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Chapter 1 

Introduction 

 

 

This chapter presents the background of the work carried out as part of this thesis, with a 

focus on layered nanomaterials, their synthetic protocols, properties and applications. 

This is followed by emphasizing the utility of metal thiolates as suitable candidates to 

study structural characteristics of the layered materials in solution and their usage as 

precursors to other nanoscale layered and spherical particles. 
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1.1 Introduction 

It is well known that animals existed on earth much before human beings evolved. If we 

accept the old adage ‘survival of the fittest’ and if survival was solely based on physical 

strength, human beings probably would have become extinct by now. However, human 

beings today dominate the world and tamed the animals that are physically much stronger 

in comparison to them. This can be largely associated with the human beings’ ingenuity 

and their ability to invent and utilize materials for various purposes. One can then say that 

materials are a direct consequence of the human being’s ingenuity and urge for better 

living. Thus it can be said that the evolution of human beings is essentially linked to the 

development of materials or materials science. 

1.1.1 Nanomaterials 

While one of the urges of human beings is to develop materials with superior 

characteristics, another one is to miniaturize the devices without compromising their 

quality. In this context, the materials that are not visible to the human naked eye are 

assuming greater importance due to their promising properties that are important for 

research and applications. These materials normally have size range of about 10-9 m and 

are termed as nanomaterials. Nanomaterials aren’t essentially new to the world but their 

identification specifically as a special class of materials began only very recently [1-4]. 

Quick developments occurred once it was realized that materials could be prepared 

controlling their size ranges to nanometer [5-12]. These developments included synthesis 

of various nanomaterials majorly through chemistry and through top down and related 

physical methods. Subsequent developments occurred in sophisticated synthetic 

procedures towards achieving nanomaterials tunable in several aspects such as size, shape 

etc. Nanochemistry along with other techniques such as CVD/PLD (Chemical Vapor 

Deposition/Pulsed Laser Deposition) [13], MBE (Molecular Beam Epitaxy) [14] etc. 

forms the basis for bottom up synthesis of nanomaterials enabling a control over the 

shape, size and orientation of the resulting nanomaterials which in turn influence their 

properties [15-20]. On the other hand, top-down preparation of nanomaterials occurs 

through various physical methods such as ball milling and lithographical etching etc. 
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Nanomaterials with different shapes such as spherical, triangular, cubical, hexagonal 

nanoparticles etc. are reported in literature. Similarly nanomaterials could be synthesized 

in different sizes ranging from sub nanometer spherical nanoparticles otherwise called as 

quantum clusters to nanomaterials that span over micrometer range in one or two 

dimensions such as nanorods and nanosheets. In Figure 1.1, a comparative scale of things 

in materials that are both natural and man-made is shown [21]. 

 

Figure 1.1: The scale of the things, illustrating both natural and man-made materials 

[taken from ref. 21]. 

In essence, it is quite amazing to realize that the assembly of a group of atoms/molecules 

at nanoscale could constitute a whole new field of science and the interest in them is ever 

growing as these exhibit unconventional properties [22, 23]. 

1.1.2 Synthetic methods for nanomaterials 

The synthetic methods for preparing a variety of nanomaterials can be classified to two 

groups. One is bottom up synthesis and the other one is top-down synthesis. In bottom up 
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synthesis, monomolecular species are brought together through chemical reactions and 

these form self assembled structures such as in the case of supramolecular polymers, self 

assembled monolayers etc. [24]. In another example, nanoparticles are synthesized by 

surfactant stabilized assembly of metal atoms/metal ions via a reducing agent [25, 26]. In 

the case of top-down synthesis of nanomaterials, microfabrication techniques such as ball 

milling and lithography are used to etch out the bulk materials to result in nanometer 

sized materials [27]. Figure 1.2 shows a simple schematic representation of these two 

methods of synthesis. 

 

Figure 1.2: Schematic representation of bottom up and top-down approaches for 

nanomaterial synthesis [taken from ref. 28]. 

These two methods have both advantages and disadvantages. Table 1.3 below shows the 

differences between these two methods. Based on the described properties and 

applications of the resulting nanomaterials, one of the two different synthetic approaches 

is employed to synthesize a variety of nanomaterials. Especially for chemists, bottom up 

approach has garnered reverence because of the ability to control and tailor the as 

prepared nanomaterials’ shapes, sizes, dimensionalities and thus the resulting properties. 

A chemist always tries to harness the existing vast library of chemicals to prepare novel 

chemical compounds or invent new chemistries towards realizing chemical compounds 

with enhanced activities. Combinatorial chemistry is the best example to consider in this 
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backdrop [29, 30]. With chemical ingenuity researchers can just alter the already existing 

materials to result in materials with superior properties. 

Method Advantages Disadvantages 

Bottom up synthesis 

Ex: Self assembly 

Vapor phase/liquid phase 

deposition techniques like 

CVD, MBE, sol-gel, 

precipitation, laser 

ablation, sonochemical, 

microwave, 

electodeposition etc. 

• Precision control over 

the synthesized 

nanomaterials 

• Minimum energy loss 

• Cost effective 

• Good reproducibility 

• High purity products 

• Could produce 

composite materials and 

alloys easily 

• Rigorous stoichiometry 

control and better 

dispersions  possible 

• Defects are common in 

the as synthesized 

materials 

• Complex chemistry 

• Optimization of many 

parameters 

• Low wear resistance 

• Side products (undesired) 

• Non-homogenous 

distribution 

Top-down Approach 

Ex: Lithography, Etching, 

Milling, Electrospinning 

etc. 

• Better for fabricating 

microelectronic systems 

• And for 

micromechanical gears 

etc. 

• Thin films are usually 

prepared via this 

approach 

• Avoidance of 

undesirable products 

• Micron level devices 

and nanomaterials 

• Highly costly equipment 

required 

• High energy costs 

• Contamination problems 

in the case of ball milling 

etc 

• Low surface area and 

highly polydisperse 

nanomaterials 

• Partially amorphous 

powders compared to the 

bottom up approach 

Table 1.3: Tabular representation of advantages and disadvantages of the bottom up and 

top-down synthetic methods for preparing nanomaterials. 
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If we look at, for example, the carbon nanostructures, the first carbon structures 

discovered were fullerenes which exist in shapes like bucky balls [31, 32]. Then the 

preparation of carbon nanotubes followed [33]. Afterwards the discovery of graphene 

happened which is nothing but unrolling a single walled carbon nanotube to get a single 

sheet of connected carbon atoms [34, 35]. Though the actual discovery was attributed to 

pulling apart a single carbon layer from a graphitic stack of layers, several synthetic 

methods including chemical synthesis of graphene and alike materials ensued afterwards 

for preparing them in large scales [36-38]. Investigations of this lineage of carbon 

nanomaterials however enhanced the scientific understanding related to even other 

nanomaterials that exist in different dimensions, like 0D, 1D, 2D and also 3D materials 

[39, 40]. 

1.2 Dimensionality in nanomaterials 

Apart from the shape and size variation, dimensionality of the prepared nanomaterials 

also influences their properties very well [41]. For instance, zero dimensional spherical 

nanoparticles have their carriers confined in all the three dimensions giving rise to 

materials called as quantum dots. Likewise, quantum wires are defined by the 

confinement of carriers in two dimensions thus restricting free movement of the carriers 

to only one dimension. Two dimensional nanosheets are the other type of nanomaterials 

where carriers are free to move in two dimensions but are confined only in one 

dimension. For instance, a flat sheet is a two dimensional material with carriers freely 

moving in the x- and y- directions but restricted to move along the z- direction. Even 

three dimensional nanomaterials such as frameworks derived from systems like 

polyoxometalates [42], metal organic frameworks (MOFs) [43] and other mesoporous 

materials such as zeolites also exist where carriers are free to move in all the three 

dimensions. Figure 1.4 depicted below clearly portrays the nanomaterials in different 

dimensions. In all these systems, it is the dimension–dependent confinement of carriers 

that plays a pivotal role in determining the properties that are often exotic and 

unprecedented. 
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Figure 1.4: Dimensionality in nanomaterials [taken from ref. 43]. 

1.2.1 Materials in two dimensions 

The discovery of graphene excited researchers, especially physicists heavily, since it was 

believed that such thin flat sheets were thermodynamically unstable to exist without 

support [44-46]. Graphene is a flat two dimensional material just consisting carbon atoms 

that are in SP2 hybridization with some free electrons to move around. Experimental 

observation of a single layer of carbons through electron microscopy has convinced 

researchers of the possibility of obtaining a single sheet of a material. This was followed 

up by several other breakthroughs based on graphene’s unprecedented properties. Of late, 

graphene liquid cells are also used to contain the nanomaterials and even single DNA and 

protein molecules for electron microscopic imaging [47-49]. While the grapheme 

discovery and its exciting properties are being researched intensely, there is also a sudden 

surge in the area of metal atom containing layered materials such as MoS2 etc., due to 

their irreplaceable importance in energy conversion and storage phenomena. Also 

imminent was the possibility of stacking several such layers to realize heterostructures 

which could possess abnormal behaviors such as superconductivity and unconventional 

magnetism [50]. This has now lead researchers to delve into such layered materials with 

enhanced vigor. Enormous efforts had been devoted towards synthesis and 

characterization and utilization of several such layered materials. Also, reports exist on 

the formation and applications of heterostructures made of different single layers stacked 

together in 2D. Layered crystals can be obtained as nanosheets because of the strong in-

plane bonding and absence of such strong bonding out-of-plane in these crystals. In-plane 
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bonding, in these materials usually consists of strong covalent or coordinate covalent 

bonds. Out of plane bonding comprises of weak van der Waals forces of interaction 

between the stacked layers. These bonding characteristics facilitate the exfoliation of 

these layered crystals into nanosheets and these nanosheets display unprecedented 

properties. One more important result of accessing such 2D nanosheets is that these 

nanosheets exhibit modified band structure which results in more propound electronic 

and magnetic properties. Researchers fondly call these exfoliated layered materials as 

LEGO bricks since these could form layered heterostructures if alternating stacks of 

different layers could be made which have enormous implications in several fields 

(Figure 1.5) [51-53]. 

 

Figure 1.5: Pictorial depiction of a variety of 2D materials and the possibility of 

preparing heterostructures from them. While preparing heterostructures, these are often 

referred to as LEGO bricks [Courtesy of Dr. Casiraghi webpage]. 

1.2.2 Why are 2D materials important? 

What makes the 2D materials important? As discussed in previous sections, confinement 

of charge carriers to just two dimensions makes these 2D materials attractive for several 

applications and also to study several interesting physical phenomena. Majorly, optical 

and electronic properties of a material get altered significantly once the material is 
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converted from 3-dimensional to 2-dimensional [54]. The change in properties observed 

in these 2D materials can be attributed to absence of interlayer interactions when these 

are in single layered form, along with the confinement of electrons. This absence of 

interlayer interactions or restricted interlayer interactions in 2D materials also influences 

their band structure and thus their properties. There exists rich physics in these 2D 

materials, for example, in graphene. Applications in semiconductor heterostructures [55-

57], quantum Hall/fractional quantum Hall effect [58, 59], high temperature 

superconductivity, quantum mechanical tunneling are a few physics related phenomena 

connected to the 2D materials [57, 60-63]. Chemical modification of several 2D materials 

can lead to diversified applications such as in sensing, catalysis, magnetism etc. [64, 65]. 

Apart from all these outstanding achievements these 2D layered crystals also form 

composite materials with polymers even biopolymers [66-68]. The possible list of 

applications of such 2D materials is wide ranging which include even packaging and 

lubricating 2D materials. Recent advances even show water purification and desalination. 

Some of these 2D layered materials are even employed as model candidates to study 

exotic and fundamental phenomena also.  

1.2.3 Various methods for preparing 2D materials 

The interest in the area of 2D materials got invigorated when two physicists succeeded in 

obtaining graphene via manually/mechanically cleaving graphite using a scotch tape [69]. 

Though as of today it is the only method that results in high quality graphene crystal, it 

could not be used for producing large quantities of graphene. And, as the rediscovery of 

metal ion containing layered materials such as MoS2 followed afterwards, various 

methods to prepare these layered materials were established. Several such preparatory 

methods exist in the literature for realizing a variety of 2D materials such as graphene, 

MoS2, WS2, TiS2, TaS2, MoSe2 etc. [70-73]. Some of the most used methods of these are 

1) solvent exfoliation techniques [74-78], 2) ultrasonication [79] and 3) ion intercalation 

[70, 80-83]. One of the most widely performed exfoliation method is the small cation (Li-

ion) intercalated exfoliation [84-86]. Researchers had already attempted and succeeded in 

exfoliating layered compounds by using methods such as insertion of tiny cations into the 

crystal lattice of the stacked two dimensional sheets so as to de-stack them, for example, 
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in the case of MoS2 and this experiment could yield single layers of two dimensional 

sheets out of a stack of sheets. Figure 1.6 displays a cartoon representation of the liquid 

exfoliation/ultrasonication and ion intercalation exfoliation methods. 

 

 

Figure 1.6: Exfoliation methods for preparing 2D materials from the stacked sheets of 

these materials. A). Simple ion intercalation like Li-ion intercalation. B). Agitation 

followed by intercalation. C). Simple sonication [taken from ref. 75].  

Figure 1.7 shows solvent dispersions of the as prepared layered compounds like MoS2. 

Reports say that these layered compounds form suspensions only in microgram/milligram 

scale quantities with select solvents. This posts serious drawbacks to utilization of such 

materials that could be obtained only in very small amounts. 
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Figure 1.7: Liquid dispersion of a few example 2D layered compounds in solvents such 

as DMF [adapted from ref. 75]. 

On more probable candidate in this layered materials category is what the researchers 

called a ‘molecular paper’ (Figure 1.8) [87, 88]. Recent studies have shown a bottom up 

approach for preparing the molecular papers called as peptoid nanosheets. Peptoids are 

brought together and self assembled from bottom up utilizing the monomolecular species. 

These as formed peptoid nanosheets were observed to be freely floating in solvent via 

confocal liquid phase microscopy. But these peptoids are devoid of any metal ion and 

thus cannot be used in important semiconductor applications.  

 

Figure 1.8: Peptoid nanosheet. Also called as molecular paper by the authors (evident 

from the confocal liquid microscopy showing floating peptoid nanosheets) [adapted from 

ref. 87 & 88]. 
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Though many methods are widely used to prepare various 2D layered materials, access to 

huge quantities so as to utilize them in ever growing industrial needs remain a 

challenging task. This has led researchers to look into new pastures of research. One 

significant application of such 2D materials that can be thought of is developing 

molecular inks which can be coated on to substrates. Very recently organic inks based on 

all-organic layered materials that could be coated on substrates had been demonstrated 

[89]. Establishing such inks with inorganic metal containing compounds could have 

enormous scope in the backdrop of major challenges that the humankind face such as cost 

reduction in clean energy etc. There is thus an urge to device much more efficient 

methods or to discover novel classes of metal containing 2D materials that could be 

prepared easily in huge amounts like in gram scales. The best method that could be 

looked up to is the precursor based method. Again, for MoS2 etc., precursors such as 

ammonium molybdate exist but again these need to be subjected to rigorous chemical 

synthetic protocols to finally result in 2D materials of interest and the yields of the final 

material is still a concern. Accessing huge amounts of materials that exist as 2D materials 

thus attracted us and we started searching literature for such metal containing layered 

materials.  

1.3 Metal thiolates as a class of 2D materials 

Metal thiolates are coordination compounds that could be prepared very easily [90-98]. 

Metal thiolates exist as lamellae or stacked sheets in the solid state. Metal thiolates can be 

divided majorly into two types based on the oxidation state of the coordinating metal ion 

in the thiolate. One type has the metal ion in the +1 oxidation state such as in silver 

thiolates and copper (I) thiolates. Another type comprises of examples like palladium 

thiolates and nickel thiolates in which the metal ion exists in +2 oxidation state. The 

remarkable difference between these thiolates arises from their solubility characteristics. 

The ones in which the metal ion is in +1 oxidation state are insoluble in any solvent 

whereas the metal thiolates having metal in +2 oxidation state are highly soluble in apolar 

organic solvents such as toluene and chloroform. This stunning difference in the 

solubility can be explained through bonding differences in these. Based on the literature 

reports on several metal thiolates such as silver thiolates and copper thiolates and 
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palladium thiolates etc., the bonding characteristics of these metal thiolates could be 

inferred as described here. 

In these thiolates, there exists polar covalent bonding between the metal and the sulfur. 

For example, in silver thiolates, silver is bonded to sulfur through a polar covalent bond 

and this is same for the palladium thiolates albeit in Pd(SR)2 stoichiometry. Now, in 

silver thiolates the character of polarity in the covalent bond is more prominent compared 

to the palladium system mainly due to the electronegativity differences between silver 

and palladium arising due to the different oxidation states that they exist in. The less 

polar covalent character of palladium thiolates may be contributing to the hydrophobicity 

of the compounds overall thereby rendering them soluble in non-polar organic solvents. 

But in the case of the silver thiolates, as the covalent bonding is more polar the 

contribution from the bonding to the hydrophobic nature of the silver thiolates is 

diminished. This plausibility leads to their insolubility in non-polar organic solvents at 

room temperature. But there are reports claiming that silver thiolates are soluble in 

boiling toluene which after cooling to the room temperature returns to its insoluble state 

very quickly [99]. This is not the case with the other (II) oxidation state containing metal 

thiolates such as palladium thiolates, nickel thiolates, lead thiolates and mercury thiolates. 

Certain as prepared metal thiolates such as palladium thiolates readily form solutions 

with organic non-polar solvents such as toluene and hexane and chloroform etc. Also 

these could be prepared in gram scale (or may be in kilogram scale quantities for 

industrial processing). 

Though information about this class of materials (palladium thiolates) existed from as 

early as 1935 [90], attempts to recognize the importance of these materials have been 

sparse. In this 1935 report the authors had shown that these metal thiolates are inorganic 

complexes containing both metal ions and the ligands and that some of these metal 

thiolates readily get dissolved in non-polar organic solvents. After this, these materials 

have not been the focus of any major research activity. Their importance was recognized 

only recently when in 2001, in a report from G. U. Kulkarni et al. reported thermal 

studies on the as prepared palladium thiolates [91]. In that study the authors reported the 

preparation of palladium thiolates employing a series of alkanethiols as ligands and 

showed solid state structural transformation in them by performing thermal experiments. 
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Their further studies included utilizing these metal thiolates in electronics technology by 

coating them onto substrates and etching them to result in metal resists that are useful in 

semiconductor industries. G. U. Kulkarni et al., had substantially contributed to the 

palladium thiolates research that included detailed synthetic pathways for preparing 

palladium monothiolates such as PdC12 thiolate and PdC16 thiolate etc., and also they had 

harnessed the solubility characteristic of the thiol ligands in organic solvents to realize 

mixed thiolates with palladium [92]. Figure 1.9 shows STM (Scanning Tunneling 

Microscopy) of such mono and mixed thiolates of palladium. The Figure 1.9a clearly 

shows the bilayer structure that is known to be present in solid state palladium thiolates. 

Similarly in Figure 1.9b also it is evident that the mixed palladium thiolate is present in 

bilayer form and the identification of even different alkyl chains that impart different 

lengths in the mixed thiolate is evident from the STM microscopy.  

 

Figure 1.9: STM image of the palladium thiolates. a) PdC12 thiolate, b) PdC12-PdC16 

(50:50) mixed thiolate [taken from ref. 92]. 

These authors then utilized these palladium thiolates for inkjet printing which is made 

possible due to their solubility in certain solvents and also as electron resists due to the 

rich alkyl chains present in these thiolates. These electron resists were obtained as 

patterned palladium structures via direct-write electron beam lithography methods 

(Figure 1.10). This shows potential applications of such thiolates in electronics industry 

[100-102]. 



                                                                                                                               Chapter 1 
                                                                           

 
       15        

 

Figure 1.10: Direct-write electron beam lithography of palladium hexanethiolate (PdC16 

thiolate). Top portion shows the procedure employed by G. U. Kulkarni et al., to prepare 

patterned palladium structures through direct-write electron beam lithography. The steps 

involved in the procedure can be detailed as; step 1) spin-coating of the PdC16 thiolate 

on a Si (111) surface, step 2) electron beam lithographic patterning of the thiolate at 5 

kV, step 3) developing the patterned surface in toluene for 10 sec. a) SEM image of the 

patterned material. (b-d) EDS patterns for the elements: b) Pd M, c) C K, d) S K lines 

[taken from ref. 101]. 

Since these palladium thiolates readily form solutions with organic solvents such as 

toluene, one quick question that would come to mind is what is happening to the stacked 

lamellae of the solid state structures when they go into an organic solvent. One prospect 

is that they decompose into individual Pd(SR)2 molecules and form a true solution. The 

other possibility is that upon adding a solvent the individual sheets of lamellae simply 

delaminate and these sheets keep floating in the solvent forming a dispersion (Figure 

1.11). However, since the sheet is molecularly thin, such a dispersion would also look 
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like a solution. This possibility of second pathway and the ensuing existence of floating 

molecular sheets in solution excited us and therefore we wanted to probe the solution 

state structure of these thiolates in a systematic way. Since we could synthesize these 

palladium thiolates in gram scale quantities with ease, we resorted to follow their 

solubilization by studying their solution characteristics. Such studies, we thought, could 

shed a light on structural features of such layered materials in solution and could be 

generalized for other such materials. Though MoS2 like 2D materials are known to exist 

as single layers in dispersions with certain solvents like DMF, their exfoliation pathway 

is not known even today. The detailed structural understanding or the mechanism of the 

exfoliation of two dimensional layered nanosheets in solution is difficult mostly because 

of 1) the interferences arising from the insertion of small cations such as lithium, sodium 

or ammonium cations cause lattice defects in the as exfoliated two dimensional crystals, 

2) small amounts of these materials only could be obtained as single layers in solvents via 

dispersing them in such solvents and 3) the shelf life of these individual nanosheets in 

dispersed state in solvents is not very long. In this backdrop, we envisaged that metal 

thiolates could become good model candidates for such studies. 

 

Figure 1.11: Cartoon representation of the two different situations that can be expected 

from the dissolution of palladium thiolate in an organic solvent. A) Palladium thiolate in 

stacked lamellar form in its solid state. B) Palladium thiolate existing as freely floating 

nanosheets. C) Palladium thiolate (a molecular material) disintegrated into its molecular 

moieties. 

B
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These metal thiolates could also be used as precursors for successor metal/metal sulfide 

nanosheets and nanoparticles materials (Figure 1.12) [103-120]. Thus we embarked on a 

detailed study of these thiolates as part of this thesis work which presents, 1) synthesis of 

these metal thiolates, 2) solution structural study of these metal thiolates, 3) preparation 

of metal/metal sulfide sheets from these precursor metal thiolates, 4) exploring the 

properties of the metal/metal sulfide sheets, 5) utilization of these metal thiolates as 

precursors for metal/metal sulfide nanoparticles and 6) also their heterostructures. 

 

Figure 1.12: Cartoon representations of different properties and applications of several 

2D materials (relevant to the work done in this thesis). A. Hydrogen evolution reaction 

on MoS2 nanosheets (adapted from ref. 78). B. Scanning Tunneling Microscope image of 

a 2D material self-assembled on copper surface exhibiting magnetism, the arrows 

indicate the preferred magnetization direction of individual iron atoms (Courtesy of Prof. 

Gambardella’s webpage). C. Schematic showing of heterostructures formation from 

different 2D layered materials via stacking (Image credit: Argonne national Laboratory). 

Figure 1.12 gives a glimpse of the various applications of 2D materials with industrial 

realization of the benefits that could be reaped from these several nanosheets by cross-

linking them.  

A B

C
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1.4 Objective of this thesis 

The work embedded in this thesis establishes the easy accessibility to gram scale 

quantities of 'soluble' metal thiolates and proves that they exist as 2D sheets in solvents. It 

also demonstrates the possibility of utilizing these metal thiolates for preparing metallic 

and semiconducting nanoscale materials such as metal and metal sulfide nanosheets and 

metallic or semiconductor nanoparticles and their heterostructures. 

1.5 Outline of the thesis 

Brief background for the work carried out in the thesis has been described in the above 

sections.     

Chapter 2: The chapter describes the synthetic procedures for preparing metal thiolates 

and the solution structural studies on these thiolates. Several metal thiolates viz. 

palladium thiolates, nickel thiolates, mercury thiolates and lead thiolates were 

synthesized using a very simple solvent-less instantaneous reaction. These thiolates were 

found to be readily soluble in apolar organic solvents such as chloroform and toluene. A 

thorough solution structural characterization of these thiolates was carried out employing 

light and x-ray scattering techniques along with solution state FTIR which provided 

evidence for the exfoliation of single sheets of the metal thiolates from the pre-existing 

lamellar stacks of these thiolates. The scattering data were assisted by the microscopic 

visualization through electron microscopy. Solubility of these thiolates makes them as 

candid precursors for their descendent materials with novel properties. 

Chapter 3: This chapter is divided into two parts. 

Part I:  The part I is dedicated to the description of the synthetic procedures for the 

synthesis of the metal and semiconducting nanosheets from their precursor metal thiolate 

molecular sheets. This was done through simple heating techniques. More specifically, 

the metal thiolate solution was first spin coated onto the suitable substrates such as 

quartz. These as coated quartz plates were then heated to high temperatures in tube 

furnaces under appropriate atmospheres like argon gas atmosphere etc. This resulted in 

the metallic or semiconducting metal sulfide nanosheets confirmed and thoroughly 

characterized by several instrumental techniques, primarily with those such as powder 
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XRD, electron microscopy. Some of these as prepared nanosheets viz. nickel/nickel 

sulfides exhibited unprecedented properties like room temperature ferromagnetism. 

Thorough understanding of the ferromagnetism in these nanosheets was carried out by 

SQUID analysis, atomic/magnetic force microscopy. 

Part II: Part II of this chapter deals with an important application, hydrogen production 

in the nickel sulfide nanosheets. Hydrogen evolution from cheaper catalytic sources such 

as nickel based electro/photo catalysts assumes importance in the backdrop of ever 

growing energy needs of the world. The nickel/nickel sulfide nanosheets we prepared 

displayed efficient electrocatalytic hydrogen evolution activity. The hydrogen evolution 

reaction over-potentials for the nickel/nickel sulfide nanosheets were found to be 

comparable with the latest results on the highly studied molybdenum disulfide 

nanosheets. 

Chapter 4: The chapter presents results arising from the reduction of the as prepared 

metal thiolate nanosheets into their derivative nanoparticles using a solid state route. 

Lead sulfide and cadmium sulfide model systems derived from lead octanethiolate and 

cadmium octanethiolate respectively were studied thoroughly with the help of basic and 

advanced instrumental techniques such as UV-visible, FTIR, fluorescence, XRD and 

electron microscopy. The chapter concludes with demonstrating the possibility of 

extending this solid state route of synthesis of metal or semiconductor nanoparticles by 

employing a simple ‘grinding the precursor compound with sodium sulfide’ to yield the 

respective metal or semiconducting nanoparticles. This was extended to make metal 

nanoparticles from insoluble metal thiolates such as gold thiolates, silver thiolates and 

copper thiolates. Also nanosheet–nanoparticle heterostructures were made possible by 

simple mixing of the colloidal nanoparticle solution with any metal thiolate solution such 

as a palladium thiolate in toluene and palladium nanoparticles in tert–butyl toluene that 

resulted in metallic palladium nanoparticles decorating the palladium thiolate sheets. This 

was extended to the other nanosheet–nanoparticle systems as well such as gold 

nanoparticles on palladium thiolate nanosheets. 

Chapter 5: This chapter summarizes the salient features of the work done and provides a 

roadmap on the future prospects of the research related to the work presented in here. 
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Chapter 2 

Solution state structural evaluation of self assembling 

molecularly thin metal thiolate nanosheets 

 

 

 

 

 

 

 

 

This chapter is dedicated to the studies undertaken on the synthesis and the solution state 

structural evaluation of novel two dimensional organic-inorganic hybrid molecular 

materials, namely the metal thiolates. The solution state structure of the metal thiolates 

was thoroughly elucidated using several solution state techniques. This work serves as 

foundation to the work carried out further in this thesis. 

Part of the work described in this chapter has been published in: 

Busupalli, B.; Kummara, S.; Kumaraswamy, G.; Prasad, B. L. V., Ultrathin sheets of 

metal or metal sulfide from molecularly thin sheets of metal thiolates in solution. Chem. 

Mater., 2014, 26, 3436. 
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2.1 Introduction 

Metal thiolates are emerging as an important class of layered materials due to their 

complete solubility in several organic solvents, which could allow accessing them as 

soluble precursors for ultrathin metal/metal sulfide sheets. As described in the previous 

chapter, metal thiolates can be divided majorly into two types based on the oxidation 

state of the coordinating metal ion in the thiolate. In the first type, such as in silver 

thiolates [1, 2] and copper (I) thiolates [3], the metal ion is in the (+1) oxidation state. 

Another type comprises of examples like palladium [4], nickel, copper (II) thiolates etc. 

wherein the metal ion is in (+2) oxidation state [5-7]. Such a change in oxidation state 

imparts great differences as far as the solubility of these thiolates in non-polar organic 

solvents is concerned [8-31]. The amphiphilic characteristics arise due to the presence of 

hydrophilic metal-sulfur coordination on one end and hydrophobic long alkyl chains on 

the other end as shown in the Figure 2.1 below. The solubility parameters, however, are 

mainly influenced by the strength of the bonding between the metal and sulfurs of the 

alkyl chains. 

 

 

 

 

 

Figure 2.1: Schematic representation of the layered metal thiolate model. 

In any case, the highly soluble nature of the palladium and nickel thiolates attracted us 

and we proceeded towards establishing the solution structure of the layered metal thiolate 

compounds by exfoliating them in non-polar organic solvents as shown schematically in 

Figure 2.2 below. This allowed us to harness these materials as precursors for different 

types of nanoscale materials as becomes evident by our work included in the later 
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chapters of this thesis. In this chapter we discuss the results of a comprehensive solution 

state analysis of the structural features of these thiolates. 

 

 

 

 

 

 

Figure 2.2: Schematic representation of the layered metal thiolate during its exfoliation 

process. 

2.2 Synthesis of the model metal thiolate-palladium octanethiolate 

Palladium octanethiolate was initially synthesized as per the reported general procedure 

[4]. However, for the type of thorough solution state structural analysis that we wanted to 

carryout, the quantities of metal thiolates resulting from the reported procedures were not 

sufficient. Therefore, initially we resorted to synthesize them in several small batches. 

Accordingly, 3 mg of Palladium acetate was dissolved in 1.5 mL of distilled toluene in an 

eppendorf centrifuge tube (2 mL capacity) and 2.3 µL of octanethiol was added to it. The 

mixture was shaken vigorously till it turned to orange-red. This process of forming 

lamellae simply by shaking the reaction mixture is interesting in itself. Many such tubes 

were used to synthesize the material as shown in the Figure 2.3 below, and the material in 

all the tubes was later added into a round-bottom flask. 
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Figure 2.3: The synthesis of palladium octanethiolate in eppendorf tubes. The materials 

had to be synthesized in many batches to access reasonably large quantities for different 

analyses. 

The sample in the flask was washed thoroughly with methanol and the solvent was 

removed to result in a highly viscous waxy material. Then, the products from different 

reaction tubes were mixed together. Obviously, this will raise a question about the 

confirmation of the product in these different batches and also this repetitive preparation 

is quite cumbersome. 

Subsequently, we found an easy and convenient method for preparing large quantities of 

this material by modifying the reported procedures slightly. Accordingly, palladium, 

nickel, mercury and lead thiolates were prepared using this modified procedure. This 

modified procedure is as follows. 

500 mg palladium of acetate was taken in a glass tube of 5 mL capacity. To this, 900 µL 

of octanethiol was added and the glass tube was shaken vigorously. The reaction mixture 

turned orange-red instantaneously as shown in the Figure 2.4 below, in which a series of 

photographs represented the actual experiment for preparing large quantities of the 

palladium octanethiolate. The mixture was washed thoroughly (5–6 times) using ethanol, 

and the orange-red product was air-dried at room temperature. The obtained orange-red 
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sticky substance is readily soluble in organic solvents such as chloroform, toluene, CCl4, 

etc. The similarity of this product with that prepared using reported procedure was 

estimated using PXRD and UV-visible spectra. 

 

 

 

 

 

Figure 2.4: Illustration of the synthesis of palladium octanethiolate in large quantities. 

We wish to mention that this modified procedure worked equally well with other metal 

thiolates, as described in the following section, and furnished gram quantities of the 

respective metal thiolate materials. 

2.3 Synthesis of the other metal thiolate materials 

The synthetic procedures for preparing the other metal thiolates are described below. To 

test the same synthetic procedure for other thiol ligands in place of octanethiol, palladium 

dodecanethiolate was also synthesized by the same procedure. 

2.3.1. Synthesis of nickel octanethiolate 

To 500 mg nickel acetylacetonate taken in a glass tube of 5 mL capacity, 900 µL of 

octanethiol was added and the tube was shaken vigorously. The reaction mixture turned 

black instantaneously. The mixture was washed thoroughly with 1 mL ethanol for 5-6 

times and the black product was air-dried at room temperature. The obtained black 

powder goes readily into organic solvents such as chloroform, toluene, CCl4 etc. and the 

powder was characterized using PXRD, TEM, UV-visible spectroscopy. 
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2.3.2. Synthesis of mercury octanethiolate 

To 500 mg mercuric nitrate taken in a glass tube of 5 mL capacity, 900 µL of octanethiol 

was added and the tube was shaken vigorously. Caution should be maintained while 

shaking the reaction mixture as the reaction is highly exothermic. The reaction mixture 

turned colorless instantaneously. The mixture was washed thoroughly with 1 mL ethanol 

for 5-6 times and the white product thus obtained was air-dried at room temperature. The 

white powder goes readily into organic solvents such as chloroform, toluene, CCl4 etc. 

and the powder was characterized using PXRD, TEM. 

2.3.3. Synthesis of lead octanethiolate 

To 500 mg lead acetate (II) trihydrate taken in a glass tube of 5 mL capacity, 900 µL of 

octanethiol was added and the tube was shaken vigorously. The reaction mixture turned 

yellow in color instantaneously. The mixture was washed thoroughly with 1 mL ethanol 

for 5-6 times and the yellow product was air-dried at room temperature. The obtained 

yellow powder goes readily into organic solvents such as chloroform, toluene, CCl4 etc. 

and the powder was characterized using PXRD, TEM. 

2.3.4. Synthesis of palladium dodecanethiolate 

To 500 mg palladium acetate taken in a glass tube of 5 mL capacity, 900 µL of 

dodecanethiol was added and the tube was shaken vigorously. The reaction mixture 

turned yellowish-red instantaneously. The mixture was washed thoroughly with 1 mL 

ethanol for 5-6 times and the yellowish-red product was air-dried at room temperature. 

The obtained yellowish-red powder goes readily into organic solvents such as 

chloroform, toluene, CCl4 etc. and the powder was characterized using PXRD, TEM. 

2.3.5. Synthesis of palladium dodecanethiolate hexamer 

In order to establish the layered nature of dissolved palladium octanethiolate remaining 

intact in solution, we needed to compare its characteristics with some model small 

molecular materials. Accordingly, we prepared palladium dodecanethiolate hexamer as 
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per literature reports [32]. Accordingly, to 0.588 g of Na2PdCl4 taken into 10 mL 4-tert-

butyl toluene in a round bottom flask, 0.98 mL of dodecanethiol was added and the 

reaction mixture was refluxed in an oil bath under argon atmosphere at 192 °C for 1 hour. 

The flask was then removed and cooled and the mixture was poured into 100 mL ethanol 

taken in another round bottom flask. This mixture was stirred overnight resulting in 

orange precipitate. The product was centrifuged, washed with ethanol and dried. 

2.4 Results and Discussion  

2.4.1 Basic characterization of palladium octanethiolate 

Before proceeding to the solution state structural evaluation of palladium octanethiolate, 

a basic structural characterization of this material was performed via the following 

spectroscopic techniques. 

2.4.1. (a) UV-visible spectroscopy 

The UV-visible spectrum of palladium octanethiolate dissolved in toluene is displayed in 

the Figure 2.5 below and it can be noticed clearly that this material does not show any 

absorbance above 520 nm. 

 

 

 

 

 

 

 

Figure 2.5: UV-visible spectrum of palladium octanethiolate in toluene. 
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2.4.1. (b) Energy dispersive analysis of X-rays (EDAX) spectroscopy 

Energy dispersive analysis of X-rays (EDAX) spectroscopy of the palladium 

octanethiolate shown in the Figure 2.6 below registers the molecular stoichiometry of the 

palladium coordinated to two sulfurs. 

 

 

 

 

 

 

 

Figure 2.6: Energy dispersive X-ray analysis of palladium octanethiolate. From this, the 

stoichiometry of the material could be analyzed. 

2.4.2 Basic characterization of palladium dodecanethiolate hexamer 

Basic characterization of the hexameric palladium dodecanethiolate was performed by 

employing UV-visible spectroscopy and powder XRD. These results are displayed in 

Figure 2.7 below. The single crystal structure of the compound has already been solved 

and reported by Klabunde et al. The same is depicted in Figure 2.8 [32]. 
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Figure 2.7: a) UV-visible spectra of the palladium dodecanethiolate hexamer. b). 

PowderXRD pattern of the same. 

 

 

 

 

 

Figure 2.8: Crystal structure of the palladium dodecanethiolate hexamer [adapted from 

ref.15]. 

2.4.3 Solution state structural characterization of the palladium octanethiolate 

After obtaining gram scale quantities of the palladium octanethiolate, we proceeded to 

thoroughly characterize the solution state structural features of the same employing the 

following solution state characterization techniques. 
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2.4.3. (a) Wide angle x-ray diffraction (WAXD) 

After confirming the lamellar registry in solid film of palladium octanethiolate 

characterized via Powder XRD (Figure 2.9a) with the 2•  values of 3.9, 7.8, and 11.7°, (in 

the Figure 2.9b the proposed solid state structure of the laminated sheets is presented), it 

was apparent that a sequential delamination of the palladium octanethiolate lamellae 

could be performed by simply adding a non-polar solvent such as toluene or chloroform 

to it in particular volumes to further investigate its solution state structure through 

WAXD. Hence the solid was diluted to 500% w/v, 300% w/v, 100% w/v and 90% w/v. 

The as diluted samples were packed into very narrow quartz tubes and the tubes were 

sealed without a trace of gap in order to avoid evaporation of the solvent from the as 

prepared samples. A Rigaku rotating anode diffractometer having CuK•  (•  = 1.54 Å) as 

the source radiation consisting R-axis IV image plate was utilized for obtaining the WAX 

diffraction data. The scanning time was set at one minute. Rotating anode oscillations 

were set at +/- 0.5° per minute. 80 mm distance was maintained between the rotational 

anode with the sample mounted on it and the detector. A reference high density 

polyethylene film (HDPE film) was kept at constant position for all the samples between 

the sample and the beam stop. 
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Figure 2.9: a) Powder XRD pattern of Pd-octanethiolate showing lamellar (00l) 

reflections (inset shows photographs of Pd-octanethiolate in a solvent-free state (1 g 

material) and after solvent addition (50 mg in 5 mL of toluene)). (b) Plausible structure 

of the palladium thiolate lamellae. (c, d, e, and f) 2D WAXD patterns for the samples at 

500% w/v, 300% w/v, 100% w/v, and 90% w/v. (g) The corresponding 1D plots of the 

WAXD for the same samples. 

The as obtained WAXD data were in 2D images format as represented in the Figures 2.9 

c-f. 1D plots were deduced from these 2D images through Image J free software from 

NIH. The 1D plots obtained by this procedure are presented in Figure 2.9g. 

At 500% w/v, the WAXD pattern displays multiple concentric rings, indicating 

orientational isotropy [33-38] over the diffracting sample volume. The rings correspond 

to diffraction peaks at the same 2•  values as for the “powder” XRD from the neat Pd-
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octanethiolate (Figure 2.9a). However, there is a decrease in the diffracted intensity and 

an increase in peak width relative to the neat sample (Figure 2.9g). Similarly, peak width 

or full width at half maximum (FWHM) increased from 0.54 degrees for 500% w/v 

sample to 0.63 degrees for 300% w/v sample (Figure 2.10). The regular spacing of the 

diffraction rings indicates that lamellar order is preserved in the solution state, at this 

concentration also. Interestingly, there is no swelling of the lamellar phase, viz. no 

change in the 2•  values for the lamellar diffraction peaks on dilution with toluene to 

500% w/v. Thus, the X-ray data indicates that, on dilution of the Pd-octanethiolate to 

500% w/v in toluene, the average spacing between the thiolate lamellae is unchanged—

however, there is a decrease in the coherence length of the diffracting lamellar stacks and 

increased disorder within the stacks [39]. Samples diluted further (up to 300% w/v) 

showed similar WAXD patterns as that of the 500% w/v sample (as is evident from the 

corresponding 1D plots, Figure 2.9g). Increasing the dilution to 100% w/v and 90% w/v 

of the Pd-octanethiolate in toluene resulted in complete disappearance of the diffraction 

rings (Figure 2.9e and 2.9f), indicating a loss of lamellar order. This suggests the 

initiation of the disintegration/delamination of the palladium octanethiolate lamellae at 

100 % w/v concentration. 

 

 

 

 

 

 

Figure 2.10: FWHM calculation. FWHM (Full Width at Half Maximum) of the second 

lamellar peak for the (a) (b) 500% w/v sample and for (c) 300% w/v sample from the 

WAXD experiments. 
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2.4.3. (b) Light scattering 

As WAXD experiments predicted lost of lamellar registry in palladium octanethiolate at 

100% w/v, light scattering was employed to further investigate the fate of the lamellae 

below the 100% w/v concentration. Both static and dynamic light scattering data were 

collected on at least three different batches of the palladium octanethiolate samples. The 

samples were scrupulously filtered into cylindrical glass cuvettes of 1 cm diameter and 

10 cm height, using a 0.2 µm PTFE hydrophobic filter that would restrict any impurities 

by filtering them out, and immersed into a vat pre-filled with dust free toluene (viscosity 

of toluene = 1.496 Cp) kept constant at 25 °C. The samples studied with the light 

scattering experiments were prepared starting from 100% w/v to 1.67% w/v through 60% 

w/v, 50% w/v, 40% w/v, 30% w/v, 20% w/v, 10% w/v, 5% w/v. 1000 mg of the sample 

was dissolved in 1 mL of toluene (analytical reagent grade) to get 100% w/v of the 

sample in solution and then this 100% w/v sample was diluted carefully by filtering 

toluene (analytical reagent grade) into it. Light scattering was then performed using a 3D-

DLS equipment (LS instruments) employing a He-Ne laser (Uniphase) of wavelength 

632.8 nm with an inbuilt auto-correlator. Samples at higher concentrations (above 100% 

w/v), could not be filtered using a 0.2 µm filter, precluding light scattering measurements 

for this sample. DLS was repeated at least twice for independently prepared samples at 

each concentration and was observed to be quantitatively reproducible. Multi angle DLS 

was performed on Pd-octanethiolate sample at 50% w/v, 40% w/v, 30% w/v, 20% w/v 

and 10% w/v. The data were collected at angles 45-60-75-90-105-120 degrees. This was 

repeated for at least three times and the results were consistent. Static light scattering was 

performed on palladium octanethiolate starting from 50% w/v and then subsequently up 

to 1.667% w/v by dilution through 40% w/v, 30% w/v, 20% w/v, 10% w/v and 5% w/v. 

Intensity versus q was plotted in log-linear scale.  

Palladium octanethiolate is a yellow colored material–however, it does not absorb in the 

visible above a wavelength of 520 nm (as shown in Figure 2.5), thus making it possible to 

perform light scattering experiments on the sample using red He-Ne laser light (•  = 632.8 

nm).  
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Figure 2.11: a) DLS for samples at different concentrations viz. from 100% w/v to 1.67% 

w/v in toluene. The solid lines represent fitting curves obtained using equation 2. b) Plot 

showing relation between relaxation times and the concentration. Concentrations from 

30% w/v to 100% w/v show two distinct decay times (τ1 and τ2) whereas samples at 20% 

w/v and below show single relaxation (τ1). c) Fast relaxation time scales from multi 

angle DLS of palladium octanethiolate at different concentrations from 50% w/v to 10% 

w/v through 40% w/v, 30% w/v and 20% w/v plotted as a function of 1/q2 show linear 

dependence. 

The intensity-intensity time correlation function, g(2)(q,t), was obtained at 90o.   
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For concentrations ≤ 20% w/v, the correlation function shows a single stage decay. At 

concentrations between 20% and 30% w/v, there is an abrupt qualitative change in the 

relaxation behaviour. Concentrations •  30% w/v, show a two-stage decay (Figure 2.11a). 

Correlation function was fitted with an empirical expression of the form:  
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where, τ1 and τ2 are time scales that characterize a fast and slow relaxation process, 

respectively; ‘x‘ is the contribution of the fast relaxation process to the correlation decay 

and A is an instrumental constant.  Attempts to fit the correlation function for sample 

concentrations ≥ 30% w/v with a single relaxation time, or with a stretched exponential 

yielded poor fits (Figure 2.12). A linear combination of two simple exponentials was 

observed to fit our data well, and employing stretched exponentials did not significantly 
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improve the goodness of fit. This is in contrast to dynamic light scattering for caged 

systems where the slow relaxation process associated with cage reorganization is 

typically fitted with a stretched exponential [40]. In the present case, for concentrations ≤ 

20% w/v, we set x = 1, viz. the correlation function is fitted with only one relaxation 

time, τ1. Please note that τ1 increases with sample concentration from the lowest 

concentration measured, up to about 50% w/v (Figure 2.11b). For concentrations above 

30% w/v, the time scales for the slow and fast processes are different from each other by 

one to two orders of  magnitude. Above a concentration of 50% w/v, τ1 (≈ 2 x 10-4 s) and 

τ2 (≈10-2 s) are not strongly concentration dependent. 

 

 

 

 

 

 

 

Figure 2.12: Force fitting the DLS data of palladium octanethiolate for higher 

concentrations using single exponential fitting. Dynamic light scattering data of 

palladium octanethiolate at higher concentrations viz. 100% w/v, 60% w/v, 50% w/v, 30% 

w/v with just single exponential fitting yielded poor fits showing that  the data demand 

more than just single exponential fit for better fits. 

Multi angle DLS data were recorded for Pd-octanethiolate samples at concentrations of 

50%, 40%, 30%, 20% and 10% w/v (Figure 2.13) and the correlation functions, g(2)(q,t), 

were fitted using equation 2. For all concentrations, above and below 30% w/v, the fast 

relaxation time, τ1, scales with q-2 (Figure 2.11c). Literature reports [40-42] indicate that 
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hydrodynamic undulation modes observed in DLS from dilute lamellar systems show 

relaxation times that scale with q-2. It is plausible that the fast relaxation time observed in 

our DLS experiments arises from such hydrodynamic undulation modes of sheet-like Pd-

octanethiolate structures. Please note that τ1 is strongly concentration dependent below 

30% w/v, suggesting that even at these low concentrations, weak sheet-sheet interactions 

influence the single sheet undulation modes.  τ1 is approximately constant for higher 

concentrations between 50 and 100% w/v, suggesting that the undulation modes persist at 

higher concentrations. The contribution of these undulation modes, x, is in the range 0.01 

to 0.08 at Pd-thiolate concentrations above 30% w/v (Table 2.14). The slow time scale, 

τ2, was interpreted as resulting from the cooperative relaxation of the associated Pd-

octanethiolate sheets. The q-2 scaling is not observed to hold for τ2, the slow relaxation 

time. 

 

 

 

 

 

 

 

Figure 2.13: Multi-angle DLS of palladium octanethiolate from 50% w/v to 10% w/v. 

Multi angle DLS of palladium octanethiolate at a) 50% w/v, b) 40% w/v, c) 30% w/v, d) 

20% w/v and e) 10% w/v between (angle between the auto-correlator and the detector) 

45 degrees to 120 degree angles. f) Slow relaxation time scales from multi angle DLS of 

palladium octanethiolate sample at different concentrations 50% w/v, 40% w/v, 30% w/v 

plotted as a function of 1/q2 do not show linear dependence. 
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Concentration    

(% w/v) 

Fast relaxation 

time (τ1) (sec) 

Slow relaxation 

time (τ2) (sec) 

x (contribution of τ1 to 

the correlation decay)  

 

100 1.8779 x 10-4 3.89 x 10-2 0.034   

60 1.8774 x 10-4 2.39 x 10-2 0.083 

50 1.04 x 10-4 2.24 x 10-2 0.032   

40 4.56 x 10-5 6.63 x 10-3 0.015 

30 2.19 x 10-5 6.18 x 10-3 0.043 

20 1.71 x 10-5 -- 1  

10 1.38 x 10-5 -- 1  

5 1.23 x 10-5 -- 1  

1.67 9.17 x 10-6 -- 1  

Table 2.14: DLS relaxation time scales. Relaxation times from dynamic light scattering 

of palladium octanethiolate and contribution of fast relaxation time to the correlation 

decay. 

Static light scattering on toluene solutions of Pd-octanethiolate (Figure 2.15) are in 

qualitative accord with DLS data, indicating a structural transition at a concentration 
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around 30% w/v. At concentrations • 20% (w/v), the scattered intensity of the Pd -

octanethiolate is approximately q-independent over a q-range 0.01 to 0.07 nm-1. At 

concentrations ≥30% w/v, there is a qualitative change in the q-dependence of the 

scattered intensity, with enhanced scattering at low q, indicating the formation of large 

length scale structures. 

 

 

 

 

 

 

 

 

Figure 2.15: Static light scattering data of palladium octanethiolate. Log-linear plot of 

the static light scattering raw-data of palladium octanethiolate in toluene at different 

concentrations, viz. 50% w/v, 40% w/v, 30% w/v, 20% w/v, 10% w/v, 5% w/v, 1.67% w/v 

and toluene. 

2.4.3. (c) Comparative light scattering studies with two model monomeric molecular 

systems 

To rule out any ambiguity and confirm that the faster relaxation time scales are indeed 

due to the sheets existing in solution at the lowest possible concentration and not from the 

individual disintegrated molecular entities, two different monomeric molecular systems 

were subjected to light scattering experiments and analyzed the as obtained data was 
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analyzed. The two monomeric molecular systems studied were 1) Octanethiol, 2) 

Palladium dodecanethiolate hexamer.  

Dynamic light scattering on these samples was performed in a similar fashion as was 

done on the palladium octanethiolate solutions. The results are shown in Figure 2.16 

below. From the light scattering data on these two model monomolecular compounds it is 

clearly evident that the relaxation time scales for both the samples show decay times that 

are very low when compared to the lowest concentration sample of palladium 

octanethiolate. The decay times for these two samples are less than at least an order of 

magnitude to that of the palladium octanethiolate. Thus it is clear that the 1.67 wt% 

palladium octanethiolate sample still retains sheet like structures and not disintegrated 

into monomolecular units. 

 

 

 

 

 

Figure 2.16: a). Dynamic light scattering data for the palladium dodecanethiolate 

hexamer at different concentrations. b) Dynamic light scattering data for octanethiol at 

30% w/v and 5% w/v concentrations. 

2.4.3. (d) Solution state FTIR 

To probe the molecular implications of the changes in τ1 and τ2 on dilution, and to 

understand the emergence of lamellar order in Pd-octanethiolate, we used solution state 

FTIR to interrogate changes in the C-H stretching progressions of the CH3 end group of 

the octanethiol moiety. Analysis of data obtained for dilution with toluene is complicated 

due to interference from toluene vibrations. Therefore, Pd-octanethiolate was serially 
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diluted using CCl4. In the Figure 2.17a the solution state FTIR spectra of palladium 

octanethiolate at various concentrations in CCl4 were presented after normalization with 

respect to intensity at 3027.3 cm-1. Qualitatively similar data were obtained for dilution 

with toluene (Figure 2.19). We observe a gradual decrease in the relative intensity of the 

stretching bands on serial dilution of the sample with CCl4. The ratio of the intensities of 

the C-H symmetric stretching band (at 2852 cm-1) to the C-H anti-symmetric stretching 

band (at 2922 cm-1) of the C-H stretching progressions of the end CH3 group, 

systematically increases with Pd-octanethiolate concentration (Figure 2.17b). In 

accordance with literature reports [43], our data suggest that on increasing sample 

dilution, there is a decrease in the intermolecular interactions between the alkyl chains 

and enhanced conformational disorder due to an increased number of gauche conformers 

(g+, g-) with respect to the trans (t+, t-) conformers. Our data also reveals that the 

increase in I(2852 cm-1) / I(2920 cm-1) with concentration is steeper as the concentration 

increases to 30% w/v, and shows a more gradual increase from 30% w/v to 500% w/v. 

This change in slope around the concentration of 30% w/v is also observed for the 

rocking band at 725 cm-1 (Figure 2.19).  

 

 

 

 

 

Figure 2.17: a) Solution state FTIR plot highlighting the C-H stretching progressions of 

the end CH3 for different concentrations of the sample in CCl4. b) The corresponding 

graph for ratio of the C-H symmetric to anti-symmetric stretching bands of the end CH3. 

c) Solution state FTIR plot highlighting the CH3 umbrella deformation bands. The 

encircled portions (I),  (II),  (III) and (IV) are cartoon representations of the events. 
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Moreover, other prominent IR bands corresponding to CH2 scissoring at 1438 cm-1 and 

umbrella motions of CH3 at 1365 cm-1 follow the same trend as the C-H stretching 

progressions of the end CH3 group (Figure 2.18). 

 

 

 

 

 

 

 

 

 

 

Figure 2.18: FTIR of palladium octanethiolate umbrella and scissoring modes of end 

CH3 group. a) Solution state FTIR spectra for palladium octanethiolate in CCl
4
 

highlighting CH
2
 scissoring and CH

3
 umbrella deformation bands around 1460 cm

-1
and 

1374 cm
-1

 respectively from 500 % w/v to 0.56 % w/v. b) Plot for the ratios of scissoring 

and umbrella progressions to the C-H symmetric stretching progressions of the end CH
3
 

group following the similar trend as that of the C-H stretching progressions. c) Solution 

state FTIR spectra for palladium octanethiolate in CCl
4
 highlighting the CH

2
 scissoring 

and CH
3
umbrella deformation bands around 1460 cm

-1
and 1374 cm

-1
 respectively from 

100% w/v to 0.56% w/v and d) the corresponding graph for clarity from b). 
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The FTIR for determining the rocking progressions were performed in dry toluene itself 

(note that, toluene was the actual solvent in which all the other characterizations were 

done) since at 725 cm-1, there could be no interference from the toluene bands on the 

palladium octanethiolate bands. The head band of the rocking progressions at 725 cm-1 

increases in intensity as the sample gets diluted (Figure 2.19), in contrast to the decrease 

in intensity observed for the C-H stretching bands. This is consistent with the proposed 

reduction in the inter chain attractive interactions on diluting with solvent.  

Figure 2.19: FTIR of palladium octanethiolate in toluene. Solution state FTIR of 

palladium octanethiolate samples with dry toluene as the solvent. a) C-H stretching 

progressions of the end CH3 group in the thiolate. b) Rocking progressions of the CH2 

groups in the thiolate. c) The ratio of the C-H symmetric to anti-symmetric stretching 

bands of the end CH3. d) Plot of rocking progressions from 100 % w/v to 10 % w/v versus 

concentration. 

As the closely packed alkyl chains move away from each other on higher dilutions, the 

CH2 groups become free and disengaged with the adjacent alkyl chains. This enhances 



                                                                                                                               Chapter 2 
 

 
       51        

the CH2 rocking progressions. On the other hand, closely packed alkyl chains are 

necessary to intensify the C-H stretching bands. Thus giving rise to the contrast in 

intensities of the stretching and rocking progressions. 

2.4.3. (e) TEM of palladium octanethiolate 

 

Figure 2.20: TEM of palladium octanethiolate at 1.67 wt% concentration. Electron 

microscopy on the lowest concentrated sample of palladium octanethiolate at 1.67 wt% 

in toluene drop casted onto a carbon coated copper TEM grid. Just one drop of the 

solution was coated onto the grid and the grid was then air dried at room temperature. 

Electron microscopy on palladium octanethiolate was performed at its diluted 

concentration of 1.67 wt%. Several concentrations of palladium octanethiolate solutions 

were prepared in toluene for experimentation with the TEM. The attempted 

concentrations for electron microscopy were 20 wt%, 10 wt%, 5 wt% and 2.5 wt%. 

However, samples prepared at higher concentrations did not allow electrons to pass 

through them thus not resulting in any image under the transmission electron microscopy. 

Plausible deduction from these failed experiments lead to a conclusion that the samples 

might have existed as well spread out thick layers on the grid. 

But at 1.67 wt% concentration ultrathin nanosheets of palladium octanethiolate indeed 

could be observed (Figure 2.20). These palladium octanethiolate nanosheets extended 

laterally up to hundreds of nanometer length scales or up to even micrometer length 

scales. In the Figure 2.20c it could be noticed that the palladium octanethiolate nanosheet 
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exists as single layered. Thus at some places in the TEM grid single layers of palladium 

octanethiolate could be observed. If careful optimization of coating the palladium 

octanethiolate single layers on any suitable substrate is realized, then it could have many 

implications for the ensuing research on metal based single layers for technological 

applications. 

2.4.3. (f) Summary of the techniques used for the solution structure determination of 

palladium octanethiolate 

Schematic summary of the techniques used for the solution structure determination of 

palladium octanethiolate could be depicted as in Figure 2.21 shown below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21: Schematic summary of the deductions from various solution state 

techniques employed for structural evaluation. 

The Figure 2.21 above depicts a clear overview of the solution state instrumental 

techniques employed to determine the course of delamination of the palladium 

octanethiolate when dissolved in non-polar organic solvents. As represented in the 

schematic, the bulk solid palladium octanethiolate is characterized by a strict registry of 
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lamellar sheets. The WAXD characterization performed on the 500 wt% up to 100 wt% 

samples provided evidence for initiation of losing lamellar registry in the samples at 

lesser concentrations viz. at 100 wt%. From 100 wt% to 1.67 wt% light scattering yielded 

strong proofs of transitioning of the lamellae from stack-stack interactions to undulating 

individual nanosheets. The individual nanosheets at 1.67 wt% were imaged through 

electron microscopy. Solution state FTIR was performed over all the samples from bulk 

to 1.67 wt% offering an overall perspective on the delamination process of palladium 

octanethiolate. 

2.4.3. (g) Solution structure of other metal octanethiolates 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22: (a) PXRD plots of (i) nickel octanethiolate, (ii) mercury octanethiolate, and 

(iii) lead octanethiolate; and TEM images of (b) nickel octanethiolate, (c) mercury 

octanethiolate, and (d) lead octanethioalte. Insets of parts b, c, and d, are photographs of 

the clear solutions of nickel octanethiolate, mercury octanethiolate, and lead 

octanethiolate, respectively, in chloroform. 

Octanethiolates of other metal ions primarily nickel, lead and mercury were also 

synthesized as defined in the section 2.3. Quite gratifyingly, these also were found to be 

highly soluble in non-polar organic solvents as evident from the inset glass tube pictures 

in the Figure 2.22 above. No rigorous scattering experiments were executed on these 
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other metal octanethiolates. Nonetheless, electron microscopy on the most dilute samples 

of these thiolates revealed ultrathin nanosheets. Figure 2.22a shows powder XRD 

patterns of these metal octanethiolates drop casted and dried on silicate glass 

demonstrating lamellar order in all these thiolates. Figures 2.22b-d display the TEM 

images of these metal thiolates at their lowest concentrations. The lowest concentrations 

differed for each of the octanethiolate. For nickel octanethiolate it was 0.23 wt%, for lead 

octanethiolate it was 0.1 wt% and for the mercury octanethiolate it was 2.5 wt%. 

2.4.3. (h) Solution structure of palladium dodecanethiolate 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: Palladium dodecanethiolate. a) PXRD of palladium dodecanethiolate 

showing the lamellar structure. (b-e) Representative TEM images of palladium 

dodecanethiolate. 

To show that not just octanethiolates but other thiolates could also be solubilized in non-

polar organic solvents, dodecanethiol was employed as the ligand and it was reacted with 

palladium acetate as described in section 2.3. The formation and existence of the 

palladium dodecanethiolate was confirmed through powder XRD, as indicated by the 

(00l) lamellar reflections (Figure 2.23a). The solubility of palladium dodecanethiolate in 
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non-polar solvents such as toluene or chloroform is again confirmed by the formation of 

clear solution on adding non-polar solvents to the neat sample. Figures 2.23b-e illustrate 

ultrathin nanosheets from the electron microscopy results on the diluted sample of 

palladium dodecanethiolate. The dilution was at 1.67 wt% as in the case of the palladium 

octanethiolate.  

2.4 Conclusions 

In this chapter, step-by-step delamination of the novel two dimensional materials, 

namely, metal thiolates was studied in great detail using palladium octanethiolate as the 

model system. A variety of instrumentation techniques viz. light scattering, x-ray 

diffraction (powder XRD and wide angle XRD), solution state FTIR, electron 

microscopy were employed to thoroughly understand the exfoliation process of the 

palladium octanethiolate lamellae into ultrathin single sheets at high dilutions in an 

organic solvent such as toluene. Clear monitoring of the exfoliation process was done 

through dynamic light scattering. Wide angle XRD was utilized to characterize the higher 

concentration samples’ diffracting behavior. Solution state FTIR data acted as a 

connecting link between the two data sets obtained from light scattering and WAXD. 

Electron microscopy was finally used as a tool to image the ultrathin palladium 

octanethiolate layers on a TEM grid. This was extended to other palladium thiolates such 

as palladium dodecanethiolate and also to other metal thiolates such as nickel 

octanethiolate, lead octanethiolate and mercuric octanethiolate. The comprehensive study 

of the solution state structures of the metal thiolates performed here comprises an 

important piece of work and entices further work in this area of solution state nanosheet 

dynamics in the backdrop of growing interest in two dimensional layered materials. 
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Chapter 3 

Ultrathin sheets of metal and metal sulfides from metal thiolate 
molecular sheets 

 

 

 

 

 

 

 

 

 

 

This chapter discusses preparation of ultrathin metal and metal sulfide nanosheets from 

metal thiolate precursors. A simple heat treatment of the soluble metal thiolate 

precursors coated onto quartz like substrates yielded ultrathin metal or metal sulfide 

sheets. Detailed magnetic property measurements were carried out on nickel sulfides 

which revealed unprecedented magnetization values in them. These metal/metal sulfide 

sheets were also found to be good electrochemical catalysts for hydrogen generation. 

Parts of this work had been published in: 

1) Busupalli, B.; Kummara, S.; Kumaraswamy, G.; Prasad, B. L. V., Ultrathin sheets of 
metal or metal sulfide from molecularly thin sheets of metal thiolates in solution. 
Chem. Mater., 2014, 26, 3436. 

2) Busupalli, B.; Date, K. S.; Datar, S.; Prasad, B. L. V., Preparation of Ni3S2 and Ni3S2-
Ni nanosheets via solution based processes. Cryst. Growth Des., 2015, 15, 2584. 
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3.1 Introduction 

In the backdrop of renewed interest in two dimensional nanosheets following the epic 

discovery of graphene [1] and re-discovery of numerous other atomically or molecularly 

flat two dimensional materials [2-8], demand for other two dimensional nanosheets that 

could be technologically important emerged in a great way. This provoked the 

exploration of various synthetic methods for preparing many materials in nanosheet 

forms [9]. We realized that very few reports exist on the preparation of nanoscale thick 

sheets of metal/metal sulfide materials. For example, many synthetic procedures have 

been described to prepare the 2D sheets of metal/metal sulfides which require 

sophisticated deposition techniques like atomic layer deposition, chemical/physical vapor 

deposition and pulsed laser deposition etc. [10-13]. One of the most elegant ways of 

synthesizing these nanosheets is through heat treatment of their precursor compounds. 

Very few reports exist on realizing such metal/metal sulfide nanosheets through easy 

methods such as heat treating the precursor compounds [14]. In recent times, access to 

huge amounts of nickel sulfides that are regarded as potentially important cathode 

systems for the electrocatalytic hydrogen generation is becoming prominent in the 

hydrogen energy research arena. After finding methods that could provide access to gram 

scale quantities of metal thiolates and after realizing that these could act as soluble 

precursors, we believed that subjecting these precursor compounds to simple heat-

treatment could possibly lead to the formation of metal/metal sulfide nanosheets which 

are otherwise very difficult to access or need sophisticated preparation techniques listed 

above. 

One intriguing thought that could follow, if these two dimensional metal/metal sulfide 

nanosheets are realized, is that whether they possess multiple properties like 

semiconducting, magnetic and catalytic properties etc. Materials that possess such 

multiple properties are immensely studied by both academic researchers and industries. A 

few such materials exist in the literature such as dilute magnetic semiconductors (DMS), 

ferromagnetic semiconductors (FMS), electro/magnetochromatic materials, 

electro/photocatalytic materials etc. [15-25]. In this chapter the synthesis, characteristics, 
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properties and applications displayed by a few metal/metal sulfide nanosheets obtained 

from their precursor compounds through heat treatment are presented and discussed. Heat 

treatment was first performed on palladium octanethiolate as a test method. Then the 

synthetic experiments were extended to nickel thiolates. Further, a detailed study on the 

magnetic and semiconducting properties of the resulting nickel sulfide nanosheets was 

carried out. Then these nickel sulfide nanosheets were probed for their interesting energy 

related applications in hydrogen generation. 

3.2 Preparation of M/MS nanosheets from the metal thiolate precursors 

In order to find the heating conditions required for the heat treatment for the preparation 

of metal/metal sulfide sheets, detailed thermogravimetric analyses (TGA) of the 

palladium octanethiolate and nickel octanethiolate were carried out. As depicted in Figure 

3.1a, palladium octanethiolate exhibited large weight loss (about 75%) around 300 oC due 

to the high carbon content present in the octanethiol chains. Two small kinks in the TGA 

spectra at lower than 300 oC were presumably due to the solvent loss from the compound. 

Around 800 oC, the compound still exhibited small but effective weight loss which 

apparently was due to the loss of sulfur content from the compound. Thus the final 

material left after the heat treatment could be pure palladium metal. 

 

Figure 3.1: a) Thermogravimetric analysis (TGA) of Pd-octanethiolate and b) Ni-

octanethiolate. 
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Nickel octanethiolate also exhibited thermal behavior in a similar fashion (Figure 3.1b). 

A marked decomposition around 240 oC temperature was seen due to the loss of the 

carbon content from the octanethiol chains in the compound. Around 700 oC temperature 

there is another small weight loss. This difference in the thermal behavior of nickel 

octanethiolate from palladium octanethiolate is probably due to lower loss of sulfur 

content from nickel thiolates that clearly indicated that the products that are yielded from 

these two metal thiolates could be different from each other.  

3.2.1 Preparation of palladium sulfide nanosheets and metallic palladium 

nanosheets from palladium octanethiolate precursor 

Based on these studies the synthetic procedure for the heat treatment conditions was 

devised and a basic sketch depicting the synthetic procedure for preparing palladium 

metal nanosheets and palladium sulfide nanosheets is presented in Figure 3.2. A thin film 

of the soluble palladium octanethiolate precursor in toluene solution was coated onto 

quartz substrates through spin coating method and the as coated quartz plates were heated 

at different conditions. Heating conditions executed on the palladium octanethiolate were 

1) 350 oC in argon gas atmosphere that resulted in palladium sulfide nanosheets and 2) 

950 oC in argon gas atmosphere resulting in pure metallic palladium nanosheets. To 

access large amounts of the samples, heat treatment experiments were performed on the 

bulk solid samples kept in ceramic boats in a tube furnace under the same conditions 

described above. 
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Figure 3.2: Heat treatment of the as coated palladium octanethiolate on quartz 

substrates under two different conditions resulting in two different descendent nanosheets 

namely palladium sulfide and metallic palladium nanosheets. 

3.2.2 Preparation of nickel sulfide nanosheets from nickel octanethiolate precursor  

Similar heat treatment experiments were performed on the nickel octanethiolate. These 

experiments resulted in two different nickel sulfide nanosheets. The conditions adopted 

for preparing nickel sulfide nanosheets were 1) 750 oC under argon+hydrogen 

atmosphere (both gases taken in 1:1 ratio) resulting in Ni3S2-Ni sheets and 2) 750 oC 

under argon atmosphere resulting in Ni3S2 sheets. Figure 3.3 presents these conditions in 

a schematic. The thermal treatment of the nickel octanethiolate was based upon the 

thermogravimetric analysis (TGA) experiment performed on it (Figure 3.3). Pure metallic 

nickel nanosheets were expected based on the previous experiment in which formation of 

pure metallic palladium nanosheets was observed (Figure 3.2). Unfortunately pure 

metallic nickel nanosheets could not be obtained under the same conditions as used for 

palladium thiolates. Instead only Ni3S2 was obtained by heating the precursor nickel 

octanethiolate in just argon gas atmosphere. 
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Figure 3.3: Heat treatment of nickel octanethiolate under two different conditions 

resulted in two different nickel sulfides namely Ni3S2-Ni and Ni3S2. The final products 

were quickly checked for any visual magnetization effect and the Ni3S2-Ni showed instant 

magnetization under a bar magnet as shown above indicating a robust saturation 

magnetization in this system (thoroughly dealt in this chapter in the later part). 

This prompted us to use reducing hydrogen gas atmosphere in combination with argon 

gas expecting pure metallic Ni phase nanosheets. The heating was even carried out 

through varied heating conditions such as heat treating the nickel octanethiolate at 

elevated temperatures of about 950 oC-1000 oC under Ar+H2 flow. 

But these experiments again did not result in metallic nickel. But, quite gratifyingly 

Ni3S2-Ni composite was achieved, which is more important because it is a combination of 

metal and semiconductor which has implications for energy related research such as 

electrochemical fuel production due to the electronic interactions between metallic nickel 

and the semiconducting Ni3S2 component that could help turn the material into a more 

efficient catalyst. 
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3.3 Results and Discussion 

3.3.1 Characterization of the metal and metal sulfide nanosheets 

3.3.1.1 Characterization of palladium sulfide nanosheets 

The resulting nanosheets were thoroughly characterized using powder XRD and electron 

microscopy to reveal the layered sheet like nature of the palladium sulfide, metallic 

palladium, Ni3S2 and Ni3S2-Ni. Powder XRD pattern for the palladium sulfide nanosheets 

is comparable to that existing in the literature according to the JCPDS card no. 25-1234 

(Figure 3.4a). Figure 3.4b indicates the atomic percentages of the palladium and sulfur in 

the palladium sulfide nanosheets which confirms the stoichiometry of the sample as PdS. 

The presence of high amount of carbon is attributed to the carbon film on the TEM grid. 

Electron microscopic imaging revealed sheet like nature of the palladium sulfide 

nanosheets (Figure 3.4c), that these sheets consist of palladium sulfide was confirmed by 

the lattice fringes and electron diffraction displayed in Figure 3.4d and Figure 3.4e 

respectively.  

 

 

 

 

 

 

Figure 3.4: a) PXRD pattern of PdS sheets (comparable to JCPDS card no. 25-1234); b) 

EDAX analysis of PdS sheets, notice that the atomic percentage of sulfur peak is almost 

as much as palladium peak. c) HRTEM image of PdS (insets-(d) shows enlarged HRTEM 

image revealing the lattice fringes corresponding to PdS sheets and (e) shows FFT view 

for these PdS sheets). 
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3.3.1.2 Characterization of metallic palladium nanosheets 

Similar characterizations were performed on the palladium metallic nanosheets and the 

data are presented in Figure 3.5. The presence of metallic palladium was confirmed by 

comparing the PXRD data of the heat treated material with the existing literature JCPDS 

card no. 05-0681. (111) and (222) peaks evident from the PXRD plot indicate sheet like 

orientation of the palladium metal (Figure 3.5a). Furthermore, the HRTEM image 

revealed lattice fringes that correspond to the (111) planes (Figure 3.5b) of Pd(0). The 

low magnification TEM image revealed a sheet like morphology with lateral dimensions 

of several micrometers (inset of Figure 3.5b).  

Clearly, these Pd(0) films are sufficiently thin to allow transmission of electrons through 

them. The selected area electron diffraction also matched with that of Pd(0) (Figure 3.5c). 

EDS analysis of the heat treated sample on a quartz substrate revealed that the sample 

contains only Pd(0) and that the sulfur content is negligible (Figure 3.6). 

 

 

 

 

 

 

 

Figure 3.5: a) PXRD pattern of Pd(0) sheets indexed as per JCPDS card no. 05-0681; b) 

Enlarged HRTEM image of the Pd(0) sheets showing lattice fringes with separation of 

0.23 nm between the fringes. c) FFT image for the Pd(0) sheets showing indexing for the 

Pd(0) sheets. d) HRTEM image of Pd(0) crystals showing sheet like morphology. 
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Figure 3.6: EDAX for the Pd(0) crystals showing negligible sulfur content (almost no 

sulfur).  

3.3.1.3 Characterization of nickel sulfide nanosheet materials 

Characterizations of both the nickel sulfide nanosheet materials viz., Ni3S2 and Ni3S2-Ni 

are summarized in Figure 3.7. Figure 3.7a shows the powder XRD pattern for the nickel 

sulfide (Ni3S2) and the nickel sulfide-nickel (Ni3S2-Ni) materials. The data obtained for 

the Ni3S2 sample were indexed according to the JCPDS card number (851802). Indexing 

for the sample Ni3S2–Ni was done following the JCPDS card number (851802) for the 

Ni3S2 component and card number (040850) for the metallic nickel existing in its face 

centered cubic phase. In the powder XRD pattern of the sample Ni3S2–Ni, there is 

marked evidence for the existence of metallic nickel phase as confirmed by the peaks at 

2•  values 44.5°, 51.8°, and 76.3°(indicated by stars in the graph shown in Figure 3.7a). 

Figure 3.7b shows HRTEM image with its SAED pattern in the inset and Figure 3.7c 

shows the lattice fringes of Ni3S2 sample where the value of 0.28 nm matches well with 

that reported in the literature for Ni3S2. HRTEM images with the SAED pattern in the 

inset and the lattice fringes for Ni3S2–Ni sample are depicted in Figure 3.7d and 3.7e. The 

two lattice fringes observed in the Ni3S2–Ni sample with the values 0.28 and 0.23 nm 

correspond to the two different species, namely, Ni3S2 and Ni present in the sample. 

Here, 0.28 nm corresponds to the nickel sulfide part of the sample and 0.23 nm 

corresponds to the metallic nickel present in the sample. The amounts of nickel and sulfur 

present in the Ni3S2 and Ni3S2–Ni samples were determined by using EDAX data. The 
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two samples show almost similar atomic ratios for Ni:S. In Ni3S2 it is approximately 

64.5:35.5 (Figure 3.8) and in Ni3S2-Ni it is 64.3:35.7 (Figure 3.9). 

 

 

 

 

 

 

 

 

 

Figure 3.7: a) Powder XRD patterns for Ni3S2 and Ni3S2-Ni samples. Note the peaks for 

pure nickel metal phase as indicated by dark stars in the trace, the (111) peak at 2•  ~ 

44.5o corresponds to nickel metal along with the (200) and (220) at 2•  ~ 51.8o and 2•  ~ 

76.3o respectively.  Dark circles in the trace for Ni3S2 indicate NiO impurities. Ni3S2 

component was indexed according to JCPDS card: 851802. b) TEM image for the sample 

Ni3S2 showing laterally extended micrometer level ultrathin sheet, relevant SAED pattern 

is shown in the inset. c) HRTEM image showing lattice fringes pertinent to the sample 

Ni3S2 with a fringe gap of 0.28 nm. d) TEM image of Ni3S2-Ni sample depicts ultrathin 

sheets laterally lengthened to micrometer level, with its SAED pattern shown in the inset. 

e) HRTEM micrograph of Ni3S2-Ni shows lattice fringes that correlate to the literature 

reports, for nickel metal phase the fringe gap comes around 0.23 nm and the nickel 

sulphide phase lattice fringe gap is around 0.28 nm. 0.34 nm lattice spacing is for carbon 

on the TEM grid. 
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Figure 3.8: EDAX of the Ni3S2 shows the atomic and weight percentages of nickel and 

sulfur.  

 

 

 

 

 

 

Figure 3.9: EDAX of the Ni3S2-Ni sample shows the atomic and weight percentages of 

nickel and sulfur revealing the excess of amount of nickel present in the sample. 

3.3.2 Properties of the nickel sulfide nanosheets 

3.3.2.1 Magnetic properties 
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The magnetization results of the nickel/nickel sulfide nanosheets are summarized in the 

Figure 3.10. Field dependent and temperature dependent magnetization measurements 

(Squid measurements) were performed on a Quantum Design MPMS 7T SQUID VSM. 

Field was set in the 3T to -3T range and room temperature was maintained during the 

field dependent magnetization measurements. Temperature dependent magnetization 

values were extracted from 5K to 300K while the applied magnetic field was set at 500 

Oe.  

 

 

 

 

 

 

 

 

 

 

Figure 3.10: SQUID measurements. a) Room temperature magnetization plotted with 

magnetic field for the samples Ni3S2 and Ni3S2-Ni show ferromagnetism in both the 

samples. Inset in the Figure a) is expanded for clarity. b) Fully magnified trace from the 

Figure a) reveals coercivity values of about 50 Oe for both the samples Ni3S2 and Ni3S2-

Ni. c) Plot of magnetization with temperature i.e. FC-ZFC curves for the sample Ni3S2 

displays bifurcation curves indicating higher than room temperature Curie temperature. 

d) Similar FC-ZFC curves for the Ni3S2-Ni sample also indicate higher than room 

temperature Curie temperature (inset of the Figure d). 
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Interestingly MS of Ni3S2-Ni sample was determined to be 10 emu g-1. The other nickel 

sulfide Ni3S2 also showed a ferromagnetic MS value of 0.2 emu g-1. In the pure Ni3S2 

sample an inherent diamagnetic contribution (in the inset of the Figure 3.10a) along with 

a reasonable ferromagnetism could be noticed clearly. Such diamagnetic contribution 

could come from the Ni2+ cations or any organic remnants. The coercivity value (HC) for 

both the samples was deduced to be 50 Oe. Corresponding magnetization data with 

respect to temperature were obtained in the zero-field cooling (ZFC) and field cooling 

(FC) modes in the temperature range 5 oK to 300 oK and with an applied magnetic field 

of 500 Oe. The ZFC-FC measurements showed bifurcation curves providing evidence for 

higher than room temperature Curie temperatures in both these samples (Figure 3.10c for 

the Ni3S2 sample and Figure 3.10d for the Ni3S2-Ni sample). The curves for Ni3S2-Ni 

sample are smooth and are devoid of any step like features, indicating the absence of any 

blocking temperature. This shows that the metallic nickel phase present in the biphasic 

Ni3S2-Ni composite is not super-paramagnetic but is ferromagnetic in nature and the 

Ni3S2 part is strongly interacting with the metallic Ni phase. 

AFM/MFM was carried out under ambient conditions using commercially available Si 

cantilevers coated with a cobalt/chromium film with the normal resonance frequency of 

78 kHz and spring constant of 3 N/m (BudgetSensor). AFM topography and MFM 

images were taken in NAP mode which is a two pass technique where the first pass is 

typically used to measure (and collect) topography and the second pass is used to 

measure magnetic signal due to stray fields created by magnetic tip. The MFM images 

were taken in NAP mode at a distance of more than 50 nanometers for both the samples 

to avoid the influence of topography image on the MFM data. MFM being a powerful 

technique augmented the results obtained from the SQUID magnetometer. The images 

obtained from bulk samples revealed presence of stacked layers (Figure 3.11). However, 

no meaningful deductions could be made from these images except an observation that 

the edges display enhanced magnetic characteristics (Figure 3.12). Interestingly, a simple 

Bronsted acid mediated exfoliation of the bulk layered samples converted big sheets into 

circular disks. This was actually performed on the samples during testing for their 
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electrochemical activity towards the hydrogen generation, which is thoroughly dealt with 

in the next section on the electrocatalytic activity of these samples. As for now, it can be 

concluded that there occurred a structural transformation in the nanosheets of both the 

samples upon simple acid treatment leading to a morphology change from thick layered 

samples to nanodisks. These were coated on mica wafers facilitating the magnetic force 

microscopic imaging very well. The results from the imaging are presented in Figure 

3.13. Figure 3.13a provides the morphological features of the Ni3S2-Ni sample and the 

corresponding magnetic force microscopic image is depicted in Figure 3.13b. The 

average height of the disc (Figure 3.13e) is about 60 nm. Figure 3.13f shows the magnetic 

phase shifts observed in this sample, analyzed from four particles (red line in the Figure 

3.13b).  

Figure 3.11: a), b) Contact tapping mode atomic force microscopic images of the two 

samples Ni3S2-Ni and Ni3S2 respectively reveal morphological features of the samples 

with thickness of measured the samples being around 100 nm. 
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Figure 3.12: a), b) Magnetic force microscopic micrographs of the samples Ni3S2-Ni and 

Ni3S2 respectively obtained by employing a magnetic tip with a tip lift height 30 nm from 

above the sample in contact tapping mode display positive phase shift in the magnetic 

field emanating just from the edges of the samples in both the samples but not from the 

bulk of the samples. c), d) Spectra presenting the magnetic phase shift existing in the 

samples Ni3S2-Ni and Ni3S2 respectively. A positive phase shift in the magnetic property 

can be observed. 
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Figure 3.13: Images obtained using magnetic force microscopy. a) Topographical image 

from the magnetic force microscopy experiment on the Ni3S2-Ni sample. Four particles 

were analyzed (red line) for their height profiling as is shown in e). The trace b) shows 

magnetic force microscopic image for the sample Ni3S2-Ni and its corresponding phase 

measurement was depicted in Figure f). A clear negative phase shift was observed as can 

be seen from the Figure f). Figure c) shows the topological imaging data on the particles 

analyzed (red line) for the sample Ni3S2. The corresponding graph depicting height 

profile of the sample Ni3S2 was shown in g). The Figure d) presents the magnetic force 

microscopic image for the sample Ni3S2 taking the same particle analyzed for 

topographical features. Figure h) shows the graph representing the phase measurement 

for the sample Ni3S2 for the particles analyzed for the magnetic features in d). 

A negative phase shift could be clearly seen which are common for ferromagnetic 

samples and are attributed to the attractive forces existing between the samples and the 

magnetic tip. Similarly, for the Ni3S2 sample, Figure 3.13c gives the topographical image 

and Figure 3.13d depicts the magnetic force microscopic image. Here again disc like 

objects with an average height of 25 nm (Figure 3.13g) which display negative phase 

shifts in MFM mode (Figure 3.13h) are seen.  
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All the above features strongly suggest that both the samples are featured with room 

temperature ferromagnetism. According to Stoner’s criterion, strong exchange 

interactions and presence of higher density of states in the Fermi energy level favor 

ferromagnetic behavior in magnetic materials. And as dimensions of the magnetic 

materials decrease, for example, from three dimensional materials to 2D sheet like 

structures, density of states increases at the Fermi energy level due to narrowing of the 

band width at these dimensions. Furthermore, the coordination number of the surface 

atoms decreases in low dimensional materials facilitating increased count of free 

electrons and thus resulting in enhanced magnetic expression as observed for the 2D 

circular disks here. A low magnification image of the Ni3S2-Ni sample gives details about 

the disk shape formed in the sample after the Bronsted acid treatment (Figure 3.14). 

Figure 3.14c is the 3D imaging in the force microscopy that shows 3D view of the disk of 

the sample. 

 

Figure 3.14: Topographical image and b) magnetic force microscopic image for the 

sample Ni3S2-Ni. c) 3D view of the topographical image. d) Graph representing the 

height profile for the topological image depicted in a). e) Gives a glimpse of the magnetic 

force microscopic phase measurement for the same sample. f) 3D representation of the 

magnetic force microscopic image. 
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3.3.2.2 Semiconducting properties 

In order to investigate the semiconducting nature of these nickel sulfide nanosheets, 

cyclic voltammetry was performed on both Ni3S2 and Ni3S2-Ni samples, in an inert 

atmosphere with dry acetonitrile as the solvent and glassy carbon as the working 

electrode (Figure 3.15). 0.2 M tert-butyl ammonium perchlorate (TBAP) was used as 

electrolyte. Internal standard used was 0.01 M ferrocene which showed oxidation and 

reduction peaks centered around -1 V. Equations (1) & (2) were employed to calculate 

the valence and conduction band edges. 

      )8.4( eVEE onset
oxHOMO +−=                               (1) 

     )8.4( eVEE onset
redLUMO +−=                                (2) 

 

Figure 3.15: Cyclic voltammograms of a) Ni3S2 and that of b) Ni3S2-Ni sample.  

Using the cyclic voltammogram obtained (Figure 3.15a), the energy band gap of Ni3S2 

sample was calculated to be 2.81 eV from the onset oxidation and reduction potential 

values 0.75 V and -2.06 V respectively. Similarly for the Ni3S2-Ni, band gap energy was 

found out to be 2.18 eV from the onset oxidation and reduction potential values 0.70 V 
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and -1.48 V respectively obtained from its cyclic voltammogram (Figure 3.15b). Thus 

based on magnetization and CV studies, we conclude that the samples being investigated 

possess both room temperature ferromagnetic and semiconducting characteristics. 

3.3.3 Conclusions 

Thin metal/metal sulfide were prepared using simple heating techniques. 

Thermogravimetric analyses predicted that two different products resulted from each 

molecular precursor, i.e. PdS and palladium metal sheets from palladium octanethiolate 

and Ni3S2 and Ni3S2-Ni from the nickel octanethiolate. 

Ni3S2/Ni3S2-Ni nanosheets displayed good room temperature ferromagnetic 

characteristics as is evident from the SQUID and MFM characterization. These two 

samples also exhibited semiconductor properties proven through cyclic voltammetric 

measurements for determining their band gaps. 

3.3.4 Applications of nickel sulfide nanosheets-Electrocatalytic H2 generation 

Owing to the abundant and low cost character nickel [26, 27] based electrocatalysts 

assume prominence in energy related research as compared to the precious metals such as 

platinum [28-31] and palladium based ones [32, 33]. Though cobalt and other metal 

based materials also are presumably cheaper for the energy related photo/electrocatalytic 

applications [34], their toxic nature compared to the nickel based materials make them 

less attractive [35-43]. Thus there exists a great need for the development of nickel based 

electro/photo catalytically active materials [44-53]. Since we had readily available large 

amounts of nickel/nickel sulfides, we proceeded further to test them for any hydrogen 

generation property. Our results indicated that these nickel/nickel sulfide nanosheets 

showed reasonable current densities at low overpotentials. Electrochemical hydrogen 

generation was achieved in the nickel sulfide-nickel nanosheets (Ni3S2-Ni) and also in the 

nickel sulfide (Ni3S2) nanosheets at low overpotentials in acidic pH under 1 M H2SO4 

solution. The details of the results are presented in the rest of the chapter. 
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The electrochemical experimental conditions utilized for the Hydrogen Evolution 

Reaction (HER) are as follow: 

• Electrolyte: 1M H2SO4 solution  

• Reference electrode: Ag/AgCl in KCl solution  

• Counter electrode: Platinum wire 

• Working electrode: Sample material on Glassy carbon rotating disk (RD) 

electrode 

• Rotating Speed of Electrode: 1500 RPM (rotations per minute)  

Figure 3.16 shows the linear sweep voltammetry (LSV) curves for both the samples. 

After resistance correction and deduction of the contribution from Ag/AgCl electrode, the 

overpotential value calculated at 1 mA/cm2 for Ni3S2-Ni nanosheets was found to be -320 

mV. This value is among the lowest overpotential values reported for nickel based 

electro-catalysts as far as we are aware. Similarly for the Ni3S2 nanosheets, the 

overpotential value was found to be -832 mV. The table in the Figure 3.17 summarizes 

the overpotential values of both the nickel sulfide nanosheets. Presence of metallic nickel 

in combination with nickel sulfide in the Ni3S2-Ni sample could be the plausible reason 

for the lower overpotential value exhibited by this sample. 
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Figure 3.16: Electrochemical overpotential comparison for the two samples Ni3S2-Ni and 

Ni3S2 after the 50th cycle for both the samples. 

                    Sample    Overpotential at 1 mA/cm2 

        Ni3S2-Ni at 50th cycle                         -320 mV 

          Ni3S2 at 50th cycle                         -832 mV 

Table 3.17: Electrochemical hydrogen evolution reaction. Table summarizes the 

electrochemical hydrogen generation properties of the Ni3S2-Ni and Ni3S2 nanosheets at 

the initial LSV cycle. 
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Tafel plots for these nickel sulfide nanosheets derived from the linear sweep voltammetry 

(LSV) displayed values about 36.3 mA/dec for the Ni3S2-Ni nanosheets and 50.6 mA/dec 

for the Ni3S2 nanosheets (Figure 3.18).  

 

Figure 3.18: Tafel plots for both the samples. 

The huge difference in overpotential values between the two samples was further 

investigated by performing electrochemical cycling on both the samples for at least up to 

500 linear sweep voltammetric cycles. Interestingly, the overpotential shifted to higher 

values gradually in both the samples. However, after a few cycles, the overpotential 

values started to decrease but again gradually. The reduction in the overpotential values 

occurred till the values reached the initial value (Figure 3.19). This was unseen 

previously in any nickel sulfide electrocatalytic materials. This indicates some plausible 

changes in the morphology or structure of the nickel sulfides. To further probe into the 

possible structural changes, electron microscopic imaging was employed to look at the 

samples both at the start of the electrochemical hydrogen evolution reaction and at the 

end of the electrochemical cycling.  
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Figure 3.19: LSV plots for the Ni3S2-Ni sample during the electrochemical cycling . 

 

 

 

 

 

 

 

 

 

Figure 3.20: LSV plot for the Ni3S2 sample during the electrochemical cycling. 
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From the HRTEM images (Figure 3.20), it could be concluded that a structural 

transformation occurred in both the samples after the electrochemical cycling. The 

images clearly show transformation of nanosheets to nanodisks in both the samples 

(Figure 3.21a to b and d to e). Please recollect the discussion in the previous section on 

the magnetic properties of the samples wherein when the samples were treated with an 

acid such as H2SO4 that again revealed a structural transformation of the nanosheets to 

nanodisks. 

 

Figure 3.21: HRTEM images for both the samples before (a, d) and after (b, c, e and f) 

electrochemical cycling . 

Imaging with force microscopy also revealed the structural transformation for the nickel 

sulfide nanosheets and nanodisks before the cycling and after the cycling respectively. 

The AFM images for both the samples Ni3S2-Ni and Ni3S2 before electrochemical cycling 

reveal thick layers having height profiles about 300 nm (Figure 3.22) and after 
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electrochemical cycling reveal thin nanodisks having height profiles about 50 nm (Figure 

3.23). 

 

 

 

 

 

 

 

 

 

 

Figure 3.22: Atomic force microscopy of the Ni3S2-Ni (a, b) and Ni3S2 (c, d) nanosheets 
before electrochemical cycling. 

 

 

 

 

 

 

 

 

Figure 3.23: Atomic force microscopy of the Ni3S2-Ni (a, b and c) and Ni3S2 (d, e and f) 

nanodisks after electrochemical cycling. 
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However, the mechanism by which this structural transformation from nanosheets to 

nanodisks is occurring is still not clear as such. One reason for such structural 

transformation could be the hydrogen evolving from the samples. Another causative 

could be the electrochemical potential. To check this, the samples were subjected to 

linear sweep voltammetry under a non-aqueous environment. As hydrogen evolution 

would be absent in non-aqueous environment, we opined that this would clearly establish 

whether hydrogen evolution is playing any role in the structural evolution. This non-

aqueous electrochemistry on both the samples was performed in dry acetonitrile. The 

conditions were as under: 

• Electrolyte: Dry acetonitrile  

• Reference electrode: Ag/AgCl in KCl solution  

• Counter electrode: Platinum wire 

• Working electrode: Sample material on Glassy carbon RD electrode 

• Rotating Speed of Electrode: 1500 RPM 

The samples are dispersed in dry acetonitrile and then coated onto the RD electrode. 

TBAP (tetrabutylammonium perchlorate) was used as supporting electrolyte which is 

dissolved in the dry acetonitrile. These experiments were performed on the Ni3S2-Ni 

sample. 

It can be clearly noticed that the linear sweep voltammetric curves in non-aqueous 

environment (Figure 3.24) are very similar to those obtained in the aqueous 

electrochemistry experiments. Here again the Ni3S2-Ni sample depict that same trend as 

seen in the aqueous conditions. More specifically the linear sweep voltammetric curves 

followed the same path of first increase in the electrochemical potential values but after 

attaining certain number of cycles these curves again reverted back to the original first 

potential value. These experiments thus confirmed that the nanodisks are being formed 

due to the electrochemical potential but not the evolving hydrogen. 
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Figure 3.24: Linear sweep voltammetry data for the Ni3S2-Ni sample through 

electrochemical cycling. 

This was further confirmed from the TEM imaging performed on Ni3S2-Ni sample after 

electrochemical cycling in non-aqueous environment (Figure 3.25). 

 

 

 

 

 

 

Figure 3.25: TEM image of the Ni3S2-Ni sample after non-aqueous electrochemical 

cycling for 800 cycles. 



                                                                                                                               Chapter 3 
 

 
       87        

3.4 Conclusions 

In this chapter, preparation of metal nanosheets and metal sulfide nanosheets from their 

precursor metal thiolate molecular nanosheets was demonstrated. The procedure 

employed for preparing these end products which were again nanosheets is more 

convenient compared to the existing prominent sophisticated instrumental techniques for 

preparing similar quality nanosheets. Palladium metallic nanosheets and palladium 

sulfide nanosheets were prepared from the precursor palladium thiolate molecular sheets 

and similarly nickel sulfide nanosheets were accessed from the nickel thiolate molecular 

nanosheets. The nickel/nickel sulfide nanosheets displayed interesting properties such as 

room temperature ferromagnetism and a combination of magnetic and semiconducting 

characteristics. We also demonstrated that these could be utilized as catalysts for energy 

related applications. An interesting morphological variation was seen to be associated 

with the electrochemical treatment where nanosheets were found transformed to 

nanodisks. 
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Chapter 4 

Metal/metal sulfide nanoparticles from metal thiolate 

precursors and their heterostructures 

 

 

Monolayer protected nanoparticles have mainly two constituents; the inorganic 

metal/metal compound core and organic molecular shell. Noticing that the metal 

thiolates have these ingredients inbuilt in their structure, we envisaged them as good 

precursors to monolayer protected nanoparticles. This chapter describes the methods we 

developed to prepare metal, metal sulfide nanoparticles using the metal thiolates as 

precursors. Interestingly, the preparation of metal particles could be accomplished by a 

simple and convenient solid state route wherein grinding the metal thiolate and a 

reducing agent yielded monolayer protected metal nanoparticles that could be dispersed 

in a desired organic solvent. Similarly metal sulfide nanoparticles could also be prepared 

by this simple solid state route by crushing the metal thiolate with a sulfur source such as 

sodium sulfide in place of a reducing agent. 
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4.1 Introduction 

Synthesis and characterization of metal/metal containing binary/ternary compound 

nanoparticles had been central to the nanoscience and nanotechnology field. A major 

proportion of the research was vastly devoted to the nanoparticle synthesis and 

characterization and their employment in diverse applications such as catalysis, 

fluorescent imaging, magnetism, energy generation and sensing [1-11]. Nanoparticles are 

even utilized in varied research fields to study fundamental phenomena such as 

microgravity [12] and superhydrophobic [13] nature of materials. This was all possible 

due to their existence as colloidal solutions or dispersions. The amount of knowledge on 

the nanoparticle synthesis and characterization accumulated over all these years is 

bewildering and even mystifying. Even today one of the most hot research topics of 

general interest among researchers including chemists, physicists, biologists and many 

other interdisciplinary scientists is the nanoparticles’ synthesis, characterization, 

assembly, their properties and applications. Several established nanoparticle synthesis 

procedures exist in the literature, which are being practiced on a daily basis all over the 

research world [14-25]. 

Interestingly, though a plethora of reports appeared and keep on appearing on 

synthesizing the wide range of nanoparticles [26-29], the thirst and thrust for finding 

newer methods of nanoparticle preparations, especially those that can lead to large 

amounts of materials are the need of the hour. One particular mode of synthesis of 

metallic or metal based nanoparticles that interested us was the preparation of the metal 

or metal sulfide nanoparticles from their precursor materials in which all the ingredients 

of the final products are already included. The precursor materials could consist of 

several easily accessible chemicals like metal complexes constituted with varied ligands 

like thiols, amine, lipids, etc., among others [30-33]. Advantages of precursor based 

nanoparticles’ syntheses were already harnessed to a great extent as is evident from the 

literature pertaining to the same that exists from several decades of nanoparticulate 

research.  
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Though reports on the precursor based nanoparticles’ preparation are widely present in 

the literature [34-38], condensing the number of steps in the process of the synthesis and 

obtaining large quantities of the final product still remain elusive. The metal thiolates that 

we obtained in gram scale quantities looked very promising candidates and hence were 

tested for their utility as precursors for the synthesis of metal /metal sulfide nanoparticles. 

Again to further simplify the procedure these syntheses were accomplished through a 

simple single step solid state route devoid of any solvent usage. These results are 

presented and discussed in this chapter. 

This chapter is divided into two parts. First part (Part A) introduces the synthetic 

procedures for the metal thiolates and then the preparation of metal/metal sulfide 

nanoparticles from these precursor compounds is described. The next part (part B) deals 

with the formation of heterostructures where the nanoparticles are decorated on 

nanosheets. 

Part A 

Part A deals with the metal/metal sulfide nanoparticles synthesis using sodium 

borohydride as the reducing agent and sodium sulfide as the sulfur source in case of 

metal sulfide NPs. Several metal thiolate precursors were employed to prepare 

metal/metal sulfide nanoparticles capped by precursor supplied in situ by the thiol 

ligands. This is dealt thoroughly in the following sections. 

4.2 Synthesis of metal thiolates 

As syntheses of palladium and lead thiolates were already discussed in the chapter 2 of 

this thesis, syntheses of the other metal thiolates utilized i.e., gold thiolates, silver 

thiolates, cadmium thiolates are only discussed here. 

4.2.1 Synthesis of gold (I) thiolates 

Gold (I) thiolates were synthesized in an easy manner to furnish gram scale quantities. 

Approximately 200 mg gold (I) iodide was taken in a glass vial. To this, 2 mL of n-
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alkanethiol (n = 8, 10, 12, 16 and 18) was added and the reaction mixture was shaken 

vigorously. After sometime the color of this mixture changed to red. The resulting 

product was washed thoroughly with ethanol and dried to form powder. These powders 

are insoluble. The as obtained powders were characterized via techniques like TEM, 

powder XRD. 

4.2.2 Synthesis of silver (I) thiolates 

To 200 mg silver nitrate, 2 mL of n-alkanethiol (n = 8, 10, 12, 16 and 18) was added and 

the reaction mixture was shaken vigorously. The reaction mixture turned white. The 

mixture was then washed thoroughly with ethanol (5-6 times). The resulting product was 

washed thoroughly several times with ethanol and dried. The as obtained powders are 

insoluble and were characterized by techniques like TEM, powder XRD.  

4.2.5 Synthesis of cadmium (II) thiolate 

To 200 mg cadmium acetate, 2 mL of octanethiol was added and the reaction mixture 

was shaken vigorously. After sometime the color of this mixture changed to pale yellow. 

The resulting product was washed thoroughly several times with ethanol and dried and 

the resulting powders are slightly soluble in organic solvents such as toluene and were 

characterized using several characterization techniques like TEM, powder XRD. 

4.3 Synthesis of metal nanoparticles from the metal thiolate precursors 

Metal/metal sulfide nanoparticles from these metal thiolate nanosheets were synthesized 

through solid state grinding of the as obtained powdered metal thiolates with a reducing 

agent such as sodium borohydride or with a sulfur source such as sodium sulfide. 

4.3.1 AuNPs from gold thiolate nanosheets 

Au (I) octanethiolate was used as the precursor for the gold nanoparticles synthesis. 5 mg 

of the as prepared gold (I) octanethiolate + 45 mg of sodium borohydride were ground 

vigorously in a mortar with a pestle. Black color precipitate was obtained. The black 

precipitate was washed thoroughly with ethanol for 5-6 times and it was dried at ambient 
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conditions. The resulting powder was seen to disperse easily in non-polar organic solvent 

forming a red/purple colored clear dispersion. This same procedure was employed for 

preparing the gold nanoparticles from the other gold thiolates like gold (I) decanethiolate 

etc. 

4.3.2 AgNPs from silver thiolate nanosheets    

5 mg of Ag (I) octanethiolate, the precursor for the silver nanoparticles synthesis, was 

weighed out and was subjected to vigorous grinding in a mortar with a pestle with 45mg 

of sodium borohydride. Brown color precipitate was obtained. The precipitate was 

washed thoroughly with ethanol (5-6 times). It was dried at ambient conditions. Here too, 

the resulting powder was seen to form a brown colored clear dispersion. This same 

procedure was employed for preparing the silver nanoparticles from the other silver 

thiolates like silver (I) decanethiolate etc. 

4.3.3 PdNPs from palladium thiolate nanosheets    

5 mg of Pd (II) octanethiolate, the precursor for the palladium nanoparticles synthesis, 

was weighed out and was subjected to vigorous grinding in a mortar with a pestle with 

45mg of sodium borohydride. Yellow color precipitate was obtained. The precipitate was 

washed thoroughly with ethanol (5-6 times). It was dried at ambient conditions. In this 

case the resulting powder formed a black dispersion in non-polar organic solvents. This 

same procedure was employed for preparing the palladium nanoparticles from the other 

palladium thiolates like palladium (I) decanethiolate etc. 

4.3.4 PbS NPs from lead thiolate nanosheets 

5 mg of Pb (II) octanethiolate was weighed out and was subjected to vigorous grinding in 

a mortar with a pestle with 45mg of sodium sulfide. Yellow color precipitate was 

obtained. The precipitate was washed thoroughly with ethanol (5-6 times). It was dried at 

ambient conditions. The resulting powder was dispersed in non-polar organic solvents 

and subjected to further analysis. 
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4.3.5 CdS NPs from cadmium thiolate nanosheets 

5 mg of Cd (II) octanethiolate was weighed out and subjected to vigorous grinding in a 

mortar with a pestle with 45mg of sodium sulfide. Yellow color precipitate was obtained. 

The precipitate was washed thoroughly with ethanol (5-6 times). It was dried at ambient 

conditions. The resulting powder was seen to form clear dispersions in non-polar organic 

solvents. 

4.3.6 Ag2S NPs from silver thiolate nanosheets 

5 mg of Ag (I) octanethiolate was weighed out and subjected to vigorous grinding in a 

mortar with a pestle with 45mg of sodium sulfide. Yellow color precipitate was obtained. 

The precipitate was washed thoroughly with ethanol (5-6 times). It was dried at ambient 

conditions. The resulting powder was dispersed in non-polar organic solvents and 

subjected to further analysis. 

4.4 Results and Discussion 

4.4.1 Gold nanosheets and gold nanoparticles 

Powder XRD 

The PXRD patterns of the gold (I) thiolates show periodically spaced (00l) reflections, 

revealing their lamellar structure (Figure 4.1). From PXRD patterns it can be noticed that 

as the chain length of these thiolate increases the (001) peak and all the other peaks 

following (001) such as (002) and (003) etc., shift to lower angle 2•  value indicating 

increase in the ‘d’ value. Powder XRD of gold nanoparticles prepared by the solid state 

grinding method has also been recorded, that show peaks at 2•  values, 38 and 43, 

corresponding to (111) and (200) gold planes respectively (Figure 4.2). Broad reflections 

confirm formation of gold in nanocrystalline form. 
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Figure 4.1: Powder XRD spectra of gold (I) thiolates show (00l) reflections indicating 

layered structure in these thiolates. 

 

 

 

 

 

 

 

Figure 4.2: PXRD spectra of gold nanoparticles formed from different gold (I) thiolates.  
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UV-visible spectroscopy 

The powder obtained by the solid state grinding of Au (I) thiolates with a reducing agent 

were dispersible in toluene. The UV-visible spectra obtained for gold nanoparticles 

dispersed in toluene display a peak at 530 nm (Figure 4.3). From this the formation of 

nanoparticles can be confirmed. Figure 4.4a shows the TEM images of the gold 

octanethiolate. As expected, the image shows sheet like structure on a TEM grid that is 

spread over micrometer length scales. 

TEM analysis 

The dispersions in toluene were drop cast on a TEM grid and TEM images of the same 

were recorded. Figure 4.4b shows TEM image for the gold nanoparticles from gold 

octanethiolate precursor obtained by the solid state synthetic route. It can be noticed that 

the particles are not well separated and have chain like connecting structures. 
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Figure 4.3: UV-visible spectra of Au nanoparticles dispersed in toluene, which were 

prepared from different Au (I) thiolates. 
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This was also true for the gold nanoparticles prepared from the other gold thiolates. 

Figure 4.4: a) TEM image of gold octanethiolate nanosheet. b) TEM image of gold 

nanoparticles prepared from gold octanethiolate. 

4.4.2 Silver nanosheets and silver nanoparticles 

Silver thiolates were formed by mixing AgNO3 and n-alkanethiols. All the silver thiolates 

resulted were white in color irrespective of number of carbon atoms in the alkyl chains. 

Utilizing these thiolates as precursors, silver nanoparticles were synthesized. All the as 

synthesized AgNPs were brown in color.  

Powder XRD 

PXRD patterns of silver thiolates show that they form sheet like structures, which can be 

clearly understood from the (00l) reflections that they display (Figure 4.5). Here again, as 

the chain length in the silver thiolates is increasing from octane to octadecane, the 

distance between the two sheets increases as is evident from the XRD 2•  values. Powder 

XRD for the as prepared silver nanoparticles displayed in Figure 4.6 show metallic peaks 

for the silver nanoparticles at 2•  = 38, 44, 64, 77 indicating that silver nanoparticles were 

prepared from their precursor silver thiolates. Here, it can be observed that the peak 

intensities are reduced in the case of the nanoparticles from AgC12 thiol and above. 
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Figure 4.5: Powder XRD spectra of silver (I) thiolates show lamellar reflections (00l). 

 

Figure 4.6: Powder XRD spectra of silver nanoparticles prepared from silver thiolate 

precursors. 
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UV-visible spectroscopy  

The powders obtained from the solid state synthetic route formed dispersions with 

toluene. The UV-visible spectra recorded from these dispersions are shown in Figure 4.7. 

All these dispersions display a peak at 420 nm, which is characteristic of silver 

nanoparticles. As can be seen from UV-visible spectra nanoparticles prepared from 

AgC12 thiol and above (longer chain lengths) displayed an extra peak at 340 nm (Figure 

4.7). In order to account for this special behavior, we checked for the XRD spectra and 

TEM images of the materials obtained from AgC12, AgC16 and AgC18 thiolates after 

grinding them with NaBH4. As discussed previously, the nanoparticles prepared from 

AgC12 thiol and onwards displayed reduced peak intensities and there was seen absence 

of a few peaks other than the first peak. It was noticed that in AgC12 to AgC18 thiolate 

cases even after they were ground with NaBH4 periodically spaced lamellar peaks were 

present. At the same time they show good UV-visible peaks indicating nanoparticles 

formation. This could be attributed to the existence of unreacted thiolates in the reaction 

mixture. In the next attempt, we increased the amount of sodium borohydride; following 

which UV-visible and XRD spectra were recorded.  
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Figure 4.7: UV-visible spectra of silver nanoparticles dispersed in toluene, which were 

obtained from different Ag (I) thiolates. 
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The extra peaks in UV-visible and XRD were still observed from AgNPs@C12 thiol 

onwards even when they are ground with excess NaBH4. So, we here propose the 

existence of a mixture of silver nanosheets and silver nanoparticles during the 

nanoparticle synthesis for the AgC12 thiolate precursor based silver nanoparticle 

formation and afterwards in the series. This is supported by the TEM images shown in 

Figure 4.10. 

TEM analysis 

The TEM images for silver thiolates are shown in Figure 4.8. Sheet like structure of 

silver (I) thiolate is clear from the image. The TEM images for silver nanoparticles are 

shown in Figure 4.9. In the case of AgNPs@C8 thiol and AgNPs@C10 thiol where 

complete reduction of thiolates occurred as evidenced by the disappearance of the thiolate 

peaks in PXRD, the TEM images revealed presence of well separated particles that are 

spherical in shape. The particles are also nearly monodisperse in size. But in case of 

AgNPs@C12 thiol we can see the presence of a mixture of sheets and particles in the 

TEM images (Figure 4.10). This is expected because only partial reduction of the 

precursor seems to have occurred even when the amount of the reducing agent was 

increased to higher ratios, for example, AgC12 thiolate : NaBH4 to 1 : 25. 

 

 

 

 

 

 

Figure 4.8: TEM images of a) AgC8  and b) AgC12 thiolates showing sheet like structure.  
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Figure 4.9: TEM image of silver nanoparticles obtained by solid state reduction of Ag (I) 

octanethiolate. 

 

 

 

 

 

     

 

 

 

Figure 4.10: TEM image of the product obtained after the solid state reduction of Ag (I) 

dodecanethiolate. Mixture of sheets and nanoparticles indicates partial reduction of 

silver dodecanethiolate.  
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4.4.3 Palladium thiolates and palladium nanoparticles 

Powder XRD 

Powder XRD patterns for the palladium thiolates starting from palladium octanethiolate 

to palladium hexadecanethiolate are shown in Figure 4.11. Lamellar (00l) reflections 

from the powder XRD confirm the layered nature of these materials. Powder XRD 

pattern of palladium nanoparticles prepared from solid state grinding of the palladium 

octanethiolate precursor was collected and is represented in Figure 4.12, which shows no 

lamellar reflections but peaks representing palladium nanoparticles are also not 

significant.  
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Figure 4.11: Powder XRD of palladium thiolates. 
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Figure 4.12: Powder XRD of palladium nanoparticles prepared from PdC8 thiolate. 

UV-visible spectroscopy  

These palladium nanoparticles formed dispersions with toluene. The UV-visible spectra 

recorded for palladium nanoparticles dispersed in toluene are shown in Figure 4.13, and 

as expected there is no peak in the visible region of the spectra. Palladium nanoparticles 

prepared from palladium dodecanethiolate and palladium hexadecanethiolate precursors 

showed step like feature in the visible region around 400 nm in the UV-visible spectra. 

This could be an indication of the un-reacted palladium dodecane and hexadecane 

thiolates while grinding with sodium borohydride. 
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Figure 4.13: UV-visible spectra of palladium nanparticles dispersed in toluene. 

These palladium nanoparticles were obtained by the solid state reduction of different Pd 

(II) thiolates. 

TEM imaging 

TEM images of palladium thiolates showed sheet like structures (Figure 4.14). These 

layered structures spread up to micrometer length scales laterally on the TEM grid. TEM 

images for the palladium nanoparticles resulting from the precursor palladium 

octanethiolate only were recorded. These palladium nanoparticle TEM images are 

depicted in Figure 4.15. These palladium nanoparticles displayed dendrite like 

architecture. Reports on such dendrite like nanoparticles prepared through chemical 

synthesis are seen in literature [39]. Similarly, these palladium nanoparticles existed as 

dendrite like structures at some places. 
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Figure 4.14: TEM of palladium thiolates. a) palladium octanethiolate, b) palladium 

decanethiolate, c) palladium dodecanethiolate and d) palladium hexadecanethiolate. 

 

 

 

 

 

 

Figure 4.15: TEM of palladium nanoparticles prepared from palladium octanethiolate 

precursor by the solid state reduction route. 
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4.5 Synthesis of metal sulfide NPs from the metal thiolate precursors 

Similar to the metal nanoparticle preparations described above, metal sulfide 

nanoparticles were synthesized from metal thiolate precursors. The metal thiolate 

precursors selected for these syntheses were silver octanethiolate, lead octanethiolate and 

cadmium octanethiolate. The synthetic procedures are described clearly in the synthesis 

section above. Here results will be discussed. 

4.5.1 Silver sulfide nanoparticles from silver octanethiolate precursor 

Silver sulfide nanoparticles from silver octanethiolate precursor were prepared by 

employing solid state route via crushing the silver (I) octanethiolate with sodium sulfide 

using a mortar and pestle. 

Powder XRD  

Powder XRD patterns for the silver octanethiolate and silver sulfide nanoparticles are 

depicted in Figure 4.16. Silver octanethiolate showed the expected lamellar (00l) 

reflections. Silver sulfide nanoparticles showed typical powder XRD pattern which when 

compared with the standards (JCPDS: 14-72) indicated the formation of • -phase of Ag2S 

nanoparticles. 

 

 

 

 

 

Figure 4.16: PXRD of a) silver octanethiolate precursor and b) silver sulfide 

nanoparticles. 
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TEM imaging 

 

Figure 4.17: TEM of a) silver octanethiolate precursor and b) silver sulfide 

nanoparticles. 

TEM for the silver octanethiolate and silver sulfide nanoparticles are depicted in Figure 

4.17. As can be seen from the Figure 4.17b, silver sulfide nanoparticles are well separated 

and nearly monodisperse. 

4.5.2 Lead sulfide nanoparticles from lead octanethiolate precursor 

Figure 4.18a shows powder XRD pattern for the lead octanethiolate precursor and Figure 

4.18b shows the lead sulfide nanoparticles. By comparing this PXRD pattern with the 

standard JCPDS (JCPDS: 05-0592) we could conclude the formation of galena phase lead 

sulfide. 

TEM imaging for both the lead octanethiolate precursor and lead sulfide nanoparticles 

were depicted in Figure 4.19. As is evident from the Figure 4.19, lead octanethiolate 

displayed layered structure in the TEM image while the lead sulfide nanoparticles 

displayed nanoparticles with well separated spherical nearly monodisperse morphology. 
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Figure 4.18: PXRD of a) lead octanethiolate precursor and b) lead sulfide nanoparticles. 

 

 

 

 

 

 

 

 

Figure 4.19: TEM of a) lead octanethiolate precursor and b) lead sulfide nanoparticles.  
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4.5.3 Cadmium sulfide nanoparticles from cadmium octanethiolate precursor 

Cadmium sulfide nanoparticles were also prepared by following the same solid state 

grinding of the cadmium octanethiolate precursor in a mortar with a pestle with sodium 

sulfide. Depicted down are the powder XRD and TEM characterization for both the 

cadmium octanethiolate precursor and cadmium sulfide nanoparticles. 

 

Figure 4.20: PXRD of a) cadmium octanethiolate precursor and b) cadmium sulfide 

nanoparticles. 

Figure 4.20 above represents the powder XRD patterns for both the cadmium 

octanethiolate and the cadmium sulfide nanoparticles prepared from cadmium 

octanethiolate. PXRD for cadmium octanethiolate shows lamellar (00l) reflections 

indicating layered nature of the compound. PXRD of cadmium sulfide nanoparticles 

showed broad peaks indicating nanoparticle formation which is also comparable to that of 

the standard (JCPDS: 42-1411) cubic structure for CdS nanoparticles. 

TEM image for cadmium octanethiolate showed sheet like structures as is evident from 

Figure 4.21a, in accordance with the powder XRD. For the cadmium sulfide 

nanoparticles, TEM image showed well ordered and separated monodisperse spherical 

nanoparticles as is evident from Figure 4.21b.  
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Figure 4.21: TEM of a) cadmium octanethiolate precursor and b) cadmium sulfide 

nanoparticles. 

Part A conclusions: 

In summary, the results presented in part A disclose the ease with which metal and metal 

sulfide nanoparticles could be prepared from the precursor metal thiolate nanosheets. 

Metal nanoparticles such as gold, silver and palladium nanoparticles were prepared from 

their precursor compounds such as gold thiolates, silver thiolates and palladium thiolates. 

This was performed through solid state crushing route employing mortar and pestle. Only 

one more reagent, the reducing agent or sodium sulfide (sulfur source) was utilized in this 

synthetic protocol. Thus preparation of metal/metal sulfide nanoparticles capped by in 

vivo precursor supplied thiol ligands was developed as a new methodology. 
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Part B 

Part B deals with the formation of heterostructures from the as prepared nanoparticles on 

the as prepared nanosheets. Some examples are discussed below using just TEM imaging 

to show the heterostructure formation. 

4.6 Metal nanoparticles on Palladium octanethiolate nanosheets 

There is a recent surge in developing methods for the formation and characterization of 

heterostructures [40-42]. These heterostructures could be formed with two or more 

different nanosheets such as graphene, MoS2, WS2 etc. Another heterostructure system 

that is gaining popularity is the ‘nanoparticles on nanosheets’ binary heterostructure 

system [43-48]. Such heterostructures have important applications in several technologies 

[49-54]. Semiconductor heterostructures were widely studied once in the name of 

heterojunctions [55, 56]. But preparing these heterostructures through elegant ways such 

as simple solvent mixing of different species was not prevalent in the past. After the 

discovery/rediscovery of graphene and other two dimensional materials, research is being 

done again at a rapid phase on these heterostructures. 

Motivation of carrying out the experiments described in this part was to develop solution 

based routes to the preparation of heterostructures utilizing soluble metal thiolate layers. 

Towards achieving this target, we first employed nanoparticles prepared in conventional 

methods such as citrate reduction method and mixed their dispersions in water with the 

metal thiolate nanosheet dispersions in toluene to form an aqueous-organic interface [57-

59]. At this interface, by simple magnetic stirring, reaction occurred leading to anchoring 

of nanoparticles on to the nanosheets. We provide a brief description of this method by 

taking the example of silver nanoparticles on palladium octanethiolate nanosheets. Silver 

nanoparticles prepared from citrate reduction method dispersed in water were gently drop 

casted from a pipette into the reaction vessel containing the palladium octanethiolate 

nanosheets dissolved in toluene. Then, as soon as the stirring of the reaction mixture 

starts, interfacial mixing of the constituents of the two solvents occurred.  
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Then the stirring is allowed for about one hour with the hope that uniform mixing of the 

nanoparticle and nanosheets mixture occurs. The reaction when stopped and kept as it is 

without any disturbance for some time looked clear in the bottom water phase, indicating 

transfer of all the nanoparticles to the toluene phase where the palladium octanethiolate 

nanosheets were present. Figure 4.22 below gives a glimpse of the interfacial reaction. 

Figure 4.22a represents the reaction mixture before the start of the reaction. Although 

water is denser than toluene, here since palladium nanosheets in toluene were taken first 

into the reaction vessel and then to it the silver nanoparticles dispersed in water are added 

gently, the toluene phase appears at bottom and water phase on top. But after the reaction 

is done, clear water is seen at the bottom in accordance to the density laws. 

Figure 4.22: Interfacial reaction leading to nanoparticles on nanosheets 

heterostructures. a) Ag nanoparticles dispersed in water just after gently mixing with 

palladium octanethiolate dissolved in toluene. b) After the interfacial mixing, phase- 

transfer of the silver nanoparticles to the toluene phase was seen where the silver 

nanoparticles decorate the nanosheets. 

One can see that the silver nanoparticles are mostly residing only on the palladium 

octanethiolate nanosheets and less present outside the nanosheets (Figure 4.23). In some 

cases, these nanoparticles are even embedded in between two nanosheets. Such 

embedded systems might have much stronger implications for both fundamental and 

application related research on such heterostructures. 
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Figure 4.23: TEM of silver nanoparticles, synthesized via citrate reduction of silver 

nitrate, on palladium octanethiolate nanosheets.  
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Figure 4.24: TEM of silver nanoparticles, synthesized from silver octanethiolate 

precursor, on palladium octanethiolate nanosheets. 
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Not surprisingly, silver/palladium/gold nanoparticles prepared from silver 

octanethiolate/palladium octanethiolate/gold octanethiolate through the solid state 

grinding when mixed with palladium octanethiolate nanosheets (both these were 

dispersed in toluene) also arranged themselves on the nanosheet in an orderly manner as 

is evident from the above Figures 4.24 & 4.25 & 4.26 & 4.27. Nanoparticles formed 

arrays along the borders of the nanosheets and also are present as agglomerations above 

the nanosheets. 

 

Figure 4.25: TEM of palladium nanoparticles, synthesized from palladium octanethiolate 

precursor, on palladium octanethiolate nanosheets. 
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Possible interactions between the nanoparticles and the nanosheets could be deduced 

from the van der Waals attractive-repulsive interactions between the alkyl chains of the 

interacting thiols moieties that are present both in the nanoparticles and in the nanosheets 

as surfactants. 

At some parts on the nanoparticles decorated nanosheets, the nanoparticles get 

themselves arranged in specific morphologies as is evident from Figure 4.26 below. In 

the Figure 4.26, gold nanoparticles arrange themselves in specific orientation on the 

palladium octanethiolate nanosheet in hexagonal packed array. These nanoparticles hinge 

on the edge of the nanosheet. 

 

 

 

 

 

 

 

 

 

 

Figure 4.26: TEM of gold nanoparticles, synthesized from gold octanethiolate precursor, 

on palladium octanethiolate nanosheets. Here, the nanoparticles hinge on the edge of the 

palladium octanethiolate nanosheet. Also these nanoparticles arrange themselves into 

ordered hexagonal arrays. 
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Figure 4.27 represents some more TEM images of the nanoparticle-nanosheet 

heterostructures where on some nanosheets linear arrays of nanoparticles are observed. 

These observations give motivation and scope for further investigations on such 

heterostructures. 

Figure 4.27: TEM of gold nanoparticles on palladium octanethiolate nanosheets. 

Part B conclusions 

Heterostructures from metal nanoparticles anchored to flat metal thiolate nanosheets have 

been realized just by mixing the nanoparticle dispersions either in water or toluene with 

nanosheets solution in toluene. Several interesting arrangements of the nanoparticles on 

the nanosheets were observed. Though this part just showed TEM imaging to confirm the 

heterostructures, several combinatorial arrangements of nanoparticles on nanosheets 

could pave a newer path to study these arrays further with much vigor. 
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4.7 Conclusions 

A series of metal thiolates have been prepared in gram scale quantities. These metal (I) 

thiolates have shown sheet like morphology. However, except palladium thiolates the 

other thiolates were not readily soluble in any of polar and non-polar solvents. The metal 

thiolate nanosheets were then utilized as precursors for the metal/metal sulfide 

nanoparticle synthesis. We showed that this nanoparticle synthesis could be carried out 

using just another reagent such as a reducing agent like sodium borohydride or with a 

sulfur source like sodium sulfide because the other reagents such as a metal/metal ion 

precursor and a surfactant to be used as a capping agent to stabilize the as formed 

nanoparticles are all present in the precursor metal thiolate complex itself. Cashing on 

this advantage we could prepare a series of metal/metal sulfide nanoparticles such as 

gold, silver and palladium nanoparticles and also silver sulfide, lead sulfide and cadmium 

sulfide nanoparticles. 

The as prepared nanoparticles are extensively characterized using powder XRD, UV-

visible spectroscopy and TEM imaging. The as formed nanoparticles could form 

dispersions with certain solvents.  

In the second part of this chapter, the as formed metal nanoparticles dispersed in water 

were simply mixed with the palladium octanethiolate nanosheets solution in toluene and 

the interfacial reaction resulted in nanoparticle-nanosheet heterostructures, which was 

confirmed from the TEM imaging. Thus this chapter dealt with the metal/metal sulfide 

nanoparticles synthesis from their precursor metal thiolates and then presented on the 

nanoparticle-nanosheet heterostructures. 
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This chapter summarizes the work described in this thesis. Futuristic aspects of this work 

and possible avenues of applications are also mentioned. 
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5.1 Summary of the thesis 

The work described in this thesis can be summarized as follows. 

A class of molecular materials called metal thiolates were the main focus. These metal 

thiolates were prepared in gram scale quantities via simple solvent less technique. Some 

of these metal thiolates such as palladium thiolates were found to be readily soluble in 

certain non-polar organic solvents such as toluene/chloroform. Solution state structural 

characteristics of these soluble palladium thiolates were evaluated through advanced 

solution state techniques such as light scattering and X-ray diffraction, electron/force 

microscopy. It could be concluded that these metal thiolates provide an excellent 

platform for understanding the exfoliation pathway of two dimensional materials. 

The solubility characteristic of these metal thiolates (ex: palladium thiolates/nickel 

thiolates) was harnessed to prepare metal/metal sulfide nanosheets via thermal treatment 

of solution state precursors coated onto certain substrates. Some of these metal/metal 

sulfide nanosheet composites such as nickel/nickel sulfide exhibited exotic room 

temperature ferromagnetic properties. Similarly, nickel/nickel sulfide composites were 

found to be good candidates for electrochemical water splitting for hydrogen generation. 

Since these metal thiolates constitute both the metal precursor and the stabilizing thiol 

ligand in them, these were explored for preparing metal and semiconducting 

nanoparticles. Metal thiolates such as gold thiolates, silver thiolates and palladium 

thiolates were ground with a reducing agent in a simple single step solid state reaction 

which yielded metal nanoparticles. Also metal thiolates such as lead thiolates and 

cadmium thiolates could yield the respective semiconducting metal sulfide nanoparticles 

upon grinding with an appropriate sulfur source such as sodium sulfide. 

Even nanosheet – nanoparticle heterostructures were realized with simple addition of pre-

prepared nanoparticle colloidal solutions to the soluble metal thiolates such as palladium 

octanethiolate that resulted in the decoration of nanoparticles on the metal thiolate 

nanosheets. Thus the thesis work described here encompasses synthesis of metal 
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thiolates, solution structural study of soluble palladium thiolates, utilization of these 

thiolates as precursors to prepare metal/ metal sulfide nanosheets that displayed exotic 

magnetism and hydrogen evolution and also to prepare metal/metal sulfide nanoparticles 

and their heterostructures with metal thiolate nanosheets. 

5.2 Scope for future work 

In literature it has been postulated that completely new and exotic materials could be 

prepared by making heterostructures from 2D materials. The existence of metal thiolates 

as 2D materials offers an easy and convenient route to realize such materials. Such 

composite heterostructures are expected to display unprecedented properties leading to 

novel applications. Now that these metal thiolates render metal/semiconducting 

nanosheets and nanoparticles in large quantities with simple coating/grinding methods, 

these could be explored for any ensuing applications such as in energy generation and 

catalysis. Also this could be extended to other metals such as bismuth etc. Since some of 

these metal thiolates are soluble in organic solvents, these should be investigated for their 

usage in solar cell applications similar to perovskites. One important and quick utilization 

of the soluble metal thiolates could be in trying to obtain nanosheet- nanosheet 

heterostructures such as palladium thiolate-nickel thiolate heterostructures. Figure 5.1 

below shows the various applications attainable from mixing such 2D layered materials 

in different possibilities. 
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Figure 5.1: Representative picture showing realizable applications from the various 2D 

materials through cross-linking these layered two dimensional materials [adapted from: 

http://graphene.nus.edu.sg/content/old-office-industry-and-innovation]. 

In the backdrop of renewed interests in 'Origin of Life' research worldwide which include 

testing and establishing primary characteristics of life such as self-replication, 

metabolism, information transfer and evolution through studying different chemical 

systems and sub-systems such as in self-assembling chemical systems and self-organizing 

materials, these soluble metal thiolates might be model candidates to test for such self-

replication.
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APPENDIX-I 

(Instruments utilized) 

UV-visible absorption spectrophotometry: UV-visible spectroscopic measurements 

were recorded on JASCO V-570 UV/Vis/NIR spectrophotometer operated at a resolution 

of 2 nm. 

Powder X-ray diffraction: Powder X-ray diffraction was recorded on X’pert Pro model 

PANalytical diffractometer from Philips PANalytical instruments operated at a voltage of 

40 kV and a current of 30 mA with CuK•  (1.5418 Å) radiation and  at different scan rates 

depending upon the sample. 

Solution state Fourier Transform Infrared (FTIR) spectroscopy: Solution state FTIR 

spectra were recorded on a Bruker Optics ALPHA-E spectrometer operated at a 

resolution of 4 cm-1 with a universal Zn-Se ATR accessory in the 600-4000 cm-1 region. 

The base was thoroughly cleaned with the respective solvent after recording the spectra. 

Transmission Electron Microscope/High Resolution Transmission Electron 

Microscope (TEM/HRTEM): Samples dissolved/dispersed in respective solvents were 

drop casted onto the 200 mesh carbon coated copper grids (ICON Analytical) and studied 

employing the Transmission Electron Microscope (TEM) FEI model TECNAI G2 F20 

instrument operating at an accelerating voltage of 200 kV. High Resolution Transmission 

Electron Microscope (HRTEM) FEI model TECNAI G2 F30 instrument operating at an 

accelerating voltage of 300 kV was employed to clearly visualize the sheet like samples. 

Electron Dispersive X-ray Analysis (EDAX): Energy Dispersive X-ray Analysis 

(EDAX) measurements on the samples were obtained from either a Scanning Electron 

Microscope (SEM) FEI model Quanta 200 3D equipped with EDAX attachment at an 

operating voltage of 30 kV or on a HRTEM-FEI model TECNAI G2 F30 instrument 

operating at an accelerating voltage of 300 kV. 
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Field Emission Scanning Electron Microscopy (FESEM): Microstructural 

morphological features of the samples were obtained from a field emission scanning 

electron microscopy (FE-SEM) with FEI Nova nano SEM 450. 

Magnetic Force Microscopy (MFM): The morphological features and magnetic phase 

shift features of the samples were imaged through contact tapping mode force 

microscopy from the ‘Asylum Research MFP3D Instrument’ by employing a magnetic 

Cr/Co coated tip from Budget Sensors that has a force constant 'k' of 3 N/m and a 

resonant frequency of 78 KHz with placing the tip at a tip lift height or delta height of 50 

nm. 

Light Scattering 

Dynamic Light Scattering (DLS): Dynamic light scattering measurements were 

performed on the sample at different concentrations using a 3D-DLS equipment (LS 

instruments) employing a He-Ne laser (Uniphase) of wavelength 632.8 nm with an 

inbuilt auto-correlator. Multi angle DLS experimental data were collected at angles 45-

60-75-90-105-120 degrees. 

Static light scattering: Static light scattering experiments were performed on needed 

samples and the intensity versus q was plotted in log-linear scale modality. 

Wide Angle X-ray Diffraction (WAXD): Wide angle X-ray diffraction (WAXD) 

experiments on needed samples was done at varying concentrations of the respective 

sample in solution on an R-axis IV image plate with a Rigaku rotating anode 

diffractometer having CuK•  (•  = 1.54 Å) source. 

Superconducting Quantum Interference Device (SQUID): Field dependent and 

temperature dependent magnetization measurements were performed on a Quantum 

Design MPMS 7T SQUID VSM. Field was set in the 3T to -3T range and room 

temperature was maintained during the field dependent magnetization measurements. 

Temperature dependent magnetization values were extracted from 5K to 300K while the 

applied magnetic field was set at 500 Oe. 
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Thermogravimetric Analysis (TGA): Samples were subjected to thermogravimetric 

analysis utilizing a TG50 analyzer (Mettler-Toledo) or a SDT Q600 TG-DTA analyzer 

under nitrogen atmosphere at 10 °C min–1 heating rate within a temperature range of 20–

900 °C. 

Cyclic Voltammetry (CV): Cyclic voltammetric experiments were performed on the 

Ni3S2-Ni and Ni3S2 samples employing Metrohm potentiostat/galvanostat (model Autolab 

PGSTAT 100) workstation. Glassy carbon commercial disk electrode was utilized as the 

working electrode to coat the samples under study. Lab constructed Ag/AgCl was 

employed as the reference electrode and Pt-wire loop was used as the counter electrode. 

0.5 µm alumina powder was utilized to polish the working electrode thoroughly prior to 

usage. 
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APPENDIX-II 

(List of Abbreviations) 

2D: Two dimensional 

MoS2: Molybdenum disulfide 

Pd(SR)2: Palladium thiolate monomer 

PdC8 thiolate: Palladium octanethiolate 

PdC10 thiolate: Palladium decanethiolate 

PdC12 thiolate: Palladium dodecanethiolate 

PdC16 thiolate: Palladium hexadecanethiolate 

PdC18 thiolate: Palladium octadecanethiolate 

Other metal thiolates follow same (ex: AuC8 thiolate is gold octanethiolate) 

TEM/HRTEM: Transmission Electron Microscope/High resolution transmission Electron 

Microscope 

AFM/MFM: Atomic/Magnetic Force microscope 

STM: Scanning Tunneling Microscope 

PXRD: Powder X-Ray Diffraction 

SQUID: Superconducting Quantum Interference Device 

MPMS: Magnetic Property Measurement System 

VSM: Vibrating Sample Magnetometer 

UV-vis: Ultraviolet-visible 
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FTIR: Fourier Transform Infrared Spectroscopy 

NMR: Nuclear Magnetic Resonance 

CCl4: Carbon tetrachloride 

CHCl3: Chloroform 

DMF: Dimethyl Formamide 

Na2PdCl4: Sodium tetrachloropalladate 

EDAX: Energy dispersive analysis of X-rays 

WAXD: Wide Angle X-ray Diffraction 

CuK• : Copper ‘K’ alpha radiation 

HDPE: High Density Polyethylene Film 

FWHM: Full Width at Half Maximum 

2• : Two Theta 

w/v: Weigh per Volume 

3D-DLS: Three Dimensional Dynamic Light Scattering 

He-Ne laser: Helium-Neon laser 

g+, g-: Gauche conformers 

t+, t-: Trans conformers 

I: Internsity 

Wt%: Weight percentage 

DMS: Dilute Magnetic Semiconductors 
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FMS: Ferromagnetic Semiconductors 

TGA: Thermogravimetric Analysis 

SAED: Selected Area Electron Diffraction 

ZFC-FC: Zero Field Cooled-Field Cooled 

HC: Magnetic Coercivity 

TBAP: Tert-Butyl Ammonium Perchlorate 

CV: Cyclic Voltammetry 

HER: Hydrogen Evolution reaction 

RD electrode: Rotating Disk electrode 

RPM: Rotations Per Minute 
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