ratio was 1:1.3. Every cycle was identical 

and reproducible without any detectable degradation in the device performance. 

Photocurrent was switchable to the on-off ratio even after the 700 s. Reversibility 

and stability of photocurrent in the transient studies exemplified the performance of 

the devices. It is to be mentioned that we have achieved the rise and decay time 

without any device structure optimization. All these observations indicated that 

response and decay time were in seconds and the device can detect the fast varying 

optical signals. 

 

Figure 5.14. Optoelectronic properties of the devices. Transient measurements of the 

device. For the comparison, Input square pulse is also shown.  
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Figure 5.15. Optoelectronic properties of the devices. A magnified cycle of the transient 

studies.  

 

Table 5.1. Transient studies of Bi2S3 photodetector. Values measured from Figure. 

5.15. 

Cycle Tr  (s) Td (s) 

1 0.82 2.02 

2 1.78 1.40 

3 1.01 2.96 

4 0.99 2.88 

5 1.04 1.76 

6 1.01 1.49 

7 1.19 2.14 

8 1.05 1.89 

Mean 1.11 2.06 

Standard 
deviation 

0.10 0.21 
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5.4.5. Impedance analysis 

With the intention of making electronic grade nanomaterials, we designed the 

HMDS-assisted method for making capping agent free NPs [49, 50, 51]. Organic 

impurity-free NPs expected to have better carrier mobility and hence good 

conductivity [55]. Hence, impedance analysis was carried out to analyse the effect of 

the absence of the capping agent on the surfaces. Impedance measurements were 

performed using the two probe method. Fully expressed semicircles were observed 

in the analyses (Figure 5.16). The resistance was directly measured by extrapolating 

the semicircle at the lower frequencies in the Nyquist plot and was found to be 3.15 

± 0.02 kΩ. It was in the optimal range of the device operation. There were no other 

types of resistances (semicircles) observed in the measurements. The small 

resistance was also responsible for good ohmic contact and linear response in I-V 

studies. Thus, present synthetic procedure yielded low-resistance NPs for a better 

optoelectronic application. 

 

Figure 5.16. Nyquist plot of Bi2S3 nanoflakes. Dots are experimental data, and the solid lines 

are trend line. Inset showing the measurement design (exploded view) of the impedance 

analysis. 
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5.5 Summary 

We have developed a solution phase synthetic method for the synthesis of Bi2S3 NPs 

with the capping agent free surfaces to enhance the photoresponse. Using the 

HMDS-assisted method, 2 g of the Bi2S3 nanoflakes was produced. The method was 

a straight forward and scalable method for synthesis of Bi2S3 flakes. A prototype 

device photodetector was fabricated from Bi2S3 nanoflakes using dry casting 

method. The device exhibited a linear response to the intensity of light under 

illumination and had repose time of 1.1 s. We found that higher light illumination 

can enhance photoresponse of the present system. Further, Bi2S3 nanoflakes had a 

resistance of 3.15 ± 0.02 kΩ which was in the optimal range photodetector operation. 

Altogether, we have demonstrated simplicity in the synthesis, processing and device 

making. We have also shown that synthesis and device making can be achieved 

using a minimum energy under ambient conditions. 
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  Chapter 6

Synthesis of ternary metal chalcogenide 

nanoparticles for solar cell device fabrication 

Abstract  

Ternary metal sulphide nanoparticles (NPs), CuInS2, Cu2SnS3, and Cu3SnS4, were 

synthesized using the modified hexamethyldisilazane (HMDS) - assisted synthetic 

method. The structure, shape and the composition of these nanomaterials were 

investigated with powder X-ray diffraction (XRD), Field Emission Electron 

Microscopy (FESEM) and Energy Dispersive X-ray Analysis (EDX). The PXRD 

pattern of CuInS2 showed tetragonal structure. FESEM images of CuInS2 NPs 

showed 10-20 nm particle of spindle-shaped morphology. PXRD patterns of 

Cu2SnS3 and Cu3SnS4 showed tetragonal and orthorhombic structures respectively. 

FESEM images of Cu2SnS3 and Cu3SnS4 depicted particles having a cauliflower-like 

morphology with the sizes ranging 30-50 nm. The EDAX analysis of CuInS2, 

Cu2SnS3, and Cu3SnS4 disclosed no signal for any organic moieties confirming the 

purity of the materials. A preliminary attempt was made to fabricate solar cell 

devices by drop casting using these ternary metal chalcogenides and their efficiency 

was measured. Based on the initial analysis, the fabricated devices were showing 

some response, but the fabrication procedure needs to be optimized. 
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6.1. Introduction  

The band gap of semiconductor NPs can be tuned by varying the particle size or by 

tuning constituent stoichiometries in alloyed NPs. However, the size dependent 

properties will disappear once the NPs are deposited onto a thin film and undergo 

thermal process for different applications. In contrast, composition control is a 

possible route to fabricate semiconductor NPs with tunable band gaps. Furthermore, 

various band gaps can be conveniently achieved through variation of composition in 

multicomponent NPs even under a fixed size. For example, the use of two different 

metals allow access to the band gaps and not accessible to binary metal 

chalcogenides [1-3].  

The typical ternary metal chalcogenide system possesses two metals each 

with oxidation states of +1 and +3 in permutation with a pair of chalcogens each in 

oxidation state -2. This system is described as an I–III–VI2. Hence, recently 

researchers have turned their attention towards ternary nontoxic I-III-VI2 materials 

such as CuInS2 and CuInSe2 NPs [4]. Among the various, I–III–VI2 compounds, 

CuInS2 is a promising material for photovoltaic applications owing to its high 

absorption coefficient, also the direct band gap of 1.53 eV, which is well matched 

with the solar spectrum [5]. The latest report shows the potential use of CuInS2 NPs 

in solar cell devices with power conversion efficiencies reaching ~5%. Very recent 

reports have demonstrated high-efficiency green QDSC based on CISZ QD 

sensitizer. These solar cells show an unprecedented champion cell efficiency of 

7.04% and a certified efficiency of 6.66% [6]. Also CuInS2 NPs are important in 

biolabeling [7] and light-emitt         s  8   u  t  t   r s   -tu         ss       t   

r   t  t      r-   r r   r       55     85       9    

Another important class of ternary systems is I–IV–VI combination. They 

have potential applications in photovoltaic cells, electrochemical devices and 

photocatalytic material [10]. Among them Cu–Sn–S (CTS) system is a P-type 

semiconductor having a high absorption coefficient (10
-5

 cm
-1

) and tunable band gap 

(1.1-1.5 eV), which covers the optimal solar spectrum [11]. They have many crystal 

structures namely cubic, tetragonal, wurtzite, orthorhombic, mohite, triclinic and 



Ternary metal sulphide NPs 

149 
 

anorthic [12]. Among these structures, tetragonal is the stable structure, while zinc 

blende and wurtzite are metastable structures. The CTS system includes Cu2S–SnS2, 

Cu2SnS3 [13, 14], Cu4SnS4 [15], Cu4Sn7S16 [14] and Cu4SnS6 [16] system. 

It was observed that, efficiency of CTS based solar cells varied depending on 

the adopted synthetic method. From Table 6.1, it is quite clear that there is much 

greater scope to improve PCE of CTS solar cells further.  However, very few reports 

describe the bulk synthesis of these compositions. 

Table 6.1. Reported efficiencies for the CTS based solar cells. 

Method of preparation Efficiency (PCE) (%) Reference 

electrodeposition 0.94 17 

milling process 1.94 18 

direct liquid coating(DLC) 2.00 19 

coevaporation 3.66 20 

coevaporation 4.63 21 

 

Various methods like solvothermal, elemental hydrothermal methods, single-

source molecular precursor, microwave irradiation and hot injection technique are 

available for the synthesis of ternary metal chalcogenides like CuInS2 [22-26] and 

CTS [17, 27-33]. These synthetic methods usually require high temperature, more 

reaction time, special devices, and some of them use highly toxic materials. Hence, 

to overcome these problems, we have developed a simple methodology for the 

synthesis of suitable ternary metal chalcogenides. Similar to the discussion in 

Chapter 1 (Section 1.5), it is necessary to synthesize the quantum dot NPs without 

any organic molecules surrounding it as capping agents. The present chapter 

describes synthesis of ternary metal chalcogenides such as CuInS2, Cu2SnS3 and 

Cu3SnS4 NPs by solution phase without using any surfactants or templates. 
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6.2. Experimental section  

6.2.1. Materials and instruments 

The chemicals CuCl2, InCl3, SnCl2 and thiourea were purchased from Sigma-Aldrich 

and used as such without further purification. Solvents were purified according to 

standard literature procedures. The reactions were carried out using a standard 

Schlenk line technique. Instrumentation and sample preparation are similar to the 

one discussed in Chapter 2 and Section 2.2.4. 

6.2.2. Common synthetic procedure for In2S3, CuInS2, Cu2SnS3 and Cu3SnS4 

nanoparticles 

Metal sources (metal halides), thiourea and excess of 1,1,1,3,3,3-

hexamethyldisilazane [HN(SiMe3)2] (HMDS) were added into a 50 mL round 

bottom flask and the reaction mixture was refluxed at 130 °C (Scheme 6.1) for 3 h. It 

was observed that the reaction mixture turned to black. The unreacted HMDS and 

volatile side products were removed by applying high vacuum. The remnant was 

repeatedly washed with methanol, tetrahydrofuran (THF), ethanol and acetone (10 

mL × 3) to remove unreacted precursors. The resultant NPs were dried in a vacuum 

oven at a temperature of 120 °C for 4 h before characterization. Mole ratio and exact 

quantity used to synthesize various ternary metal chalcogenide are listed in Table 

6.2. 

 

 

 

 

 

 

Scheme 6.1. Generalised reaction of synthesis of ternary metal chalcogenides. 
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Table 6.2. Experimental details for the synthesis of metal chalcogenides 

Nanoparticle 

 

Chemical Ratio 

(M’P : M”P : TU) 

 

Moles (mmol) Weight (g) 

In2S3 Incl3 2 0.90 0.20 

Thiourea 3 1.30 0.10 

CuInS2 CuCl2 1 1.40  0.20 

InCl3 1 1.40  0.30 

Thiourea 2 2.80  0.21 

Cu2SnS3 CuCl2 2 1.40  0.20 

SnCl2 1 0.46  0.13 

Thiourea 3 1.80  0.16 

Cu3SnS4 CuCl2 3 1.40  0.20 

SnCl2 1 0.70  0.09 

Thiourea 4 2.10  0.14 

 

6.2.3. Fabrication of device 

Following steps are involved in device fabrication,  

I. Etching of the substrate: 

Commercially available ITO/glass substrates which are having surface sheet 

r s st  c  ~1  Ω/squ r      1 1    t  ck  ss w r  us      t   s   r c      v c  

fabrications. They were cut into pieces of 15 × 15 mm using a glass cutter. To 

prevent short circuits between electrodes, some part of ITO was removed by etching, 

while the other portion was covered by adhesive tape. The exposed portion of ITO 

substrate was kept in an acidic mixture, containing 9 parts concentrated hydrochloric 

acid, 1 part nitric acid and 10 parts of water for more than 30 min to remove the 

metallic layer. Then adhesive tape was detached, and the etched substrates were 

cleaned with distilled water.  

II. Cleaning the substrate:  

Samples of suitable size were cleaned in acetone for 5 min, then in absolute ethanol. 

Subsequently, substrates were rinsed with plenty of deionized water, after that 

substrates were dried under a nitrogen flow. The samples were stored in glass 

containers, which were cleaned using the similar procedure. 

III. Fabrication:  

We have fabricated the device as follows. A CuInS2/PEDOT:PSS nanocomposite 

counter electrode (CIS(or)CTS/PEDOT:PSS CE) was prepared by dispersing CuInS2 



Chapter 6 

152 
 

(CIS) powder (0.2 g) in a PEDOT:PSS aqueous solution (0.40 g) and sonicating for 

30 min to form a well-dispersed composite solution. The composite solution was 

drop-cast onto ITO glass, naturally dried to evaporate water, and subsequently 

sintered at 70 °C for 2 h at an ambient atmosphere. Another layer of CdS was 

prepared by drop casting 0.1 g mL
−1

 of a CdS NPs dispersion (in toluene) on ITO 

conductive glass followed by drying to remove solvent (toluene) and annealing at 

120 °C for 30 min at an ambient atmosphere. Al sheet was used as a back contact 

counter electrode. The thickness of Al sheet was about 200 nm. A analogous 

procedure was used for CTS also.  

6.3. Results and discussion                       

6.3.1. Synthesis and characterization 

In order to prepare ternary metal chalcogenides without capping agents, we 

considered following factors while designing the reaction methodology. 

 Compared to binary metal chalcogenide NPs, ternary or higher order metal 

chalcogenide NPs synthesis needs particular attention to control the reactivity 

of two or three cationic precursors. Thus, finding a suitable reaction 

condition to avoid the formation of undesirable side products are more 

complicated than binary compounds synthesis. 

 During the synthesis of ternary and higher order metal chalcogenide NPs, 

there is a chance to form corresponding binary metal chalcogenides due to 

the difference in rates of reactions and metal precursors. For example, during 

the synthesis of CuInS2, CuS or Cu2S and In2S3 phases are also formed.  

 To attain finest crystallinity for the ternary or higher order metal 

chalcogenides NPs, we need to maintain slow growth rate.    

Initially, we have identified (Chapter 3) reaction condition suitable for the 

synthesis of copper chalcogenides from CuCl2 by reacting with thiourea in the 

presence of HMDS. In next step, to understand the suitable condition for the 

formation of In2S3, InCl3 was reacted with thiourea in HMDS at reflux temperature. 

Interestingly, In2S3 was formed within 3 hours (Scheme 6.2). The product obtained 

in this reaction was characterized by powder X-ray diffraction pattern, EDAX 
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analysis (Figure 6.1) and FESEM (Figure 6.2 showing particles size 20-50 nm). 

Thus, the precise understanding of reactivities of various metal sources in the 

synthesis of binary metal chalcogenides provided a reasonable extension of 

developed methodology for the synthesis of ternary metal chalcogenides. 

 

 

 

 

 

Scheme 6.2. Synthesis of In2S3 nanoparticles. 

 With the aim of producing organic free CuInS2, Cu2SnS3, and Cu3SnS4 NPs, 

we chose reacting thiourea with metal sources in HMDS at reflux temperature. The 

generalized reaction of synthesis of ternary metal chalcogenides is shown in Scheme 

6.1, while the stoichiometric ratios are depicted in Table 6.2. Interestingly, all these 

reactions yielded individual products in good yields within 3 h without using any 

template or surfactant. Presumably, since the reactivities of CuCl2, InCl3, and SnCl2 

with HMDS were similar, it was possible to obtain the targeted products easily. 

 

Figure 6.1. (a) PXRD of In2S3 nanoparticles. (b) EDX spectrum of In2S3 nanoparticles. 
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Figure 6.2. (a, b and c) FESEM images of In2S3 nanoparticles at high magnification levels. 

In the previous chapters, we obtained surfactant/capping agent free binary 

NPs. By following the similar strategy, we have synthesized ternary metal 

chalcogenides NPs without any capping agent. The present standardized reaction 

conditions yielded tetragonal phase of CuInS2, Cu2SnS3 and orthorhombic phase of 

Cu3SnS4 NPs. While literature showed the use of vigorous reaction condition for the 

synthesis of higher order metal chalcogenides, we obtained the ternary metal 

chalcogenides NPs by maintaining simpler reaction condition. 

The synthesized products were characterized using Powder X-ray Diffraction 

(PXRD) Pattern, Energy Dispersive X-ray analysis (EDAX), Field Emission 

Scanning Electron Microscopy (FESEM) and Fourier Transform Infrared 

Spectroscopy (FT-IR). The PXRD pattern of CuInS2 NPs is shown in Figure 6.3, 

which showed the obtained product had tetragonal crystal structure with body-

centred lattice (JCPDS # 89-6 95   T    r        r ct    p  ks w r    t ct    t 2θ 

= 27.8, 32.3, 46.3 and 54.7 that correspond to (1 1 2), (2 0 0), (2 2 0) and (3 1 2) 

planes of the tetragonal structure. Figure 6.4 depicts the PXRD pattern of Cu2SnS3 

NPs, which showed that product had tetragonal body-centred crystal structure 

(JCPDS # 89-4714   T     t       r        r ct    p  ks  t 2θ = 28 6, 47 3, 56.1 

correspond to (1 1 2), (2 2 0) and (3 1 2) planes of tetragonal structure. Figure 6.5 
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represents the PXRD pattern of Cu3SnS4 NPs, which showed that product had 

orthorhombic phase primitive crystal structure (JCPDS # 36-0218). The obtained 

broad diffract    p  ks  t 2θ = 28 6, 47 5, 56 7 c rr sp    t   2 2 2 ,    4 4       2 6 

2) planes of the orthorhombic structure.  

Examination of PXRD pattern of CuInS2, Cu2SnS3 and Cu3SnS4 showed the 

absence of any other characteristic peaks corresponding to copper chloride, CuS, 

copper oxides (CuO, Cu2O), indium sulphide (In2S3) and tin sulphide (SnS). There 

was no other phase of copper indium sulphide (CuInS2) and copper tin sulphide 

(Cu2SnS3 and Cu3SnS4) present. This observation was showing the phase purity of 

products. It is interesting to observe that HMDS assisted reaction had perfect control 

to produce required stoichiometric products (Cu2SnS3/Cu3SnS4) selectively. 

 

Figure 6.3. (a) PXRD of CuInS2 nanoparticles. (b) EDX of CuInS2 nanoparticles 

 

 

Figure 6.4. (a) PXRD of Cu2SnS3 nanoparticles. (b) EDX of Cu2SnS3 nanoparticles 
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Figure 6.5. (a) PXRD of Cu3SnS4 nanoparticles. (b) EDX of Cu3SnS4 nanoparticles 

The samples of ternary systems were analysed in Field Emission Scanning 

Electron Microscopy to investigate on morphologies. FESEM images of CuInS2 

(Figure 6.6a, b and c) showed spindle-shaped morphology with the size of 10-20 nm. 

In case of Cu2SnS3 (Figure 6.7a, b, and c) and Cu3SnS4 (Figure 6.8a, b, and c) 

FESEM depicted cauliflower like morphology for NPs of sizes varying from 30 to 

50 nm.  

 

 

Figure 6.6. (a, b and c) FESEM images of CuInS2 nanoparticles at high magnification levels 
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Figure 6.7. (a, b and c) FESEM images of Cu2SnS3 nanoparticles at high magnification 

levels 

 

 

Figure 6.8. (a, b and c) FESEM images of Cu3SnS4 nanoparticles obtained from the 

different regions of the sample 
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Figures 6.3.b, 6.4.b and 6.5.b are showing the Energy Dispersive X-ray 

analysis (EDAX) spectra of CuInS2, Cu2SnS3 and Cu3SnS4 NPs respectively. The 

elemental analyses from various samples of all the three samples of CuInS2, Cu2SnS3 

and Cu3SnS4 NPs were consistent. The analyses proved the presence of elements Cu: 

In: S and Cu: Sn: S only, no other elements including carbon was absent. This 

observation confirmed the absence of any carbonaceous mass in CuInS2, Cu2SnS3 

and Cu3SnS4 NPs. The purity of products was investigated by FTIR spectra of 

obtained NPs. The FTIR spectra of (Figure 6.9, 6.10 and 6.11) synthesized CuInS2, 

Cu2SnS3, and Cu3SnS4 NPs showed no signal corresponding to any organic 

molecules, confirming their absence around the particles. It indicated the purity of 

product.  

 Absorbance and band gap are the two important factors that decide the future 

and application of the material. Solid UV–Vis diffused reflectance spectra were 

recorded for the synthesized ternary systems of CuInS2, Cu2SnS3 and Cu3SnS4 NPs 

(Figure 6.12 to Figure 6.14). The absorption maxima and the band gap of surfactant-

free CuInS2, Cu2SnS3, and Cu3SnS4 NPs are listed in Table 6.3. All these ternary 

systems have broad absorption spanning up to NIR region. The band gaps of these 

materials are also suitable for their use in solar cells.  

Table 6.3. The absorption maxima and band gap values of the synthesized ternary 

systems 

Material Absorption maxima (nm) Band gap (eV) 

CuInS2 500 1.40 

Cu2SnS3 550 1.40 

Cu3SnS4 600 1.15 
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Figure 6.9. FT-IR spectrum of CuInS2 

 

 

Figure 6.10. FT-IR spectrum of Cu2SnS3 
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Figure 6.11. FT-IR spectrum of Cu3SnS4 

 

 

Figure 6.12.  UV–Vis–NIR spectrum of as prepared CuInS2. Inset: band gap (1.40 eV) 
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Figure 6.13.  UV–Vis–NIR spectrum of as prepared Cu2SnS3. Inset: band gap (1.40 eV) 

 

 

Figure 6.14.  UV–Vis–NIR spectrum of as prepared Cu3SnS4. Inset: band gap (1.15 eV) 
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6.4. Fabrication of CIS/CTS based solar cell and device performance 

The standard structure of solar cells based on metal chalcogenides is shown in Figure 

6.15. These devices consist of a glass substrate, front contact electrode, absorbing 

layer and back contact electrode [34]. Generally, CdS is used as buffer layer in CIS 

and CTS based solar cells. Molybdenum is back contact because of the matching of 

its work-function with active layer. However, we have Al foils instead of Mo due to 

the ease of fabrication (Sputtering unit is required to produce Mo layer). 

 

  

Figure 6.15.  Schematic illustration of a typical CIS/CIGS/CTS photovoltaic device. Sunlight 

enters through the top layer of the device (the transparent conducting oxide)  

The organic molecules surrounding the chemically synthesized NPs are 

insulators, i.e. they hinder the mobility of electrons. This hurdle would decrease the 

efficiency of solar cells fabricated using those NPs surrounded by insulating organic 

molecules. Therefore, to understand the effect of organic surfactant free NPs on the 

efficiency of CIS and CTS based solar cells, we have made preliminary attempt to 

fabricate devices. As prepared surfactant molecules free ternary systems, CIS and 

CTS NPs were used to fabricate the solar cell device of the structure of 

glass/ITO/PEDOT:PSS/CIS (or) CTS/CdS/Al. We have fabricated the devices in 

different sizes as shown in Figure 6.16. The active area of the solar cell was prepared 

by keeping all deposited materials on a defined area and by scratching out all 

material from all other parts of ITO substrate. 
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Figure 6.16.  Photographs of solar cells in different sizes fabricated using CIS and CTS 

materials that are synthesised during present work. 

 Adhesion of materials in layers is the primary requirement for the success of 

device making. If there are no proper layers of materials, overlapping of materials 

will occur, leading to short-circuit in the cell. Figures 6.17 and 6.18 represents the 

cross-sectional view and elemental mapping of the fabricated device obtained from 

the investigation by FESEM. From the picture, it is visible that materials are sticking 

to each other in layers.   

 
 

  

 

Figure 6.17.  (a) Pictorial representation of structure of the solar cell device. (b) Image of the 

fabricated device (1×1 cm
2
 area cell). (c) Cross sectional view of the device. 
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Figure 6.18.  Cross sectional view and elemental mapping of the device (solar cell). 

The performance of devices are analyzed using standard I-V characteristics 

under AM 1.5 solar simulator (polychromatic light intensity of 100 mWcm
-2

 

obtained using a 150W Xe; Science Tech) coupled with electrochemical workstation 

(Zahanner Zenium).  Each device was placed under AM 1.5 illuminations and I-V 

curves were obtained by connecting ITO and Al electrodes of assembled device to 

the electrochemical workstation. The I-V curves obtained from the fabricated CIS 

and CTS based devices are shown in Figures 6.19 and 6.20 respectively. The 

extracted short-circuit current (Isc), open circuit voltage (Voc) and fill factor (FF) 

values for the device are listed in Table 6.4.  

Among the CIS and CTS based devices, the CIS-based one had considerable 

FF of 70% while others showed FF of 25-26% under our laboratory condition. From 

the data obtained from preliminary device fabricated in our lab, it is observed that 

the device performance was poor and procedure of fabrication is required to be 

standardized.  
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Figure 6.19.  Current- voltage (I-V) curve determined after measurement of a CuInS2 (CIS) 

fabricated device. 

 

 

 

Figure 6.20.  Current- voltage (I-V) curve determined after measurement of CTS based (a) 

Cu2SnS3 and (b) Cu3SnS4 fabricated device. 
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Table 6.4. I-V characteristics of fabricated devices 

Sample Isc 

(μA) 

Voc 

(mV) 

FF 

(%) 

CuInS2 0.011 0.49 70 

Cu2SnS3 48.24 0.55 26 

Cu3SnS4 208.9 0.61 25 

 

6.4.1. Future plan for the fabrication of device  

For achieving the efficiency of the ternary systems fully, it is required to change the 

architecture of the device in the following fashion; Glass/ITO/CdS/CIS (or) CIGS 

(or) CTS/Mo/glass. The back contact electrode, i.e. Mo layer is to be coated by the 

sputtering process. The thickness of the metal (Mo) layer/film should be about 100 

nm.  

6.5. Summary  

(1) We have explored the synthesis of surfactant/template free ternary metal 

chalcogenides, CuInS2, Cu2SnS3 and Cu3SnS4 NPs by modified HMDS- assisted 

synthetic method. FT-IR spectra and EDAX analyses proved the absence of organic 

surfactant molecules as the capping agent. 

(2) The synthesized products were characterized by PXRD, EDAX, FESEM, UV–

Vis and FT-IR data. FESEM images of CuInS2 showed 10-20 nm size of spindle-

shaped morphology. In case of Cu2SnS3 and Cu3SnS4 NPs of size ranging 30-50 nm 

and cauliflower like morphology were obtained.  

(3) The preliminary attempt of devices fabrication showed that the materials 

synthesized in the present work were active in the photovoltaic phenomenon.  

However, the procedure needs to be optimized to improve the performance of solar 

cells and to understand the effect of surfactant free NPs on the efficiency of solar 

cell.  
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                                                       Chapter 7

Summary and conclusions 

Organic surfactant molecules (known as capping agents or stabilizing agents) 

surround the NPs obtained by synthetic chemical methods. The presence of these 

unwanted capping agents hampers the chances of harnessing benefits of surface-

dependent properties to their full potential. Therefore, we have developed a novel 

and single step HMDS-assisted synthesis to produce surfactant free binary and 

ternary metal chalcogenide NPs. The method was a modification of the synthesis 

developed in our lab earlier. Since the solubility of reactants plays a significant role 

in any reaction medium and decides the product(s) formation, we have modified the 

HMDS – assisted reaction changing the metal precursor, sulphur source and the 

reaction conditions. Overall, hexamethyldisilazane played multiple roles as capping 

agent, reductant, and solvent.  

Using this synthetic method, we have produced CuS, Cu2S, CdS, Bi2S3 and 

Ni3S4 NPs, which had clean surfaces. We have also synthesised surfactant/template 

free ternary metal chalcogenides, CuInS2, Cu2SnS3 and Cu3SnS4 NPs by modified 

HMDS- assisted synthetic method. The method was utilised in the synthesis of a 

specific stoichiometric product selectively in a pure form when various 

stoichiometric products of the material are known. The rare phases of metal 

chalcogenides NPs were produced selectively in a simple bottom-up synthesis 

without using any template or sensitive organometallic precursors. All these NPs 

were stable for several months as confirmed by time-dependent PXRD analyses. 

This result indicated that stabilization by capping agent is not required after NP 

formation for metal chalcogenides. 

The rare phase of nickel sulphide family, Ni3S4 was prepared in the pure 

form without mixing of any other stoichiometry by modified- hexamethyldisilazane 

assisted synthesis. The reactions yielded phase pure spherical NPs of the size ranging 

8- 29 nm. We have demonstrated Ni3S4 NPs as a versatile catalyst for nitro 

hydrogenation of both activated and deactivated nitrobenzene. The NPs were reused 
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ten times without loss of their catalytic activity. These Ni3S4 NPs showed enhanced 

catalytic activity because of their clean surfaces without any surfactant molecules 

around them.  

CuS and Cu2S nanostructures were synthesized in stoichiometry controlled 

reactions using the modified HMDS-assisted synthesis. This method yielded 

hexagonal CuS NPs with average size of 22 ± 6 nm and cubic Cu2S NPs with 

average size of 52 ± 10 nm. We have established an efficient photocatalytic activity 

of CuS nanostructures through photocatalytic degradation of Rhodamine B dye. It 

was observed that the CuS flowers rapidly decomposed Rhodamine B in solution (12 

min). The productive catalytic activity was rationalized by invoking clean surfaces 

of NPs. We have also confirmed the influence of illumination intensity on the 

efficacy of the catalyst. Recyclability studies showed that photocatalyst could be 

recycled up to three times. SEM analysis confirmed that flower architectures 

responsible for the photocatalytic activity. 

Template-free cadmium sulphide NPs were synthesised by modified HMDS-

assisted synthesis. This method yielded hexagonal crystal structure of CdS NPs with 

the size of 12- 42 nm. The synthesized materials were employed for the reduction of 

aqueous Cr(VI) under visible light (λ > 420 nm) irradiation. The prepared CdS NPs 

demonstrated better performance for Cr(VI) removal at acidic pH. It was observed 

that the photocatalytic activity of CdS NPs in aqueous suspension exhibited 

immense removal capacity for toxic Cr(VI), due to its smaller particle size and well 

dispersibility. 

Orthorhombic Bi2S3 NPs were synthesized by modified HMDS-assisted 

synthesis. This method yielded orthorhombic crystal structure of Bi2S3 NPs with the 

size of 15- 82 nm. Bi2S3 nanoflakes were synthesized by the wet chemical method 

and demonstrated its photo-responsivity through the fabrication of prototype device 

by dry-casting of Bi2S3 suspensions on the electrodes. The device exhibited a linear 

response to the intensity of light under illumination and had the repose time of 1.1 s. 

We found that the higher light illumination can enhance photoresponse of the present 

system. Further, Bi2S3 nanoflakes had the resistance of 3.15 ± 0.02 kΩ which was in 
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the optimal range photodetector operation. A key advantage of the present synthetic 

approach is the synthesis and fabrications were carried out in the ambient conditions.    

Surfactant/template free ternary metal chalcogenides like CuInS2, (CIS) 

Cu2SnS3 and Cu3SnS4 (CTS) NPs were synthesized by modified HMDS-assisted 

synthetic method. The reaction yielded CuInS2 NPs of size 10-20 nm having spindle-

shaped morphology. Through this synthetic method, Cu2SnS3 and Cu3SnS4 NPs of 

size 30-50 nm having a cauliflower-like morphology were obtained. We have 

attempted to fabricate the solar cell using CIS and CTS NPs so as to understand the 

effect of surfactant free NPs on the efficiency. However, the assembled device had 

photovoltaic performances of relatively low current densities (CIS 0.011 μA cm
-2

 

and for CTS up to 208 μA cm
-2

) and open circuit voltage (CIS 0.49 mV and for CTS 

up to 0.55-0.61 mV). From these observations, we have concluded device fabrication 

needs to be standardised to achieve high efficiency.    

The solubility of NPs was a prominent issue in the present synthetic 

procedure of HMDS-assisted synthesis. All the obtained materials were insoluble 

making it difficult in the fabrication, but the same made it suitable to function as 

heterogeneous catalysts. Hence current method has to be improved for the better 

passivation of surface and solubility. 



ChemistrySelect 2017, 2, 4753 – 4758 
 

 

Supplementary material 

 

Figure S1. 
1
H and 

13
C NMR spectra of aniline 



 

176 
 

 

Figure S2. 
1
H and 

13
C NMR spectra of 4-chloroaniline 
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Figure S3. 
1
H and 

13
C NMR spectra of 4-bromoaniline 
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Figure S4. 
1
H and 

13
C NMR spectra of 4-iodoaniline 
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Figure S5. 
1
H and 

13
C NMR spectra of 4-aminophenol 
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Figure S6. 
1
H and 

13
C NMR spectra of 4-aminobenzonitrile 
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Figure S7. 
1
H and 

13
C NMR spectra of 4-aminobenzoic acid 
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Figure S8. 
1
H and 

13
C NMR spectra of benzene-1,4-diamine 



 Supplementary material 

183 
 

 

Figure S9. 
1
H and 

13
C NMR spectra of 1-methyl-2-nitrobenzene 
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Figure S10. 
1
H and 

13
C NMR spectra of benzene-1,2-diamine 
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a  b  s  t  r  a  c  t

The  capping  agents  present  on  the  surfaces  of  nanoparticles  unfavourably  modify  the  properties  of  the
nanostructures.  Particularly  in the  catalysis,  most  of the  potential  catalytic  centres  are  screened  by  the
capping  agents.  Therefore,  we  have  developed  a novel  method  of  synthesizing  stabilizer-free  CuS and
Cu2S nanostructures  for photocatalytic  applications.  These  nanostructures  were  synthesized  by modi-
fied HMDS  assisted  synthetic  method  at  130 ◦C. The  CuS  microflowers  were  constructed  by  self-assembly
eywords:
hotocatalysis
unctional nanoparticles
uS flowers

norganic materials

of  nanoflakes  which  was  grown  through  anisotropic  growth  of  (1 0 3) planes.  We  have  demonstrated
an  efficient  photocatalytic  activity  of CuS  nanostructures  through  photocatalytic  decomposition  of  Rho-
damine  B dye.  The  CuS  flowers  rapidly  decomposed  Rhodamine  B in solution  (12  min).  The  efficient
catalytic activity  is  explained  by invoking  clean  surfaces  of  nanoparticles.  We  have  also  demonstrated
the  influence  of illumination  intensity  on the  efficiency  of catalyst  and  the  recyclability.

©  2015  Published  by  Elsevier  B.V.
. Introduction

Colloidal syntheses of nanoparticles have opened enormous
pportunities for the uses of nanoparticles by offering liquid state
etals and semiconductors [1–10]. Furthermore, the colloidal

yntheses provided accesses to the complex nanostructures like
owers [11,12], dandelions [13], wafers [14], heterodimers [15],
ore-shell particles [16], fibrous materials [17], porous materials
18] and other hierarchical nanostructures. Generally, the physical

ethods of production of nanoparticles do not have control on the
omplex hierarchical structural formation. However, the reaction
onditions and reagents used in the chemical syntheses decide the
imensions and properties of the complex structures.

Microflowers are 3D-superstructures of intermediate size with
emarkable properties [19–25]. Microflowers have a unique mor-
hology; being in microscale but constructed by nanoscale flakes
nd therefore ensemble the properties of individual nanoflakes
oo. Thus, the structure helps in harnessing entire size depen-
ent properties all at the same time. Photocatalysis was one

mong many fields benefitted from the flower morphology [26–30].
ther than contribution of the nano size, flower morphology
rovides porous cavities for photocatalytic activity [31]. Among

∗ Corresponding author.
E-mail address: kmsc@uohyd.ac.in (K. Muralidharan).

1 Authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.molcata.2015.08.028
381-1169/© 2015 Published by Elsevier B.V.
various photocatalytic materials, copper sulphide gained attention
because of the low cost, abundance and tunability. Recently, copper
sulphide nanostructures showed improved photocatalytic perfor-
mance [32–40].

The surfactants/capping agents that present around/on the sur-
faces of nanoparticles unfavourably modify the properties of the
nanostructures. Case in point, most of the potential catalytic centres
in the nanoparticles are screened by the capping agents. However,
synthesizing nanoparticles for catalysis, without organic surfac-
tants but utilizing less energy, simple starting materials and simple
purification procedures is a challenging task [41,42]. Herein, we
have developed a direct synthesis of CuS microflowers assisted
by hexamethyldisilazane (HMDS) and their photocatalytic activity.
We  have found that the nanoflakes constructed these microflow-
ers. Using the same procedure, but by tailoring the stoichiometry
of reaction, Cu2S nanoparticles were also synthesised. HMDS used
in these syntheses is a multifunctional reagent with capping and
reducing abilities [43–45].

We  have also demonstrated an efficient photocatalytic activity
of CuS microflowers by photocatalytic degradation (within 12 min)
of the Rhodamine B solution. We  have investigated the influences of
illumination intensity, amount of catalyst and flower morphology
on the photocatalytic activity and quantified through rate constant
measurements. We  have also analysed the reason for the enhanced

photocatalytic activity of CuS microflowers compared to the similar
studies reported in literature [32–40].

dx.doi.org/10.1016/j.molcata.2015.08.028
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2015.08.028&domain=pdf
mailto:kmsc@uohyd.ac.in
dx.doi.org/10.1016/j.molcata.2015.08.028
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Scheme 1. Schematic Illustration of

. Experimental Section

All chemicals were purchased from Aldrich, and used without
urification.

.1. Synthesis of CuS Microflowers

In a typical synthesis (Scheme 1, Fig. S1), a reaction flask
ontaining copper (II) chloride (0.18 g, 1.4 mmol) and thiourea
0.10 g, 1.4 mmol) was degassed and flushed with dry nitrogen
as and then 1,1,1,3,3,3–bis(trimethylsilyl) amine (HMDS) (5 mL,
3.8 mmol) was injected into the flask. The reaction mixture was
tirred at around reflux temperature (∼130 ◦C) under inert condi-
ion. Although the formation of copper sulphide was instantaneous,
he reaction mixture was refluxed for 3 h to achieve uniform flower
istribution. At the end of reaction hour, a black precipitate of
uS was isolated. The side products and unreacted HMDS were
emoved by vacuum. Then the black precipitate was  washed with

ethanol (20 mL  × 3) followed by acetone (20 mL  × 3) at ambient
emperature to remove unreacted copper (II) chloride and thiourea
espectively. The final product was dried at 120 ◦C for 3 h before
nalysis. Using synthetic procedure discussed here, we have syn-
hesized copper sulphide nanoparticles up to 2.5 g, which showed
he potential ease of method to scale up for commercial production.

.2. Synthesis of Cu2S Nanoparticles

Synthetic procedure of Cu2S nanoparticles was same as the CuS
owers except for the reaction stoichiometric ratio (Scheme 1).
toichiometry was set as 1:0.5 excess for CuCl2 (0.2 g, 1.4 mmol),
hiourea (0.053 g, 0.7 mmol) and HMDS (capping agent, 5 mL,
3.8 mmol) respectively. Since an excess of HMDS was  present in
he reaction, the mole ratio of HMDS was maintained constant for
ll reactions. The reaction mixture was stirred for 3 h at room tem-

erature to avoid local concentration differences in the reaction
ixture. A black precipitate of Cu2S nanoparticles was obtained

fter 3 h of reflux. Modification of reaction time or temperature did
ot have any noticeable change in the product.
esis of CuS and Cu2S nanoparticles.

2.3. Photocatalysis

Decomposition of Rhodamine B in aqueous solution was studied
in the presence of CuS microflowers as photocatalyst. All photocat-
alytic decomposition experiments were conducted in a cylindrical
pyrex cell which was  kept ∼10 cm away from the light source to
avoid thermal effect. In a standardized procedure, 60 mg  of photo-
catalyst was added into the pyrex cell containing 60 mL aqueous
solution of Rhodamine B of 3 �M (1 g·L) concentration. Since it
was a heterogeneous catalysis, CuS was  added according to the
weight–ratio (60 mg  of CuS per 60 mL  of 3 �M of RhB). The solu-
tion was  stirred before illumination under dark to create adsorption
and desorption equilibrium (15 min). Blue LED controlled by Zahner
Zennium electrochemical workstation (Zahner, Germany) illumi-
nated the reaction mixture (454 nm, 200 W m−2). The reaction
mixture was bubbled by constant flow of atmospheric oxygen.
Analysing environments were maintained cool to avoid thermal
assistance in photocatalysis.

The Rhodamine B concentration was  monitored by colorimetry.
During the photocatalysis, samples (5 mL  ) were withdrawn period-
ically (1 min) using syringes. Then the samples were centrifuged to
remove residual catalyst particulates. This centrifugation process
also avoided the scattering of UV light by CuS particles in analy-
sis. Absorption spectra were collected until no changes observed
in the absorption maximum. Rhodamine B concentrations in each
sample were calculated by Beer Lambert law [c = A/(� × l)]. Where,
A = absorbance of dye at 553 nm,  � = molar absorption coefficient
[46] of Rh B (� = 87,000 M−1 cm−1), l = path length of cuvette (1 cm).
All absorption profiles were normalised for visual comparison. Rate
constants were calculated from the slopes of plot −ln(C/C0) versus
irradiation time (t). Rate constants were expressed in inverse min-
utes. To ensure consistency, all analyses were repeated three times
and standard errors were calculated.

To confirm recyclability, the catalyst was recovered by centrifu-
gation after every cycle. The recovered catalyst was  purified by
washing with methanol (10 mL  × 5) and acetone (10 mL × 2) and
dried under vacuum for 2 h to obtain in powder form, which was

used for recycling experiments and SEM analyses. Recycling exper-
iments were also conducted under the standardized conditions
mentioned above.
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Fig. 1. (a) Powder X-ray diffraction pattern of copper sulphide microflowers. The vertical lines represent standard diffraction pattern from JCPDS library. CuS flowers had bulk
hexagonal crystal structure. (b) EDAX spectrum of CuS microflowers. Peaks are labelled according to the energy values. Atomic ratio was 1:1. Peaks correspond to starting
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aterials, capping agent and carbonaceous materials were not observed. (c) FTIR sp
omparison. Absence of capping agent in CuS microflowers was  confirmed.

.4. Instrumentation

Powder X-ray diffraction analyses of materials were carried out
n Bruker D8 X-ray diffractometer with scan rate of 1◦ min−1 (Cu
� = 1.54 Å; operating voltage = 40 kV; operating current = 30 mA).
or scanning electron microscopic (SEM) studies, nanoparticles
ere dispersed in isopropyl alcohol and dry-casted onto ITO plates.

amples of EDAX measurements were mounted on a stub using a
onductive carbon tape. FESEM and EDAX analyses were taken in
ltra 55Carl Zeiss instrument with an operating voltage of 20 kV.
or TEM measurements, nanoparticles were suspended in iso-
ropyl alcohol and dry-casted on copper grids (200 mesh). TEM
icrographs were obtained using FEI Technai G2 20 STEM with

00 kV acceleration voltage. Solid—state UV–vis absorption spec-
ra were acquired using Shimadzu UV—3600 UV–vis spectrometer.
arium sulphate was used as filler. Liquid state UV measurements
for photocatalysis) were carried out from Cary 100 UV–vis spec-
rophotometer.

. Results and discussion

.1. Modified HMDS-assisted synthetic method

It is known that the solubility of reactants plays an important
ole in any reaction and decides the product(s) formed from the
eaction [44,45]. We  have developed a modified HMDS-assisted

ethod [41–43] to synthesize CuS microflowers wherein easily
oluble thiourea was used as the source of sulphur rather than
lemental sulphur. Elemental sulphur was soluble in HMDS only

t high reaction-temperature. In this reaction, copper(II) chloride
as reacted with thiourea (1:1) in HMDS to obtain CuS microflow-

rs (Scheme 1). Since thiourea was a soluble form of sulphur source
t room temperature and its removal after the synthesis was  easy.
m of copper sulphide microflowers. FTIR spectrum of HMDS is presented for visual

Solubility of thiourea provided control in the present reaction and
improved the quality of the materials obtained and further pro-
vided favourable condition to perform many reactions by adjusting
the stoichiometry. While varying the stoichiometry of the reac-
tion, Cu2S nanoparticles were obtained when copper(II) chloride to
thiourea ratio in the reaction was 2:1. Thus, the “modified HMDS-
assisted synthesis” afforded a methodology for the production of
both CuS microflowers and Cu2S nanoparticles.

To explain the role of the HMDS in these reactions, a controlled
reaction (CuCl2 + thiourea) was  performed. In this reaction, no cop-
per sulphide was formed in the absence of HMDS explaining the
necessity of HMDS to activate thiourea in the reaction. Dual role
of HMDS as solvent and its involvement in arresting the growth
of particles during syntheses in the HMDS-assisted methodology
was explained clearly in the previous reports [43–45]. HMDS is
presumed to play similar roles in this modified HMDS-assisted
synthetic methodology for the production of metal sulphide nano-
materials.

3.2. Characterization of CuS nanomaterial

PXRD analysis confirmed the formation of CuS nanostructures
and it crystal structure (Fig. 1a). In PXRD pattern obtained, the
peak positions were resolved and broadened. Two  dominant planes
(1 0 3) and (1 1 0) were observed. Similar to the products obtained
in other synthetic procedures, (1 1 0)CuS plane grew higher than
standard pattern [23,44]. Comparing with the standard diffraction
pattern, it was  concluded that CuS flowers had covellite crystal
structure (JCPDS# 06-0464; hexagonal) and no other stoichiomet-

ric copper sulphide phases were identified in the PXRD pattern.

To confirm the composition of copper sulphide, EDAX (Fig. 1b)
spectrum was  obtained, which showed the atomic ratio of flowers
as Cu:S = 1:1. The absence of chlorine (CuCl2) and carbon signals
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ig. 2. (a) TEM micrograph of a copper sulphide microflower. The flower was  constr
ere  9–35 nm (Dav = 22 ± 6 nm)  and length of flakes varied with the size of the flowe

ature  of flowers. Dominant (1 0 3)CuS plane is highlighted by a circle.

n the spectrum confirmed complete removal of starting materi-
ls in the product and its purity. The absence of signal of silicon
nd carbonaceous species in EDAX spectrum and no absorbance
n IR region (Fig. 1c) relating any organic moieties confirmed the
lean surfaces of CuS flakes. Moreover, HRTEM micrographs did
ot show any signature of capping agent (amorphous layer) on the
urface of nanoflakes (Fig. 3a). Since there was no capping agent
n the surfaces of particles, the peak broadening in PXRD pattern
as only due to the tiny sizes of particles. Although no capping

gent (HMDS) was on the surfaces of nanoparticles, there was no
gglomeration of nanoparticles and they were stable against oxida-
ion. HMDS arrested the growth of nucleus formed during reaction
ut was removed in post synthetic process.

.3. Dimensions and flower morphology of CuS particles

Dimensions and morphology of CuS particles formed in
he present synthesis were analysed by transmission electron

icroscope. TEM micrographs showed a flower like architec-
ure of CuS particles (Fig. 2a, Fig. S2). Low magnification images
howed abundance and distribution of flowers. High magnification
mages showed that the flowers were constructed by nanoscale
ake—shaped particles (Fig. 2a). Numerous flakes associated to con-
truct three-dimensional architectures of flowers while the number
f nanoflakes constructing flowers was not constant. Flower like
tructures were stable and not dissociated by sonication or concen-
ration variation. Flower architecture was obtained in all reactions
ndependent of variation in solvents and substrates.

The width of the flakes that constructing the flower like archi-
ecture was between 9 and 35 nm with the average of 22 ± 6 nm
Fig. 2b). The flakes had a constant width along the entire length of
akes. Flake widths were monodisperse and length varied accord-

ng to the flower size. Polydispersity in length of flakes created
olydispersity in the sizes of the flowers. Selected area diffraction
SAED) analysis of flowers showed a bright dotted pattern (Fig. 2c).

he bright dots were indexed as (1 0 3), (2 0 2) and (1 1 0) planes of
he bulk covellite structure. The dotted SAED pattern attributed to
he crystalline nature of flakes. The obtained selected area diffrac-
ion pattern was consistent with powder diffraction pattern.
by flake shaped nanoparticles. (b) Distribution diagram of CuS flowers. Flake widths
Selected area diffraction pattern of flowers. Dotted pattern indicated the crystalline

3.4. Anisotropic growth of (1 0 3)CuS planes: self-assembly of
nanoscale flakes

To understand the flake formation and their construction, inter-
planar distances of a flake present in the periphery of a flower were
measured by HRTEM (Fig. 3a). Lattice measurements of the flake
showed lattice fringe of 2.8 Å (Fig. 3b), which corresponds to (1 0 3)
planes of covellite structure. All the flakes possessed homogenous
(1 0 3) planes irrespective to the size of the flowers. The (1 0 3)
planes have grown parallel to the flakes. Hence, an anisotropic
growth of (1 0 3) planes was responsible for flake like shape. This
observation was in consistent with PXRD pattern. HRTEM images
showed that flakes were crystalline without visual defects. Further,
the flakes were magnified to the atomic level (Fig. 3c) and corre-
sponding two-dimensional fast Fourier transformation (FFT) were
obtained (Fig. 3d). FFT patterns were matching with patterns of
PXRD and SAED.

All flakes seen in the TEM micrographs were uniform and
without side arms. This observation eliminated the possibility of
flower formation from the branching of single flake. There were
no appreciable defective interfaces or twins were detected in high
magnification TEM images of the flakes (Fig. 3c). Thus, the flower
formation did not originate from oriented attachment of smaller
nanoparticles [47]. In all micrographs, no flakes were interfaced
with other flakes in flowers. All flakes existed individually in flow-
ers. Hence, the flakes were the basic building blocks of flowers.
Moreover, HRTEM image of flakes did not have amorphous layer on
the surfaces (Fig. 3a). Hence, the capping agent was absent on the
surface of nanoflakes. To minimize the surface energy, nanoflakes
were self-assembled and constructed the flowers [20,44].

3.5. Stoichiometric modification—Cu2S nanoparticles formation

Since copper sulphides exist in different stable stoichiometries,
the reaction stoichiometric ratio was  modified to understand the
change in the product formation. When the stoichiometric ratio of
CuCl2:TU in the reaction is 2:1, Cu2S nanoparticles were formed

(Fig. S3). Other stoichiometric variations yielded the same Cu2S
nanoparticles. PXRD and EDAX analyses (Fig. 4a and b) confirmed
successful synthesis of Cu2S nanoparticles. PXRD pattern showed
reflections of phase pure cubic Cu2S (JCPDS # 65-2980). No traces
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ig. 3. (a) TEM image of a flake with width size of 16 nm. (b) Lattice profile of the flak
he  crystalline nature of the nanoflake. Lattices were free from defects. (d) Two dim
y  a circle.

f other stoichiometric compounds were found. Peaks position and
elative intensities were matching with standard pattern. EDAX
pectrum showed Cu to S stoichiometric ratio in the product as
:1. The absence of silicon signal in the EDAX spectrum and the
bsence of signature of HMDS in FTIR spectrum (Fig. 4c) confirmed
he complete removal of capping agent on the surfaces of Cu2S
anoparticles.

Morphology of Cu2S nanoparticles was investigated by TEM
nalysis (Fig. 5a, Fig. S4). Cu2S particles had a spherical shape with
he diameter of 29–75 nm (Dav = 52 ± 10 nm)  (Fig. 5b). SAED pat-
ern of Cu2S nanoparticles showed a clear dotted pattern (Fig. 5c)
onfirming the crystalline nature of nanoparticles. HRTEM micro-
raphs (Fig. 6a, c) showed one of the dominant planes (2 0 0).
he information obtained from PXRD, SAED and HRTEM regard-

ng crystallinity and interplanar distances were consistent with
ach other. Further, two-dimensional fast Fourier transformation
cquired Cu2S nanoparticles at higher magnification (Fig. 6c and d)
as matching with the standard diffraction pattern. Defect—free

articles confirmed single crystalline nature of the Cu2S nanopar-
icles (Fig. 6d). In summary, Cu2S nanoparticles were synthesised by
toichiometric modification in the CuS synthesis and characterised
ompletely.

. Optical properties
Optical properties of CuS and Cu2S nanoparticles were exam-
ned by UV–vis spectroscopy. Solid-state spectra were recorded to
nderstand the optical properties since complete removal of cap-
ing agent on the surface of nanoparticles reduced the solubility of
 flake grew parallel to (1 0 3)CuS plane. (c) HRTEM image of a flake. Lattices indicated
nal fast Fourier transformation of image (c). Dominant (1 0 3) plane is highlighted

these materials. Solid-state UV spectrum of the CuS flowers showed
a broad reflectance, but the shape of the spectrum was  similar to the
spectra reported earlier [23]. The spectrum of Cu2S nanoparticles
had a broad reflectance peak centred on 586 nm (Fig. 7).

4.1. CuS flowers as photocatalyst

Photocatalytic activities of CuS and Cu2S nanoparticles were
examined by following the photocatalytic degradation of Rho-
damine B (Rh B) dye in solution. CuS flowers exhibited
photocatalytic activity under illumination by visible light (blue,
454 nm,  200 W m−2) while Cu2S nanoparticles did not show pho-
tocatalytic activity. During analyses, colour of the solution was
changing gradually from bright pink to colourless (12 min, Fig. 8a
inset) in the presence of CuS. The decolouration explained that the
structure of Rh B was destroyed during photocatalysis [48,49]. This
observation can be attributed to the oxidative degradation of the
Rh B in analytical solution [50].

Degradation of Rh B in aqueous solution (60 mL  of 3 �M) in the
presence of CuS microflowers (60 mg)  was  monitored by observ-
ing the change in Rh B concentration through absorption spectra
(Fig. 8a and Fig. S5). The Fig. 8a illustrates, the absorbance max-
ima  of Rh B (�max = 553 nm)  was decreasing rapidly without any
shift and no new absorption peak was  appearing. Hence, the con-
centration changes and relative concentration (C/C0) of Rh B were

calculated from the absorbance maxima. Fig. 8b shows tempo-
ral progression of degradation of Rh B under various conditions.
Photocatalytic degradation (decolouration) was  practically instan-
taneous. Within 3 min, CuS flowers decomposed ∼64% of Rh B
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Fig. 4. (a) Powder X-ray diffraction pattern of Cu2S nanoparticles. The vertical blue lines are the peak positions from JCPDS library. Cu2S nanoparticles had bulk cubic-crystal
structure. (b) EDAX spectrum of Cu2S nanoparticles. Atomic ratio was calculated as Cu:S = 2:1.1. (c) FTIR spectrum of Cu2S nanoparticles. Absence of capping agent on the
surfaces of nanoparticles was confirmed.

F e. (b)
D hted b

s
w
t
[

ig. 5. (a) TEM image of Cu2S nanoparticles. Particles had nearly spherical shap
av = 52 ± 10 nm.  (c) SAED pattern of Cu2S nanoparticles. Dominant plane is highlig

olution. Complete photodegradation (∼99%) of Rh B occurred

ithin 12 min. Subsequent absorption visualized in the UV spec-

rum originated from the residual fragments in analytical solution
51]. Initial phase degradation was faster compared to the final
 Particle size distribution diagram. Cu2S particles had a size of 29–75 nm with
y a circle.

phase of degradation. We attribute this observation to the lack of

availability of catalyst in the final phase of reaction. This rapid pho-
tocatalytic degradation of Rh B solution showed the effectiveness
of CuS flowers as a photocatalyst.
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Fig. 6. (a) HRTEM micrograph of a Cu2S nanoparticle. (b) Lattice profile of selected region of image. (a) Plane (2 0 0) of Cu2S was observed. (c) HRTEM image showing continuous
lattice  points. Clear lattice points denoted the crystalline nature of nanoparticles. The la
image  (c).

Fig. 7. (a) Solid UV–visible reflectance spectrum of CuS microflowers and Cu2S
n

d
(
i
y
B
F

4.2. Effect of amount of catalyst and intensity of photons
anoparticles.

To confirm photocatalytic activity as only the reason for degra-
ation of Rh B, separate catalysis and photolysis were performed
Fig. 8b). Observation from the UV spectrum showed that changes
n Rh B concentration were negligible in both photolysis and catal-

sis (Fig. 8b). There was no appreciable decrease in maxima of Rh

 in both the process even after extended reaction time (120 min,
ig. S6). Hence, it was clear that the visible light irradiation alone
ttices were free from defects. (d) Two dimensional fast Fourier transformation of

did not decompose Rh B (Fig. 8b, circles and Fig. S6a) and thus
the failure of direct photolysis (without CuS) excluded the possi-
bility of Rh B degradation by self-sensitisation. There was a slight
decrease in the dye concentration when CuS (without UV irradia-
tion) was added to the reaction mixture (Fig. 8b, squares and Fig.
S6b). This may  be due the decomposition of dye or adsorption dye
on the surfaces of catalyst particles. Both results confirmed that
independent photolysis (with photons and without catalyst) and
catalysis (with catalyst and without photons), did not influence
the decomposition of Rh B. Decomposition of Rh B was accelerated
only when both catalyst and photons presented (Fig. 8b, triangles).
Hence, both catalysis and photolysis synergistically influenced the
decomposition of Rh B. CuS nanostructures effectively couple pho-
tons and catalytic activity to decompose the Rh B solution. In brief,
controlled reactions clarified that CuS flowers degraded the Rh B
solution through photocatalysis.

To quantify the photocatalytic activity, the rate constant of
the photocatalytic degradation was calculated. Initial phase of the
degradation (within first three minutes) fitted well in pseudo first
order kinetics [−ln(C/C0) = k.t] [52,53]; where C and C0 are reac-
tion and the initial concentrations of Rh B, respectively, t is the
irradiation time, k is the apparent reaction rate constant. Since
major degradation occurred within three minutes, the rate con-
stant (kobs) observed at initial stage was used for all performance
analyses [54]. The calculated rate constant was 0.50 ± 0.02 min−1.
Larger rate constant value revealed the effectiveness of catalyst.
When the amount (between 0.5 and 1.75 g L−1) of CuS was varied
there was increment in photocatalytic performance. The rate con-
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Fig. 8. Photocatalytic activity of the CuS Flowers. (a) Optical absorption profile of decomposition of Rh B aqueous solution. Changes in the concentration can be seen at
553  nm.  Inset shows digital images of colour change during the decomposition. (b) Controlled reactions were described using the relative concentration of the Rh B (C/C0).
Photons alone (photolysis) did not decompose the Rh B (circles) and catalyst alone (catalysis) did not decompose Rh B (squares). Both photons and catalyst was synergistically
decomposed Rh B (triangles). Error bars were calculated from three independent measurements. Plots of absorbance versus time has given in the supplementary information
(Fig.  S6).
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ig. 9. Influence of photons (a) and catalyst (b) in the photocatalysis. Both influenc
rror  bars were calculated from three independent measurements.

tants showed, the amount of catalyst had a linear relationship with
he rate constant (Fig. 9a). At initial variation, there may  not be the
nough photocatalyst to enhance the degradation. The increasing
mount of catalyst will provide more catalytic centres and hence
ore absorption of photons. At 1.75 g L−1, rate constant was  4.2

imes higher than the initial value. At the higher concentrations,
arger errors observed in measurements. This observation was due
o scattering of light and opaqueness of the solution. Results sug-
ested that the photocatalytic activity of CuS flowers could be
nhanced by increasing the amount of catalyst.

We observed that photocatalytic performance of microflowers
ncreased with increasing intensity of light. Hence, we  conducted
he intensity dependent studies on CuS photocatalyst by varying
he intensity of the light at constant intervals (25 W m−2). Other
xperimental conditions were unchanged. Photocatalyst amount
as maintained as 1 g·L−1. Rapid decolouration of Rh B degra-

ation observed along with the increasing intensity of photons.
he degradation was duly monitored by rate constant measure-
ents. The rate constant had a direct relationship with intensity

f light (Fig. 9b). Variation in rate constant along with light inten-
ity confirmed that decomposition of Rh B had photon-assistance.
t 200 W·m−2, rate constant was 3.3 times higher than the initial
alue. This observation attributed to the fact that higher degree of
llumination would generate more carriers in photocatalyst. Hence,

he contribution of light in photocatalysis was more. In summary,
hotocatalytic performance of CuS flowers can be improved by

ncreasing the amount of intensity of light.
d a linear relationship with the rate constant. Lines represent linear fit of the data.

4.3. Recyclability

To highlight CuS microflowers as a reusable photocatalyst, we
have conducted recyclability studies. Under identical conditions,
three catalytic cycles were consecutively performed (Fig. 10a). We
fixed the concentrations of photocatalyst (1 g·L−1) and Rh B (3 �M)
in the analysis. Once Rh B degraded completely, microflowers were
recovered and then used for another fresh catalytic reaction. Since
the photocatalyst was  denser than the analytical solution, it was
recovered by centrifugation without impurities. The heterogeneous
nature of CuS catalyst was  the key to the photocatalysis and it
simplified the recycling process. After every cycle, photocatalyst
was reused without activation. Recyclability was monitored using
absorption spectra through C/C0 plots (Fig. 10a). Compared with
the first cycle (12 min), both second (17 min) and third cycles of
decomposition taken longer time (31 min) for completion. This
observation indicated the deterioration of photocatalytic activity.

To compare cycles, recyclability was  followed by rate constant
calculations (Fig. 10b, Fig. S7). Results showed that rate constants
decreased after each cycle of photocatalysis. The third cycle rate
was 3.6 times smaller than first cycle. The smaller rate constant
value indicated the slower degradation rate of Rh B. Hence, CuS
photocatalyst was stable up to two cycles. It should be noted that
stability of photocatalyst was moderate for recyclability. Reason

for the decreased photocatalytic activity is explained in follow-
ing section. Recyclability studies showed that the photocatalytic
performance of the CuS microflowers reduced after every cycle.
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Fig. 10. Recyclability of CuS photocatalyst. (a) Recyclability is explained by C/C0 measurements (1 gcat·L−1). (b) Trend of rate constants during recyclability of photocatalyst.
After  every cycle, rate constant decreased. (c) SEM micrographs after every cycle. (d) Flower structure disrupted after each cycle. Highlighted area shows major changes in
t ic rat
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he  morphology. (e) After third cycle, nanoflakes transformed to bulk rods. (f) Atom
xide  formation was  observed after first cycle. (g) PXRD pattern after each cycle. The
nd  it might be due the uneven oxidation or detection limit of PXRD measurement

To explore the issues of recyclability, we investigated structural
tability of the photocatalysts. After every cycle, photocatalyst was
urified and subjected to SEM analysis (Fig. 10c–e). SEM studies

ndicated that photocatalytic activity was sensitive to the struc-
ural change of the flowers. The stability of flower architectures
as weak and disrupted over cycles. Density of nanoflakes gradu-

lly decreased after the first cycle (Fig. 10a and b). After the second
ycle, nanoflakes were separated and started growing as bulk par-
icles. After third cycle, the nanoflakes transformed to the bulk
ods (Fig. 10e). Rods were with a length of 266 ± 62 nm and width
f 105 ± 26 nm.  Clearly, nano regime was lost during the photo-
atalysis. Hence, structural degradation was a reason for moderate
ecyclability.

Along with structural stability, we have duly followed the stabil-
ty the copper sulfide phase during the photocatalysis. After every

ycle, copper sulfide was subjected to the EDAX and PXRD analy-
es (Fig. 10f and 10 g). EDAX analysis showed that oxide formation
∼8%) occurred during the photocatalysis. Every sulphur released
ios mesurements from EDAX analysis. Atomic Ratios were compared at each cycle.
hase was  retained after three cosecutive cycles. Copper oxide signature was absent

from CuS was  quantitatively replaced by oxygen. However, PXRD
patterns did not show any oxide formation. This observation may  be
attributed to uneven regional oxidation on the surfaces of nanopar-
ticles and the detection limit of PXRD measurements. Hence, the
chemical instability of CuS also deteriorated the activity of the cat-
alyst. In summary, we  identified that copper sulfide and its flower
architectures were collectively contributed to photocatalytic activ-
ity.

4.4. Clean surfaces and enhancement of photocatalytic activity

The following factors explained the origin of structure depen-
dence of photocatalytic activity. Porous cavities (Fig. 2a) among
the nanoflakes in flowers behaved as additional catalytic cen-

tres [31]. Those nano cavities could have accommodated more Rh
B than individual flakes. Thus, increment in the photodegrada-
tion. Moreover, these porous nature influences the absorbed light
by the multiple reflections [31,55]. These reflections enhance the
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hoton harvesting capability of photocatalyst. Therefore, higher
umber of photo-generated electrons and holes would be gener-
ted. This process enhanced the photocatalytic efficiency of CuS
owers. The effective photocatalysis also owed to self-assembly of
ano flakes forming flowers. These flowers could efficiently har-
est photo-generated charges from all constituted nanoflakes [56].
hese arguments were in accordance with recyclability studies;
nce the flower architectures lost, catalytic activity of copper sul-
de decreased (Fig. 10b). Based on these observations, we propose

hat the efficient photocatalytic was due to the large surface area,
orous structures and self-assembly.

EDAX and TEM analyses confirmed that capping agent was
bsent on the surfaces of nanoparticles (Figs. Fig. 11b and Fig. 33a).
ince photocatalytic reactions occur on the surfaces of photocata-
yst, clean surfaces could facilitate the photocatalytic activity of CuS
anostructures. Nanoparticles that obtained using modified HMDS-
ssisted synthetic method were free from capping agents and hence
ll potential catalytic surfaces would be readily available for photo-
atalysis [57]. Moreover, capping agent—free surfaces would create
angling bonds and trap states on the surfaces and thus could

nduce charges on photoexcitation of the catalyst [58–61]. These
harges promoted more Rh B molecules approaching the surfaces
f the photocatalyst. This was leading to the increased degrada-
ion of Rh B solution. The whole process collectively enhanced the
hotocatalytic activity of the CuS flowers. Based on observations,
e concluded that photocatalytic enhancement was  due to clean

urfactant free surfaces of CuS flowers.

. Conclusion

The described methodology enables synthesis of both CuS
icroflowers and Cu2S nanoparticles from same starting materials.

u2S nanoparticles were synthesized by tuning the stoichiometry
f the reaction. The nanoparticles were free from capping agent
n the surfaces. Cu2S nanoparticles had spherical shape and CuS
anoparticles had flower architecture. The flower nanostructures
ere synthesized without any linkers or post-modification pro-

ess. Nanoflakes were a basic building block of flower architectures.
nisotropic growth of (1 0 3) planes was responsible for flake shape.
anoflakes self-assembled and constructed flower architectures.

We demonstrated that CuS microflowers could serve as a
hotocatalyst and rapidly degraded Rh B solution (12 min). Recy-
lability studies showed that photocatalyst could be recycled up
o three times. SEM analysis confirmed that flower architectures
esponsible for photocatalytic activity. Our results also suggested
hat a more amount of catalyst and higher illumination intensity
nhanced the photocatalytic activity of flowers. An enhanced pho-
ocatalytic activity was due to unique flower morphology and clean
urfaces. Facile synthesis, ease removal of capping agent and pho-
ocatalytic activity may  influence possible applications of copper
ulphide nanoparticles.
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Recyclable Ni3S4 Nanocatalyst for Hydrogenation of
Nitroarenes
Srinivas Billakanti, Ganesh Kumar Baskaran, and Krishnamurthi Muralidharan*[a]

The synthesis of surface-clean nanoparticles of Ni3S4, which is a
rare phase of nickel sulphides, is described. Nanoparticles were
synthesized in a single step via hexamethyldisilazane (HMDS) –
assisted method using NiCl2 and thiourea as starting materials.
This synthetic method yielded phase pure, spherical Ni3S4

nanoparticles of mean size 17 � 4 nm having clean surfaces.
The nanoparticles were characterized thoroughly by data
obtained from Powder X-ray diffraction (PXRD), Fourier-trans-
form infrared spectra (FT-IR), Energy dispersive X-ray analysis
(EDAX) and Transmission electron microscopy (TEM) analyses.
Since newly produced Ni3S4 nanoparticles in our reaction had

exposed surfaces, the catalytic behaviour of these particles was
assessed by using it as a catalyst in the reduction reaction of
aromatic nitro groups. We have demonstrated Ni3S4 nano-
particle as a versatile catalyst for the nitro hydrogenation of
both activated and deactivated nitrobenzenes using hydrazine
as a hydrogen source to yield corresponding amines in high
yield (~90 %). The heterogeneous catalyst, Ni3S4 nanoparticles
was recycled more than ten times without any change in its
activity. We have ascribed the enhanced catalytic activity of
these Ni3S4 nanoparticles to their clean surfaces without any
surfactant molecules around them.

Introduction

Nanoparticles are the innovative class of catalytic materials
having surface dependent catalytic properties.[1–6] Compared
with the bulk materials, the high surface to volume ratio of
nanoparticles promotes the catalytic activity. However, stabiliz-
ing or surfactant molecules cover the surfaces of nanoparticles.
The presence of these undesired capping agents hinders the
chances of harnessing benefits of surface-dependent properties
to their full potential.[7–11] Hence, to enhance the catalytic
activity, the capping agent might be removed from the surfaces
of nanoparticles. On the other hand, many successful nano-
catalysts used in organic synthesis were prepared by elegant
and intricate designs.

Nickel sulphide exists in various stoichiometries such as NiS,
NiS2, Ni3S2, Ni6S5, Ni7S6, Ni3S4, and Ni9S8. There are several efforts
to synthesize nickel chalcogenides nanoparticles,[12–19] but many
of them resulted in the formation mixture of sulphides.
However, the challenge is to produce rare Ni3S4 phase in a
simple bottom-up synthesis selectively. Since the formation of
Ni3S4 is rare during the synthesis of nickel sulphides, and there
is no commercial source available, many of its properties
including the catalytic behaviour of Ni3S4 nanoparticles are
unexplored.

Aromatic nitro hydrogenation is an important process in
academia, industry, and nature[20–22] because of the widespread

occurrence of the nitro group in the natural products and
biologically active molecules. Therefore, many catalysts were
utilized in the hydrogenation. Some of the catalysts are Pt/
carbon nanofibers, Fe2O3/Au, Fe(BF4)2, Fe3O4, Rh3Ni, Fe, Co, Rh,
Ni, Pd, Pt, Cu, Ag, Au, and Zn.[23–35] Though various catalysts are
available for hydrogenation of nitroarenes, the performance of
many of them still needs improvement. Also, some of the
available reports did not mention TOF, which needed for
complete understanding the catalytic performance.

Always there is a need for simplified method to produce
catalyst, enhanced catalytic activity, recyclability of the hetero-
geneous catalyst, and versatility to use for various reactions.
Many literatures indicated that the nanoparticle as catalysts can
be easily separated and recycled with retention of catalytic
activity compared to their bulk counterparts.[36–39] In the past
years, many hierarchical nanostructures have been used in
catalysis. However, the dearth of simplicity in the production of
nanocatalyst compared with conventional bulk catalyst is a
major hurdle for their use in catalysis.

It was well acknowledged that a high specific surface area
was constructive for increasing the active sites. However, if the
surfactant molecules block the active sites, the catalyst would
show less activity than its potential. Therefore, in pursuit of
finding a simple procedure for the synthesis of nanoparticles,
we have developed a novel HMDS-assisted method to produce
nanoparticles having clean surfaces. In this work, we have
demonstrated a selective synthesis of Ni3S4 phase of nickel
sulphide as nanoparticles and their catalytic activity in hydro-
genation reactions. To the best of our knowledge, there are no
reports on the catalytic activity of surface clean Ni3S4 phase of
nickel sulphide for hydrogenation of nitroarenes.
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Results and Discussion

Synthesis of Ni3S4 Nanoparticles

We have demonstrated a novel HMDS-assisted method of
synthesis of Ni3S4 nanocatalysts. The reaction shown in the
Scheme 1 yielded phase pure Ni3S4 nanoparticles at the reflux

temperature (130 8C) without mixing of any other stoichiomet-
ric products. As a replacement to the organometallic precur-
sors, we used simple starting materials to prepare the Ni3S4

nanoparticles (nickel (II) chloride and thiourea). Synthesis at low
temperature was possible because of the activation of metal by
HMDS. Driving force of the reaction was the ability of HMDS to
function as a capping agent, stabilizing surfactant molecule
and solvent. During the reaction, two large trimethylsilyl groups
of HMDS behaved as a surfactant and prevented the growth of
Ni3S4 nanoparticles while the lone pair of electrons on nitrogen
atom effectively passivated the surface of nanoparticles.
Unreacted HMDS was removed from the surfaces of particles
by high vacuum since it was a low boiling organic compound.

In many reactions involving sulphur and nitrogen, albeit
yielding the pure products, there is an ambiguity on the nature
of intermediate steps. However, we have established the
activation of HMDS-assisted syntheses of metal chalcogenides
through the formation of an S�N intermediate, which was
formed by the reaction of HMDS with sulphur. In the present
study, thiourea has been used as a sulphide source instead of
elemental sulphur due to its solubility at room temperature.
Many reactions in organic and inorganic syntheses, thiourea
has been used as a source of sulphide (S2�). Similarly, it might
have interacted with the HMDS and formed a similar S�N
intermediate. This intermediate subsequently reacted with
nickel chloride forming nickel sulphide and in turn released
trimethylsilyl chloride as a side product.[40–44] The sequence of
the reaction is shown in the Scheme 1.

To confirm the sequence of reactions, we performed a few
control reactions, which are shown in the Table 1. In our

optimized reaction condition, there was no reaction between
nickel chloride and thiourea in toluene. However, thiourea
reacted with HMDS (reaction 2, Table 1) yielding a compound,
which is similar to the one obtained in the reaction of S and
HMDS. This observation was confirmed from the time depend-
ent 29Si NMR spectra (Figure S1) of samples that are withdrawn
from the reaction. The observed small multiplet peak around
dSi 6.6 ppm corresponds to the probable S�N intermediate
envisaged in the reaction S and HMDS (HMDS: dSi 2.3 ppm).

Characterization of Ni3S4 nanoparticles

The crystal structure and phase purity of just synthesized Ni3S4

nanoparticles were established by powder X-ray diffraction
studies (Figure 1). The intensity and position of diffraction lines

of nanoparticles matched with the standard pattern of the
cubical phase of Ni3S4 (JCPDS # 76–1813). There were no
undesirable or additional peaks related to other phases of
nickel sulphide. Clear PXRD pattern obtained signified the
selectivity of the synthetic method. Further, any variation in the
stoichiometry of reaction did not change the selectivity of
nickel sulphide formation. Phase selectivity of the present
method was further probed by a time-dependent PXRD study
(Figure S2). During the synthesis, nanoparticles were isolated

Scheme 1. Schematic representation of sequence of the reaction for nickel
sulphide (Ni3S4) nanoparticles synthesis.

Table 1. Controlled reactions for Ni3S4 nanoparticles synthesis

NO. Reactions Product

1. NiCl2 + Thiourea + Toluene No reaction
2. Thiourea + HMDS S�N Intermediate
3. NiCl2 + Thiourea + HMDS Ni3S4 nanoparticles

Figure 1. Primary characterization of Ni3S4 nanocatalyst. Powder X-ray
diffraction pattern of Ni3S4 nanoparticles. Ni3S4 phase was confirmed as cubic
using the data from JCPDS library.
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periodically, purified and analysed by PXRD. In the PXRD
patterns, there was no signature of any other stoichiometry at
any stage of the reaction. Thus, the time-dependent PXRD
study supports the selective formation of Ni3S4 in the reaction
from the beginning. EDAX spectra (Figure 2d) of the product

obtained in our reactions showed no signature of starting
materials (absence of chloride and silicon), while the atomic
ratio was matching with Ni3S4 (Ni:S = 3:4) only. Hence, the
HMDS- assisted method was phase specific and yielded only Ni3

S4 nanoparticles.

Microscopic investigation of Ni3S4 nanoparticles

TEM micrographs showed the aggregated spherical nano-
particles having (Figure 2a, b and S3) diameter of 8–29 nm and
an average size of 17 � 4 nm (Figure 2c). HRTEM micrographs
showed the lattice spacing of 2.8 Å and 1.6 Å, which was
corresponding to the inter-spacing of (3 1 1) and (4 4 0) planes
of the standard pattern (Figure 3a). These planes were match-
ing with the principal planes observed in the PXRD pattern of
Ni3S4 nanoparticles. A thorough analysis using HRTEM (Fig-
ure S4) showed no amorphous boundaries (signature of HMDS)
on the surface of nanoparticles indicating the complete
removal of capping agents. Selected area diffraction showed a
clear dotted pattern with (3 1 1) planes as dominating, which
was indicative of the single-crystalline nature of Ni3S4 nano-
particles (Figure 3c). The SAED observations were consistent
with the PXRD pattern of Ni3S4 nanoparticles. FTIR spectrum did
not have any signal of amine or alkane (HMDS) confirming the

absence of capping agent on the surface (Figure 3d). Similarly,
we did not observe the signal of silicon (HMDS) (Figure 2d) in
the EDAX spectra. We obtained an ICP data and found no
element other than Ni and S in our product. In summary, data
from HRTEM, SAED, EDAX, ICP and FTIR analyses confirmed the
capping agent free surfaces of nanoparticles (Figure 3 and S4).

Ni3S4 nanoparticles as the catalyst

Since nickel sulphide obtained in our reaction had clean
surfaces; we assessed the catalytic activity of Ni3S4 nanoparticles
using it as a catalyst in the reaction of hydrogenation of
nitrobenzene (Table 2). The reduction of aromatic amines was
chosen because of its important in the total synthesis of many
organic molecules.[22] The Ni3S4 nanoparticles displayed a
remarkable catalytic activity towards the hydrogenation of
nitrobenzene to aminobenzene under optimal conditions
(Table 2). Reduction reactions were performed efficiently using
1 mol% of Ni3S4 nanoparticles in ethanol using hydrazine as a
hydrogen source. It was observed that under the optimized
condition, 8 equivalents of hydrazine hydride was required to

Figure 2. Microscopic investigation of Ni3S4 nanocatalyst. (a) and (b) are TEM
micrographs of nanoparticles. (c) Particles distribution diagram obtained by
measurements in the TEM micrographs. Particles were mono dispersed with
the average size of 17 � 4 nm. (d) Elemental analysis by the energy
dispersive X-ray spectroscopy. Atomic ratios were matching with the
theoretical values.

Figure 3. Surface characterization of the Ni3S4 nanocatalyst: (a) HRTEM
micrograph of the nanoparticles. Particles were crystalline and dominant
planes matched with PXRD pattern. (b) Individual nanoparticle (c) Selected
area diffraction of the nanoparticles. Dominant plane is indicated by the
circle which is complemented with the PXRD pattern. Dotted pattern
represents the crystalline nature of the nanoparticles. (d) FTIR spectra of the
nanoparticles. Since there was no signal of the amine (HMDS), capping agent
was completely removed from the surfaces.
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complete the reaction.[19] The maximum yield achieved under
the optimized conditions was 88 % with TOF of 0.45 min�1.

In control reactions, the hydrogenation of nitrobenzene did
not proceed either in the absence of Ni3S4 nanoparticles or
hydrazine in the reaction (Figure S5). This observation con-
firmed the need for both these compounds to complete the
reaction. The versatility of the catalyst was examined further in
the reduction of substituted nitrobenzenes (O2NC2H4R; R = X,
CH3, NH2, COOH, OH) under optimized reaction condition,
which is shown in the Scheme 2. The reactions successfully
yielded corresponding aminobenzenes with high yields (85-
93 %). The products were confirmed by NMR spectral data
(Figure S6-15). Various catalytic systems were used for the

reduction of nitrobenzenes.[23–35] Few reports demonstrated the
catalytic activity of different forms of nickel sulphides (except
Ni3S4 phase) (Table 3). However, the present work is an

elaborate study on catalytic activity of Ni3S4, which showed the
excellent result with high TOF and yield.[41–43] Thus, the study
showed the effectiveness of Ni3S4 nanoparticles as a catalyst
towards the hydrogenation of various substituted nitroben-
zenes.

In the reactions involving heterogeneous catalysis, the
reacting molecules adsorb on the catalytically active solid
surface. Then the chemical bonds are broken and formed on
the surface, and finally the products are released. However, the
catalytic activity of nanoparticles depends on various factors
such as particle size, surface area, structure-insensitivity/
sensitivity, and the number of atoms/molecules in the surface
that are available for catalytic activity.[45] We determined the
surface area of Ni3S4 nanoparticles by BET analysis as 6.49 m2/g

Table 2. Results of nickel sulphide catalysed reduction of nitrobenzenes

Entry Substrate TOF(min�1) Yield(%)

1
0.45

88

2 0.21 89

3
0.24 91

4 0.23 90

5 0.22 85

6 0.48 93

7 0.22 87

8 0.23 90

9 0.19 88

10 0.22 89

All the reactions were carried out under optimal conditions. Reac-
tant = 6 mmol; hydrazine = 48 mmol; temperature = 125 8C, catalyst = 1
mol%. Size of nanoparticles = 17 nm; Time = 3 h; solvent = ethanol, 10 ml.

Scheme 2. Reduction of nitroarenes using Ni3S4 nanoparticles as catalyst.

Table 3. Comparison table of numerous catalysts with various nitro-
aromatics.

Catalyst Substrate Time Yield
(%)

TOF
(min�1)

Reference

Pt/CNF CNB 5 h 99 610 23
Fe2O3/Au NB 8 h 90 – 24
Fe(BF4)2 NB 2 h 89 – 25
Fe3O4 PNP 8 min 99 – 26
Rh3Ni CNB 5 h 97 – 27

Fe NB 2-3 h 95 – 28
Co NB 15 h 99 – 29
Rh NB 10 h 93 – 30
Ni NB 4 h 93 – 31
Pd NB 1 h 89 – 32
Pt PNP 3 h 99 – 33
Cu, Ag, Au PNP <10 min – – 34
Zn NB 2.5 h 99 – 35
Ni7S6

(Ni3S4)
NB 24 h – – 37

NiS
(Ni3S4)

PNP 400 sec – – 38

NiS2 + x/g-C3N4 NB 1 h – – 39
Ni3S4 NB 3 h 88 0.45 Present work

CNB = Chloro nitrobenzene; NB = Nitrobenzene; PNP = p-Nitrophenol;
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(Figure S16). In spite of less surface area, these Ni3S4 nano-
particles showed a significant catalytic activity. Interestingly,
Radek Zboril and co-workers[46] also observed high catalytic
activity iron(III) oxide nanoparticles at relatively lesser surface
area for the decomposition of hydrogen peroxide. They
ascribed the reason to the absence of an amorphous phase. In
the present study, the surprisingly high catalytic activity of Ni3S4

nanoparticles having less surface area can be attributed to the
availability of more number of bare active sites at the surface
since there was no other material surrounding the nano-
particles. These free surfaces were possible because of the
inherent advantage HMDS-assisted synthesis.

Rioux et.al[47] observed a difference in the particle sizes
polymer coated Pt determined by a chemisorption method and
from PXRD lines. This observation was explained based on the
reduced exposed surface area due to the existence of
unremoved polymer coated on the surface of Pt nanoparticles
which hindered the adsorption of gas. This observation also
supported that not only the surface area or size of the
nanoparticles but also the availability of exposed active site at
the surface are relevant to enhanced catalytic activity observed
in this present study. However, any tangible evidence is needed
for the prediction of a definite mechanism of the reaction.

Recyclability

For practical applications, recycling capability is desirable for
any catalyst. Further, sulphur atoms often leach from sulphur-
based compounds leading to the deactivation of their catalytic
activity. Interestingly, the Ni3S4 nanoparticles prepared in our
reactions showed an excellent stability and recyclability in the
reduction of nitrobenzenes. When the reaction mixture was
filtered at hot condition, a minute solubility of Ni3S4 was
observed. However, at room temperature, the catalyst precipi-
tated from the solution. Therefore, we recovered and reused
the catalyst more than ten times without any activation
procedures (Figure 4a). After the each reaction, the catalyst was
separated by centrifugation from organic layer and, washed,
dried and reused. Throughout ten cycles, the reaction yield was
almost constant; then there was a slight reduction in the yield
(from 88 % to 85 %).

Thermogravimetric analysis showed that nanoparticles were
stable approximately up to 200 8C and the catalytic activity did
not destroy them (Figure 4b). A clear weight loss at 5008C seen
in the TGA plot was presumable due to loss of trapped HMDS
or intermediate during the reaction. However, in the reused
catalyst these trapped compounds would have dissolved into
the reaction solvent and hence there was no sharp loss in
weight. Further, analysis of nanoparticles by TEM after cycles of
catalysis did not show any significant change in shape and size
of the particles even after ten cycles (Figure 4c). Presumably,
retaining of size and shapes of nanoparticles ensured a
constant catalytic activity for many cycles. In summary, the
nanoparticles were recyclable for many catalytic reactions due
to their chemical stability and the preservation of the Nano-
regime.

Conclusions

We have developed a novel method for the production of a
rare stoichiometric form of nickel sulphide (Ni3S4) nanoparticles.
The newly developed procedure was simple, single step and
scalable for bulk preparation. The method yielded nanoparticles
with clean surfaces, which was characterized methodically by
various techniques. We have demonstrated hitherto unexplored
catalytic activity of Ni3S4 phase of nickel sulphide nanoparticles
in the hydrogenation of nitroarenes. The broad scope of
substrates, easy recovery and recyclability highlight the
potential of Ni3S4 as a catalyst. The high catalytic activity of Ni3

S4 having less surface area is ascribed to the clean, surfactant
free surface of nanoparticles, which is an inherent advantage of
HMDS-assisted synthesis.

Supporting Summary

Experimental details as well as 29Si, 1H, 13C-NMR, PXRD, TEM,
HRTEM and BET characterizations are provided in the support-
ing information.

Figure 4. Stability of the catalyst. (a) Recyclability analysis of the nickel
sulphide. The yield of the aniline was not significantly reduced even after 10
cycles. (b) TGA analysis of Ni3S4 nanoparticles. Potential use of catalyst at
high temperature was explored. (c) TEM micrograph of the nanoparticles.
Size of the particles were retained after catalysis.
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Highlights:  

 New organic free Bi2S3 nanoflakes were synthesized using the HMDS-assisted wet 

chemical method 

 Gram scale synthesis (2 g) with 98% morphological yield of flakes was demonstrated 

 Prototype photodetector was fabricated, and its photo-response was analysed 

 Synthesis, processing and device making were performed in ambient conditions 

 

 

Abstract 

Since the optoelectronic devices consist multicomponent interfaces, the synthesis of 

nanoparticles and fabrication of devices play a significant role in quality, cost, and fast 

fabrication of devices. The wet chemical synthesis holds the great promise of controlling of these 

factors. Herein, we have developed a wet chemical method for the synthesis of one-dimensional 

Bi2S3 nanoflakes and demonstrated its photo-responsivity by fabricating prototype device by dry-

casting of Bi2S3 suspensions on the electrodes. A key advantage of the present approach is the 

synthesis and fabrication were carried out in the ambient conditions. 

 

 

Keywords: chemical synthesis, optical properties, chalcogenides, optical materials, electronic 

materials 

 

 

1. Introduction 

Material processing technology is a key industrial component for the mass production of 

optoelectronic devices.1-12 The solution processing technology offers the advantage of making 
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the devices at ambient conditions because of the possibility of making devices from solution 

using any of the following techniques; spray coating,1, 2 mist coating,3 spin coating,4, 5 dry 

casting,6, 7 dip coating,8, 9 roll-to-roll printing10 and inkjet printing.11, 12 Furthermore, these 

processing methods allow the fabrication of flexible modern electronics by integrating 

nanomaterials with any substrates. Thus, the nanomaterials prepared by wet chemical methods 

offer the way for cheap and fast processing technology. 

Photodetectors have received much attention as an important class of optoelectronic 

devices owing to their extensive use in electronic eyes,13-15 night vision devices,16 tumour 

detection,17 imaging18, 19 and quality control of industrial products.20 Photodetectors made out of 

inorganic materials will have tuneable absorption, stability, and high quantum yield. Bi2S3 is a 

useful photo-responsive material with a direct band gap of 1.3 eV21 and a large absorption 

coefficient.22 The high availability of sulphide and bismuth in the earth crust is also an important 

factor for the use of Bi2S3 for optoelectronic applications. While a significant work on the Bi2S3 

based photodetector is known,23-32 there are still need for the search for the best synthetic 

methods33-48 and simplicity in processing methods.   

We have explored the use of hexamethyldisilazane (HMDS) - assisted method for the 

synthesis of In2S3, CuS, and Ag2S nanoparticles. 49, 50, 51 In this work we have demonstrated a 

novel synthesis of Bi2S3 (bismuth sulphide) nanoparticles using the HMDS-assisted method. 

Interestingly, the Bi2S3 nanoflakes have been synthesized in a short duration (3 h) using readily 

available bismuth chloride and thiourea as starting materials. The Bi2S3 nanoflakes had width 15-

82 nm with the average 48 ± 15 nm and the length up to few microns and obtained in a high 

morphological yield (~98%). The reaction produced one-dimensional nanoflakes without any 

seeds or shape selection procedures. Markedly, the synthesized nanoparticles were free from the 

capping agent on the surfaces.  

In this work, we have fabricated a prototype of photodetectors, with a configuration of 

ITO/Bi2S3/ITO, by dry-casting the Bi2S3 suspensions. The devices showed a green light-induced 

conductivity that had a linear response to the intensity of the light. Further, the transient 

measurements established a reversible "on" and "off" switching phenomena with the rise-and-

decay time as 1.11 ± 0.10 ns and 2.06 ± 0.21 ns. Herein, we present the synthesis and photo 

responsive study of organic surfactant free Bi2S3 nanoflakes. 
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2. Results and Discussion 

2.1. Synthesis 

We have successfully synthesized organic-free Bi2S3 nanoflakes by the HMDS-assisted method 

with the yield of 62 ± 4%. We have used soluble thiourea in the present procedure as a sulphur 

source due to the prospect of easy handling in pre and post-synthetic manipulations. In these 

reactions, HMDS performed duel role as a capping agent as well as a solvent. Bulk trimethylsilyl 

group of HMDS acted as capping group and avoided the agglomeration of nanoparticles 

(Scheme 1) during their formation. Hence, HMDS stabilized the nanoparticles and yielded 

quantum confined one-dimensional Bi2S3 nanoflakes. The key advantage of the method was that 

the capping agent (HMDS) could be removed from the nanoparticles efficiently by high vacuum. 

Thus, nanoparticles were free from insulating organic layer. Because of mild reaction conditions 

and simple purification procedure, the present synthetic design is worthy for scale up. Thus, we 

have produced 2 g of nanoflakes and used it for device fabrication. Therefore, the current 

synthetic procedure is robust for large scale synthesis also offers quantum confined Bi2S3 

nanoflakes. 

 

2.2 Structure and composition of Bi2S3 nanoflakes  

Primarily, the acquired powder X-ray diffraction patterns (Figure 1a) confirmed the formation 

Bi2S3 in our reaction. Intensities and position of observed lines were matching with the standard 

pattern of orthorhombic structure bulk Bi2S3 (JCPDS Library; Card # 84-0279); but with a 

preferred orientation of (1 1 1) and (1 2 1) planes. Supported by HRTEM images (Figure 2d), we 

have identified (1 2 1) planes as responsible for the flake shape. The absence of signature of 

secondary amines or any other signals related to organic compounds in the FTIR spectrum 

(Figure 1b) ruled out the possibility of broadening of lines by organic impurities. Therefore, 

broadening of lines in diffraction patterns was attributed only to the nano regime of the Bi2S3 

flakes. Thus, the absence of the capping agent (HMDS) on the surface of the Bi2S3 nanoflakes 

was self-evident.       

Scanning electron microscopy images of Bi2S3 (Figure 1c) showed a uniform distribution 

of particles of size ranging up to 2 mm, but with a high morphological yield of nanoflakes 
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(~98%). Any change in reaction parameters like temperature, stoichiometry, and solvents did not 

alter the morphology and dimensions of nanoparticles obtained. EDAX measurements showed 

the stoichiometric ratio of Bi:S as 1.7: 3 which clearly showed 3% bismuth deficiency in 

nanoparticles obtained from our reactions (figure 1d).  Bismuth ratio was not improving even 

after the addition of excess BiCl3. However, the bismuth deficiency did not influence the 

properties of Bi2S3 nanoflakes or fabricated devices. EDAX did not have the signature of Si and 

Cl, which showed the purity of nanoparticles and the absence of the capping agent. This 

observation explained that nanoflakes were free from the insulating organic layer on the surface 

of the nanoparticles. Surprisingly, even in the absence of the capping agent, nanoflakes were 

well separated, and we did not observe agglomeration. Thus, the growth or stoichiometry of the 

nanoparticles and morphological yield was insensitive to the experimental parameters.   

TEM micrographs confirmed the flake shape of the nanoparticles obtained from the 

present procedure. (Figure 2a). TEM micrographs also showed the high abundance of 

nanoparticles (Figure S1). The nanoflakes had the width of the 15-82 nm with the average of 48 

± 15 nm (Figure 2b). Also, the nanoflakes had the length up to few micrometers. Since the width 

of the few flakes was less than Bohr radius of Bi2S3 (~30 nm)52, weak confinement along the 

width was observed (spectrally determined bandgap = 1.40 eV; Figure S2b). The width of the 

flakes was constant along the length and but the edges were sharp. The observed modification at 

the edges might be to tolerate the strain in the growth.50 Selected area diffraction (SAED) 

showed a clear dotted pattern which was indicative of the single-crystalline nature of 

nanoparticles (Figure 2c) and we did not observe rings which is characteristic of amorphous 

organic capping agents indicating their absence.  

Parallel to the observation in the PXRD pattern, the HRTEM micrographs (Figure 2d) 

showed (1 2 1) as dominating planes. Two-dimensional FFT (Figure 2e) also confirmed 

construction of nanoflakes by the principal (1 2 1) and (1 3 0) planes. Moreover, we have not 

observed any dislocation, distortion, and twins in lattices of nanoflakes.  Hence, the oriented 

growth mechanism did not influence the flake shape of the nanoparticles. 53 Since there was no 

capping agent on the surfaces, to minimize the surface energy of the particles, the planes might 

be grown to flake shape. Nanoflakes were crystalline along the whole length of the axis as 

confirmed by HRTEM studies. An interesting observation is that high crystallinity was achieved 

using a moderate reaction temperature. Altogether, the HRTEM observations suggested that the 
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nanoflakes were single crystals and structurally constructed to flakes by (1 2 1) and (1 3 0) 

planes. 

2.3 optical properties  

The solid state optical spectrum showed the broad characteristic absorption of the Bi2S3 

nanoparticles with the maxima positioned at ~602 nm (Figure S2a). Due to the poor solubility of 

the Bi2S3 nanoparticles solid phase spectrum was recorded. The bandgap of Bi2S3 was calculated 

from the absorption spectra (Figure S2b) using the Kubelka-Munk method by assuming Bi2S3 as 

a direct bandgap material. 54 We determined band gap as 1.40 eV which was slightly higher than 

that reported for bulk band gap (1.3 eV). 21 Since the width size of fewer flakes is lower than the 

Bohr radius (~30 nm), we attributed the minor blue shift to weak confinement of carriers in the 

width of the nanoflakes. 

2.4 Electronic properties 

2.4.1 Device Construction 

The capping agent free nanoparticles are critical for efficient optoelectronic applications,55, 56 and 

these capping agents will create an insulating barrier on every nanoparticle and decrease the 

efficiency of the devices. Hence, we have synthesized organic-free Bi2S3 nanoflakes and built a 

prototype device of the photodetector (Figure. 3a). Among the various processing techniques, 

dry-casting is an attractive laboratory-friendly technique to fabricate the devices with small 

substrates (~1 cm). Moreover, the dry-casting technique does not require any costly equipment 

and the thickness of the active layer in the device can be controlled by the concentration of the 

nanoparticles. We fabricated the devices by binding the dry-casted Bi2S3 active layer between 

two ITO electrodes with the instrument configuration of ITO/Bi2S3/ITO, and the active area was 

1 cm × 1 cm.  

Figure 3a illustrates the fabrication process of the device at ambient conditions. At first, 

the active layer was made by the dry-casting of the suspension of Bi2S3 nanoflakes (40 mg in 1.5 

mL) on the etched ITO substrate. The non-active area of ITO plates was etched to avoid shorting 

of the circuit while binding. We observed the dewetting of the Bi2S3 layer from the ITO 

substrates at higher concentrations. Slow evaporation of the Bi2S3 suspension of the 

nanoparticles helped in achieving a high-quality active layer. Then, another ITO plate was 
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sandwiched with binder clips to make the final device. An identical parallel ITO electrode 

structure was used to support the charge collection (Figure 3b). Figure 3c explains the working 

principle of the device. Illumination by green light generated a photocurrent at Bi2S3 layer and 

charge separation occurred in ITO junctions. Three devices were analysed to check the 

reproducibility of performance. The performance of the device was stable in air, and no 

degradation was observed after two months.  

  

2.4.2 I-V Studies 

We evaluated I-V characteristics of the devices made from Bi2S3 nanoflakes. Figure 3d shows 

the representative I-V curves of devices under dark and illuminated conditions.  Illumination of 

device by green light (532 nm, 122 W.m-2) showed the enhanced photoconductivity compared to 

dark condition (I532 nm ≈ 1.5 Id). Both dark and illuminated conditions exhibited a linear 

response. The linear behaviour indicated that Ohmic contact was established between the 

nanoflakes and the ITO. 57 The change in the slope of the curves between dark and illuminated 

conditions specified increase in current with the illumination which indicates high sensitivity. 

We have observed photoexcited current of 50 µA at the bias voltage of 2 V. Compared to the 

photocurrent (46 µA) generated by the device of similar Bi2S3 architecture reported earlier23 we 

have achieved slightly higher photocurrent of 50 µA at the increased voltage (2 V). Thus, the 

capping agent free nature of the nanoparticles enhanced the photocurrent. The observed 

photocurrent generation even below 1 V can be attributed to the low resistance of the devices. 

Above 1 V, the difference between the dark current and photocurrent increased because the 

higher voltages enhanced the separation of photogenerated electrons and holes. The error bar in 

the I-V curves exemplified the stability of the device and the reproducibility of data. Even 

though ITO plates were bound physically, there was no breakdown of the device during 

measurements. All these findings indicated that the capping agent free Bi2S3 nanoflakes exhibit 

considerable photoresponse under the green light illumination.  

It is to be mentioned that considerable dark current was observed in the devices which 

can be attributed the trap-assisted current58-62 and minimal resistance (Section 2.4.5). Since the 

nanoparticles did not have the capping agent on the surfaces, there were more surface traps and 

less resistance.57-61 The charges might be trapped in the devices and contribute to the current in 
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dark conditions. It seems the capping agent free surfaces generated more surface traps leading to 

moderate device performance. However, we have accomplished the workable photoconductor 

with a simple device design. Hence, the synthetic method or fabrication procedure requires 

modification to achieve a balance between surface traps and better conductivity.  

2.4.3 Intensity dependent studies 

We examined the effect of illumination on the photocurrent (Figure 4a) by exposing the device 

to green light of varying intensity. Interestingly, the photocurrent increased linearly with the 

intensity of illuminated light according to the power law I  P0.070. It was observed the 

photocurrent rose from 37 µA (at dark) and reached a maximum of 44 µA at the 50 W.m-2. The 

linear increase in the current with the green light indicates the more carrier generation in the 

device. Compared with a standard Bi2S3 based photodetectors (I  P0.77),27 we have observed 

little power dependence in the present system. The low responsiveness may be attributed to the 

reflective ITO glass substrates63 and surface trap based recombination centers.64 We have tested 

the device up to 50 W.m-2 without damaging the device performance. These findings indicated 

the stability of device without any break-down and the robust nature of the Bi2S3 nanoflakes at 

an incident light of high intensity. In summary, the high-intensity illumination can improve the 

photoresponse of the Bi2S3 nanoflakes. 

 

2.4.4 Transient studies  

We next evaluated the use of Bi2S3 as a photodetector by transient state measurements (Figure 

4b). Square wave pulse of 50 W.m-2 with the interval of 40 s was given as an input optical signal 

to the device and output current was measured. While the pulse is turned on, the photocurrent 

increased from 4.5 nA to 5.6 nA.  The photo current reached the study state and sustained until it 

is switched off. The photocurrent curves replicated the pattern of input optical signals. The rise 

time of the device was calculated as 1.11 ± 0.10 s and decay time was 2.06 ± 0.21 s (Figure 4c 

and Table S1).  Rise time was calculated from the interval of 10-90% of its peak value while the 

decay time was calculated from the range of 90-10% of its peak value. Since the rise and fall 

curves are symmetric, the device can produce reliable photodetection. The photocurrent was 

almost constant during all the cycles. The photocurrent On: Off switching current ratio was 

1:1.3. Every cycle was identical and reproducible without any detectable degradation in the 
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device performance. Photocurrent was switchable to the on-off ratio even after the 700 s. 

Reversibility and stability of photocurrent in the transient studies exemplified the performance of 

the devices. It is to be mentioned that we have achieved the rise and decay time without any 

device structure optimization. All these observations indicated that response and decay time were 

in seconds, and the device can detect the fast varying optical signals. 

2.4.5 Impedance analysis 

With the intention of making electronic grade nanomaterials, we designed the HMDS-assisted 

method for making capping agent free nanoparticles.49, 50, 51 Organic impurity-free nanoparticles 

expected to have better carrier mobility and hence good conductivity.55 Hence, impedance 

analysis was carried out to analyse the effect of the absence of the capping agent on the surfaces.  

Impedance measurements were performed using the two probe method. Fully expressed 

semicircles were observed in the analyses (Figure 4d). The resistance was directly measured by 

extrapolating the semicircle at the lower frequencies in the Nyquist plot and was found to be 3.15 

± 0.02 k. It was in the optimal range of the device operation. There were no other types of 

resistances (semicircles) observed in the measurements. The small resistance was also 

responsible for good ohmic contact and linear response in I-V studies. Thus, the present synthetic 

procedure yielded low-resistance nanoparticles for a better optoelectronic application. 

 

3. Conclusions 

We have developed a solution phase synthetic method for the synthesis of Bi2S3 nanoparticles 

with the capping agent free surfaces to enhance the photoresponse. Using the HMDS-assisted 

method, 2 g of the Bi2S3 nanoflakes was produced. The method was a straightforward and 

scalable method for the synthesis of Bi2S3 flakes. A prototype device photodetector was 

fabricated from Bi2S3 nanoflakes using dry casting method. The device exhibited a linear 

response to the intensity of light under illumination and had the repose time of 1.1 s. We found 

that the higher light illumination can enhance photoresponse of the present system. Further, 

Bi2S3 nanoflakes had the resistance of 3.15 ± 0.02 k which was in the optimal range 

photodetector operation. Altogether, we have demonstrated simplicity in the synthesis, 

processing and device making. We have also shown that synthesis and device making can be 

achieved using a minimum energy at ambient conditions.  
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4. Experimental Section 

4.1 Synthesis of Bi2S3 nanoflakes 

We have used the HMDS-assisted method to synthesize Bi2S3 nanoflakes.49, 50, 51 All the 

chemicals were purchased from Aldrich and used without further purification. Reactions were 

carried out in a dry N2 atmosphere with glove box and schelenk line techniques. In a typical 

method, bismuth(III) chloride (0.20 g, 0.63 mmol) and thiourea (0.072 g, 0.94 mmol) were added 

to the reaction flask. Then, HMDS (5.0 mL, 23.8 mmol) was injected into the flask and stirred 

for the homogeneity. Then the reaction mixture was heated to reflux and maintained for 3 h. The 

black precipitate was obtained at the end of the reaction. The reaction mixture was smelly, and 

the precipitate was separated out by the filtration. (Caution: intermediate is smelly and will 

widely diffuse in the air). Then the precipitate was washed with methanol (20 mL × 3) and 

acetone (20 mL × 2) by centrifugation (3500 rpm, 5 min). Purification procedures were carried 

out under ambient conditions. The product was dried under high vacuum (120 °C, 1 h) and the 

fine black powder was obtained. The reaction procedure was reproducible, and yield was 62 ± 

4%.  

 

4.2 Instrumentation 

PXRD measurements were made in Bruker D8 X-ray diffractometer with the scan rate of 1° min-

1 (Cu Kα = 1.54 Å). And the operating voltage was turned to 40 kV and operating current to 30 

mA. The PXRD spectrum was obtained between 5 - 80°. FTIR measurements were recorded in 

the Alpha FTIR spectrometer. Samples were mixed with KBr and made as a pellet. The obtained 

spectrum was subtracted from the substrate. FESEM micrographs were recorded using Ultra 55 

Carl Zeiss. The samples were dispersed in isopropyl alcohol and coated on the ITO plates. The 

samples were sputter coated with Au/Pd mixture before the imaging. For the EDAX analysis, 

powder samples were dusted on the carbon tape. The stoichiometric ratios were repeatedly 

measured, and the average was reported. TEM analysis was performed in Technai G2 20 STEM 

with 200 mesh carbon grids. The isopropyl dispersion of the Bi2S3 nanoflakes was prepared and 

coated on the grids. Solid state absorptions were conducted due to the poor solubility of the Bi2S3 

nanoflakes.  The spectrum was obtained using Shimadzu UV–3600 UV-Vis spectrometer. The 
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samples were mixed with barium sulphate and spectrum was obtained. The bandgap of Bi2S3 

nanoflakes was calculated using the Kubelka-Munk method. In this approach, the energy derived 

from the UV spectrum (Energy (E) = 1239.84 / nm) was plotted against F(R).E2. and F(R) = (1-

R)2 / 2R. Where R is the absolute reflectance (R/100) and band gap was obtained from the x-axis 

intercept.  

4.3 Electronic measurements 

Device configuration was ITO/Bi2S3/ITO. The prototype photodetectors devices are made from 

dry casting the samples on the surface of the ITO plates. Conductive indium tin oxide glass 

plates were used (resistance = 60 .sq-1). The active area of the device was 1 cm × 1 cm. Before 

the coating, ITO plates were washed with a detergent solution followed by the ultrasonication in 

acetone. Electrode area of the device was directed by masking with Teflon tape. Then etching of 

the device performed on the other ITO plate (10% of HCl solution; 3 h).  Then the plates washed 

with IPA solution. Then the sample was coated with isopropyl alcohol suspension of Bi2S3 

nanoflakes (40 mg in 1.5 mL). The coated samples were air-dried for a uniform active layer. 

Finally, devices were made by binding the coated plate with other ITO by binder clips. Two-

probe method was used to study the optoelectronic properties. The photoconductivity of the 

device was analysed by I-V measurements. Green LED (532 nm, 122 W.m-2, bandwidth = 22 

nm) was utilized for the illumination of the device. Green LED was controlled by Zahner 

Zennium electrochemical workstation (Zahner, Germany). In transient studies, the light intensity 

of 90 W.m-2 was used. Reproducibility of the devices was confirmed by three different batches 

of the synthesis and device making. All the analytical data were plotted with standard error. 

Device measurements were conducted in the ambient conditions. For the energy level diagram, 

energy values were adopted from the literature.65 

Impedance measurements were carried out in Zahner Zennium electrochemical 

workstation and procedures are mentioned below. The two-probe analytical method was utilized 

for the impedance measurements. The Bi2S3 was made as a pellet under pressure (3 ton). The 

pellet dimensions were with radius = 0.8 cm and thickness = 0.062 cm. The resistance was 

calculated from the impedance spectroscopy. We utilised frequency range from 100 Hz to 4 

MHz with AC amplitude of 20 mV. The temperature was stabilized for 30 min before the 

measurements. Measurements were repeated three times and standard error was reported in the 
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manuscript. Bulk resistance was calculated from the real axis intercept of the semicircle in the 

Nyquist plot.   
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Figure 1. Primary characterization of Bi2S3 nanoparticles. (a) PXRD pattern of the nanoflakes. 

We observed that the obtained pattern matched with orthorhombic bulk Bi2S3 (JCPDS # 84-

0279). (b) FTIR spectrum of the nanoflakes. HMDS spectrum was plotted for the visual 

comparison. (c) FESEM micrographs of the nanoparticles. (d) EDAX spectrum of the 

nanoflakes. Atomic ratio showed that obtained product was slightly bismuth deficient (3%). 



17 

 

 

 

Figure 2. TEM micrographs of the Bi2S3 nanoparticles. (b) Particle distribution diagram. (c) 

SAED pattern of the flake. The circle indicates dominant (1 2 1) planes. (d) HRTEM analysis of 

a flake. (e) FFT analysis of whole flake in the image (d). 
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Figure 3. (a) Device making from the dry casting. Devices were made by binding the active 

layer between ITO electrodes. Active area of the device was 1 cm  1 cm (b) Cross sectional 

view of the device with circuits. (c) Energy level diagram of the device components (d) Two 

probe I-V measurements (532 nm, 122 W.m-2). 
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Figure 4. Optoelectronic properties of the devices. (a) Intensity-dependent measurement of the 

device. (b) Transient measurements of the device. For the comparison, Input square pulse is also 

shown. (c) A magnified cycle of the transient studies. (d) Nyquist plot of Bi2S3 nanoflakes. Dots 

are experimental data, and the solid lines are trend line. Inset showing the measurement design 

(exploded view) of the impedance analysis. 
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Scheme 1. The modified HMDS-assisted synthesis of Bi2S3 nanoflakes 
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Abstract Heterodimers are conjoined particles of

two inorganic materials, and they are generally

synthesised in multiple steps. But, the multi-step

syntheses are less effective because of the low yield,

long reaction time, labour intensive process and

complexity in the synthesis and thus not ideal for

scale up. Herein, we have demonstrated single-step,

one-pot syntheses for two different types of Ag/Ag2S

heterodimers. Two types of heterodimers were

obtained while varying stoichiometry in the reaction

of AgNO3 with sulphur in the presence of hexam-

ethyldisilazane (HMDS) at 140 �C. To the best of our

knowledge, this was the first demonstration of single-

step process to synthesise Ag/Ag2S heterodimers.

Heterodimers had dumbbell shape with both metal and

semiconductor domains in single particle which were

constructed by spherical Ag and Ag2S nanoparticles.

Ag (2 0 0) and Ag2S (0 2 2) planes associated to form

heterodimers. The presence of metal–semiconductor

interfaces was confirmed by HRTEM and UV analy-

sis. Thus, we have demonstrated the HMDS-assisted

synthesis as a promising method for direct synthesis of

Ag/Ag2S heterodimers.

Keywords Heterodimers � Ag2S nanoparticles � Ag
nanoparticles � Hexamethyldisilazane and HMDS-

assisted methodology � Composite nanoparticles

Introduction

Heterodimers (HDs) are hybrid nanomaterials formed

by the attachment of two different inorganic materials

as a single unit. (Talapin et al. 2003; Gu et al. 2004;

Mokari et al. 2004; Kudera et al. 2005; Mokari et al.

2005; Yu et al. 2005; Cozzoli et al. 2006; Yang et al.

2006; Casavola et al. 2008; Jiang et al. 2008; Yang and

Ying 2009; Jiang et al. 2011; Pang et al. 2010; Zhu and

Xu 2011; Xiong et al. 2013; Gu et al. 2004; Tang et al.

2006). HDs integrate different functional materials of

desired interest and are multifunctional due to their

hybrid properties of constituting materials (Mokari

et al. 2005; Casavola et al. 2008; Xiong et al. 2013;

Lee et al. 2010). Hence, the properties of both

materials can be harnessed at the same time. Resulting

properties can be tuned by the size and dimensions of

constituent nanoparticles in HDs. Among various

HDs, Ag/Ag2S is unique because of the combination

of metal and semiconductor. Because of the interface,

Ag/Ag2S HD exhibited excellent photocatalytic effi-

ciency, (Jiang et al. 2011) photosensitivity, (Xiong
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et al. 2013) and antibacterial activity (Pang et al.

2010).

In most of the synthetic procedures, HDs were

prepared by sequential synthesis, i.e. post modification

on one of the domains. To mention few, Mokari et al.

synthesised Au/CdSe HD by post attachment of gold

nanoparticles with CdSe rods (Mokari et al. 2004). Yu

et al. obtained Au/Fe3O4 HD by decomposition of

Fe(CO)5 on the surface of Au nanoparticles followed

by oxidation (Yu et al. 2005). Manna et al. reported the

CoPt3/Au HD production by nucleation of Au on

CoPt3 nanoparticles (Cozzoli et al. 2006). Lee et al.

synthesised PbS/Au HD by mixing of Au nanoparti-

cles with PbS nanoparticles (Yang et al. 2006). Ying

et al. synthesised the Fe2O3/Ag HD using Fe2O3

nanoparticles as seeds (Jiang et al. 2008). Talapin et al.

synthesised FePt/PbS HD using FePt nanoparticles as

seeds (Lee et al. 2010). Zeng et al. made Ag2S/Ag HD

through ion exchange and photo-assisted reduction

(Pang et al. 2010). Thus, most of the methods required

multiple steps and unique reaction procedures to

synthesise HDs. However, the multi-step syntheses are

less effective because of the low yield, long reaction

time, labour intensive process and complexity in the

synthesis and thus not ideal for scale up.

Herein, we report single-step synthesis of two

different types (HD-I and HD-II) of Ag/Ag2S HDs.

We have synthesised these HDs without linkers or

pre/post synthetic modifications but using hexam-

ethyldisilazane-assisted method (HMDS-assisted

methodology) (Kumar and Muralidharan 2011,

2013). HD formation was achieved by designing

reaction condition suitable for the simultaneous for-

mation of Ag and Ag2S nanoparticles in one pot. To

the best of our knowledge, this is the first report on the

direct wet chemical synthesis of Ag/Ag2S HDs. HD-I

had a dumbbell shape with equal amount of metallic

Ag nanoparticles and semiconducting Ag2S nanopar-

ticles. Silver domain in the HDs was tuned by varying

the amount of sulphur in the reaction ((AgNO3:-

S = 2:0.9)). The structure and mechanism of forma-

tion of HDs were investigated by analysing the

interfaces by HRTEM and UV spectra.

Experimental section

All the materials of analytical grade were purchased

from commercial suppliers and used without further

purification. The reaction was performed in air-free

conditions using schlenk line. Glove-box was used to

handle and store air-sensitive chemicals.

Synthesis of Ag/Ag2S heterodimer-I

Ag/Ag2S heterodimer-I (HD-I) was synthesised using

a stoichiometric ratio of AgNO3:S in the reaction as

2:0.3 (Scheme 1). In typical synthesis, AgNO3

(0.400 g, 2.40 mmol) and sulphur (0.011 g,

0.31 mmol) was added into 50 mL round bottom

flask. The flask was purged with nitrogen gas

(10 min), and then an excess amount hexamethyldis-

ilazane (HMDS) (10 mL, 47.7 mmol) was injected.

The reaction mixture was heated to reflux (140 �C) for
1 h to ensure the completion of the reaction. A shiny

black precipitate was formed at the end of reaction.

Volatile side-products and unreacted capping agent

were removed by vacuum. The residue was washed

with methanol (20 mL 9 3) and toluene (20 mL 9 3)

to remove unreacted AgNO3 and sulphur, respec-

tively, under ambient condition. It was dried at 120 �C
for 4 h. HD was stable in dark and was stored in a

desiccator.

Synthesis of Ag/Ag2S heterodimer-II

Ag/Ag2S heterodimer-II (HD-II) was synthesised

using the reaction stoichiometric ratio of AgNO3:S

as 2:0.9 (Scheme 1). The procedure was similar to the

HD-I synthesis. In typical synthesis, AgNO3 (0.400 g,

2.40 mmol) and sulphur (0.034 g, 1.08 mmol) were

used. The amount of HMDS in the reaction was kept

constant. The reaction was carried out at reflux

temperature for 1 h, and black precipitate of HD-II

was obtained. The precipitate was purified similar to

HD-I and stored in dark conditions.

Instrumentation

Powder X-ray diffraction patterns of HDs were

collected from Bruker D8 X-ray diffractometer

[k(Cu-Ka) = 1.54 Å] with the scan rate of 1� min-1.

Powder samples were supported by PMMA holder,

and the studies were carried out at room temperature.

Solid-state UV/Vis absorption spectra of HDs were

recorded in Shimadzu UV-3600 UV/Vis spectropho-

tometer. The samples were mixed with UV-grade

barium sulphate, and the reflectance was recorded.
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The absorbance was derived from the reflectance by

Kubelka–Munk conversion. IR spectra were acquired

using Alpha FTIR spectrometer. The FTIR spectra of

HDs were subtracted from the spectrum of pure

substrate. TEM, DFTEM and SAED analyses of HDs

were carried out on FEI Technai G2 20 STEM

instrument. To prevent light-induced modifications,

light exposure was avoided while handling HDs for

microscopic analysis. Samples were dispersed in

isopropyl alcohol (2 mL) and sonicated for 8 min

prior to TEM analysis. The dispersions of HDs were

coated on carbon-coated Nickel grids (200 mesh).

Since copper grids were reacting with ionic silver

particles in HDs, the nickel grids were used for TEM

measurements. For the particle distribution analysis,

diameter of 300 particles was measured and plotted.

TEM-EDAX measurements were recorded in several

places for complete analysis.

Results and discussion

Designing of heterodimer synthesis

The HMDS-assisted synthesis of nanoparticles is

emerging as an interesting method for the production

of various organic surfactant-free nanoparticles (Ku-

mar and Muralidharan 2011, 2013, 2014). Earlier, we

have reported the sulphur ratio controlled formation of

Ag nanoparticles and Ag2S nanoparticles assisted by

HMDS (Kumar and Muralidharan 2014). Ag2S

nanoparticles were obtained when the reaction stoi-

chiometry of AgNO3:S was 2:1, while Ag nanoparti-

cles were obtained with the absence of sulphur. Since

the amount of sulphur in the reaction directed the

preferential formation of products, we varied the

reaction stoichiometry between AgNO3 and S (2:

0.2–0.9) with the intention of synthesising HDs.

Interestingly, two types of HDs were formed when

the ratio of AgNO3:S = 2:0.3 and 2:0.9 while other

reactions yielded simple mixtures of Ag and Ag2S

nanoparticles. HDs were categorised based on the

amount of the Ag particles in the HDs. Silver-rich

heterodimers (HD-I) were formed at Ag:S = 2:0.3

ratio. The second HD (HD-II) was obtained at the

stoichiometric ratio of AgNO3:S = 2:0.9.

To explore the HDs formation, we have performed

few controlled reactions (Table 1). The role of HMDS

and formation of S–N intermediate in the HMDS-

assisted synthesis were well established earlier (Ku-

mar and Muralidharan 2014). Similar to earlier

observations, without HMDS, there was no progress

in the present reaction. To avoid the influence of

concentration of HMDS on the HD formation, a large

excess of it was added (*41 times of mole ratio) in all

reactions. Thus, we have demonstrated stoichiometry

controlled synthesis of HDs assisted by HMDS. Every

reaction was duly followed by TEM analysis. In the

absence of sulphur in the reaction, Ag nanoparticles

formed (Table 1, Reaction 1; Fig. S1). (Kumar and

Muralidharan 2014). At the stoichiometric ratio of

AgNO3:S = 2:1 in HMDS, formation of Ag2S

Scheme 1 Reaction

explaining the synthesis of

two forms of Ag/Ag2S HDs
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nanoparticles was observed (Reaction 2, Table 1,

Fig. S1) (Kumar and Muralidharan 2014). The inter-

mediate stoichiometric condition (AgNO3:-

S = 2:0.2–0.9) yielded binary mixtures of both Ag

and Ag2S nanoparticles except for the following

observations. At the stoichiometric amount of

AgNO3:S = 2:0.3, HD-I was formed (Reaction 3,

Table 1), and HD-II was formed when the sulphur

quantity in the reaction was high (AgNO3:S = 2:0.9)

(Reaction 4, Table 1).

Tailoring metal–semiconductor domains

Figure 1 shows PXRD patterns of materials obtained

from the reactions of varying stoichiometry. Even

though all the non-stoichiometric ratios had mixed Ag

and Ag2S pattern, TEM analysis showed that only

Ag:S = 2:0.3 and 2:0.9 ratio yielded HDs (Figs. 2, 4).

For all materials, a combined pattern of bulk phase Ag

and Ag2S crystal structures was observed. Ag2S phase

had monoclinic crystal system (JCPDS # 14-0072)

while Ag phase had a cubic crystal system (JCPDS #

04-0783). The diffraction peaks were broad and

merged with adjacent peaks. Yet, the relative inten-

sities of the peaks and position of Ag and Ag2S

reflections were consistent with standard individual

patterns. All peaks were accounted and identified as

either Ag or Ag2S reflections. Since there were no

peaks due to carbonaceous species or HMDS in FTIR

spectra of HD-I and II (Fig. S3), line broadening due to

the contribution of organic moieties was excluded.

Although excess of silver ions was presented in the

reaction, diffraction patterns were phase pure and no

other Ag-rich stoichiometric phases were identified.

No lattice stress or no reflections were compromised

for the HD formation (Fig. S2). The individual PXRD

patterns explained that individual characteristics were

retained during the formation of HDs.We infer Ag and

Ag2S nanoparticles existed with an own identity in

HDs, and lattices were not compromised for the

formation of HDs. To analyse the nature of individual

Ag and Ag2S domains and HD formation, the particles

was analysed using HRTEM and DFTEM. FFT and

lattice profiling were also obtained.

Metal-rich Ag/Ag2S heterodimer-I

The TEM micrographs confirmed that HDs were

formed at the reaction ratio of Ag and S that was 2:0.3

(Figs. 2, S4). TEMmicrographs showed that HD-I had

dumbbell shape and formed by an attachment of Ag

and Ag2S spherical nanoparticles. We observe a sharp

contrast difference between Ag and Ag2S domains in

HD-I nanoparticles and they were visible even under

low magnifications. The size distribution of Ag

nanoparticles was within 9–38 nm with average

diameter of 19 ± 6 nm while that of Ag2S nanopar-

ticles was 9–34 nm with an average diameter of

17 ± 5 nm (Fig. 2 inset). Both distributions of Ag and

Ag2S nanoparticles were nearly monodisperse and

reproducible. The reaction mixture was required to be

stirred rigorously to avoid local concentration of

reactants; otherwise, HD particles of random size

distribution were obtained as seen in TEM. As

Table 1 Controlled reactions. HDs were synthesised by one-pot synthesis of Ag and Ag2S nanoparticles

S. No Reactions Products

1. AgNO3 ? HMDS Ag nanoparticles (Kumar and Muralidharan 2014)

2. 2 AgNO3 ? S ? HMDS Ag2S nanoparticles (Kumar and Muralidharan 2014)

3. 2 AgNO3 1 0.3 S 1 HMDS Ag/Ag2S heterodimers-I

4. 2 AgNO3 1 0.9 S 1 HMDS Ag/Ag2S heterodimers-II

5. 2 AgNO3 ? x S ? HMDS Mixture of Ag and Ag2S nanoparticles (x = 0.2–0.8 except 0.3)

 325 Page 4 of 11 J Nanopart Res  (2015) 17:325 

123



determined by TEM-EDAX, the Ag and S atomic

ratios in HD-I were not constant in all HD-I particles

but distributed over a range. For every S atom, the

atomic ratio of Ag was ranging from 2.3 to 2.9

(Fig. S5). This may be due to the various volume

proportions of Ag and Ag2S nanoparticles. The

absence of silicon signal in the EDAX spectrum

confirmed the absence of HMDS (capping agent) on

the particle surfaces. Elemental profiling measure-

ments of individual HDs were not successful because

of the small size of particles (Fig. S6).

HRTEM and DFTEM images duly confirmed the

single crystalline nature of both Ag and Ag2S parts in

HD were not compromised while forming HDs. Since

the contrast difference between Ag and Ag2S domain

in a single frame was interfering, the individual

domains were differentiated by lattice fringe mea-

surements. High quality individual HRTEM images

were achieved by sacrificing either Ag or Ag2S lattice

(Fig. 3a). Since Ag and Ag2S have similar diffraction

pattern, Ag2S was differentiated from Ag by higher

distant planes [(1 1 1)]. Dark field TEM (DFTEM)

images combined with SAED pattern utilised as a

guiding tool for identifying the difference between Ag

and Ag2S nanoparticles (Fig. 3c–f).

HRTEM micrographs (Figs. 3, 5) showed specific

interaction betweenAg andAg2S particles. The studies

confirmed that HD-I was formed by the interaction of

Ag (2 0 0) planes and Ag2S (0 2 2) planes (Fig. 5).

Lattice mismatch at the junction of the Ag (2 0 0) and

Ag2S (0 2 2) planes was calculated as (*21 %). This

lattice mismatch was the reason for HD formation

rather than core–shell nanostructures since core–shell

nanostructures required\5 % of lattice mismatching

(Palmstrom 1995; Ray et al. 2014; Zhang et al. 2010).

The large lattice mismatch explained that the structure

of HD not an epitaxial type of growth on each other. In

the epitaxial growth, the crystal will grow on lattice

matched crystal on the surface to minimise the surface

energy. Clearly, the lattice mismatch and selective

interaction were responsible for the formation of HDs.

The association of Ag and Ag2S nanoparticles was

strong and not reversed/disrupted by the sonication.

Compared with other synthetic procedures of HDs, we

Fig. 1 Powder X-ray

diffraction patterns of

materials obtained from

various reactions of

different stoichiometric

ratios. Heterodimers were

obtained at the

stoichiometric ratio of

AgNO3:S = 2:0.3 and

2:0.9. Standard diffraction

patterns of Ag (cubic) and

Ag2S (monoclinic) are also

shown for comparison
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achieved higher volume proportion of Ag in Ag/Ag2S

HDs (Jiang et al. 2011; Pang et al. 2010; Xiong et al.

2013; Zhu and Xu 2011).

Ag/Ag2S Heterodimer-II having more semiconductor

domain

PXRD pattern and TEM micrographs confirmed the

formation of Ag2S-rich heterodimer (HD-II) when the

reaction stoichiometric ratio of AgNO3:S was 2:0.9. In

PXRD pattern, Ag2S peaks were dominated and

screened the peaks of Ag (Fig. 1). Reflections of the

Ag nanoparticles in HD were weak due to the small

volume fraction, butAg (1 1 1) peakwas distinguishable

from Ag2S pattern. The large area TEM images

(Fig. 4a) showed that Ag and Ag2S nanoparticles

associated to form HD-II among which most of the

particles further self-assembled to form chain like

morphology. The high magnification images showed

that the smaller spherical Ag nanoparticles were

embedded on bigger Ag2S nanoparticles like cactus-

opuntia plant to formHD-II nanoparticles (Fig. 4b). The

sizes of Ag domain were between 3 and 28 nm with an

average diameter of 9 ± 4 nm while that of Ag2S was

between 18 and 71 nm with an average diameter of

38 ± 8 nm (Fig. 4c). For the dark field TEMmeasure-

ments, entire diffraction pattern was collected without

any special selectionofdiffractionpattern ofAgorAg2S

nanoparticles. In the dark field TEM images of HD-II,

Ag and Ag2S were distinguished since Ag domain was

brighter than Ag2S domain (Fig. 4d–g). HRTEM stud-

ies showed that Ag nanoparticles had the random

orientation on the Ag2S nanoparticles (Fig. 6a–c).

HRTEM showed clear lattice fringes of Ag and Ag2S

domains (Fig. 6a). Patterns of two-dimensional Fast

Fourier Transformations were in agreement with PXRD

pattern. Besides HD, the higher order association was

also observed (trimers, tetramer, etc.; Figs. 4b, 6f). But

morphological yield of the dimers was relatively higher

than trimer, tetramer, etc.

Fig. 2 TEM image of the

heterodimer. Arrows

indicate representative HD.

Silver nanoparticles had

strong imaging contrast than

Ag2S nanoparticles. Inset

Particles distribution

diagram
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Fig. 3 a HRTEM images of an HD-I. Dotted square indicates

the selected area for FFT. b Corresponding fast Fourier

transformed micrograph of Ag2S region. c, e TEM image of

the HD-I. d, f corresponding Dark Field images. Ag nanopar-

ticles were brighter than Ag2S nanoparticles

Fig. 4 a Low-

magnification TEM image.

b Magnified view of HD-II.

Ag nanoparticles embedded

on the Ag2S nanoparticles.

Arrow indicates Ag

nanoparticles. c Particle
distribution diagram. d–
g Dark field images of HDs.

Silver nanoparticles were

brighter than Ag2S

nanoparticles
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Why heterodimers formed?

The HMDS-assisted synthesis is known to proceed via

the formation of S–N polymeric intermediate (Kumar

and Muralidharan 2014). The formation of S–N

intermediate and the absence of surfactants around

the particles played a key role in the formation of the

HDs. The intermediate was formed using available

sulphur which in turn reacted with AgNO3 yielding

Ag2S nanoparticles. Remaining AgNO3 in the same

reaction was reduced by HMDS to form Ag nanopar-

ticles. Consequently, when the amount of S in the

reaction was low, less amount intermediate was

formed leaving more AgNO3 to be reduced to Ag

nanoparticles. This situation yielded Ag-rich HD-I.

Similarly, when S was more in the reaction, more

amount of intermediate was formed leading to the

formation of higher quantity of Ag2S leaving less

amount AgNO3 to be reduced to form Ag nanoparti-

cles. This situation led to HD-II. Interestingly, since

the HD formation was rapid, no other individual Ag or

Ag2S nanoparticles were observed. Thus, the co-

formation of the Ag and Ag2S nanoparticles in a

single-pot favoured HDs formation.

Since the nanoparticles in HDs were not stabilised

by capping agents, the surface energies of both

nanoparticles were high. Therefore, surfaces of the

Ag2S nanoparticles would readily accessible to Ag

nanoparticles. To minimise the surface energy, both

Ag and Ag2S nanoparticles associated and formed the

HDs. If the interaction was specific, HD-I particles

were formed (Fig. 5). Ag (2 0 0) and Ag2S (0 2 2)

constructed the HD-I (Fig. 5c, f). At the same time, if

the interaction was non-specific, HD-II particles were

formed (Fig. 6). Moreover, in the non-specific inter-

action, association of Ag and Ag2S nanoparticles

might be continued until the surface energy was low.

Hence, the higher order associations (trimers, teramer,

etc.) were found (Fig. 6d–g). DFTEM also confirmed

the multiple associations of Ag nanoparticles on the

surfaces of the Ag2S nanoparticles (Fig. 4d–g). The

number of Ag particles on the surfaces of Ag2S

particles was not constant.

We have observed that the purified metal sulphide

nanoparticles did not agglomerate even in the absence

of capping agents, whereas it is a common phe-

nomenon for metal nanoparticles. The agglomeration

of metal nanoparticles is generally promoted by the

Fig. 5 a, d HRTEM image lattice planes of Ag and Ag2S. b, e Corresponding two-dimensional FFT patterns of Ag and Ag2S,

respectively. c, f are lattice profiles at the interface
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possibility of metallic bonds while Ostwald-ripening

process is helping the growth of nucleus on the

expenses of smaller particles for various metal

sulphides and sulphates. In our intermediate-con-

trolled reaction, Ag2S was formed first but the

particles growth continued with Ag particles available

in excess. In this process, either HD-I (Ag rich) or HD-

II (Ag less) particles were formed based on the

availability of Ag during syntheses. Based on all

observations, we proposed that HDs were formed by

Ostwald-ripening directed association of Ag and Ag2S

particles (Mokari et al. 2005). These HD nanoparticles

are rare examples of the particles having both metal

and semiconductor domains which were obtained in a

single-step synthesis. The preferential formation of

HDs only at specific reaction stoichiometry and reason

for association of nanoparticles to form HDs under

particular reaction condition are not clear. However, it

seems that the collective effect of reaction condition,

reaction stoichiometry, and the surface energy of

particles operate at various stages of the synthesis and

finally superimpose to encourage the formation of

HDs at particular magic ratios.

Optical properties: mixed electronic states of Ag

and Ag2S

The UV spectra of HDs were obtained to identify the

electronic nature of interactions of planes which were

responsible for HDs formation (Fig. 7). Since com-

plete removal of capping agent resulted in poor

solubility of nanoparticles, solid state UV spectra

were preferred to comprehend the optical properties.

Broad absorption of Ag2S nanoparticles dominated the

whole spectrum of both the HDs (Kryukov et al.

2004). Broad spectrum of Ag2S nanoparticles also

suggested that individual properties of nanoparticles

were not compromised for the formation of HDs.

Compared with HD-II, HD-I had an additional new

peak at 321 nm. This peak is attributed to the

combination of electronic states of metallic Ag and

semiconductor Ag2S nanoparticles (Casavola et al.

2008; Yang et al. 2006). Interfacial mixing of Ag (2 0

0) and Ag2S (0 2 2) planes to the different degrees

might modify the density of electronic states causing a

broad peak. This observation evidenced interaction of

metallic Ag and semiconducting Ag2S nanoparticles

Fig. 6 a Representative

HRTEM image of HD-II

showing the embedded

silver nanoparticles on the

Ag2S surface. Reversible

imaging contrast was

observed since HD particles

were tilted while acquiring

image. b, c Corresponding
two-dimensional FFT of

Ag2S and Ag region. d–
g TEM images showing

higher order association of

Ag and Ag2S nanoparticles.

Arrows indicate multiple

associations
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in HD-I. At the same time, HDs had distinct electronic

properties than constituent Ag and Ag2S nanoparti-

cles. In HD-II, Ag adsorption on Ag2S was non-

selective, and hence, the 321 nm peak was not

observed. It is to be mentioned that we did not observe

the surface Plasmon band corresponding to Ag

nanoparticles. This observation may be attributed to

the thin dampening Ag2S layer on the surface of Ag

nanoparticles (Link and El-Sayed 1999; Mulvaney

1996). Electronic spectra suggested selective interac-

tion planes in HD-I and simple association Ag and

Ag2S nanoparticles in the HD-II by non-selective

interaction between the Ag and Ag2S planes. The non-

selective interaction was responsible for the formation

of higher order particles like trimers, tetramers, etc.

along with HD-II.

Conclusion

We have demonstrated direct synthesis of HDs by

HMDS-assisted method. The Ag/Ag2S HDs were

synthesised without any pre/post modifications. The

reaction conditions were identified to produce HDs by

conducting controlled experiments, and both HDs

were quantitatively reproduced in those conditions.

We have scaled-up HDs synthesis up to 2 g. The

method resulted in near monodispersity and crys-

tallinity of nanoparticles. It was clear from the

controlled reactions that one-pot formation of Ag

and Ag2S nanoparticles induced the direct synthesis of

HDs. Versatility of synthetic design is exemplified by

the synthesis of two types of HDs. Noticeably, with

one variable (stoichiometry of sulphur) in the reaction,

we reliably controlled the HD compositions and tuned

the metal and semiconductor domains in HD particles.

It was observed that the interface of HD-I was

composed of Ag (2 0 0) and Ag2S (0 2 2) planes

which caused absorption at 321 nm. HD-II did not

have any selective interaction at the interface but

higher order associations occurred. The combination

of heterostructure, organic-free surfaces and mixed

electronic states is expected to make HDs functional

and could be used as building blocks for future single

molecular electronic devices.
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Abstract. Synthesis of phosphorus containing polyethers and their lithium-ion conductivities for the poten-
tial use as solid polymer electrolyte (SPE) in high-energy density lithium-ion batteries have been described.
Co-polymerization of butyl bis(hydroxymethyl)phosphine oxide with three different dibromo monomers were
carried out to produce three novel phosphorous containing polyethers (P1–P3). These polymers were obtained
via nucleophilic substitution reactions and were characterized by 1H, 31P NMR spectral data and gel perme-
ation chromatography. SPEs were prepared using polyethers (P1 and P2) with various amounts of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). The lithium-ion conductivity of SPE2 containing 40 wt% of
LiTFSI was 2.1 × 10−5 S cm−1 at room temperature and 3.7 × 10−4 S cm−1 at 80◦C.

Keywords. Phosphorus; polyether; solid polymer electrolyte; lithium-ion conductivity.

1. Introduction

Demand for efficient energy storage devices has
increased due to the requirements of higher energy stor-
age capacity and portability.1 Rechargeable lithium-ion
batteries are the major power sources for portable elec-
tronics. At present, the performance of lithium-ion bat-
tery for miniature portable electronic devices is sat-
isfactory. However, the current technology cannot be
promoted to automobile batteries due to the poten-
tial fire hazard of organic liquid electrolyte present in
batteries.2 Moreover, organic liquid electrolytes suf-
fer from volatility, pressure build-up or even explosion
hazard, limited operating temperature range and harm-
ful leakage. The fundamental solution to this problem
is substitution of the flammable organic liquid elec-
trolyte with non-flammable solid polymer electrolyte
(SPE). Besides the safety considerations, other inter-
esting properties such as flexibility, easy manipulation,
wide operating temperature range, high electrochemical
stability and light weight fabrication allows possibili-
ties for advanced lithium-ion polymer secondary bat-
teries. In addition, both ion conduction and mechanical
separation can be attained in a single solid electrolyte
membrane. Furthermore, a battery can be fabricated in
any desired shape and size due to the flexibility of poly-
mer membranes.3 Therefore, a better SPE with flame

∗For correspondence

retardant property for high-energy density lithium- ion
batteries is always in demand to replace the organic
liquid electrolyte.

Wright and co-workers revealed the ability of
poly(ethylene oxide) (PEO) to dissolve inorganic salts
and exhibiting ion conduction at room temperature.4

But, the room temperature ionic conductivity of PEO
based polymer electrolyte is too low (10−7 S cm−1)

for practicable applications. Our interest is to prepare
SPEs having good ionic conductivity with flame retar-
dant property. So, it is necessary to understand the con-
duction mechanism in order to improve the ionic con-
ductivity of SPEs. The ionic conductivity in amorphous
polymers depends on local segmental motions of poly-
mer chains and such a favourable situation was obtained
only at temperatures above Tg.5 Hence, an amorphous,
solid polymer with low glass transition temperature is
preferred for ionic conductivity.

Our aim is to induce conformational flexibilities by
incorporating phosphorus in the form of C-P-C bonds in
the chain. Integration of heteroatoms into the carbon–
carbon polymer chain can be an intriguing strategy to
tailor the properties to expand the applications of mate-
rials. However, incorporation of heavier main–group
element in the polymer backbone is synthetically chal-
lenging. We have used bis(hydroxymethyl)phosphine
oxides as monomer in a co-polymerization reaction to
lead to polyethers. Herein, we report the polymerization
behaviour of butyl bis(hydroxymethyl)phosphine oxide

635
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and the influence of phosphorus containing polyethers
on ionic conductivity.

2. Experimental

2.1 Materials and instruments

All manipulations involving air and moisture sen-
sitive compounds were carried out using standard
Schlenk techniques under the atmosphere of dry nitro-
gen. All solvents to be used under inert atmosphere
were thoroughly deoxygenated using freeze-pump-
thaw method before use. They were dried and puri-
fied by refluxing over a suitable drying agent followed
by distillation under nitrogen atmosphere. The com-
pounds, tris(hydroxymethyl)phosphine (S1),6 1,4–bis
(bromomethyl)–2,3,5,6–tetramethylbenzene7 (M3), 1,4–
bis(bromomethyl)-2,3,5,6–tetramethoxybenzene8 (M4)
were synthesized according to the literature pro-
cedures. The compounds, tetrakis(hydroxymethyl)
phosphonium chloride (Acros); 1,5–dibromo-pentane
(M5), 1–iodobutane and lithium bis(trifluoromethane-
sulfonyl)imide LiN(SO2CF3)2 (LiTFSI) were pur-
chased from Aldrich and were used as received without
purification. K2CO3 (Merck) was dried at 100◦C for 6 h
under vacuum prior to use.

Structures of all the products were confirmed by
1H, 31P and 13C NMR spectra. All the NMR spectra
were recorded on a Bruker Avance 400 MHz FT NMR
spectrometer at room temperature using either CDCl3

or CD3OD as solvent. The chemical shifts are reported
in parts per million (δ) relative to tetramethylsilane as
reference for 1H and 13C{1H} NMR (100 MHz). The
31P{1H} NMR (162 MHz) spectra referenced to 85%
H3PO4. The Netzsch STA 409 PC model was used
for thermogravimetric and differential thermal analy-
sis (TG-DTA) to examine the thermal stability. The
decomposition behaviour of polymers was studied from
30 to 900◦C under the nitrogen flow with a heat-
ing rate of 10◦C/min. The temperature of 5% weight
loss was chosen as onset point of decomposition (Td).
The glass transition temperatures (Tg) of polyethers
were measured on a Differential Scanning Calorimeter
(DSC) from PerkinElmer (Pyris Diamond DSC 8000).
The measurements were performed at a heating rate
of 10◦C/min under the nitrogen. Tg was assigned as
the inflection point in the thermogram. The molecular
weights of the polymers were determined by Gel Per-
meation Chromotography (GPC) of Shimadzu 10AVP
model equipped with refractive index (RI) detector. The
separation was achieved using a Phenogel mixed bed
column (300 × 7.80 mm) operated at 30◦C with a flow
rate of 0.5 mL/min. using tetrahydrofuran (THF) as

the eluent. The molecular weight and molecular weight
distributions were calculated using polystyrene as a
standard.

The impedance measurements of polymer elec-
trolytes were performed in Zahner zennium electro-
chemical work station with built-in Thales software for
data acquisition. The measurements were done in the
frequency range of 1 Hz to 4 MHz. The specimens in
the form of pellets were sandwiched between two gold
plated electrodes housed in a homemade cell. For vari-
able temperature measurements, cell was equilibrated
at each temperature for 30 min. before measuring. The
conductivity was calculated using the equation σ =
d/(ARb), where d is the thickness of the polymer elec-
trolyte disc, A is the surface area of the pellet and Rb

is the bulk resistance value which can be obtained from
the Nyquist plot.9

2.2 Experimental procedure

2.2a Synthesis of butyl bis(hydroxymethyl)phosphine
oxide (M1): The synthesis of M1 was achieved
in three steps as follows: A solution of tris
(hydroxymethyl)phosphine (S1) (12.60 g, 0.1 mol) in
methanol (20 mL) was taken into a 500 mL two-necked
flask under nitrogen. To this, deoxygenated mixture of
1–iodobutane (37.43 g, 0.2 mol) and methanol (140
mL) was added dropwise at 0◦C for 30 min. The reac-
tion mixture was refluxed for 4 h and the solvent was
evaporated under high vacuum to get a viscous oily
product. Purification of this product was unsuccessful
because it was non-volatile oily liquid.

To the above mixture (25.38 g), dry triethylamine
(190 mL) was added in one portion under nitrogen with
stirring. The resulting mixture was then heated to 60◦C
for 1 h and then allowed to cool to room temperature.
The solid [NHEt3]Cl byproduct was filtered off and
triethylamine solvent was distilled out at atmospheric
pressure to give a crude product which was then heated
to 90◦C for 5 h under reduced pressure. A viscous oily
product was obtained.

To the above oily product (10.88 g) in methanol
(25 mL), 30% hydrogen peroxide solution (8.3 mL, 72
mmol) was added dropwise at 15◦C and stirred for 2
h. The solution was concentrated under vacuum which
was purified by column chromatography on silica gel
eluting with CH2Cl2/MeOH (6:1) to give a clear colour-
less liquid butyl bis(hydroxy methyl)phosphine oxide
(M1). (TLC was analyzed by immersing the plate in
5% sulfuric acid in methanol followed by heating using
hot-air drier for 2 min. and spots were visualized by
naked eye) Yield: 5.40 g, 45%. 1H NMR (CD3OD): δ

4.86 (s, 2H, –OH), 3.97 (dd, J = 26.5, 14.1 Hz, 4H,
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–OCH2P), 1.91–1.79 (m, 2H, –PCH2CH2), 1.71–1.56
(m, 2H, –CH2CH2CH3), 1.53–1.41 (m, 2H, –CH2CH3),
0.96 (t, J = 7.3 Hz, 3H, –CH3). 13C NMR (CD3OD): δ

58.45 (d, J = 79 Hz, –PCH2O), 26.39 (d, J = 13 Hz,
–CH2), 24.98 (d, J = 4 Hz, –CH2), 24.13 (d, J =
62 Hz, –CH2), 15.07 (s, –CH3). 31P NMR (CD3OD):
δ 51.54. EI–MS: m/z 333 (2M++1, base peak). Anal.
calcd for C6H15O3P: C, 43.37; H, 9.10. Found: C,
43.28; H, 9.25. Further continuation of elution yielded
tris(hydroxymethyl)phosphine oxide (M2). Yield: 1.50
g, 12%. 1H NMR (CD3OD): δ 4.11 (s, 6H, –CH2), 2.55
(s, –OH). 13C NMR (CD3OD): δ 57.14 (d, J = 76 Hz,
–CH2).

31P NMR (CD3OD): δ 46.00.

2.2b General procedure for the copolymerization
ofM1 withM3−M5: A typical polymerization proce-
dure is as follows. The mixture of BuP(O)(CH2OH)2

(M1) (3 mmol), corresponding co-monomer (M3, M4
or M5) (3.3 mmol) and K2CO3 (7.2 mmol) in N,
N–dimethylacetamide (2.5 mL) was taken in a 100 mL
round-bottom flask equipped with a Dean-Stark trap. To
this, toluene (20 mL) was added as an azeotrope. The
reaction mixture was heated to 130◦C for 5 h in order to
remove water that formed during the reaction. Then, the
reaction mixture was heated to 160◦C and maintained
for 30 h. The viscous reaction mixture was poured into
ethanol and filtered off. The product was purified by
dissolving in THF and reprecipitating in hexane. This
process was repeated for three more times to obtain pure
polymers.

Polymer 1 (P1) (Copolymer of M1 and M3): After
purification, P1 was obtained as a white colour powder.
Yield: 83%. 1H NMR (CDCl3): δ 4.81–4.62 (m, 4H,
OCH2Ph), 3.98–3.82 (m, 4H, PCH2O), 2.45–2.18 (m,
12H, –CH3), 1.79–1.65 (m, 2H, –PCH2), 1.63–1.50 (m,
2H, –CH2), 1.48–1.31 (m, 2H, –CH2CH3), 0.88 (t, 3H,
–CH3). 31P NMR (CDCl3): δ 44.15.

Polymer 2 (P2) (Copolymer of M1 and M4): After
purification, P2 was obtained as a white color powder.
Yield: 80%. 1H NMR (CDCl3): δ 4.77–4.56 (m, 4H,
OCH2Ph), 4.32–3.91 (m, 4H, PCH2O), 3.90–3.68 (m,
12H, –OCH3), 1.93–1.78 (m, 2H, –PCH2), 1.66–1.51
(m, 2H, –CH2), 1.48–1.35 (m, 2H, –CH2CH3), 0.88
(t, 3H, –CH3).

31P NMR (CDCl3): δ 45.75.

Polymer 3 (P3) (Copolymer of M1 and M5): After
purification, P3 was obtained as a colorless liquid.
Yield: 82%. 1H NMR (CDCl3): δ 3.95–3.68 (m, 4H,
OCH2P), 3.57–3.38 (m, 4H, –CH2O), 1.86–1.69 (m,

2H, –PCH2), 1.67–1.50 (m, 6H, –CH2), 1.48–1.24 (m,
4H, –CH2), 0.87 (t, 3H, –CH3). 31P NMR (CDCl3): δ

44.92.

2.2c General preparation of solid polymer elec-
trolytes SPE1 and SPE2: The polymers P1 and P2
were dried at 60◦C and 40◦C under vacuum for 8 h.
LiN(SO2CF3)2 was dried at 150◦C under vacuum for
10 h before use. All manipulations were carried out
in an MBraun glove box filled with ultrapure nitro-
gen gas. Electrolytes with different ratio were prepared
as follows: the polymer was dissolved in THF with
lithium salt and stir for 12 h at 25◦C. After this, THF
was evaporated under vacuum and dried the residue
at 60◦C for 12 h. The residue was loaded in to a die
and then pressed to make a pellet. Specimens of 0.07–
0.08 cm thickness and 0.9 cm diameter were obtained
for conductivity studies. These pellets were sandwiched
between two gold plated electrodes housed in a home-
made cell for conductivity studies. The consistency of
results was checked by repeating the experiment three
times.

3. Results and Discussion

The following methods are generally used to achieve
flame retardant property for polymers: (a) blending
polymers with phosphorus containing molecules; (b)
covalently attaching phosphorus containing molecules
as pendant group to the polymer chains; (c) phospho-
rus containing polymers in which phosphorus present
in main chain of polymer.10 We are interested to syn-
thesize polyethers having phosphorus in main chain of
polymer. It is known that the hydroxymethyl groups
of alkyl bis(hydroxymethyl)phosphine RP(CH2OH)2

behaved like masked -PH2 group. But it behaves as a
normal diol when the phosphine was converted to phos-
phine oxide RP(O)(CH2OH)2.11 A variety of natural
and synthetic polymers where phosphorus is in main
chain with O-P-O linkages are known. However, poly-
mers with C-P-C linkages are challenging for synthesis.
Therefore, use of alkyl substituted bis(hydroxymethyl)
phosphine oxide as monomer to produce polyether is
attractive methodology to obtain polymers with C-P-C
links.

3.1 Synthesis of monomer (M1)

While tris(hydroxymethyl)phosphine (S1) was treated
with 1–iodobutane in methanol, followed by the addi-
tion of triethylamine and hydrogen peroxide yielded
M1 as a major product and M2 as a minor product
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(scheme 1). These compounds were separated by col-
umn chromatography. The compound P(CH2OH)3 S1
was known to release formaldehyde (HCHO) when
heated. The HCHO thus formed in turn reacted with
unreacted P(CH2OH)3 similar to well-known Wittig
reaction forming M2. This is also a reason for low yield
of M1. The structures of M1 and M2 were confirmed
by 1H, 13C and 31P NMR spectral data.

3.2 Synthesis of polyethers (P1–P3)

1,4–bis(bromomethyl)–2,3,5,6–tetramethylbenzene (M3)
and 1,4–bis(bromomethyl)–2,3,5,6–tetramethoxybenzene
(M4) were synthesized from durene and 2,5-dihydroxy-
1,4-benzoquinone respectively according to the literature
procedures.7,8 The butyl bis(hydroxy methyl)phosphine
oxide M1 was copolymerized with different dibromo
monomers such as M3, M4 and 1,5–dibromopentane
M5 to obtain polyethers P1–P3 respectively via

nucleophilic substitution reactions (scheme 2). The con-
densation polymers were synthesized in the presence of
K2CO3 as base in N, N–dimethylacetamide (DMAc).
The polymerization procedure was carried out in two
stages. First, toluene was added to the reaction mixture
and azeotropic distillation was continued until water
that formed during the reaction was removed from the
reaction mixture.12 In the later stage, temperature was
increased to 160◦C and polymerization was progressed
for required time. All the crude polymers were purified
by reprecipitation from THF in hexane.

The polyethers P1 and P2 are solids while P3 is liq-
uid and they are readily soluble in chloroform, THF and
dimethyl sulfoxide. The polyethers P1–P3 were charac-
terized by 1H and 31P NMR spectral data which showed
that the data were consistent with the expected molec-
ular structure. The 31P{1H} NMR spectra of polymers
P1–P3 showed a single peak and appeared at δ 44.15,
45.75 and 44.92 ppm respectively. The decomposition

Scheme 1. Synthesis of butyl bis(hydroxymethyl)phosphine oxide (M1).

Scheme 2. Synthesis of phosphorus containing polyethers P1–P3.

Table 1. Properties of polyethers P1–P3.

Entry Co-monomer Polymer (P) Td (◦C) Tg (◦ C) Mn (g mol−1) Mw (g mol−1) PDI

1 M3 P1 308.2 65.1 9414 15156 1.61
2 M4 P2 279.9 43.4 8420 14230 1.69
3 M5 P3 240.7 −40.5 10077 16425 1.63
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Figure 1. TGA plots of polyethers P1–P3.

Figure 2. DSC plots of polyethers P1–P3.

Figure 3. TGA plots of SPE1 (10–40%).

temperature (Td), glass-transition temperature (Tg),
molecular weight (Mn and Mw) and PDI of polyethers
P1–P3 are listed in table 1. The copolymers P1–P3 have
molecular weight (Mw) in the range of 14.2–16.4 kg
mol−1. Thermogravimetric analyses (figure 1) revealed
the thermal stability of polymers P1–P3 lies in the range
of 240–308◦C. The polymers P1–P3 are completely
amorphous and they did not show any peak corresponds
to melting temperature (Tm) on DSC analyses (figure 2).

3.3 Solid polymer electrolyte (SPE)

P1 and P2 were utilized to prepare SPE1 and SPE2
using various amounts of lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) (10, 20, 30 and 40
wt%). The liquid polymer P3 was not used to make
an electrolyte. The polymers and lithium salt was
dissolved in THF at 25◦C and maintained for 12 h.
THF was evaporated and dried under vacuum to obtain
SPEs. Compared to P1 and P2, thermal stability of
SPE1 and SPE2 was increased with increasing lithium
salt content from 10 wt% of LiTFSI (10%) to 40 wt%
of LiTFSI (40%) (figure 3 and S1; table 1 and 2). Like-
wise, Tg of SPE1 and SPE2 increased continuously
with the addition of lithium salt from 10% to 40%
(figure 4 and S2; table 1 and 2). The rise in Td and Tg

compared to their corresponding polymer might be due
to the effective coordination of polymer chains with
lithium-ion. Based on the following observations from
DSC analyses: (a) absence of peaks matching the melt-
ing temperature (Tm) of lithium salt; (b) a single Tg; (c)
increase in Tg with the addition of lithium salt; it was
concluded, LiTFSI is completely miscible in P1 and P2
that affords a homogeneous amorphous phase and did
not exist as aggregates. The absence of melting point
of salts is attributable to the solvation of lithium-ions
by coordination of polymer.

The conductivities of SPE1 with 10–40 wt% of
LiTFSI [SPE1(10–40%)] and SPE2 with 10–40 wt%
LiTFSI [SPE2(10–40%)] were calculated from the
bulk resistance determined from complex impedance
spectra.13 The ionic conductivities at 30◦C and 80◦C
of SPE1(10–40%) and SPE2(10–40%) are listed in
table 2. Figure 5 shows the temperature dependent

Table 2. Properties of SPE1 (10–40%) and SPE2 (10–40%).

SPE1 SPE2
Conductivity σ (S cm−1) Td (◦C) Tg (◦C) Conductivity σ (S cm−1) Td (◦C) Tg (◦C)

SPEs (wt% of LiTFSI) 30◦C 80◦C 30◦C 80◦C

SPE (10%) 5.1 × 10−7 5.6 × 10−6 324.1 78.9 3.2 × 10−6 2.3 × 10−5 290.2 52.4
SPE (20%) 6.5 × 10−7 8.3 × 10−6 332.5 86.7 6.5 × 10−6 8.8 × 10−5 298.1 65.3
SPE (30%) 9.5 × 10−7 4.4 × 10−5 341.6 102.4 1.2 × 10−5 1.4 × 10−4 310.5 70.6
SPE (40%) 2.6 × 10−6 7.3 × 10−5 355.8 116.2 2.1 × 10−5 3.7 × 10−4 321.7 78.1
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Figure 4. DSC plots of SPE1 (10–40%).

nyquist plots of SPE1(10–40%) and Arrhenius plots of
SPE1 (10–40%) and SPE2 (10–40%). While increas-
ing the lithium salt content progressively from 10%
to 40%, the ionic conductivity of SPE1 and SPE2
increased. Further, ionic conductivity of SPE1 (10–
40%) and SPE2 (10–40%) were increasing with tem-
perature. The room temperature ionic conductivity of
SPE1 (10–40%) and SPE2 (10–40%) lies in the range
of 5.1 × 10−7 − 2.1× 10−5 S cm−1. The maximum con-
ductivity of 3.7 × 10−4 S cm−1 was attained for SPE2
(40%) at 80◦C. Among SPE1 and SPE2, SPE2 exhib-
ited better ionic conductivity with various amounts of
lithium salt and with temperature. The presence of more

coordinating group (-OMe) in P2 as well as low Tg of
P2 compared to P1 makes a better host polymer for
lithium-ion conductivity.

4. Conclusions

In conclusion, we have described the synthesis of
phosphorus containing polyethers wherein phosphorus
exists in the main chain of polymer with C-P-C
links. The utilization of alkyl substituted bis(hydroxyl-
methyl)phosphine oxide as monomer for polymer syn-
thesis was studied. The completely amorphous, highly
stable and flame retardant polymers (P1–P3) were
obtained by condensation polymerization. The solid
polymer electrolytes SPE1 and SPE2 were prepared
and their ionic conductivity behaviour was examined.
The SPE2 (40%), prepared from P2, showed the high-
est conductivity of 3.7 × 10−4 S cm−1 at 80◦C. SPE2
may be a promising SPE having good ionic conductivity
with possible flame retardant property that would find
potential application in larger batteries.

Supplementary Information

TGA, DSC and nyquist plots of SPE2, 1H, 13C and 31P
NMR of M1 and M2,1H and 31P NMR of P1–P3 are
available at www.ias.ac.in/chemsci.

Figure 5. Temperature dependent nyquist plots of SPE1 (a) 10% (b) 20% (c) 30% (d) 40%. Arrhenius plots of temperature
dependent conductivities of e) SPE1 (10–40%) f) SPE2 (10–40%).

www.ias.ac.in/chemsci
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1. Introduction

Advanced materials and molecules for energy harvesting and
storage devices are in demand to improve their performance and
efficiency. Case in point, the Li-ion batteries are fast developing as
replacement to lead-acid batteries to run automobiles [1]. How-
ever, some of its disadvantages e such as high cost and more
weight of the Li-ion batteries e and the imperatives to increase its
energy density and working temperature necessitate further evo-
lution of new electrode materials and polymer electrolyte systems
[2]. Further, there is a need for a thorough understanding of the
conduction mechanism to focus on improving ionic conductivities
of solid polymer electrolytes [3].

According to the conventional theory, amorphous polymers
exhibit ionic conductivity whereas crystalline polymers most likely
behave as insulator. The ionic conductivity in amorphous polymer is
due to the movement of ions, ensued by the local segmental motion
of the polymer chain particularly above its glass transition temper-
ature (Tg). Above Tg, the superstructure of polymers has disordered
and flexible environment. Since the polymer chains are in constant
motion above its Tg, a vacant space would continually create and
disappear, through which an ion move by coordination. It means an
ion has to wait to find a new coordination site and a free volume for
hopping. This clearly describes that the rate of ion transport depends
on local chain dynamics of polymer [4]. Our interest is creating a
aran).
fixed perpetual free space through which the ion can move without
delay. It would improve the mobility of ion leading to higher ionic
conductivity. For that, we have chosen to synthesizematerials with a
needed structural framework for better lithium ion transport [5].

Many efforts are directed toward synthesizing polymers for
lithium ion transport without sacrificing their properties. One such
approach is constructing a perfect polymer framework through a
crystalline arrangement of polymer chains by either metal organic
framework (MOFs) or covalent organic framework (COFs). MOFs
and COFs are well known for applications in gas storage, catalysis
andmolecular separation [6]; but synthesizing thematerial byMOF
and COF approach for lithium ion transport without sacrificing their
desired properties is challenging. Alternatively, an amorphous co-
valent organic framework can be achieved in hyper-cross linked
polymers or intrinsic porous polymers. Herein, we report the syn-
thesis of soluble polymers with intrinsic disordered framework
supportive of Li-ion conductivity.

2. Experimental section

2.1. Materials and instrumentation

All manipulations involving air and moisture sensitive com-
pounds were carried out using standard Schlenk techniques under
dry nitrogen. All solvents to be used under inert atmosphere were
thoroughly deoxygenated using freezeepumpethaw method
before use. They were dried and purified by refluxing over a suit-
able drying agent followed by distillation under nitrogen. The
following drying agents were used: sodium benzophenoneketyl
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(hexane, toluene, tetrahydrofuran), P2O5 (triethylamine),
Mg(OMe)2 (methanol). The compounds, ferrocenylmethyl bis(hy-
droxymethyl)phosphine sulfide [7] (M1), benzyl bis(hydrox-
ymethyl)phosphine sulfide [8] (M2) and 1,4ebis(bromomethyl)e
2,3,5,6e tetramethylbenzene [9] (M3) were synthesized according
to the literature procedures. The compound lithium bis(tri-
fluoromethanesulfonyl)imide, LiN(SO2CF3)2 purchased from Acros
was used as received without purification.

Structures of all monomers and polymers were confirmed by 1H
and 31P NMR spectroscopy. All the NMR spectra were recorded on a
Bruker Avance 400 MHz FT NMR spectrometer at room tempera-
ture. Chemical shifts were reported in parts per million (d) relative
to tetramethylsilane as reference for 1H and 13C NMR. The 31P
(162 MHz) spectra were referred to 85% H3PO4. The Netzsch STA
409 PC model was used for thermogravimetric and differential
thermal analysis (TGeDTA) to examine the thermal stability. The
decomposition behaviour of polymers was studied from 30 �C to
900 �C under the nitrogen flow with a heating rate of 10 �C/min.
The temperature of 5% weight loss was chosen as onset point of
decomposition (Td). A Differential Scanning Calorimeter (DSC) from
PerkinElmer (Pyris Diamond DSC 8000) was used to find the glass
transition temperature (Tg). Measurements were performed at a
heating rate of 10 �C/min from 25 �C to 240 �C in case of polymers
and 25 �Ce280 �C in case of solid polymer electrolytes (SPEs). Mass
spectra was obtained using ShimadzueLCMSe2010 instrument
operating at an ionizing voltage of 70 eV using EI technique. Mo-
lecular weights of the polymers were determined by using Gel
Permeation Chromatography (GPC) of Shimadzu 10AVP model
equipped with refractive index (RI) detector. The separation was
achieved using a Phenogel mixed bed column (300 � 7.80 mm)
operated at 30 �C with a flow rate of 0.5 mL/min using tetrahy-
drofuran (THF) as the eluent and polystyrene as the standard.

2.2. General procedure for the synthesis of polymers P1eP4

To a solution of RP(S) (CH2OH)2 (7.7 mmol) and 1,4-bis(-
bromomethyl)-2,3,5,6 tetramethylbenzene (2.46 g, 7.7 mmol) in N,
Nedimethylacetamide (DMAc) (30 mL), 60% sodium hydride
(0.77 g, 19.3 mmol) was added at 0 �C under nitrogen. The mixture
was then allowed to warm to 25 �C within 1 h. After 40 h stirring at
required temperature, the reaction mixture was poured into hy-
drochloric acid (3% v/v, 500 mL) to precipitate the polymer as
powder. The product was purified by washing with methanol for
24 h using soxhlet apparatus to yield pure polymer.

Polymer 1 (P1): Yield 81%. 1H NMR (400 MHz, CDCl3):
d 4.82e4.61 (m, 4H, OCH2Ph), 4.30e4.03 (m, 9H, Fc), 3.96e3.77 (m,
4H, PCH2O), 3.28e2.94 (m, 2H, FcCH2), 2.47e2.07 (bs, 12H, CH3). 31P
{1H} NMR (162 MHz, CDCl3): d 45.44.

Polymer 2 (P2): Yield 72%. 1H NMR (400 MHz, CDCl3):
d 7.67e7.27 (m, 5H, C6H5), 4.67e4.36 (m, 4H, OCH2Ph), 4.18e3.68
(m, 4H, PCH2O), 3.56e3.32 (m, 2H, PhCH2), 2.47e1.96 (bs, 12H, CH3).
31P{1H} NMR (162 MHz, CDCl3): d 47.94.

Polymer 3 (P3): Yield 78%. 1H NMR (400 MHz, CDCl3):
d 4.83e4.56 (m, 4H, OCH2Ph), 4.34e4.00 (m, 9H, Fc), 3.97e3.69 (m,
4H, PCH2O), 3.23e2.86 (m, 2H, FcCH2), 2.46e2.05 (bs, 12H, CH3). 31P
{1H} NMR (162 MHz, CDCl3): d 44.98 (m), 41.03 (m).

Polymer 4 (P4): Yield 75%. 1H NMR (400 MHz, CDCl3):
d 7.76e7.35 (m, 5H, C6H5), 4.92e4.49 (m, 4H, OCH2Ph), 4.03e3.53
(m, 4H, PCH2O), 3.41e3.00 (m, 2H, PhCH2), 2.42e1.99 (bs, 12H, CH3).
31P{1H} NMR (162 MHz, CDCl3): d 46.19 (m), 42.84 (m).

2.3. Model reaction

To a solution ofM2 (0.20 g, 1 mmol) and benzyl bromide (0.34 g,
2 mmol) in DMAc (2.4 mL) was added sodium hydride (0.05 g,
2 mmol) at 0 �C under nitrogen. The mixture was then allowed to
warm to 25 �C within 1 h. After 3 h stirring, methanol (1 mL) was
added and the reaction mixture was poured in to water (25 mL).
The reaction mixture was extracted with chloroform (20 mL � 3).
The organic layer was washed with water (20 mL � 2). Solvent was
evaporated to give the crude product, which was purified by col-
umn chromatography on silica gel eluting with hexane/ethyl ace-
tate (9: 1). Yield 79%. 1H NMR (400 MHz, CDCl3): d 7.42e7.32 (m,
10H, C6H5), 7.30e7.26 (m, 5H, C6H5), 4.65 (dd, J ¼ 21.4 Hz,
J ¼ 11.8 Hz, 4H, OCH2Ph), 3.95e3.84 (m, 4H, OCH2P), 3.38 (d,
J ¼ 13.8 Hz, 2H, PCH2Ph). 13C{1H} NMR (100 MHz, CDCl3): d 136.7,
130.2, 130.1, 128.9, 128.5, 128.4, 128.3, 128.2, 128.1, 127.3, 75.5 (d,
J ¼ 10.3 Hz), 67.3 (d, J ¼ 63.9 Hz), 33.5 (d, J ¼ 44.2 Hz). 31P{1H} NMR
(162 MHz, CDCl3): d 43.50. EIe MS: m/z 397 (Mþþ1).

2.4. Preparation of solid polymer electrolytes SPE1eSPE4

All manipulations were carried out in MBraun glove box filled
with ultrapure nitrogen gas. The polymers (P1eP4) were dried at
90 �C under vacuum for 8 h. LiN(SO2CF3)2 was dried at 150 �C under
vacuum for 10 h before making SPEs. Initially, the films were made
by dissolving the polymers and LiN(SO2CF3)2 in a mixture of sol-
vents THF/CHCl3 at room temperature. However, films of SPEswere
brittle. Therefore, it was difficult to cut into a proper shape for
conductivity studies. Hence, the SPEs in the form of pellets were
prepared for impedance measurements.

The solid electrolytes with different ratio were prepared as
follows. The polymer and lithium salt was ground together inside
the glove box and then sealed. Then the flask containing the
mixture was tied with a mechanical stirrer rotating at a constant
speed (blending) for 24 h. The process was repeated for three times
(Total 72 h). The homogeneities of the blended SPEs were
confirmed as follows: After blending the polymer with lithium salt,
samples were taken from the four different regions and their glass
transition temperature (Tg) was examined. The Tg of all the samples
were matching well with each other. In both cases, the solids were
loaded in to a die and then pressed (5 ton) to make pellets of
0.07e0.08 cm thickness and 0.9 cm diameter were obtained for
conductivity studies. The SPE pellets were sandwiched between
two gold plated electrodes housed in a homemade cell.

2.5. Impedance measurements of polymer electrolytes

The impedance measurements and electrochemical stability
studies of polymers and SPEs were performed in Zahner-Zennium
electrochemical workstation with built-in Thales software for data
acquisition. The measurements were done in the frequency range
of 1 Hze4 MHz. The measurement cell was constructed in such a
way that it can hold specimen (pellet) tightly in order to achieve
good interfacial contacts between the electrodes and electrolyte.
The measurement cell was sealed completely to avoid contamina-
tions. It was further upheld from the measurements using with
different pellets of SPE1, which showed the same pattern of results
and bulk resistance (Rb).

The conductivities were calculated [10] according to the equa-
tion s¼ d/(ARb), where d is the thickness of the polymer electrolyte
disc, ‘A’ is the surface area of the pellet and Rb is the bulk resistance
value which can be calculated from the intercept of the curve with
real axis. Further, an equivalent circuit model was obtained from
the computerised least square parameters fitting. Then, the
experimental bulk resistance (Rb) was compared with the bulk
resistance (Rb) obtained from equivalent circuit model. The con-
sistency of results was checked by repeating three times. The
conductivity of blended SPEs and SPEs derived from evaporation
method were in good agreement. For variable temperature



Scheme 1. Synthesis of polymers P1eP4. Reaction condition: NaH, DMAc, 60 �C (P1
and P2), 25 �C (P3 and P4).

Scheme 2. Synthetic scheme for the model reaction confirming the nucleaophilic
substitution in the presence of NaH.
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measurements, cell was equilibrated at each temperature for
30 min before the measurements.

The electrochemical stability of SPEs at room temperature was
determined using SSǀelectrolyteǀSS cell configuration (SS: gold
plated stainless steel electrode) over a wide voltage range (�1 to
8 V) at a scan rate of 5 mV s�1. The samples were sandwiched be-
tween gold plated stainless steel electrodes. The third cycle data
were used for analysis.

3. Results and discussion

3.1. Synthesis of polyether having phosphorus in main chain

Polyphosphazenes [11a] and polysiloxanes [11b], were good
hosts for lithium ion conductivity, accordingly they were reported
to have maximum conductivity of 5 � 10�5 S cm�1 and
4.5 � 10�4 S cm�1, respectively. However, their jelly nature hin-
dered the practical use. Polycarbonates [12] were another inter-
esting lithium ion conducting solid polymer host. But they showed
a conductivity of 1.5 � 10�6 S cm�1 which were very low for
practicable applications. Alternatively, introduction of phosphor-
usecarbon bonds, in lieu of carbonecarbon bonds in a polymer
chain, could provide disordered arrangement due to an inefficient
packing of polymer chains [13,14]. This may lead to interesting
physical and chemical properties such as amorphous nature, flame
retardant and stability at high temperatures to the polymers [15]. In
order to synthesize phosphorus containing polymers; various
phosphorus containing monomers are employed. Perhaps, use of
Table 1
Properties of polymers P1eP4.

M T (�C)a P Td (�C) Tg (�C) Mn (kg mol�1) Mw (kg mol�1) PDI

M1 60 P1 288.1 137.0 6.8 11.9 1.74
M2 60 P2 354.4 143.4 9.6 14.6 1.52
M1 25 P3 276.2 130.1 1.8 2.8 1.56
M2 25 P4 250.3 112.3 2.1 4.3 2.03

a Temperature at which the polymerization was carried out.
substituted bis(hydroxymethyl) phosphine sulfides [16] (Scheme 1)
could be an interesting choice to introduce phosphorusecarbon
bonds in the main chain of a polymer.

Based on the functional groups present in themonomers (M1e2
and M3), condensation polymerization method was preferred to
synthesize the copolymers (Scheme 1). Further, in view of under-
standing the influence of molecular weight on the ionic conduc-
tivities of polymers, we desired to synthesize same polymers of
varying molecular weights. The monomers M1 or M2 was copoly-
merized with M3 (1:1 ratio) in the presence of NaH as a base in
dimethylacetamide (DMAc) to yield polymers P1eP4 (Table 1). The
condensation polymers P1 and P2 were prepared successfully via
nucleophilic substitution reaction at 60 �C whereas the low mo-
lecular weight polymers P3 and P4 were synthesized at 25 �C.
Further increase in reaction temperature led to the formation of
insoluble polymers. The crude polymers were purified by washing
with methanol in a Soxhlet extractor for 24 h. These reactions
yielded novel polyethers wherein the phosphorus atoms are in
main chain of the polymers. To confirm the possibility of such
nucleophilic substitution reactions, we have carried out a model
reaction wherein the monomer M2 was reacted with benzyl bro-
mide and corresponding product was isolated and characterized
(Scheme 2).

All these polymers were solids and readily soluble in chloroform
and dimethyl sulfoxide. The 31P{1H} NMR spectra of polymers (P1:
45.4 and P2: 47.9 ppm) showed a single peak whereas polymers P3
and P4 showed two peaks appearing at 41.03, 44.96 ppm (Fig. S10)
and at 42.84, 46.18 (Fig. S11) respectively. The difference in 31P NMR
spectra of high and low molecular weight polymers was due to the
chain length.When the length of the polymer chainwas small, then
the terminal groups were distinguishable from inner groups.
Comparing with the chemical shifts of monomers (M1: 47.2 ppm
and M2: 49.2 ppm), the first set of peaks were be assigned to the
core internal phosphorus atoms of the polymers while the second
set of peaks for the terminal group phosphorus atoms of the
polymers [17]. The copolymers P1 and P2 possess relatively higher
molecular weight (Mw) than P3 and P4 (Table 1).

Thermogravimetric analyses on polymers revealed the ther-
mally stability up to 250 �C (Table 1, Fig. S1). Comparison of P1 vs.
P3 and P2 vs. P4 showed that both Td and Tg increased with
increasing in chain length (Table 1). The absence of melting tem-
perature (Tm) in DSC curves confirmed that the polymers (P1eP4)
were completely amorphous even with low molecular weight
polymers P3 and P4 (Fig. S2). The amorphous nature of these
polymers further revealed the presence of highly disordered and
thereby inefficient packing of polymer chains.
3.2. Solid polymer electrolytes and Li-ion conductivities

Solid polymer electrolytes (SPE1eSPE4) were prepared by
blending the polymers (P1eP4) with lithium bis(trifluoro methane
sulfonyl)imide (LiTFSI) in suitable ratios and lithium ion conduc-
tivities were determined. The polymers (P1eP4) were dried at
90 �C under vacuum for 8 h. LiN(SO2CF3)2 was dried at 150 �C under
vacuum for 10 h before making SPEs. Absence of reaction solvent
and moisture in the dried polymer was confirmed from 1H-NMR



Table 2
Properties of SPE1eSPE4 (10%e40%) and their room temperature conductivity.

Conductivity of polymer at room temperature s
(S cm�1)

P1 P2 P3 P4

6.3 � 10�12 8.1 � 10�12 3.7 � 10�11 2.2 � 10�11

SPEs (wt% of LiTFSI) SPE1 SPE2 SPE3 SPE4

O:Li Conductivity s
(S cm�1)

Tg
(�C)

O:Li Conductivity s
(S cm�1)

Tg
(�C)

Conductivity s
(S cm�1)

Tg
(�C)

Conductivity s
(S cm�1)

Tg
(�C)

SPE (10%) 5.4:1 2.1 � 10�6 148.7 6.9:1 8.7 � 10�7 156.4 2.0 � 10�5 184.3 7.7 � 10�7 148.9
SPE (20%) 2.4:1 4.2 � 10�6 179.3 3.1:1 1.1 � 10�6 166.5 2.9 � 10�5 207.8 1.1 � 10�6 154.5
SPE (30%) 1.4:1 1.6 � 10�5 189.1 1.8:1 1.8 � 10�6 171.0 7.4 � 10�5 226.4 2.8 � 10�5 206.6
SPE (40%) 1.0:1 4.5 � 10�4 204.8 1.2:1 8.9 � 10�4 192.8 1.4 � 10�4 236.1 7.7 � 10�5 209.6
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spectra of polymers. Electrolytes of varying weight ratio were
prepared by the efficient grinding of polymer with lithium salt
followed by blending. SPE1eSPE4 were characterized by using IR,
TGA and DSC. The stacked IR spectra of P1 and SPE1with 10e40 wt
% of LiTFSI [SPE1 (10%e40%)] is shown in Fig. S3. IR absorption peak
for CeOeC group of P1 appeared at 1088 cm�1, but the absorption
peak for CeOeC group of SPE1 was shifted to lower frequency
(1053 cm�1). The intensity of peak at 1053 cm�1 increased with the
increasing wt% of lithium salt. The shift in frequency supported the
interaction of CeOeC group with lithium ion [18]. Further, there
was no absorption in the spectra matching water confirming the
absence of trapped moisture in the SPEs.

The TGA analyses (Fig. S4) revealed that thermal stabilities of
SPE1 and SPE2 remained the same compared with their respective
Fig. 1. Temperature dependent Nyquist plots of SPE1 a) 10% b) 20% c) 30% d) 40%. Arrheni
SPE4 2nd heating.
polymers (P1 and P2); while that of SPE3 and SPE4were increased
to 300 �C and 370 �C respectively compared to P3 and P4. The glass
transition temperatures (Tg) of SPEs (10%e40%) obtained from DSC
are shown in Table 2. The absence of melting temperature (Tm) peak
of SPEs in DSC clearly indicated, after blending with polymers, the
LiTFSI did not exist in the form of aggregates (Fig. S5). SPEs with
40 wt% of LiTFSI [SPEs (40%)] also did not show the peak for Tm,
which implied the effective solvation by polymers evenwith higher
wt% of lithium salt. For higher concentration of lithium salts, Tg of
SPEs was not obvious from DSC graphs even after varying the
scanning rates and with more amounts of samples (Fig. S5). The
increase in Tg of SPEs comparing with respective polymers and
difficulty in measuring Tg of SPEs with higher salt concentration
can be attributed to the effective coordination of oxygen atoms in
us plots of temperature dependent conductivities of e) SPE1 f) SPE2 g) SPE3 h) SPE4i)



Fig. 2. Temperature dependent Nyquist plots of SPE2 a) 10% b) 20% c) 30% d) 40%.

Table 3
Conductivities of SPE1 (40%)eSPE4 (40%) at increasing temperature.

T (�C) Conductivity s (S cm�1) with 40 wt% of LiTFSI

SPE1 SPE2 SPE3 SPE4

30 4.5 � 10�4 8.9 � 10�4 1.4 � 10�4 7.7 � 10�5

40 7.3 � 10�4 1.8 � 10�3 1.1 � 10�4 1.8 � 10�5

50 8.7 � 10�4 2.5 � 10�3 7.9 � 10�5 1.1 � 10�5

60 1.0 � 10�3 3.3 � 10�3 2.0 � 10�5 1.0 � 10�5

70 1.1 � 10�3 3.9 � 10�3 6.6 � 10�6 7.7 � 10�6

80 2.7 � 10�3 5.3 � 10�3 3.7 � 10�6 1.5 � 10�5

Fig. 3. Schematic representation of a) a fragment of building block polymer chain P1 or
P2 b) If the building block grows in 2D c) If the building block grows in 3D (SPE) (Black
dots represent lithium-ion).
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the polymer chains with lithium ions. With higher salt contents,
coordination of polymer with lithium ions could have restricted the
stretching and segmental motion of polymer chains. The electro-
chemical stabilities of SPEs were evaluated (Fig. S7) using SSǀelec-
trolyteǀSS cell configuration, which showed the anodic limiting
potential of SPE1 and SPE2 as 4.8 V and 5.3 V respectively [19].
The conductivities of pure polymers alone were in the region of
10�11 S cm�1e10�12 S cm�1 indicating that therewas no protonic or
electronic conductance. Table 2 depicts the conductivities of SPEs
at 30 �C. Among all combinations studied, around room tempera-
ture, the SPE2 (40%) exhibited the highest conductivity of
8.9 � 10�4 S cm�1. The Nyquist and Arrhenius plots of temperature
dependent conductivities of various SPEs are shown in Figs.1 and 2.
In addition, the conductivities of SPE1 (40%) e SPE4 (40%) at
increasing temperature are listed in Table 3. It is evident from
Arrhenius plots that when the temperature was increased the
conductivities of SPE1 (10%e40%) and SPE2 (10%e40%) were also
increasing. The maximum conductivity of 5.3 � 10�3 S cm�1 was
attained for SPE2 (40%) at 80 �C. The conductivity of SPE2 (40%)
reached the value of 10�3 S cm�1 within 40 �C. Conductivities of
SPEs were very high compared with their individual polymers.
Clear semicircle Nyquist plots suggested that the total conductivity
was mainly due to Liþ ions only; if some other impurities contrib-
uted to the measured conductivity, the plots could have been
complicated. The conductivities of SPEs stored in inert conditions
for more than six months showed no considerable change. To the
best of our knowledge, this is the highest conductivity achieved so
far in all solid-state polymer electrolytes reported in literature
[13,14,18,20,21]. It is worth mentioning here is that the highest
conductivity was achieved in its pure form without any extra ad-
ditives added to it.
3.3. Reason for high Li-ion conductivity

Generally, amorphous polymers support ion conductivity at a
temperature above their Tg. In a normal solid polymer electrolyte
(SPE), there were no conductivity observed below Tg. However, our
polymers showed good conductivities even at temperatures less
than their Tg, nevertheless the properties were much more
resembling glassy electrolyte having brittle nature with high Tg.
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This observation demanded an alternative explanation [22] to the
one based on Tg alone. Angell and coworkers [23] proposed
polymer-in-salt electrolytes systems and explained the enhanced
conductivity in various Li-polymer electrolytes [24]. Polymer-in-
salt systems were characterized by a high salt concentration with
much less polymer concentration. This condition lead to a softening
of highly associated amorphous salt domains of LiTFSI and similar
salts which was the source of enhanced ionic conductivity. How-
ever, the polymer concentration was more in our solid electrolytes
than the Li-ion concentration. Therefore, the observed high con-
ductivities is explained proposing an inherent disorder in the sys-
tem as follows.

The polymers P1eP4 were produced using flexible monomers
(M1 and M2) having bulky rigid pendant groups and a steric rigid
co-monomer (M3). Repetitive combination of flexible monomers
and steric rigid co-monomers could yield unsymmetrical shape to
polymer chains. Further, the steric control of bulky rigid pendant
groups i.e. ferrocenylmethyl (P1 and P3) or benzyl (P2 and P4), as
well as a rigid tetramethylbenzene unit (M3) could restrict the
polymer chains coming closer and prevent tight folding of polymer
chainswithin or between them. Additionally, the rigid bulky groups
could also restrict the rotational freedom of polymer backbone. All
these circumstances collectively resulting disordered arrangement
and inefficient packing of polymer chains. Fig. 3 schematically ex-
plains the formation of free space by polymer chains. When poly-
mer chains with restricted segmental motion are packing, a space
would create (Fig. 3a). As several polymer chains are arranged, it
can form perpetual interconnected vacant space (Fig. 3b and c). The
interconnected perpetual free volume would introduce intrinsic
fixed conduction pathway inside the polymer matrix (Fig. 3c).
However, at the highest salt concentrations, the ratio Li:O is near
1:1 and thus a classical solution by formation of lithium complexes
with 3e4 donor atoms is uncertain. Therefore, though the intrinsic
fixed conduction pathway inside the polymermatrix seems helping
the seamless mobility of Li ions, in order to confirm the mechanism
of high conductivity, one needs more evidence [13].

To understand the ion conductivity further, we have measured
temperature dependent conductivities of all SPEs (Table 3). Nor-
mally, local segmental motion of polymer chains increases with
increasing temperature leading to increase in conductivity. As ex-
pected, conductivities of SPE1 (10%e40%) and SPE2 (10%e40%)
increased with increasing temperature. Similar results were ob-
tained in second and third cycle heating of SPE1 and SPE2. Though
these temperature dependent conductivities of SPEs did not strictly
follow either Arrhenius or VTF behaviours [25], the order of
magnitude of the measured conductivities at 30 �C is attracting.

In contrast, the conductivity of SPE3 (10%e40%) and SPE4
(10%e40%) decreased with increase in temperature (Table 3 and
Fig. 1g and h). It suggested a secondary influence on ionic con-
duction due to a non-stable polymeric network. It can be explained
as follows; since the polymer chain lengths of P3 and P4 were
smaller, it was possible that the polymer chains can stretch and
unfold easily with increasing temperature and begin to rearrange in
such a way destroying the framework. Since the intrinsic fixed free
space were disconnected, which was the responsible for effortless
mobility, resulting chaotic conductivities at higher temperatures.
Nevertheless, the polymers P1 and P2 presumably retain their
framework even at higher temperatures because of longer chain
lengths. With SPE4 (40%), the conductivity started increasing after
70 �C and attained the value of 1.5 � 10�5 S cm�1 at 80 �C (Fig. 1h).
After the measurements at 80 �C, the SPE4 (10%e40%) sample was
allowed to cool to room temperature and the measurements were
repeated from 30 to 80 �C. It was found that the conductivities of
SPE4 (10%e40%) increased with increasing temperature (Fig. 1i)
probably because of the mechanism described elsewhere [25].
4. Conclusions

In conclusion, other than poly(ethylene oxide), only few poly-
mers like polycarbonates [12] were shown as a potential candidate
for lithium-ion polymer electrolytes; however, their ionic conduc-
tivities were too low at room temperature. The synthesized phos-
phorus containing polymers P1eP4 were highly stable polymers,
solids at room temperature and completely amorphous in nature.
The SPE2 (40%) showed the highest conductivity of
8.9 � 10�4 S cm�1 at 30 �C, which demonstrated the significance of
structural arrangement of polymer framework. The impressive
conductivities may be explained by the intrinsic fixed free space
could be generated by the inefficient packing of polymer chains
while assemblage. The working voltage range of SPEs was in the
range from 0 V to 5.3 V, which was substantially high for the Li-ion
batteries concern. Apart from these, presence of phosphorus in
these polymers would bring flame-retardant property to SPEs [26].

Acknowledgement

The authors acknowledge the DST, India for financial support of
the DST fast track project No. SR/FTP/CS-60/2007. HVB is thankful to
CSIR India for fellowship. The authors also thank Centre for Nano-
technology (TEM), Central Instruments Laboratory (SEM) and
School of Physics (FE-SEM) at University of Hyderabad.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.polymer.2015.08.004.

References

[1] J. Thielen, W.H. Meyer, K. Landfester, Chem. Mater. 23 (2011) 2120e2129.
[2] (a) P.G. Bruce, B. Scrosati, J.M. Tarascon, Angew. Chem. Int. Ed. 47 (2008)

2930e2946;
(b) A.S. Arico, P.G. Bruce, B. Scrosati, J.M. Tarascon, W.V. Schalkwijk, Nat.
Mater. 4 (2005) 366e377.

[3] (a) P.V. Wright, Y. Zheng, D. Bhatt, T. Richardson, G. Ungar, Polym. Int. 47
(1998) 34e42;
(b) P.V. Wright, Electrochim. Acta 43 (1998) 1137e1143;
(C) F.B. Dias, S.V. Batty, J.P. Voss, G. Ungar, P.V. Wright, Solid State Ion. 85
(1996) 43e49.

[4] (a) Z. Stoeva, I.M. Litas, E. Staunton, Y.G. Andeev, P.G. Bruce, J. Am. Chem. Soc.
125 (2003) 4619e4626;
(b) P.G. Bruce, S.A. Campbell, P. Lightfoot, M.A. Mehta, Solid State Ion. 78
(1995) 191e198.

[5] (a) W. Li, D. Zhao, Chem. Commun. 49 (2013) 943e946;
(b) M.E. Davis, Nature 417 (2002) 813e821;
(c) A. Corma, Chem. Rev. 97 (1997) 2373e2419.

[6] (a) T. Tozawa, J.T.A. Jones, S.I. Swamy, S. Jiang, D.J. Adams, S. Shakespeare,
R. Clowes, D. Bradshaw, T. Hasell, S.Y. Chong, C. Tang, S. Thompson, J. Parker,
A. Trewin, J. Bacsa, A.M.Z. Slawin, A. Steiner, A.I. Cooper, Nat. Mater. 8 (2009)
973e978;
(b) L.J. Barbour, Chem. Commun. (2006) 1163e1168;
(c) A. Thomas, Angew. Chem. Int. Ed. 49 (2010) 8328e8344.

[7] N.J. Goodwin, W. Henderson, B.K. Nicholson, J.K. Sarfo, J. Fawcett, D.R. Russell,
J. Chem. Soc. Dalton Trans. (1997) 4377e4384.

[8] (a) K. Muralidharan, N.D. Reddy, A.J. Elias, Inorg. Chem. 39 (2000) 3988e3994;
(b) Chem. Abstr. 88 (1978) 23147j.

[9] G. Behera, S. Ramakrishnan, J. Polym. Sci. A Polym. Chem. 42 (2004) 102e111.
[10] (a) K.H. Lee, J.K. Park, W.J. Kim, Electrochim. Acta 45 (2000) 1301e1306;

(b) E. Morales, J.L. Acosta, Electrochim. Acta 45 (1999) 1049e1056;
(c) S.Y. An, I.C. Jeong, M.-S. Won, E.D. Jeong, Y.-B. Shim, J. Appl. Electrochem.
39 (2009) 1573e1578.

[11] (a) H.R. Allcock, D.L. Olmeijer, S.J.M. O'Connor, Macromolecules 31 (1998)
753e759;
(b) R. Hooper, L.J. Lyons, M.K. Mapes, D. Schumacher, D.A. Moline, R. West,
Macromolecules 34 (2001) 931e936.

[12] (a) M. Matsumoto, T. Uno, M. Kubo, T. Itoh, Ionics 19 (2013) 615e622;
(b) B. Sun, J. Mindemark, K. Edstr€om, D. Brandell, Solid State Ion. 262 (2014)
738e742;
(c) A.M. Elmer, P. Jannasch, J. Polym. Sci. B Polym. Phys. 45 (2007) 79e90.

[13] (a) H.V. Babu, K. Muralidharan, Polymer 55 (2014) 83e94;
(b) H.V. Babu, B. Srinivas, K.P.K. Naik, K. Muralidharan, J. Chem. Sci. 127 (2015)

http://dx.doi.org/10.1016/j.polymer.2015.08.004
http://dx.doi.org/10.1016/j.polymer.2015.08.004
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref1
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref1
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib2a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib2a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib2a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib2b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib2b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib2b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3C
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3C
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib3C
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib4a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib4a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib4a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib4b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib4b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib4b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib5a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib5a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib5b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib5b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib5c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib5c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib6c
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref2
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref2
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref2
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib8a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib8a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib8b
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref3
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref3
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib10a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib10a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib10b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib10b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib10c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib10c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib10c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib11a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib11a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib11a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib11b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib11b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib11b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib12c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib13a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib13a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib13b


H.V. Babu et al. / Polymer 75 (2015) 10e1616
635e641.
[14] (a) Z. Jin, B.L. Lucht, J. Organomet. Chem. 653 (2002) 167e176;

(b) T. Baumgartner, R. Reau, Chem. Rev. 106 (2006) 4681e4727.
[15] (a) D.P. Gates, Annu. Rep. Prog. Chem. Sect. A Inorg. Chem. 100 (2004)

489e508;
(b) R.D. Archer, Inorganic and Organometallic Polymers, Wiley-VCH, New
York, 2001;
(c) T. Vlad-Bubulac, C. Hamciuc, O. Petreus, High. Perform. Polym. 18 (2006)
255e264.

[16] (a) N.J. Goodwin, W. Henderson, J.K. Sarfo, Chem. Commun. (1996)
1551e1552;
(b) N.J. Goodwin, W. Henderson, B.K. Nicholson, Chem. Commun. (1997)
31e32;
(c) N.J. Goodwin, W. Henderson, B.K. Nicholson, J.K. Sarfo, J. Fawcett,
D.R. Russell, J. Chem. Soc. Dalton Trans. (1997) 4377e4384;
(d) K. Muralidharan, N.D. Reddy, A. Elias, J. Inorg. Chem. 39 (2000)
3988e3994;
(e) T.V.V. Ramakrishna, A.J. Elias, J. Organomet. Chem. 637 (2001) 382e389.

[17] (a) Y. Morisaki, Y. Ouchi, K. Tsurui, Y. Chujo, J. Polym. Sci. A Polym. Chem. 45
(2007) 866e872;
(b) Y. Morisaki, Y. Ouchi, K. Naka, Y. Chujo, Chem. Asian. J. 2 (2007)
1166e1173.

[18] (a) X. Zuo, X.-M. Liu, F. Cai, H. Yang, X.-D. Shen, G. Liu, J. Mater. Chem. 22
(2012) 22265e22271.

[19] (a) D. Kumar, S.A. Hashmi, Solid State Ion. 181 (2010) 416e423;
(b) N. Vassal, E. Salmon, J.-F. Fauvarque, Electrochim. Acta 45 (2000)
1527e1532.
[20] (a) P.R. Chinnam, S.L. Wunder, J. Mater. Chem. A 1 (2013) 1731e1739;
(b) Y. Lin, J. Li, Y. Lai, C. Yuan, Y. Cheng, J. Liu, RSC Adv. 3 (2013) 10722e10730.

[21] (a) W. Xu, C.A. Angell, Solid State Ion. 147 (2002) 295e301;
(b) X.-G. Sun, C.A. Angell, Solid State Ion. 175 (2004) 257e260;
(c) X.-G. Sun, C.A. Angell, Solid State Ion. 175 (2004) 743e746.

[22] (a) A.L. Agapov, A.P. Sokolov, Macromolecules 44 (2011) 4410e4414;
(b) Y. Wang, N.A. Lane, C.-N. Sun, F. Fan, T.A. Zawodzinski, A.P. Sokolov, J. Phys.
Chem. B 117 (2013) 8003e8009;
(c) G. Polizos, E. Tuncer, A.L. Agapov, D. Stevens, A.P. Sokolov, M.K. Kidder,
J.D. Jacobs, H. Koerner, R.A. Vaia, K.L. More, I. Sauers, Polymer 53 (2012)
595e603;
(d) A.L. Agapov, Y. Wang, K. Kunal, C.G. Robertson, A.P. Sokolov, Macromol-
ecules 45 (2012) 8430e8437;
(e) F. Fan, Y. Wang, T. Hong, M.F. Heres, T. Saito, A.P. Sokolov, Macromolecules
48 (2015) 4461e4470.

[23] (a) C.A. Angell, C. Liu, E. Sanchez, Nature 362 (1993) 137e139;
(b) J. Fan, C.A. Angell, Electrochim. Acta 40 (1995) 2397e2400.

[24] (a) Z. Florja�nczyk, E. Zygadło-Monikowska, W. Wieczorek, A. Ryszawy,
A. Tomaszewska, K. Fredman, D. Golodnitsky, E. Peled, B. Scrosati, J. Phys.
Chem. B 108 (2004) 14907e14914;
(b) Y. Karatas, R.D. Banhatti, N. Kaskhedikar, M. Burjanadze, K. Funke, H.-
D. Wiemh€ofer, J. Phys. Chem. B 113 (2009) 15473e15484.

[25] (a) M.G. McLin, C.A. Angell, Polymer 37 (1996) 4713e4721;
(b) C.A. Angell, Polymer 38 (1997) 6261e6266.

[26] S. Bourbigot, S. Duquesne, J. Mater. Chem. 17 (2007) 2283e2300;
(b) S.Y. Lu, I. Hamerton, Prog. Polym. Sci. 27 (2002) 1661e1712.

http://refhub.elsevier.com/S0032-3861(15)30143-9/bib13b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib13b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib14a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib14a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib14b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib14b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib15c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16d
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16d
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16d
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16e
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib16e
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib17a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib17a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib17a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib17b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib17b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib17b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib18a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib18a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib18a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib19a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib19a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib19b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib19b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib19b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib20b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib20b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib20c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib20c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib21a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib21a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib21b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib21b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib21c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib21c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22c
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22d
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22d
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22d
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22e
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22e
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib22e
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib23a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib23a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib23b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib23b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib24b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib25a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib25a
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib25b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib25b
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref4
http://refhub.elsevier.com/S0032-3861(15)30143-9/sref4
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib26b
http://refhub.elsevier.com/S0032-3861(15)30143-9/bib26b


%7
SIMILARITY INDEX

%2
INTERNET SOURCES

%5
PUBLICATIONS

%2
STUDENT PAPERS

1 %3

2 %1

3 <%1

Modified Hexamethyldisilazane (HMDS) - assisted synthesis of
surfactant free metal chalcogenide nanoparticles and their
applications as catalysts and photoresponsive materials
ORIGINALITY REPORT

PRIMARY SOURCES

Srinivas, Billakanti, Baskaran Ganesh Kumar,
and Krishnamurthi Muralidharan. "Stabilizer
free copper sulphide nanostructures for rapid
photocatalytic decomposition of rhodamine B",
Journal of Molecular Catalysis A Chemical,
2015.
Publicat ion

Submitted to University of Hyderabad,
Hyderabad
Student  Paper

Jiang, Nan, Zhiliang Xiu, Zheng Xie, Hongyun
Li, Gang Zhao, Wenpeng Wang, Yongzhong
Wu, and Xiaopeng Hao. "Reduced graphene
oxide–CdS nanocomposites with enhanced
visible-light photoactivity synthesized using
ionic-liquid precursors", New Journal of
Chemistry, 2014.
Publicat ion

www.infona.pl



4 <%1
5 <%1
6 <%1

7 <%1

8 <%1
9 <%1
10 <%1

11 <%1

Internet  Source

Submitted to National University of Singapore
Student  Paper

Peter D. Matthews, Paul D. McNaughter, David
J. Lewis, Paul O'Brien. "Shining a light on
transition metal chalcogenides for sustainable
photovoltaics", Chem. Sci., 2017
Publicat ion

Xu, Hu, Wenjin Zhang, Wei Jin, Yiwen Ding,
and Xinhua Zhong. "Facile synthesis of ZnS–
CdIn2S4-alloyed nanocrystals with tunable
band gap and its photocatalytic activity",
Journal of Luminescence, 2013.
Publicat ion

conservancy.umn.edu
Internet  Source

www.elp.uji.es
Internet  Source

Kumar, Baskaran Ganesh, and Krishnamurthi
Muralidharan. "Hexamethyldisilazane-assisted
synthesis of indium sulf ide nanoparticles",
Journal of Materials Chemistry, 2011.
Publicat ion

www.nature.com
Internet  Source


