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ABSTRACT 

 The usefulness and application of semiconductor nanomaterials continue to expand 

the frontier of research in bringing their benefits via technological applications. Several 

synthetic methods for the preparation of semiconductor nanoparticles have been established. 

The design and development of a simple technique that is able to fabricate very pure, high 

quality and tunable morphology thin films and nanoparticles is therefore important and 

pressing.   In this research project, Cadmium Sulfide, Lead Sulfide and Iron Sulfide 

nanoparticles and thin films were selected and synthesized because of their unique properties 

and applications. The use of single source precursors for the fabrication of these 

nanomaterials has been used by several routes such as hot injection, chemical vapour 

deposition and pyrolysis methods. 

 Therefore, in this study, the synthesis of nine (9) heterocyclic dithiocarbamate metal 

complexes namely; bis(piperidinedithiocarbamato)cadmium(II) (1), 

bis(tetrahydroquinolinedithiocarbamato)cadmium(II) (2) and the pyridine adduct of 

bis(piperidinedithiocarbamato)cadmium(II) (3), bis-(piperidinedithiocarbamato)lead(II) (4) 

and bis-(tetrahydroquinolinedithiocarbamato)lead(II) (5), tris-

(piperidinedithiocarbamato)iron(III) (6) and tris-

(tetrahydroquinolinedithiocarbamato)iron(III) (7), bis-(piperidinedithiocarbamato)iron(II) (8) 

and bis-(tetrahydroquinolinedithiocarbamato)iron(II) (9) are presented. Single crystal 

structures of four single source precursors (1), (3), (6) and (7) have been elucidated in this 

study. These complexes have been used as single-source precursors (SSPs) for the fabrication 

of cadmium sulfide (CdS), lead sulfide (PbS) and iron sulfide (FeS) thin films by aerosol-

assisted chemical vapour deposition (AACVD) and spin coating methods for PbS. Also, 

nanoparticles of similar metal sulfide were made by the hot injection and pyrolysis routes. 

Various parameters such as temperature, solvent and time were used to ascertain their 

properties. 

 The morphological, structural, optical properties and composition of the as-

synthesized materials were found to depend on the reaction conditions used during the 

synthesis. The synthesized CdS thin films and nanoparticles were found to exhibit blue 

shifted optical properties, which were size and morphological dependent. Their morphologies 

and structural properties were investigated using different electron microscopy and 



 

xii 

 

diffraction techniques. Similarly, PbS thin films deposited were studied and their optical and 

structural properties show formation of high quality nanomaterials which are also 

temperature dependent. Optical properties of the deposited PbS thin films show blue shift 

compared to the bulk PbS. Best morphologies of PbS films deposited by spin coating method 

highlighted the usefulness of this route. Iron sulfide thin films deposited by AACVD method 

show that variation of parameters could result in the formation of high quality nanostructures. 

Furthermore, optically active greigite and pyrrhotite-iron sulfide nanoparticles were prepared 

by simply varying the temperature of the hot solvent. Pyrrhotite-Fe1-XS sensor device showed 

interesting performance when tested for humidity and different nitrogenous gases such NO2 

and NH3. The gas sensors further revealed that stoichiometric structure of iron sulfide 

nanostructures have significant effect on the end-user device performance. 
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1.1.   General Introduction 

 Nanoscience is a multi-displinary field that cuts across chemistry, physics, 

engineering and biological sciences. In the nanoscale regime neither quantum chemistry nor 

classical laws of physics hold. In materials where strong chemical bonding is present, 

delocalization of valence electrons can be extensive, and the degree of delocalization can 

vary with the size of the system. This effect, together with structural changes with size 

variation, can lead to different chemical and physical properties, depending on size. Indeed, it 

has now been demonstrated that a multitude of properties depend on the size of such 

nanoscale particles, these include magnetic properties, optical properties, melting points, 

specific heats and surface reactivity.  

 Nanoparticles have been known as suitable systems for studying the shift from the 

molecular to the macrocrystalline level and have been extensively studied in recent years. 

These particles have dimensions in the range of 1–20 nm. Current interest in these materials 

can be traced to the work by Louis Brus in the mid-1980s in which he pointed out that the 

band gap of a simple direct-band-gap semiconductor such as CdS should be dependent on its 

size once its dimensions were smaller than the Bohr radius [1]. The optical spectra of many 

nanocrystalline semiconductors show a blue shift in the absorption edge as the particle size 

decreases. The charge carriers in these nanoparticles are restricted in three dimensions and, as 

the dimensions of the nanoparticle become similar to the excitonic radius, quantum size 

effects occur [2]. The electron–hole pairs are so close together that the Coulomb interaction 

between the electron and hole cannot be ignored and they assume a state of higher kinetic 

energy than in a bulk solid. The effect causes the continuous band of the solid to split into 

distinct, quantized, levels and the “band gap” to increase. The shift in the absorption edge for 

II–VI semiconductors such as CdSe and CdS can be a large portion of the bulk band gap and 
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for CdSe can result in alteration across a major fraction of the visible spectrum. For example 

the band gap in CdSe can be tuned from 1.7 eV (deep red) to 2.4 eV (green) by reducing the 

particle size diameter from 200 to 20 Å [3]. Furthermore, the size- and shape-dependent 

properties of nanomaterials raising expectations for a better performance generally are a 

consequence of quantum confinement within the particle [2]. The precise controlled synthesis 

of the size, shape, chemical composition, crystal structure, and surface chemistry of 

nanomaterials allows obtaining their unique properties, which have become one of the most 

challenging issues faced by material scientists. 

 Research into new synthetic routes for semiconductor nanocrystallites has received 

increased attention because modern devices and applications are improved through the use of 

such materials [4]. Theoretical models predicting the optical properties of semiconductor 

nanoparticles are available [5- 6], but the properties of nanoparticles obtained by any new 

synthetic route are hard to predict. High purity, monodispersity and the ability to control the 

surface derivatization are the requirements for this system. Several synthetic methods for the 

preparation of semiconductor nanoparticles have been reported [7-9]. The best synthetic route 

should produce nanoparticles which are pure, crystalline, reasonably monodisperse and have 

a surface which is independently derivatized [10].  

The usefulness and application of semiconductor nanoparticles continue to expand the 

frontier of research in bringing their benefits via technological applications. In this research 

project, we selected to synthesize cadmium sulfide, lead sulfide and iron sulfide nanoparticles 

and thin films because of their unique properties and applications. The use of single source 

precursors for the fabrication of nanomaterials has been used to produce binary metal sulfide 

nanomaterials by several routes such as hot injection, chemical vapour deposition just to 
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mention a few. Hence a comprehensive literature review is important to detail the efforts 

made so far. 

1.2.   Literature Review 

 The development of reliable and reproducible methods for producing large amounts 

of uniformly sized inorganic nanocrystals has been a major aspiration in materials chemistry 

research over several years. In the case of semiconductors, the most successful preparations 

involve growth in solution from molecular precursors [11], a powerful method for the 

preparation of semiconductor nanoparticles extended by Bawendi group [12]. In this method, 

a volatile metal alkyl e.g. [Cd(CH3)2]  and a chalcogen source were injected into hot tri-n-

octylphosphine oxide (TOPO) (120 – 300 oC), resulting in TOPO capped nanocrystallites 

CdE (E = S, Se, Te). One of the limitations of this method is the use of the metal alkyl 

[Cd(CH3)2]  which is extremely toxic, pyrophoric, expensive, unstable at room temperature, 

and explosive at elevated temperature, releasing large amount of gas. Due to these reasons, 

the Cd(CH3)2-related schemes require special equipment and reaction conditions and are not 

suited for large scale synthesis.  

 Several efforts have been made to overcome the use of metal alkyl as a precursor. For 

instance, Peng [13] reported a reproducible one-pot synthesis, termed green chemistry 

approach for synthesising high quality semiconductor nanocrystals by replacing alkyl metal 

with cadmium oxide. The reaction conditions were mild and simple without using glovebox. 

Another approach for overcoming this problem has been the solution phase thermal 

decomposition, which involves the use of single source precursors (SSPs) in a high boiling 

solvent [Figure 1.1]. Mostly, this solvent promotes decomposition and acts as a capping agent 

for the nanoparticles [10,14]. Trindade and O’Brien [15,16] investigated cadmium dithio and 



 

5 

 

diselenocarbamate complexes as precursors for the preparations of TOPO capped II-VI 

materials. Several other classes of SSPs for the preparation of semiconductor nanoparticles 

have also been reported. These include xanthates [17,18], thiourea [19,20] and 

thiosemicarbazone [21, 22] complexes.   

 

Figure 1.1. General scheme for the growth of nanoparticle via thermal decomposition of 

SSPs. 

 The use of SSPs provides a number of advantages over other routes. For example, the 

existence of preformed bonds leads to material with fewer defects and/or better 

stoichiometry. Several of the SSPs are also air-stable and are therefore easier to handle and 

characterise. Interestingly, the use of SSPs is motivated by their potential to trim down the 

environmental impact of material processing, thus investigation of new routes of preparing 

SSPs are now gaining momentum. The use of SSPs has solved problems of using hazardous 

compounds such as dimethylcadmium. The SSP is also required to have low degree of 

toxicity for easy use and storage, be easily synthesised in quantities of at least several grams 

and more importantly, is its purity; to prevent contamination of the nanoparticles and other 

undesirable side products [10, 14]. 
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Recently, Revaprasadu and co-workers revisited the use of thiocarbamate precursors 

for nanoparticle synthesis. They   reported a series of heterocyclic metal dithiocarbamate 

complexes as effective SSPs for the preparations of cadmium sulfide and lead sulfide 

nanoparticles [23-25]. Cadmium and lead piperidine/tetraisoquinoline dithiocarbamate 

complexes were thermally decomposed in various capping agents (hexadecylamine, 

trioctylphosphine oxide, oleylamine and decylamine) resulting in nanoparticles with different 

shapes and morphology. A combination of shapes ranging from spherical, cubes, rods, bipods 

and tripods were obtained by varying the reaction parameters such as precursor 

concentration, temperature and nature of the capping agent. This method enjoys robust 

potential advantages of mildness, safety and simplified one pot synthesis. Apart from using 

coordinating solvents, solid state thermal decomposition has also been reported as an efficient 

method of making metal sulfide nanoparticles [22,26,27], where a SSP is heated up to a 

specific temperature for a given period of time without the presence of any surfactants or 

solvents.  

1.3.   Cadmium Sulfide (CdS) 

 Cadmium sulfide is a direct band gap semiconductor with Eg = 2.42 eV at room 

temperature. Cadmium sulfide (CdS) exists in two natural forms: greenockite and hawleyite, 

which differ in their crystal structures. Greenockite forms hexagonal crystals with the 

wurtzite structure, hawleyite has the cubic (zinc blende) structure (Figure. 1.2) [28]. 

Crystalline cadmium sulfide (CdS) semiconductor nanoparticles as a typical and important II-

VI group of semiconductors have attracted extensive investigation due to their unique optical, 

chemical and electrical properties and the intriguing prospects for the development of 

photovoltaic solar cells and light emitting diodes (LEDs) [29-34], gas sensors [35-37], and 

photocatalysts [38-40]. The uniqueness about these semiconducting nanocrystals is that they 

exhibit distinct size, shape and composition dependent physical and chemical properties [41]. 

Cadmium sulfide is particularly attractive system to demonstrate the size-dependence of the 
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band gap, which can be tuned between 4.5 and 2.5 eV. As an inspiring and interesting 

example, Figure 1.3 shows the optical fluorescence of CdSe/CdS core-shell nanocrystals in 

the size range of 1.7 – 6.0 nm. 

 

 

 

 

       

 

(a)                                                                    (b) 

 Figure 1.2. Crystal structures of (a) Hawleyite (cubic) and (b)                                                      

Greenockite (hexagonal) of CdS semiconductor [28]. 

 
Figure 1.3. Fluorescence of CdSe/CdS core-shell nanoparticles in a size range increasing 

from 1.7 nm with blue fluorescence at the left to ca. 6 nm with red fluorescence at the right 

(upper panel: Figure courtesy of H. Weller, University of Hamburg) and schematic 

representation of the absorption and emission across the size-dependent band gap (lower 

panel) [41]. Smaller particles have a wider band gap. 
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1.3.1.   Synthesis of CdS nanomaterials 

 The development of general and facile synthetic approaches that yield nanocrystals 

with precise control over not only the size and shape but also the chemical composition is 

highly desirable for both fundamental study and practical applications. Since Murray et al. 

[12] reported the synthesis of cadmium chalcogenides using the thermolysis method, there 

has been significant advances in the synthesis of chalcogenide nanoparticles, and such 

strategies have also been employed for the synthesis of cadmium sulfide nanoparticles. CdS 

nanoparticles were prepared by the reaction of metal salts with an appropriate sulfiding 

agents under thermolysis conditions. Synthesis of CdS NPs of 5-10 nm has been carried out 

by the reaction of cadmium stearate with sulfur in the presence of tetralin [42].  Several other 

synthetic methods for the preparation of CdS semiconductor nanoparticles have been 

reported. To mention a few, the wet chemical (hydrothermal) method [43], an alternative 

approach to the use of high temperature solvents, and microwave irradiation (MWI) [44] 

method, which have also attracted research interest. The latter method, which provides the 

significant enhancement in reaction rates, is one of the simple, energy efficient and fast 

methods. For example, Nirmal et al. [45] recently reported the synthesis of monodispersed 

CdS nanocrystals by the microwave irradiation using new single molecular precursor 

cadmium pyrrolidine dithiocarbamate complex as SSP and HDA was used as a capping 

agent. Microwave irradiation has both thermal and non-thermal effects on chemical reaction; 

these effects are as a result of microwave dielectric heating and the inherent property of the 

microwave radiation respectively [46,47]. 
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1.3.1.1.  Single source precursor (SSP) route 

 Thermal decomposition of SSPs method has also been considered as a convenient and 

effective way to produce size- and shape-controlled CdS NPs [48]. The size and shape as well 

as the chemical composition of metal sulfides can be easily controlled by simply adjusting the 

experimental conditions [49]. Following the success of the use of dithio-/diseleno-carbamato 

complexes in CVD experiments, O’Brien and co-workers have used similar complexes and 

extensively investigated the synthesis of metal chalcogenide nanoparticles. The process 

involves dissolution of a TOP solution of the precursor in a suitable high boiling coordinating 

solvent usually at temperatures above 200 °C [50,51]. Comparative study between the pattern 

of thermal decomposition and morphology of resulting nanoparticles from dithiourea, 

xanthates and thiosemicarbazide has been done [17,20,21,52]. Revaprasadu et al. have 

recently reported the synthesis of CdS nanoparticles in various coordinating solvents in the 

shapes of rod, bipods and tripods when HDA was employed whereas TOPO gave spherical 

shaped CdS nanoparticles [23]. A decomposition mechanism for dithiocarbamate II-IV metal 

complexes has been studied by O’Brien et al. [53] and Wold et al. [54], which shows the 

clean elimination of the particles from the complexes. 

 Furthermore, nitrogen donor adducts of dithiocarbamate complexes have also been 

widely used in the preparation of semiconductor nanoparticles of transition metal sulfide. 

Four coordinated complexes of cadmium metal are known to expand their coordination 

number by adding neutral nitrogen containing ligands (Lewis base) [55,56]. Physical 

properties and single crystal X-ray structural studies on numerous cadmium and zinc 

complexes comprising dithiocarbamate and nitrogen containing ligands such as pyridine, 

2,2’-bipyridine, 1,10-phenanthroline have been reported [57-61]. These five and six 



 

10 

 

coordinated complexes showed increased electron density on metal centres. Thermal 

properties of these adducts experienced increased volatility upon introduction of the Lewis 

base ligands containing nitrogen, which is described as the effect caused by the lone pair of 

electron into the d-orbital of metal ion [61]. Studies on the effect of pyridine and other 

nitrogen donor ligands in the heterocyclic cadmium dithiocarbamate complexes have recently 

been reported. Srinivasan and Thirumaran [59] have investigated the influence of pyridine as 

a ligand in the precursor for CdS nanomaterials fabrication. Also, Onwudiwe et al. [62] 

synthesized HDA capped CdS nanoparticles by thermal decomposition of the 2,2’-bipyridine 

and 1,10-phenanthroline adduct of cadmium ethyl phenyl dithiocarbamate complexes. In both 

studies, the effect of nitrogen containing ligands in the precursor affected the axial growth of 

CdS nanoparticles [63].  

 Many techniques such as spray pyrolysis [64], chemical bath deposition [65], sol-gel 

[66], and metal-organic chemical vapour deposition (MOCVD) [67-71], have been used to 

deposit phase pure films of CdS. The nature, morphology and composition of the final 

product can be affected by the single source precursor used to deposit the materials [72,73]. 

Various single-source precursors have been used for the preparation of CdS thin films 

deposition by a number of chemical vapour deposition (CVD) methods [74,75]. O’Brien and 

co-workers have reported a number of dithiocarbamatocadmium(II) complexes as single 

source precursors for CdS thin films using low pressure metal-organic chemical vapour 

deposition (LP-MOCVD) [61,69]. Aerosol-assisted chemical vapour deposition (AACVD) 

has been used to deposit a wide range of metal chalcogenide thin films [76-78]. Ehsan et al. 

used bis(N,N-dicyclohexyldithiocarbamato)pyridinecadmium(II) to deposit greenockite CdS 

thin films which proved to be suitable for application in photoelectrochemical (PEC) cells 

[79]. Various classes of single source precursors have been identified and developed 
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including dialkyldithiocarbamates [61,69], xanthates [78], N-alkyl thiourea [79], and   

dithioimidodiphosphinates [80,81], for the preparation of CdS thin films and nanoparticles. 

1.4.   Lead Sulfide (PbS)  

 PbS, being an important IV-VI semiconductor, has attracted considerable attention in 

the field of materials science due to its intrinsic small band gap energy (0.41 eV) and a large 

exciton Bohr radius (18 nm) [82]. The latter property is potentially useful for making devices 

that require small band gap semiconductors, optical absorption and emission in the red and 

near-infrared region of the electromagnetic spectrum. Such devices include infrared detectors, 

light emitting diodes and solar absorbers [83-85]. They also allow quantum size confinement 

effect to be clearly evident even for relatively larger particle crystallites [86].  In addition, the 

exceptional third order nonlinear optical properties of PbS demonstrate their promising 

application in the high-speed optical switches [87]. 

1.4.1.   Synthesis of PbS nanomaterials 

 Currently there is an interest in devising novel and mild methods for the synthesis of 

PbS nanoparticles with controllable morphologies and sizes [26, 88-90]. This not only 

provides an alternative in tailoring the optical, electronic, physical and chemical properties of 

this material, but is also crucial to develop building blocks in constructing future nanoscale 

electronic and optoelectronic devices using the so called bottom-up approach.  The rapid hot 

injection of precursor(s) into hot coordinating solvents remains the most common method 

with definite control of size and reproducibility. In this method, the lead precursor and sulfur 

source are injected into hot coordinating solvents at temperatures ranging from 120 – 300 oC 

[91-95]. In most cases, long chain phosphines or amine based solvents are used as capping 
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groups. The average size and the size distribution of the particles are controlled essentially by 

the temperature at which the synthesis is undertaken, with larger particles being obtained at 

higher temperatures. The shape control of the as-synthesized nanoparticles has been depicted 

by the type of the ligands used [94]. 

1.4.2.   Single source precursor route 

 Another route developed for the shape-controlled synthesis of PbS nanoparticles is the 

use of single-source precursors (SSPs). One of the earliest reports was the deposition of well-

defined cubes of PbS from decomposition of diethyldithiocarbamate complexes [88]. Cheon 

and co-workers [96,97] have envisaged the factors underlying the control of shape and 

morphology of PbS nanoparticles from a single source precursor. By varying the ratio and 

injection temperature, the shape of the resulting particles evolved from rods to multirods to 

cubes. Many precursors have been used to deposit PbS and PbSe. Decomposition of lead 

hexadecylxanthate in trioctylamine has been reported to yield ultra narrow rods [98]. Also 

Vittal et al. synthesised spherical and dendrite PbS particles by employing a Lewis-base 

catalysed approach to decompose metal alkyl xanthates by using alkyl amines as solvents to 

promote decomposition as well as capping ligand for the particles formed [18].  

 Meanwhile, lead dithiocarbamate complexes have received little attention as potential 

precursors for the production of PbS nanomaterials. There are few reports on their syntheses 

and thermal behaviour [99]. Trindade et al. reported the synthesis and characterization of lead 

dithiocarbamate complexes, and their use as single molecule precursor to produce cubic PbS 

nanocrystalline particles by thermolysis in TOPO [88]. The optical and morphological 

properties of the nanocrystals were strongly dependent on the temperature of the reaction 

than the chemical nature of the precursor. Likewise, the work of Plante [100] justified the 
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effect of the precursor concentration and the choice of suitable solvent on the final 

morphology of the PbS nanoparticles, because it was observed that the degree of branching 

increased as the concentration of the precursor increased. Revaprasadu et al. have recently 

reported the use of the heterocyclic lead piperidine/tetraisoquinoline dithiocarbamates as 

SSPs for PbS nanoparticles [24]. The complexes were thermolysed in hexadecylamine 

(HDA), oleylamine (OM) and decylamine (DA) to give PbS particles with varying shapes. 

 Aerosol assisted chemical vapour deposition (AACVD), a sub-class of CVD, allows 

the use of a wide range of precursors to deposit multi-component layers of inorganic 

nanocrystal thin films. The particle size and morphology of the films can be controlled by the 

choice of a suitable solvent and deposition temperature among other parameters [101]. 

Several studies on the deposition of lead sulfide thin films using single source precursors 

have been reported. O’Brien group has extensively studied the deposition of PbS thin films 

by aerosol assisted chemical vapour deposition (AACVD) using alkyldithiocarbamato and 

dichalcogenoimidodiphosphinato lead complexes [102-104]. In one of the studies [102], it 

was found that the length of alkyl chain had an effect on the crystallinity of the deposited PbS 

thin films. It was also observed that, the longer the chain the more crystalline and uniform 

films were obtained. Clark et al. also generated PbS nanocubes by AACVD using a series of 

xanthate lead(II) complexes on various substrates (glass, Mo-coated glass and Si) when 

decomposed under an autogenerated pressure at 350 °C [105].  

 Furthermore, PbS nanocrystals can be fabricated using an in-situ synthetic route, 

where semiconductor nanocrystals are grown within the polymer matrix [106-110]. This 

method, where a solution of both precursor and polymer are spin coated to form a matrix, 

which when heated   the growth of an inorganic semiconductor nanostructure within the 
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polymer matrix occurs [106-109]. The advantage of this method includes improved contact 

between adjacent nanostructures leading to improved charge separation and transport 

[111,112]. This method involves no additional ligands, is simple, and is possible for large 

scale processing [110,113,114]. Several single source precursors have recently been used to 

deposit PbS thin films by spin coating method, including lead(II) dithiocarbamates and 

xanthates of different alkyl chains lengths (butyl, hexyl and octyl) [115]. 

1.5.   Iron sulfide (FeS)  

 Iron chalcogenides are of particular interest because of their remarkable magnetic, 

semiconducting, and structural properties [116,117]. Consequently, they have been targeted 

for potential use in biomedical applications, including protein immobilization and separation 

[118], catalysis [119] and ultrahigh-density magnetic storage [120] to mention a few. Iron 

sulfide nanoparticles are a class of materials with many different forms which are 

summarized in Table 1.1, showing structure type (crystal class), space group and unit cell 

parameters (Å), with only pyrite and troilite being the truly energetically stable phases [121].  
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Table 1.1. Iron sulfides and their properties [121,122]. 

Composition 

mineral 

Crystal structure 

type and structural 

data 

Electrical and 

magnetic 

properties 

Thermal 

stability 

Natural occurrence 

FeS2 pyrite Pyrite-type 

(cubic) 

Pa3; a = 5.42 

Semiconductor 

diamagnetic 

<742 oC The most abundant sulfide 

in many massive. Bedded 

or vein type ores. 

FeS2 

marcasite 

Marcasite-type 

(orthorhombic) 

Pnnm; a = 4.44, b 

= 5.41, c = 3.38 

Semiconductor 

diamagnetic 

Metastab

-le 

Occurs as a primary 

mineral in certain 

sediments and lower 

temperature hydrothermal 

deposits. 

Fe3S4 

greigite 

Spinel-type 

(cubic) Fd3m; a = 

9.88 

Metallic 

conductor 

ferromagnetic 

Metastab

-le 

(~180-

200 oC) 

A very rare mineral 

reported from recent 

sediments and low 

temperature hydrothermal 

deposits. 

Fe1+XS (x ≈ 

0.03-0.10) 

cubic FeS 

(synthetic) 

Sphalerite-type 

(cubic) F43m; a = 

5.42 

Paramagnetic      

(above 234K) 

Metastab

-le 

Known only from synthetic 

studies at present and 

formed as a layer on 

sulfudized iron surfaces 

FeS troilite NiAs-type 

(distorted super-

structure) 

Metallic 

conductor 

antiferromagne

<138 oC Found in iron meteorites 

and lunar rocks. 
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(hexagonal). 

P62c; a = 5.97, c 

= 11.75 

tic 

Fe7S8 

Monoclinic 

pyrrhotite 

NiAs-type; 

superstructure 

(mono). F2/d; a = 

11.90; b = 6.86; c 

= 22.79; β = 

90o26’ 

Metallic 

conductor 

ferromagnetic 

~254 oC 

metastab

-le 

As an important mineral in 

the sulfide ores of 

magmatic origin. 

 

 Iron sulfide materials contain complex solid phase structures and various properties 

that are of crucial ingredient in recent investigations [121,122]. Although the iron-sulfur 

system is a binary system, its phase relationships are complicated due to the different valency 

states taken by sulfur (disulfide, mono sulfide) and iron (ferric, ferrous) [123]. Because of the 

complex structure of iron sulfide compound, a small variation in stoichiometry can lead to 

huge changes in their properties. The composition and structure of Fe-S system is best 

described in the context of the phase relations (in terms of temperature-composition relations) 

in the iron-sulfur system (Figure 1.4). Iron sulfides exhibit a wide range of properties, from 

the semiconducting nanomagnetic pyrite (FeS2) to ferromagnetic Fe3S4 [124]. The magnetic 

and electrical properties of iron sulfides are dependent on the stoichiometric ratio between 

iron and sulfur as well as their crystallinity [125,126]. Their complex structure and valence 

state contribute to their particular properties [127].  

 Iron sulfide nanocrystals are promising materials for light harvesting in photovoltaic 

and photocatalytic applications [128]. When the size of the grains is considerably larger, 
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quantum-confinement effects seem inexistent. Iron sulfide nanocrystals display an absorption 

in the visible and near-infrared spectral range. The pyrite (FeS2) class shows an onset of the 

absorption at 0.9 eV corresponding to the indirect band gap found in bulk crystals of 0.8–1.2 

eV [129,130], and the direct band gap at 2.62 eV [131]. Because of its high absorption 

coefficient (~105 M-1 cm-1) and low toxicity, pyrite is a potential semiconductor as an 

absorber material in the thin film solar cells [132,133]. 

 

Figure 1.4. Phase relations in the iron-sulfur system [121,122]. 

1.5.1.   Synthesis of iron sulfide nanomaterials 

 Up to now, several methods have been developed to synthesize iron sulfide 

nanoparticles, including microwave-assisted preparation [134], hydro/solvothermal process 
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[135], and thermal decomposition of a single source molecular precursor [136]. Low 

temperature methods like hot injection and hydro/ solvothermal processes have been explored 

recently to synthesize iron sulfide particles for sol-gel processing of low-cost, flexible large 

area devices [137-139]. Recently, it has been demonstrated that monodispersed pyrite 

microspherolites can be obtained via a microwave- assisted hydrothermal process in the 

presence of polyvinylpyrrolidone (PVP) [137]. Feng et al. prepared uniform Fe3S4 flower-

like particles by hydrothermal reaction using L-cysteine as a source of sulfur and as a 

coordinating ligand [140].  

1.5.2.   Single source precursor route 

 Several single source precursors have been used to grow iron sulfide nanoparticles. 

Very recently, O’Brien and co-workers have used symmetrical and unsymmetrical 

dithiocarbamate complexes of iron(III) with the general formula [Fe(S2CNRR’)3] as single 

source precursors to synthesize iron sulfide nanocrystals by thermolysis in oleylamine, 

hexadecylamine and octadecene at different temperatures [141].  Shen et al have also 

reported the thermal decomposition of iron-diethyldithiocarbamate in solution phase using 

oleylamine and oleic acid as capping agents [142]. As a result, iron sulfide nanoparticles (Fe-

3S4 and Fe7S8) exhibited strong magnetic and electronic properties. The chemical composition 

of iron sulfide nanocrystals can also be controlled by changing the sort of precursor (ferrous 

ion with different valences in a single-source precursor). For example, Fe(DDTC)3 (Fe with 

oxidation state of +3) as precursor, when the reaction was carried out in the mixture of 

oleylamine (OM) and octadecene (ODE), Fe3S4 nanoparticles were obtained. When 

Fe(DDTC)2(phen) (Fe with an oxidation state of +2) was present as precursor under the same 

reaction condition of OM and ODE, Fe7S8 hexagonal nanoplates were obtained [143]. More 
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recently, Han and Gao prepared the Fe3S4 and Fe7S8 nanosheets using SSP approach based on 

the thermo-decomposition process [144]. They found that the reaction temperatures play a 

critical role in controlling the chemical compositions, morphologies, crystalline structures 

and the magnetic properties of the resultant iron sulfide nanosheets. However, the effects of 

the different sorts of solvents as well as their compositions on the phase, shapes and the 

formation mechanisms of the resultant iron sulfides have not been systematically clarified. 

1.5.3.   Iron sulfide thin films 

 Various binary and ternary chalcogenide films have been synthesized by AACVD-

based methods. Single-source metal-organic compounds are still the most common precursor 

chemicals for chalcogenide films in aerosol-assisted chemical vapour deposition (AACVD). 

The deposition temperatures of the chalcogenide compounds range from 200 to 500 °C. 

Temperatures above 500 °C may cause the formation of oxide composition in the films [145]. 

However, in some cases, H2S gas is used to avoid the oxidation and enhance the sulfidizing 

reaction [145,146]. The morphology and orientations of the deposited films are dependent on 

the precursor solution and the processing parameters [147]. Varying and unique surface 

morphology of the films can be obtained by changing the solvent of the precursor [148,149]. 

Using AACVD, highly oriented crystalline films can be synthesized [150-152] even on 

amorphous substrates [153]. 

 The AACVD method involves the atomization of a precursor solution into fine, sub-

micrometer-sized aerosol droplets which are delivered to a heated reaction zone and undergo 

evaporation, decomposition, and homogeneous and/or heterogeneous chemical reactions to 

form the desired products (Figure 1.5). As a variant of conventional CVD processes, AACVD 

addresses the availability and delivery problems of the chemical precursors. A wide range of 



 

20 

 

precursors can be used since volatility is no longer crucial, offering more possibilities to 

produce high-quality CVD products at low cost. Some variants of AACVD have also been 

developed, such as AA combustion (C) CVD, electrostatic spray-assisted vapor deposition 

(ESAVD), and electrostatic-assisted aerosol jet deposition (EAAJD). These variants provide 

additional flexibility and capability to the AACVD-based processes. AACVD-based 

processes have attracted increasing interest in most of the CVD-related areas, and have been 

widely used to synthesize various films, coatings, powders, composites, nanotubes and 

nanowires.  

 

Figure 1.5. A schematic mechanism for the deposition of thin films and powders during 

AACVD process.  

 Iron sulfide thin films have been prepared by atmospheric or low-pressure metal–

organic chemical vapor deposition (AP or LP MOCVD; FeS2) [154-157]. Schleigh and 

Chang [154] deposited FeS2 thin films using iron pentacarbonyl [Fe(CO)5], hydrogen sulfide, 

and tert-butyl sulfide as precursors by LPCVD. There have been a very limited number of 

iron complexes employed as single-source precursors for the deposition of iron sulfide as 
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Fe1+xS, FeS2, and Fe1+xS thin films, which include dithiocarbamato complexes 

[Fe(S2CNRR’)3] (R, R’ = Et, Et,1 Me, iPr) [158] and the sulfur-bridged binuclear iron 

carbonyl complex [Fe2(CO)6(m-S2)] [159]. Recently, the O’Brien group used a series of 

iron(III) thiobiurets complexes as single source precursors for the synthesis of iron sulfide 

thin films by the aerosol assisted chemical vapour deposition (AACVD) method [160]. 

Different iron sulfide phases, including FeS hexagonal troilite, cubic pyrite (FeS2) and 

tetragonal pyrrhotite (Fe1+xS), were deposited depending on the nature of precursor and the 

deposition temperature. The unsymmetrical [Fe(S2CNEtiPr)3], [Fe(S2CNEtMe)3] and 

symmetrical [Fe(S2CN(Hex)2)3], [Fe(S2CN(Et)2)3] tris(dialkyldithiocarbamato)iron(III) 

complexes have also been used as single source precursors for the deposition of iron sulfide 

thin films by AACVD method [161]. The iron sulfide thin films deposited had mixed phases 

(pyrite and marcasite) at all deposition temperatures except the complex [Fe(S2CN(Et)2)3] 

which deposited pyrite and pyrrhotite at 400 °C. The symmetrical complex 

[Fe(S2CN(Hex)2)3], with longer alkyl groups produced a mixture of pyrite and pyrrhotite 

phases at 350 and 450 °C but pyrite and mackinawite at 400 °C whereas the complex 

[Fe(S2CN(Et)2)3] with shorter alkyl groups deposited a mixture of pyrite and marcasite at 350 

°C but a pure pyrrhotite phase at 400 and 450 °C. 

1.5.4.   Magnetic properties of nanoparticles 

 The magnetic properties of nanoparticles are influenced by many parameters 

including their size, shape, chemical composition, crystal structure and interparticle 

interactions [162]. In bulk/giant magnetic materials, their intrinsic magnetic properties 

including saturation magnetization, coercive force and curie temperature depend only on their 

chemical and crystallographic structure but in nanoparticles these properties become 
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influenced by the finite size and surface effects. The evolution of nanoparticles has provided 

the opportunity to study magnetic properties from the bulk to the atomic scale. Hence novel 

properties including superparamagnetism, high magnetic coercivity and quantum tunnelling 

are sometimes exhibited by these magnetic nanoparticles. 

 Magnetism is as a result of magnetic moments associated with individual electrons. 

Magnetic moments originate from two main sources: orbital motion and electron spin. The 

net magnetic moment is the sum of these moments from all electrons. The magnetic property 

of a material depends on the response of electrons and magnetic dipoles to an applied 

magnetic field and these are classified into diamagnetic, paramagnetic, antiferromagnetic, 

and ferromagnetic materials.  

 

 

 

 

 

 

 

 

 

Figure 1.6. Magnetic moments arising from electron orbital motion (left) and electron spin 

(right) [163]. 
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Figure 1.7. Hysteresis loops for the different types of magnetic materials [164]. 

 Nanoparticles are said to be in a state of superparamagnetism when the magnetization 

of the nanoparticles is a single giant magnetic moment in each particle instead of individual 

atomic moment [165]. This behaviour can be explained in terms of magnetic anisotropy 

which is defined as the dependence of magnetic properties on a preferred direction. 

Superparamagnetic materials have a high saturation magnetization but zero coercivity and 

remanence. This unique property makes it possible for controlling their movement when 

placed in an external magnetic field. Thus they find numerous applications in biomedicine 

[166].  
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1.6.  Applications of semiconductor nanocrystals 

Semiconductor nanocrystals of metal sulfide have potential applications in a number of fields 

such as solar energy, sensor, biomedicine, electronics, information storage and environmental 

applications. Some of these applications are discussed in the following subsections. 

1.6.1.  Photovoltaics 

 The use of fossil fuel is much more limited and causes environmentally highly 

problematic emission of pollutants. Solar energy, on the other hand is most abundant and 

does not itself cause any pollution. Thus, highly attractive alternative technologies have been 

developed to replace fossil fuels. Using solar energy is well established as a form of electrical 

energy. It can be generated in photovoltaic (PV) cells. Established technology uses various 

forms of silicon, but economically more competitive materials have been well investigated 

including polymers and oxides of cheap elements to replace silicon and other expensive solid 

state semiconductors [167]. Significant efforts have been made to overcome solar energy 

conversions efficiencies, such as stacked multi-junction systems where by stacks of cells are 

wired up in series to optimize energy conversion efficiencies [168]. Also, photonic 

engineering method has been proposed that works with a single absorber material [169]. 

1.6.2.  Sensor technology 

 Sensor technology has made tremendous progress in recent years. A multitude of 

nanobased sensor materials such as semiconductors is deposited on selected areas of a chip or 

on a nano-cantilevers and serves to analyse gas mixtures by measuring solubility, vapour 

pressure, melting point or reaction of the components [170]. Other sensors are functionalized 

by biomolecules which allow a selective trapping of biomolecules, viruses or cells via 
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molecular recognition [171]. Such a complex miniaturised sensor, which is often termed lab-

on-a-chip, requires a high degree of inter-displinary cooperation among chemists, 

biochemists, physists, materials scientists and engineers. 

1.6.3.   Photocatalysts and environmental technologies 

 Nanomaterials have been explored greatly with regard to their potential use in solving 

environmental problems. Nanoporous aluminosilicates have been used as adsorbents to bind 

radionuclide and poisonous transition metal ions for removal from waste [172,173].  These 

materials are also known for their high sorption capacity and tuneable selectivity. Some gold 

nanoparticles have been reported to be used for the degradation of toilet odours [174]. Zinc 

oxide has been reported to be used as a photocatalyst for the degradation of chlorinated 

phenols [175]. It is not far that, the walls of the swimming pools will be coated by an ultra-

thin layer of photocatalytically active materials. Activation of oxygen leads to the formation 

of hydroxyl radicals which are strong antibacterial agents and can degrade many organic 

compounds. 

1.6.4.  Applications in medicine 

 Nanoparticles offer some attractive possibilities in biomedicine. They are smaller than 

or of comparable size to a cell (10 – 100 µm) or a virus (20 – 450 nm). They can therefore 

move more or less freely within an organism. They may be coated to make them compatible 

with, mimic or bind to a biological entity of interest. Ferromagnetic nanoparticles have also 

been developed and are further optimized in view of applications for targeted delivery of 

therapeutics drugs, genes or radionuclides [176]. Artificially induced hyperthermia is one of 

the possible techniques which involve dispersing magnetic particles throughout the target 
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tissue and then applying an alternating magnetic field of sufficient strength and frequency 

[177]. Also magnetic nanoparticles have been applied in contrast enhancement agents for 

magnetic resonance imaging [178]. 

1.7.   Statement of the research problem 

 There have been great developments of reliable and reproducible methods for 

producing large amounts of uniformly sized inorganic nanocrystals as a major aspiration in 

materials chemistry research over several past years. In the case of semiconductors, one of 

the most reported and cited approach for the preparation of semiconductor nanoparticles has 

been the hot injection route reported by Bawendi group [12]. The method suffers from the use 

of volatile metal alkyl [Cd(CH3)2], a limitation towards further extension of this approach. 

The use of single source precursors for the synthesis of semiconductor nanomaterials solves 

this problem. Several classes of SSPs for the preparation of semiconductor nanoparticles have 

also been reported. These include xanthates [17,18], dithiocarbamates [15], thiourea [19,20] 

and thiosemicarbazide [21, 22] complexes. 

 This work seeks to expand the work on the utilization of heterocyclic 

dithiocarbamates metal complexes as single source precursors for the synthesis of binary 

cadmium, lead and iron sulfide materials for electronic applications. 

1.8. Scope of the work 

This work focuses on the synthesis of heterocyclic dithiocarbamate complexes of cadmium, 

lead and iron that are suitable as single source precursors for the synthesis of cadmium 

sulfide, lead sulfide and iron sulfide nanomaterials. The work includes the production of 
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cadmium sulfide nanoparticles and thin films, lead sulfide thin films and iron sulfide thin 

films and nanoparticles synthesized by hot injection and chemical deposition methods. 

1.9. Objectives 

The main objective was to synthesize heterocyclic metal (Cd, Pb and Fe) dithiocarbamate 

complexes as single source precursors for the preparation of nanoparticles and thin films. 

The specific objectives of this project were: 

1. To synthesize and characterize heterocyclic metal (Cd, Pb and Fe) dithiocarbamate 

complexes 

2. To synthesize and characterize cadmium sulfide nanomaterials 

3. To synthesize and characterize lead sulfide thin films 

4. To synthesize and characterize iron sulfide nanoparticles and thin films 

5. To establish and study the gas sensing application of iron sulfide nanoparticles. 

1.10. Thesis layout 

This thesis is composed of six chapters 

1. Chapter one is an introduction and literature review summarizing the 

scientific knowledge related to the subjects mentioned in this thesis 

2. Chapter two details the synthesis, results and discussion of piperidine and 

tetrahydroquinoline cadmium complexes and their cadmium sulfide thin films 
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and nanoparticles 

3. Chapter three. This is based on the synthesis results obtained of lead 

sulfide thin films deposited by AACVD and spin coating of lead 

dithiocarbamate complexes 

4. Chapter four gives the details of the synthesis and characterization of iron 

sulfide thin films obtained by AACVD of its dithiocarbamate complex 

5. Chapter five extends the use of iron dithiocarbamate complexes to 

synthesize iron sulfide nanoparticles and their use for gas sensing applications 

6. Chapter six summarizes the results obtained from this project, challenges 

and recommendations for future work. 
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2.1.  Introduction 

  Dithiocarbamates (DTCs) are versatile chelating ligands which form stable 

complexes with transition metals as well as the majority of main group, lanthanide and 

actinide metals [1]. Cadmium complexes of alkyl DTCs, with varying chain lengths, 

have been extensively reported [2-8]. These complexes have been used as single 

source precursors (SSPs) for the deposition of high quality cadmium sulfide (CdS) thin 

films and nanomaterials. Recently, the Revaprasadu group reported the use of 

heterocyclic DTC complexes of cadmium for shape controlled CdS nanostructures 

through the hot injection route [9-11].  

Intensive studies on numerous Cd and Zn-DTC complexes and their adducts of 

pyridine, 2,2′-bipyridine and 1,10-phenanthroline ligands, have been reported [12-17]. 

These five to six-coordinate adducts showed increased electron density at the metal 

centre, seemingly due to back donation of electrons from the N atom. Furthermore, 

they are relatively more volatile, due to the incorporation of nitrogen-containing Lewis 

base ligands [18]. Studies on the effect of these nitrogen-containing Lewis base 

ligands in heterocyclic Cd-DTC complexes on the properties of CdS nanoparticles 

have recently been reported. Srinivasan and Thirumaran have investigated the 

influence of pyridine as a ligand in the precursor for the synthesis of CdS 

nanoparticles [19]. Onwudiwe et al. synthesized CdS nanoparticles by thermolysis of 

the 2,2′-bipyridine and 1,10-phenanthroline adduct of cadmium ethyl phenyl 

dithiocarbamate complexes in hexadecylamine (HDA) [20]. In both studies, the 

incorporation of nitrogen-donor ligands in the precursor enhances the axial growth 

direction of CdS nanoparticles [21].  

 The use of SSPs can potentially provide several key advantages over other 

routes due to the existence of preformed bonds which can lead to a material with fewer 

defects and better stoichiometry [22]. In addition to DTC-type complexes, other SSPs 

have been exploited in the deposition of CdS thin films, using various chemical vapour 

deposition (CVD) methods [22-25]. O’Brien and co-workers have deposited CdS thin 

films using a number of Cd-DTC complexes as SSPs, through low pressure metal-

organic chemical vapour deposition (LP-MOCVD) technique [18, 26]. Aerosol-

assisted chemical vapour deposition (AACVD) remains to be the most exploited and 
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relatively mild/soft CVD technique [27]; a wide range of metal chalcogenide thin 

films have been deposited using this method [28,29].  

 Furthermore, several adducts of cadmium dithiocarbamate complexes have been 

reported for a couple of years, their capabilities as SSPs for AACVD studies, have not 

been investigated thoroughly [15-17]. Ehsan et al. used bis(N,N-

dicyclohexyldithiocarbamato)pyridinecadmium(II) to deposit greenockite CdS thin 

films, which proved to be suitable for application in photoelectrochemical cells [31]. 

CdS thin films, in general, possess good electrical and optical properties, including 

wide band gaps (ca. 2.4 eV) making it an ideal material for solar cell device 

fabrication [31,32]. Hence, research in this context is of great importance. 

 In the light of this short literature review, an opportunity has been identified 

pertaining the synthesis of heterocyclic-based Cd-DTC complexes, then subsequently 

using them as SSPs to deposit CdS thin films through an AACVD technique. The 

complexes, bis(piperidinedithiocarbamato)cadmium(II) (1), 

bis(tetrahydroquinolinedithiocarbamato)cadmium(II) (2) and the pyridine adduct of 

bis(piperidinedithiocarbamato)cadmium(II) (3), were prepared for this purpose.  The 

complexes have been used as single source precursors to evaluate their potential for 

the deposition CdS thin films at different reaction temperatures. A pyridine adduct (3) 

has also been used to synthesize CdS nanoparticles by hot injection method. 

2.2.  Experimental 

2.2.1.  Materials and methods 

 Cadmium chloride 99 %, acetonitrile, 1,2,3,4, tetrahydroquinoline 98 % (Aldrich) and 

piperidine 99 % (Sigma-Aldrich), petroleum ether, methanol 99.5 %, dichloromethane, 

carbon disulfide 99.5 %, chloroform, sodium hydroxide 98 %, hexadecylamine (HDA) 98 

%, pyridine, tri-n-octylphosphine (TOP) 90 %, toluene and acetone (Merck) were used as 

purchased without any further purification.  

2.2.2.  Synthesis of ligands 

 Carbon disulfide (0.1 mol, 6.0 mL) was added in small portions to an equimolar 

solution mixture of sodium hydroxide (4.0 g, 0.1 mol) in the corresponding amine 



 

44 

 

(piperidine or tetrahydroquinoline, 0.1 mol), while being cooled in an ice bath at 0-5 

°C. After 15 min of addition, a precipitate was formed. This was filtered off, dried in 

open air and then recrystallised in a mixture of acetone/petroleum ether. The 

crystalline, white-coloured material was filtered off, washed with chloroform and 

vacuum dried.  

NaS2C(NC5H10), yield: 90 %. 1H NMR (400 MHz, D2O):  1.41 (m, 2H, 3-CH2), 1.53 (t, 2H, 

4-CH2), 4.28 (t, 2H, 2-CH2). IR (νmax in cm-1, ATR): 967, ν(C=S); 1468, ν(C=N). Anal. Calc. 

for C6H12NS2ONa (%): C, 35.8; H, 6.01; N, 6.96. Found (%): C, 35.9; H, 6.13; N, 6.98. 

NaS2C(NC9H10), Yield: 61 %. 1H NMR (400 MHz, CD3OD):  2.07 (m, 2H, 3-CH2), 2.73 (t, 

2H, 4-CH2), 4.58 (t, 2H, 2-CH2), 7.08–7.85 (m, 4H, Ar–H). IR (νmax in cm-1, ATR): ν(O−H): 

3250, ν(C=S): 968, ν(C=N): 1481. Anal. Calc. for C10H10NS2Na.2H2O: C, 44.93; H, 5.28; N, 

5.24. Found: C, 45.43; H, 5.09; N, 5.25. 

2.2.3.  Synthesis of complexes (1), (2) and (3) 

A solution of cadmium chloride (5.0 mmol) in distilled water (25.0 mL) was added 

drop-wise to the solution of the appropriate dithiocarbamate ligand (10.0 mmol). The reaction 

mixture was stirred for 1 h, and the white  (1) and yellow (2) precipitates formed were 

filtered, washed with excess distilled water and vacuum dried overnight. 

2.2.3.1. Bis(piperidinedithiocarbamato)cadmium(II) complex (1) 

[Cd(pip-dtc)2], (1) (pip = piperidinyl, dtc = dithiocarbamato), Yield: 86%. 1H NMR  ppm 

(400 MHz, DMSO):  4.13 (t, 8H, 2-CH2), 1.73 (t, 4H, 3-CH2), 1.63 (m, 8H, 3-CH2), IR (cm-

1, ATR): 967, v(C═S); 1485, v(C═N); 388, v(Cd–S). Anal. calc. for C12H20N2S4Cd: C, 33.29; 

H, 4.66; N, 6.47. Found: C, 33.47; H, 4.55; N, 6.43%. M.p. 331 °C. 

2.2.3.2. Bis(tetrahydroquinolinedithiocarbamato)cadmium(II) complex (2) 

[Cd(thq-dtc)2], (2) (thq = tetrahydroquinoline, dtc = dithiocarbamato), Yield: 69%. 1H NMR 

 ppm (400 MHz, DMSO):  1.99 (m, 4H, 3-CH2), 2.71 (t, 4H, 4-CH2), 4.24 (t, 4H, 2-CH2), 

7.18–7.86 (m, 8H, Ar–H). IR (cm-1, ATR): 972, v(C═S); 1492, v(C═N); 397, v(Cd–S). Anal. 

calc. for C20H20N2S4Cd: C, 45.40; H, 3.81; N, 5.29. Found: C, 44.88; H, 3.61; N, 4.95%. M.p. 

320 °C.  
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2.2.3.3. Bis(piperidinedithiocarbamato)pyridinecadmium(II) complex (3) 

Complex (1) (1.0 mmol) was dissolved in pyridine (25 mL). The light yellow solution 

obtained was filtered into a beaker and the pyridine was allowed to evaporate at room 

temperature. After 2 days, the colourless crystals which had formed were isolated by 

filtration, washed with hexane and vacuum dried. 

[Cd(S2C(NC5H10))2(NC5H5)], yield: 97%. IR (νmax in cm-1, ATR): 989, ν(C=S); 1544, 

ν(C=N); 402, ν(Cd–S). Anal. Calc. for C17H25N3S4Cd (%): C, 39.87; H, 4.92; N, 8.21. 

Found (%): C, 39.08; H, 4.32; N, 7.69. 

2.2.4.  Synthesis of CdS nanoparticles 

In a typical reaction, 6 mL of a capping agent was heated in a three necked flask, and 

then purged with N2 throughout the reaction. A mixture of complex (3) (0.5 g) dispersed in 

TOP (6 mL), was injected into the preheated HDA. The reaction mixture was stirred for a 

further hour at a desired temperature, and then cooled to room temperature. Methanol (45 

mL) was added to induce flocculation; yellow-coloured sediments were separated by 

centrifugation, washed twice with methanol and redispersed in toluene for further 

characterisation. Only complex (3) was used; complexes (1) and (2) have already been 

reported for HDA-capped CdS nanoparticles [10]. 

2.2.5.   Aerosol assisted chemical vapour deposition of CdS thin films 

In a typical deposition, a solution of a complex (0.2 g) dissolved in  an 

appropriate organic solvent (20  mL) is made in a two-necked  100  mL  round-bottom  

flask, equipped  with a carrier gas (argon) inlet. Complexes (1) and (2) were dissolved 

in acetonitrile, and complex (3) was dissolved in chloroform. The other joint of the 

flask was connected to the reactor tube, through a piece of reinforced tubing. Seven 

microscope glass substrates (ca. 1 x 2 cm) were placed inside the reactor tube, which 

is placed in a Carbolite furnace. The reaction flask was semi-submerged in a water 

bath, slightly above the piezoelectric modulator, Pifco ultrasonic humidifier Model 

No. 1077. The generated aerosol droplets from the precursor solution was transferred 

into the hot-wall zone of the reactor by a carrier gas, at a desired flow rate controlled 

by a Platon flow gauge.  The schematic diagram of the AACVD setup is provided in 

javascript:popupOBO('CMO:0001047','c1jm10703h')
http://www.chemspider.com/864
http://www.chemspider.com/1108
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Figure 2.1. The aerosols adsorb on to the glass substrates prior to undergoing thermal 

decomposition to afford deposited thin films. Deposition temperatures were varied 

between 350-450 °C. 

 

Figure 2.1. A schematic diagram of the AACVD apparatus. 

2.2.6.  Characterization techniques 

2.2.6.1. Perkin-Elmer automated model 2400 series II CHNS/O analyser 

 Elemental (C, H, N) microanalysis provides a highly sensitive analysis of a sample’s 

atomic composition. The analyses were performed on a Perkin-Elmer 2400 series II CHNS/O 

analyser. 

2.2.6.2. Infra-red analysis (IR) 

 Infra-red spectra were recorded on a Bruker FT-IR Tensor 27 spectrophotometer, 

equipped with a standard ATR crystal cell detector. Analyses were performed in the 

wavenumber range of 200 – 4000 cm-1.  

2.2.6.3. Thermogravimetric analyses (TGA) 

 Thermogravimetric analyses were carried out at 20 °C/min heating rate from 30 °C to 

700 °C under N2 gas flow rate of 10 mL/min, using a Perkin Elmer Pyris 6 TGA equipped 

with a closed perforated ceramic pan.  
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2.2.6.4. 1H Nuclear Magnetic Resonance (NMR) 

 The 1H NMR spectra of both the ligands and Cd(II) complexes were obtained using a 

Bruker advance III 400 MHz spectrophotometer equipped with trimethylsilane as an internal 

standard reference. The instrument is housed at the University of KwaZulu-Natal, South 

Africa. 

2.2.6.5. Single crystal X-ray crystallography 

 Single crystal X-ray diffraction data for complexes were collected on a Bruker 

APEX diffractometer, using graphite monochromated Cu-Kα radiation (λ = 1.54178 

Å). The structures were resolved by direct methods, and refined by full-matrix least 

squares on F2. All non-H atoms were refined anisotropically. Hydrogen atoms were 

included in calculated positions, assigned isotropic thermal parameters and allowed to 

ride on their parent carbon atoms. All calculations were carried out using the 

SHELXTL software suite [33]. 

2.2.6.6. Optical measurements 

 For CdS thin films, a Perkin Elmer Lambda 1050 UV/Vis/NIR 

spectrophotometer was used to carry out UV-Vis absorption measurements while 

photoluminescence properties were measured using an Edinburgh Instruments FLS900 

spectrofluorimeter. For CdS nanoparticles, optical absorption measurements were carried 

out on a Varian Cary 50 UV-Visible spectrophotometer using quartz cuvettes (1 cm path 

length), while a Perkin-Elmer LS 55 spectrofluorimeter was used to measure the 

photoluminescence properties. Raman spectra for few representative samples were recorded 

using Horiba Jobinyvon Raman spectrometer using 514.5 nm lasers, at room temperature. 

2.2.6.7. Powder X-ray diffraction (pXRD) 

 Powder diffraction patterns of the films and nanoparticles were recorded at room 

temperature in the high angle 2θ range (20 – 80 °) using an Advanced Bruker AXS D8 

diffractometer, equipped with nickel-filtered Cu Kα radiation (λ = 1.542 Å) at 40 kV and 40 

mA. The scan speed and step sizes were 0.05 °/min and 0.00657 ° respectively. 
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2.2.6.8. Transmission electron microscopy (TEM) and high resolution TEM  

  (HRTEM) 

 Samples were prepared by evaporating drops of diluted solution of CdS nanoparticles 

on Formvar-coated Cu grids (150 mesh) for TEM and holey carbon grids for HRTEM 

analyses. A JEOL 1400 TEM and JEOL 2100 HRTEM were used for respective analyses, at 

an accelerating voltage of 120 kV and 200 kV, respectively. For TEM, a Megaview III 

camera was used and the images were captured using iTEM software. For HRTEM, a Gatan 

camera and Gatan software were used. 

2.2.6.9. Scanning electron microscopy (SEM) and Energy dispersive X-ray analysis 

  (EDX) 

 The SEM and EDX measurements of the as-deposited thin films were performed on a 

Philips XL 30 FEG (at 10 kV) and DX4 detector (at 20 kV), respectively. The films were 

carbon-coated by using Edward’s E306A coating system, prior to the analyses. The analyses 

were carried out at the School of Material Science, University of Manchester, United 

Kingdom. 

2.2.6.10. Atomic Force Microscopy (AFM) 

 Atomic force microscopy (AFM) analyses of the as-deposited CdS thin films 

were carried out on a Bruker Multimode 8 instrument (School of Chemistry, 

University of Manchester, United Kingdom), and a Bruker Inova (Chemistry 

Department, University of Zululand, South Africa). 

2.3.  Results and discussion 

2.3.1.  Single crystal X-ray crystallography structures of complex (1) and (3) 

The ORTEP crystal structure of bis(piperidinedithiocarbamato)cadmium(II), complex (1), is 

shown in Figure 2.2 while the accompanying crystal data and selected bond parameters are  

provided in Table 2.1 and Table 2.2, respectively. The complex crystallizes in the triclinic 

crystal system, with space group Pī and Z=2. The structure exhibits a dimeric compound with 

each of the Cd centre chelated to two DTC ligands through their S atoms. Two S atoms from 
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two separate DTC ligands form µ3-S bridges between the two Cd atoms and a C-atom of each 

of the ligands, thus forming a square pyramidal geometry, Figure 2. The Cd-S bond lengths 

range from 2.513 to 2.971 Å. The shorter Cd-S bond distances (2.513 – 2.515 Å) lie in the 

range consistent to Cd-S bond distances in pentacoordinate complexes (range 2.511-2.518A) 

[34], shorter than values reported for four-coordinate complexes (2.5274 Å) and for six-

coordinate complexes (Cd-S range 2.558-2.810Å), thus supporting the involvement of Cd in 

electron delocalization [34,35]. The longer Cd-S bond lengths involving the µ3-S are longer 

than those observed for six-coordinate complexes. The 

bis(tetrahydroquinolinedithiocarbamato)cadmium(II)complex (2) did not give the crystals of 

good enough quality  for X-ray single structure elucidation.   

Table 2.1. Crystal Data and Structural Refinement Parameters for complex (1) and (3) 

Complex (1) (3) 

Formula C24H40Cd2N4S8 C17H25CdN3S4 

Mr 865.88 512.04 

Cryst Syst Triclinic Monoclinic 

Space group P-1 P2(1)/c 

a (Å) 8.7196(4) 8.8114(4) 

b (Å) 12.5000(9) 9.8021(5) 

c (Å) 15.9023(8) 24.4201(11) 

α (deg) 80.328(5) 90 

β (deg) 89.921(4) 95.928 (2), 

γ (°) 72.778(5) 90 

V (Å3) 1629.86(16) 2097.89 (17) 

Z, Calculated density (D) 2, 1.764 Mg m−3 4, 1.621 Mg m−3 

Temperature (K) 100(2)  180(2)  

Refinement method Full-matrix least-squares on 

F2 

Full-matrix least-squares on 

F2 

Reflections collected 

/unique 

9866/5919, 

[R(int)=0.0566] 

10171/3882 

[R(int) = 0.0534], 

Final R indices [I > 2σ(I)] R1 = 0.0613, wR2 = R1 = 0.0349, wR2 = 0.0870 
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0.1649 

R indices (all data) R1 = 0.0751, wR2 = 

0.1736 

R1 = 0.0365, wR2 = 0.0882 

largest diff. peak and hole 2.189 and −1.473 eÅ-3 0.830 and −0.571 eÅ3 

GOF 1.101 1.048 

 

Table 2.2 Selected bond lengths (Å) and angles (deg) for complex (1) 

Cd(1)-S(2) 2.513 (2) S(2)-Cd(1)-S(3) 130.86 (9) S(7)-Cd(2)-S(5) 135.70 (9) 

Cd(1)-S(3) 2.514 (2) S(2)-Cd(1)-S(1) #1 104.79 (8) S(7)-Cd(2)-S(8) #2 102.53 (8) 

Cd(1)-S(1) #1 2.576 (2) S(3)-Cd(1)-S(1) #1 121.58 (8) S(5)-Cd(2)-S(8) #2 119.90 (8) 

Cd(1)-S(4) 2.640 (2) S(2)-Cd(1)-S(4) 112.54 (8) S(7)-Cd(2)-S(6) 110.91 (8) 

Cd(1)-S(1) 2.971 (2) S(3)-Cd(1)-S(4) 70.60 (7) S(5)-Cd(2)-S(6) 70.00 (7) 

Cd(2)-S(7) 2.514 (2) S(1) #1-Cd(1)-S(4) 106.96 (7) S(8) #2-Cd(2)-S(6) 107.20 (7) 

Cd(2)-S(5) 2.515 (2) S(2)-Cd(1)-S(1) 65.70 (7) S(7)-Cd(2)-S(8) 66.31 (7) 

Cd(2)-S(8) #2 2.568 (2) S(3)-Cd(1)-S(1) 97.91 (7) S(5)-Cd(2)-S(8) 97.20 (7) 

Cd(2)-S(6) 2.677 (2) S(1) #1-Cd(1)-S(1) 88.86 (7) S(8) #2-Cd(2)-S(8) 93.35 (6) 

Cd(2)-S(8) 2.917 (2) S(4)-Cd(1)-S(1) 163.67 (7) S(6)-Cd(2)-S(8) 159.19 (7) 
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Figure 2.2. Single X-ray crystal structure of bis(piperidinedithiocarbamato)cadmium(II) 

complex (1). CCDC reference number 1008839. 

  The single-crystal X-ray structure of 

bis(piperidinedithiocarbamato)pyridinecadmium(II),  complex (3), is shown in Figure 

2.3. There are three coordinating ligands of two different molecules in the symmetric 

unit of the complex. The pentacoordinated, mixed-ligand complex shows the Cd centre 

bonded to 4 × S and 1 × N atoms, from two pip-dtc and pyridine ligands, respectively. 

A square pyramidal geometry is observed. The bond lengths of Cd-S range from 

2.5648 to 2.6684 Å, which are longer than that of Cd-N (2.320 Å). Two of the Cd-S 

bond lengths are relatively longer than the other two in each dithiocarbamato ligand as 

observed previously [36]. Structural refinement data are given in Table 2.1; selected 

bond angles and lengths are presented in the caption to Figure 2.3. 
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Figure 2.3. The X-ray single crystal structure of bis(piperidinedithiocarbamato)cadmium(II) 

complex (3). Selected bond lengths (Å) and bond angles (o): Cd(1)-N(3) 2.320(2), Cd(1)-S(3) 

2.5648(7), Cd(1)-S(2) 2.5758(7), Cd(1)-S(1) 2.6322(7), Cd(1)-S(4) 2.6684(7), N(3)-Cd(1)-

S(3) 107.57(6), N(3)-Cd(1)-S(2) 111.32(6), S(3)-Cd(1)-S(2) 106.77(2), N(3)-Cd(1)-S(1) 

102.46(6), S(3)-Cd(1)-S(1) 148.57(2), S(2)-Cd(1)-S(1) 69.65(2), N(3)-Cd(1)-S(4) 94.03(6), 

S(3)-Cd(1)-S(4) 69.25(2), S(2)-Cd(1)-S(4) 153.95(2), S(1)-Cd(1)-S(4) 99.90(2). CCDC 

reference number 984434. 

2.3.2.   Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) gives insight into the thermal stability and 

decomposition pattern undergone by precursors, as well as the product formed after complete 

decomposition. A single-step decomposition pattern is observed for piperidine (1) and 

tetrahydroquinoline (2), displaying a weight loss of 64.9% (decomposed organic matter calc. 

to afford CdS = 66.6 %) at 331 °C and 70.9 % (calc. = 72.7 %) at 320 °C, respectively (Figure 

2.4). The final residues 35.1 % and 29.1 % were close to 33.4 and 27.3 %, calculated for the 

anticipated CdS obtained from complexes (1) and (2), respectively.  

The thermogram of the pyridine adduct (3) reveals a two-step decomposition curves 

between ca. 130 °C and 320 °C (Figure 2.4). The first decomposition is attributed to the loss 

of the pyridine ligand, confirmed by the weight percentage loss of 14.1 %. The remaining 

residue amounts to 31 %, close to the calculated value of 28 % equivalent to the anticipated 

CdS. The EDX analysis of the residue suggested a small amount of carbon contamination, 
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which may explain the higher experimental values obtained. This contamination may be due 

to the bulky organic moiety of the ligands which does not give a clean decomposition. 
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Figure 2.4. Thermogravimetric analysis (TGA) plots of complexes (1), (2) and (3) at a 

heating rate of 10 oC/min under inert N2 atmosphere. 

2.3.3.   Optical properties of CdS thin films  

The room temperature UV–Vis absorption spectra of the CdS thin films (Figure 2.5) 

were recorded in the range 320-800 nm, using glass substrate as a reference. The energy band 

gaps (Eg) were calculated from the corresponding Tauc plots (Inset Figure 2.5). The blue 

shift in absorption edge is clearly observed from the UV–Vis absorption spectra, when CdS 

thin films were deposited using complex (1). An increase in the deposition temperature from 

350 °C to 450 °C influences the band gap of the CdS thin films (Figure 2.6). The average 

band gap energy of the films was estimated to be 2.38 ± 0.04 eV from the Tauc plots [37]. 

These observations are similar to those of CdS thin films deposited from complex (2), 
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however the absorption peaks were not as prominent as those from complex (1) (Figure 2.6). 

The photoluminescence (PL) properties of the thin films from complex (1) were also 

investigated at 380 nm excitation wavelength; a blue emission peak at 483 nm with FHWM 

of 9 nm is observed (Figure 2.7). The broad, red emission peak observed between 520 and 

545 nm is due to electron-hole traps (surface defect emission from sulfur vacancies) [38]. It 

could also be related to microstructure imperfection and lattice defects of the CdS thin films 

[39]. 

 

Figure 2.5. UV visible absorption spectra of CdS films deposited on glass substrate using 

complex (1) at (a) 350 °C, (b) 400 °C and (c) 450 °C (Inset: Tauc plot showing the estimated 

optical band gap of 2.38 ± 0.04 eV). 
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Figure 2.6. UV visible absorption spectra of CdS films deposited on glass substrate using 

complex (2) at (a) 350 °C, (b) 400 °C and (c) 450 °C. 
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Figure 2.7. Photoluminescence emission spectra of CdS thin films deposited from complex 

(1) at (a) 350 °C, (b) 400 °C and (c) 450 °C (λexc = 380 nm). 
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The UV-Vis absorption spectra of the CdS thin films deposited from an adduct complex (3) 

are shown in Figure 2.8. The sharp absorption edges of the samples at ca. 516 nm confirm the 

energy of the optical band gap. The optical features of the CdS films were not significantly 

affected by deposition temperature, with an excitonic peak around 496 nm (2.5 eV); the band 

gaps estimated from Tauc plot ( inset Figure 2.8) are commensurate with those previously 

reported for CdS thin films [40,41]. The variation of the fluorescence spectrum of the CdS 

thin films with reaction temperature is shown in Figure 2.9. There is one narrow, sharp 

emission peak in the photoluminescence (PL) spectrum due to excitonic emission for the CdS 

films deposited at 350 °C, which is also located around 510 nm at the deposition temperature 

of 400 °C. The sharp excitonic emission peaks located near the absorption edge of the films 

are due to fewer surface trap states [42]. CdS thin films deposited at 450 °C display a much 

more undefined and broader emission 

profile.

 

Figure 2.8. UV-vis absorption of CdS thin films deposited using an adduct complex (3) by 

AACVD at (i) 350 °C, (ii) 400 °C and (iii) 450 °C. Inset: Tauc plot showing the estimated 

optical band gap (2.4 ± 0.2 eV).  
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Fig. S1. Photoluminescence emission spectra of CdS thin films deposited at (i) 350, (ii) 400 and 

(iii) 450 
o
C (λexc = 350 nm).  Spectra are corrected for instrument response. 

 

Figure 2.9. Photoluminescence emission spectra of CdS thin films deposited using adduct 

complex (3) at (i) 350 °C, (ii) 400 °C, and (iii) 450 °C (λexc = 350 nm).  Spectra are corrected 

for instrument response. 

The Raman spectra of CdS thin films of complexes (1) and (2) are shown in Figure 

2.10 and 2.11.  The typical peaks of the longitudinal optical (LO) modes of CdS are evident 

from the Raman spectra. The fundamental frequencies at 297.5 and 599 cm-1 correspond to 

the 1LO and 2LO of the bulk hexagonal CdS system [43,44], while the deposited CdS thin 

films have 1LO and 2LO at 299 and 603 cm-1 respectively. The shift in peak position of CdS 

thin films towards lower wavelength side was noted. Recently, it has been reported that 

phonon confinement, strain, defects and broadening associated with the size distribution, 

were important factors which affect the phonon properties [45]. As a result of the phonon 

confinement and strain effect, we observed the shift in 1LO and 2LO peak positions of CdS 

nanoparticles with respect to the bulk CdS. 
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Figure 2.10. Raman spectra of CdS thin films deposited by using complex (1). 

 

Figure 2.11. Raman spectra of CdS thin films deposited by using complex (2). 
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2.3.4.   Powder X-ray diffraction  

The powder X-ray diffraction (p-XRD) patterns of the CdS thin films deposited from 

complex (1), at the three different temperatures, are presented in Figure 2.12. The three 

dominant peaks in all diffraction patterns can be assigned to the (100), (002), (101) 

reflections of pure hexagonal CdS phase (card # 01-077-2306). The particle sizes were 

calculated using Scherrer equation reported elsewhere [46] and were found to be 57.37 nm 

(350 oC), 63.57 nm (400 oC) and 72.97 nm (450 oC) from the most prominent peak (101). A 

similar diffraction pattern was observed when complex (2) was used, where the hexagonal 

phase of CdS was dominant (Figure 2.13). Furthermore, the high intensity of (002) peak in p-

XRD patterns of CdS thin films deposited from complex (2) indicated that the particles 

preferably grow along the c-axis, while films grown from complex (1) prefers (101) plane. 

 

Figure 2.12. p-XRD patterns of CdS films deposited on glass substrate using complex (1) at 

(a) 350 oC, (b) 400 oC and (c) 450 oC. 
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 The films deposited from complex (3) were analyzed using similar parameters to 

those from complex (1) and (2); Cu Kα (λ = 1.5406 Å) radiation was used. The diffraction 

patterns matched the greenockite (hexagonal) CdS structure (JCPDS card no 04-002-3090), 

Figure 2.14. The seven reflections at 2θ, from 20 to 80°, correspond to the (hkl) planes (100), 

(002), (101), (102), (110), (103) and (112) respectively.  There are no signs of any crystalline 

impurities such as CdO, elemental Cd and S. 
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Figure 2.13. Powder X-ray patterns of CdS films deposited using complex (2). 
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Figure 2.14. The p-XRD pattern of greenockite CdS thin films deposited using an adduct 

complex (3) by AACVD. 

2.3.5.   SEM and EDX analyses  

The scanning electron microscopy (SEM) micrographs of the CdS films deposited 

from complex (1) exhibit a uniform morphology, Figure 2.15. From the images, it can be 

seen that the coverage area was approximately 100 % at the substrate temperature of 450 oC, 

while at lower temperature (350 and 400 oC) the coverage of the deposited films varied from 

80 – 90%. Increasing the deposition temperature resulted in an increase in nucleation and 

deposition rates; particle sizes range from 55 – 75 nm and 90 – 110 nm for films deposited at 

350 °C and 450 °C, respectively. The thickness of the film deposited at 450 °C was estimated 

to be ca. 615 nm (Figure 2.15d). 
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Figure 2.15. The SEM images of CdS films deposited on glass substrate using complex (1) at 

deposition temperatures (a) 350 °C, (b) 400 °C and (c) 450 °C, and (d) cross section 

(thickness) of the CdS films obtained at 450 °C. 

The SEM images of the films deposited from complex (2) display a remarkable 

difference in both grain size and uniformity as the temperature was varied from 350 – 450 °C 

(Figure 2.16). The films deposited at 450 °C show relatively smaller, spherical-like 

aggregated particles of ca. 100 nm average size. At 400 °C and 350 °C deposition 

temperatures, cubic to spherical-like aggregated particles were obtained, with particle sizes 

relatively larger, in the 160 – 220 nm range. The EDX microelemental measurements 

indicated that the average atomic ratio of Cd:S is 1, in all cases. A representative spectrum is 

provided in Figure 2.16 (d), 
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Figure 2.16. The SEM images of CdS films deposited on glass substrate by AACVD using 

complex (2) at deposition temperatures (a) 350 °C , (b) 400 °C, (c) 450 °C, and (d) the 

representative EDX spectrum of film deposited at 350 °C. 

 The SEM studies show that the morphology of the as-deposited films from an 

adduct complex (3) changes with deposition temperature. The films deposited at 350 

°C exhibit truncated cube-like particles with an average size of 310 nm (Figure 2.17). 

The films deposited at 400 °C show different morphological features which range 

from spherical-like particles to hexagonal-like columns; the feature are averagely sized 

at 200 nm and 500 nm, respectively. There is a further change of morphology on films 

deposited at 450 °C; close to spherical granules are obtained. The EDX microanalysis 

confirmed the stoichiometric ratio Cd:S of 1.0 for films deposited at 350 °C, while Cd-

rich films are obtained at 400 °C and 450 °C due to 1.1 stoichiometric ratio obtained 

(Table 2.3). 
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Figure 2.17. The SEM images of CdS thin films deposited at (a) 350 °C, (b) 400 °C and (c) 

450 °C.  

Table 2.3.  EDX analysis (atomic %) of CdS thin films at three different deposition 

temperatures. 

Temperature (°C) Cd at% S at% Cd/S ratio 

350 50.4 49.6 1.0 

400 51.5 48.5 1.1 

450 53.0 47.0 1.1 

 

2.3.6.   Atomic Force Microscopy 

Representative AFM analyses from the films deposited using precursor (1) and (2) at 

different temperatures are shown in Figure 2.18 and 2.19. The film deposited at 350 °C 

consists of continuous film, composed of columnar and uniform nanosized grains, while the 
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films deposited at 450 °C are slightly uniform, spherical crystallites with the typical root-

mean-square roughness (Rq) of 17.65 and 23.36 nm at deposition temperatures 300 and 450 

°C, respectively. The increase in surface roughness with increasing deposition temperature is 

associated with an increase in grain size. Similarly, well-defined and densely packed isolated 

nanocrystallites were observed from films deposited at 350 °C when complex (2) was used 

(Figure 2.19), while relatively larger non-uniform crystalline grains were obtained at 450 oC 

with root-mean-square roughness (Rq) of 29.86 nm and 38.70 nm at deposition temperature 

300 oC and 450 oC, respectively. 

 

Figure 2.18. The 2D and 3D AFM height profiles of CdS thin films deposited by 

AACVD at (a and b) 350 °C and (c and d) 450 °C using complex (1). 
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Figure 2.19. The 2D and 3D AFM height profiles of CdS thin films deposited by 

AACVD at (a and b) 350 °C and (c and d) 450 °C using complex (2). 

 The surface topography of the films deposited from complex (3) show the 

presence of uniform and relatively smoother surface morphologies, characterized by 

well-interconnected spherical crystallites. The typical root-mean square roughness 

(Rq) was 16.9 nm, 17.8 nm and 22.7 nm at deposition temperatures of (a) 350 °C, (b) 

400 °C and (c) 450 °C, respectively. The increase in surface roughness with increasing 

deposition temperature is associated with an increase in grain size. It is evident that the 

deposition temperature of the thin film modifies the grain sizes as well as the surface 

roughness. An even and regular morphology is required for respectable performance in 

photovoltaic devices [47]. 
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Figure 2.20. 2-D and 3-D AFM images of CdS thin films using complex (3) deposited by 

AACVD at (a and b) 350 °C, (c and d) 400 °C and (e and f) 450 °C. 

 

 

 

 



 

68 

 

2.3.7.   CdS nanoparticles from complex (3) 

2.3.7.1. Optical properties of CdS nanoparticles 

The effect of reaction temperature on the optical absorption of CdS 

nanoparticles has been investigated. The absorption and photoluminescence (PL) 

emission spectra for the as-synthesized CdS nanoparticles are shown in Figure 2.21A 

and B, respectively. Reaction time produced negligible effects in the optical spectra; 

samples were collected after 1 and 2 hours reaction times. 

The UV-Vis absorption spectrum for CdS nanoparticles synthesized at 190 °C 

reveal a sharp absorption band edge at 468 nm (Figure 2.21A). Generally, 

semiconductor nanoparticles exhibit two emission peaks. The first sharp peak near the 

absorption edge of the particle is attributed to excitonic emissions, while the other 

broad and relatively Stokes-shifted peak is due to deep trap emissions [48,49].  The 

corresponding PL spectrum of the as-synthesized nanoparticles shows similar features; 

a narrow band edge emission peak with a maximum at 478 nm was observed (Figure 

2.21A). The bathochromic shift observed is typical for nanostructured semiconductors 

[50,51]. There is also a weaker broad emission peak observed in the 560–670 nm 

region, which most likely results from electron-hole recombination from surface 

defects.  

The absorption features of nanoparticles synthesized at 230 °C and 270 °C are less 

prominent than those from 190 °C. The band edge for nanoparticles synthesised at 230 °C is 

observed at 479 nm, while the red-shifted absorption peak observed at 496 nm is the band 

edge of nanoparticles synthesised at 270 °C.  

The formation of CdS nanocrystals was also monitored with UV–Vis absorption 

spectroscopy. The growth of the nanoparticles can be tracked through bathochromical shifts 

in the bandgap absorption edges.  Upon increase of the reaction temperature from 190 °C to 

270 °C, the growth rate of the CdS nanocrystals is increased. A potential reason for this 

phenomenon could be that higher reaction temperature results in the formation of irregular 

nanoparticles with reduced crystallinity due to random, faster nucleation and with the rapid 

growth affecting the ligand configuration at the nanocrystal surface [48]. 
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Figure 2.21. (A) UV-vis absorption (blue) and PL (red) spectra of HDA capped CdS 

nanoparticles at 190 °C and (B) combined UV-vis absorption spectra for CdS nanoparticles 

synthesized at (i) 190 °C, (ii) 230 °C and (iii) 270 °C reaction temperatures. PL spectra are 

corrected for instrument response. 
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2.3.7.2.  Transmission electron microscopy and High Resolution TEM 

The TEM and HRTEM images of the CdS nanoparticles are shown in Figure 2.22(a)-

(f). Rod-shaped nanoparticles were obtained at 190 °C growth temperature, with length of 

64.38 ± 4.62 nm, width of 5.20 ± 0.98 nm and an aspect ratio of 12.38, Figure 2.22(a). 

Similar morphologies were obtained when [Cd(S2CNC5H10)2] is used as a single source 

precursor, formation of multiple-armed rods are observed [9-11]. When the reaction 

temperature was increased to 230 °C (Figure 2.22c), rods with a reduced average length of 

24.84 ± 4.42 nm and width of 6.58 ± 1.02 nm were obtained.  The particles synthesized at 

230 °C have lattice fringes with a d-spacing of 3.15 Å, corresponding to the (002) plane of 

hexagonal CdS (Figure 2.22d).   The nanoparticles evolved from rods to an oval-shaped 

morphology when growth temperature is increased to 270 °C; particle size diameters range 

from 16.8 to 23.3 nm (Figure 2.22e). Thus, the aspect ratio of the nanorods decrease with 

increase in growth temperature [48]. The oval-shaped particles exhibit lattice fringes with a 

d-spacing of 3.13 Å, corresponding to the (002) basal plane of hexagonal CdS (Figure 2.22f).  

In summary, CdS nanoparticles synthesized at higher temperature, favour the thermodynamic 

growth regime resulting in isotropic particles (spherical and cubes) while CdS nanoparticles 

synthesized at lower temperatures favour non-equilibrium kinetic growth regime and yields 

anisotropic particles (rods) [49]. 
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Figure 2.22. The TEM and HRTEM images of HDA-capped CdS nanoparticles 

synthesized by thermolysis of [Cd(S2C(NC5H10))2(NC5H5)] at temperatures of (a-b) 

190 °C, (c-d) 230 °C and (e-f) 270 °C. 
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2.3.7.3.   Powder X-ray diffraction  

The p-XRD patterns of the CdS nanoparticles are shown in Figure 2.23, and 

could all be indexed to the hexagonal phase of hexagonal CdS (Card number: 03-065-

3414). Diffraction peaks at 2θ = 24.80°, 26.32°, 28.12°, 43.70°, 47.82° and 51.82° are 

indexed to (100), (002), (101), (110), (103) and (112) planes of hexagonal CdS, 

respectively. The narrow peak (002) of high intensity indicate that the nanoparticles 

were elongated along the c-axis [21].  
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Figure 2.23. The pXRD patterns of the hexagonal CdS nanoparticles using an adduct 

complex (3). Patterns are offset in y for clarity.  
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2.4.  Conclusion 

In this chapter, the Cd-DTC single source precursors of piperidine (1) and 

tetrahydroquinoline (2), as well as pyridine adduct of piperidine (3), have been synthesized 

and fully characterised; single crystal X-ray structures for complex (1) and (3) were 

elucidated. Deposition of cadmium sulfide thin films by aerosol assisted chemical vapour 

deposition using these complexes, at different deposition temperatures, showed that the 

growth of the corresponding thin films were temperature-dependant. The morphologies of the 

as-deposited films showed that the thin films become increasingly dense with increase in 

temperature. The p-XRD studies confirm the formation of hexagonal CdS thin films, while 

morphological studies have suggested well-defined morphologies and adequate Cd:S 

elemental ratios.  

The HDA-capped nanoparticles synthesized from an adduct complex (3) at 

temperatures of 190 – 270 °C, predominantly gave rod-shaped morphology at lower reaction 

temperatures, whereas oval-shaped particles were observed at higher reaction temperatures. 

The effect of temperature further showed a bathochromical shifts in the band gap absorption 

edges. The band gaps were observed to vary between 2.54 eV and 2.43 eV. 
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CHAPTER THREE 

HETEROCYCLIC DITHIOCARBAMATO-LEAD(II)  COMPLEXES: 

SINGLE-SOURCE PRECURSORS FOR LEAD SULFIDE THIN FILMS 
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3.1.   Introduction  

 Lead sulfide (PbS) is among the group IV-VI semiconducting materials which have 

received considerable attention over the past decades, owing to their tuneable electronic and 

morphological properties [1-3]. Because of its small effective mass, PbS shows unique 

quantization effect properties which are accompanied by a direct band gap of 0.41 eV at 300 

K, and a large excitonic Bohr radius of 18 nm [4-6]. Studies mainly involved improvement of 

these features, and this could be achieved by simply reducing the particle sizes down to the 

nanometre scale. [7-9]. The resulting crystalline PbS semiconducting nanomaterials are found 

to exhibit interesting physical and chemical properties as the particle size decreases.  

 The ability to tune its broad band edge which is found within Near Infrared (NIR) to 

Ultra Violet visible (UV-Vis) range through particle size and morphology manipulations is an 

important feature for optoelectronic devices which allow them to harness energy within this 

broad range [10,11].  As a result, PbS nanomaterials may be useful in fields such as solar 

cells [12], NIR communication [11,13], thermal and biological imaging [14], tunable near 

infrared detectors [15] and electroluminescent devices such as   light-emitting diodes (LEDs) 

[16]. In addition, lead sulfide nanomaterials are expected to have exceptional third-order 

nonlinear optical properties [17] and may thus be useful in optical devices such as optical 

switches. 

 Apart from particle size manipulations, PbS nanomaterials have been found to exist in 

different morphologies which include cubes [18], octahedrons [19], dendrites [20] and star-

hierarchical shapes [21]. These have been achieved through fabrication protocols such as gas 

phase syntheses [22], sonochemical approach [23], solvothermal decomposition [24], 

ultrasonic irradiation [25] and hydrothermal methods [26-28].  The fabrication protocols can 

utilize either multiple or single source molecular precursors (SSPs) [28-30]. The latter has 

been preferred for size and shape-controlled fabrication, due to high quality materials 

obtained [26,27,31].  This is easily achieved through the decomposition or disintegration of 

the SSPs, which is usually an organometallic compound bearing preformed metal-chalcogen 

bonds.  

 Dithiocarbamates [5], xanthates [31] and thiourea [28] are among known SSPs which 

have been used to prepare high quality PbS nanomaterials. Furthermore, several studies on 
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the deposition of lead sulfide thin films using single source precursors have also been 

reported. O’Brien group has extensively studied the deposition of PbS thin films by aerosol 

assisted chemical vapour deposition (AACVD) using alkyldithiocarbamato and 

dichalcogenoimidodiphosphinato lead complexes [32-34]. In one of the studies [32], it was 

found that the length of alkyl chain had an effect on the crystallinity of the deposited PbS thin 

films. Clark et al. also generated PbS nanocubes by AACVD using a series of xanthate 

lead(II) complexes on different substrates (glass, Mo-coated glass and Si) when decomposed 

under an autogenerated pressure at 350 °C [35].  

 The design and development of a simple technique that is able to fabricate very pure, 

high quality and tunable morphology thin films is therefore important and pressing. 

Therefore, in this chapter, the  synthesis of two complexes namely; bis-

(piperidinedithiocarbamato)lead(II) (4) and bis-(tetrahydroquinolinedithiocarbamato)lead(II) 

(5) complexes is presented. These complexes have been used as single-source precursors 

(SSPs) for the deposition of lead sulfide (PbS) thin films by aerosol-assisted chemical vapour 

deposition (AACVD) and spin coating methods. Various parameters such as temperature 

have also been varied and studied. 

3.2.  Experimental 

3.2.1  Materials and method 

Lead(II) acetate trihydrate 99.999 %, acetone and chloroform were purchased from Sigma-

Aldrich and all chemicals were used without further purification. 

3.2.2.  Synthesis of ligands and complexes 

 Organic salts of sodium piperidine and/tetrahydroquinolinedithiocarbamato 

ligands were prepared according to procedures reported in literature [5] and were then 

converted to the corresponding lead(II) complexes by salt metathesis. A brief description of 

the synthesis of complexes is given below. 

 This preparation was carried out under an inert atmosphere of dry nitrogen using 

a standard Schlenk line. To an aqueous solution of Pb(CH3COO2)2.3H2O (1.897 g, 5.0 mmol) 

(25 mL), was added drop-wise in an aqueous solution of the ligand, NaC6NS2H10 or 

NaC10NS2H10 (1.833 g or 2.313 g, 10.0 mmol) dissolved in a minimal amount of water, under 
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vigorous stirring. The reaction mixture was stirred for a further 1 h before the solution was 

filtered. The remaining black coloured solids were washed with deionized water and dried 

under vacuum overnight.  

3.2.3.   AACVD of lead sulfide thin films 

 Lead sulfide thin films were deposited on glass substrates by AACVD using precursor 

(4). The AACVD assembly is similar to that described in chapter two with few modifications. 

The glass substrates were ultrasonically cleaned in distilled water and acetone and then stored 

in ethanol prior to use. In a typical deposition procedure, aerosols of the desired complex 

from its 15 mL solution (chloroform) are generated at room temperature using an ultrasonic 

humidifier operating at a frequency of 50 Hz. Argon was used as a carrier gas to transport the 

aerosols to the reactor chamber at a flow rate of 160 mL min-1. Deposition processes were 

conducted for 30 minutes.  

3.2.4. Spin coated deposition of lead sulfide thin films 

 In a typical deposition of PbS thin films, 0.25 mM of (4) or (5) was dissolved in 

chloroform (1.5 mL). The glass slides were cleaned by sonication in acetone and allowed to 

dry at room temperature. The solution was carefully spin coated onto a glass slide (20 x 15 

mm) to fit the spin coater. The coated glass substrates were then spun at a speed of 1000 rpm 

for 120 seconds. Brewer Science spin coater (Model 200X) was used. The resulting films 

were allowed to dry and then loaded into a quartz tube for heating. The coated slides were 

then annealed at 350 to 500 °C under argon gas for 60 minutes. The furnace was held at the 

chosen temperature for the specified time, and once this time had elapsed the furnace was 

turned off and the tube allowed to return to room temperature. 

3.2.5.  Characterization techniques  

3.2.5.1. Scanning electron microscopy (SEM) and Energy dispersive X-ray  

  spectroscopy  (EDX) 

 A Zeiss Ultra Plus FEG SEM was used for the surface morphology analysis at 10 kV, 

equipped with an Oxford detector EDX at 20 kV which uses Aztec software for elemental 

analysis. Samples were carbon coated using Quorum coater (Model Q150TE) prior to SEM 
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characterization. All other analytical techniques were similar to those detailed in chapter two 

of this thesis. 

3.3.  Results and discussion 

3.3.1.   Single source precursors 

 The purity of all compounds was checked by elemental analysis, infra-red and proton 

NMR analyses. All the complexes were air and moisture stable at room temperature for long 

periods. Attempts to grow good quality crystals for single crystal X-ray structure studies of 

both complexes (4) and (5) were unsuccessful, partly due to poor solubility of the complexes 

in most of the organic solvents. The compounds were found to be soluble in DMSO and 

partially soluble in organic solvents such as chloroform and dichloromethane.  

Complex (4): Yield 78.5 %. 1H NMR (400 MHz, CDCl3): δ 2.07 (m, 8H, 3-CH2), 2.71 (t, 4H, 

4-CH2), 4.50 (t, 8H, 2-CH2). Elemental analysis for Pb(C6 H10NS2)2: obs. (Calc): C 27.31 

(26.41), H 3.82 (4.06), N 5.31 (5.13). IR υ(O–H): 2937 cm−1, υ(C=S): 974 cm−1, υ(C=N): 

1465 cm−1, υ(Pb–S): 408 cm−1. 

Complex (5): Yield 83.6 %. 1H NMR (400 MHz, CDCl3): δ 2.10 (m, 4H, 3-CH2), 2.80 (t, 4H, 

4-CH2), 4.30 (t, 4H, 2-CH2), 7.26-7.92 (m, 8H, Ar-H). Elemental analysis for Pb(C10 

H10NS2)2: obs. (Calc): C 38.77 (38.51), H 3.39 (3.23), N 4.47 (4.49). IR υ(O–H): 3038 cm−1, 

υ(C=S): 964 cm−1, υ(C=N): 1485 cm−1, υ(Pb–S): 367 cm−1. 

 The thermal gravimetric analysis (TGA) curves of complexes (4) and (5) are shown in 

Figure 3.1. TGA curve of complex (4) showed one-step decomposition behaviour at 338 °C 

whereas complex (5) showed a two-step decomposition pattern. Complex (4) displays a 

weight loss of approximately 52.4 %, the residue weighing approx. 47.6 % is higher than the 

theoretical value (45.3 %), which could be due to carbonaceous deposition. The first stage 

decomposition (249 °C) in the TGA thermogram of complex (5) could be a result of the 

detachment of one bulk ligand (-C9NH10). The second weight loss (51.4 %) is due to partial 

decomposition of the organic moiety resulting in a residue amounting to 48.6 %, higher than 

the calculated value (38.4 %) of PbS, and this could be due to formation of carbonaceous 

matter or Pb(SCN)2. 
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Figure 3.1. Thermogravimetric analysis (TGA) of complexes (4) and (5) at a heating rate of 

10 C/min under nitrogen with a flow rate of 10 cm3/min. 

3.4.2.   AACVD of PbS thin films 

 Thin films of lead sulfide were deposited on glass substrates by AACVD at 350, 400 

and 450 oC using chloroform as solvents. The films produced were characterized by scanning 

electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, powder X-ray 

diffraction (p-XRD) and optical absorbance spectroscopy. Only complex (4) was used to 

deposit thin films by AACVD, as complex (5) could not dissolve in most of the organic 

solvents. 

 The UV-vis NIR absorption spectrum of the PbS thin film deposited at 350, 400 and 

450 °C is shown in Figure 3.2.  The as-deposited thin films absorb light in the visible and 

near-infrared spectral regions. The deposition at 350 and 400 °C displays a sharp absorption 

peak which is typical of material exhibiting quantum confinement effect; a band gap of 1.55 

eV was estimated from Tauc’s plots [36] (Inset: Figure 3.2). The films deposited at 450 °C 
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exhibited red shifted absorption properties (~1.32 eV) compared to that of 350 and 400 °C. 

The blue shift was observed for the absorption spectra as compared to the bulk counterpart 

(0.41 eV) [37], revealing high optical performance of the films in the visible and infrared 

region. The significant blue shift of band gap observed from the bulk value reveals that the 

films exhibit quantum size effects, however the sizes of the films are larger than the Bohr 

radius (18 nm) of PbS. Lead sulfide has the rock salt crystal structure and its band structure is 

complicated by large relativistic splitting. The optical behaviour of the deposited films 

reveals that the absorption properties are temperature and size dependant. 

 
Figure 3.2. UV-Vis-NIR absorption spectra of PbS thin films deposited at 350, 400 and 450 

°C using complex (4). Inset: Tauc plot showing the estimated optical band gap of the 

deposited PbS films. 

 The surface morphology of the as-prepared thin films was investigated by field 

emission gun scanning electron microscopy (FEGSEM). The images of PbS films in Figure 

3.3 deposited using complex (4), show the growth of randomly oriented nanorod-structures, 

bipods or T-shaped features in a zigzag fashion at 350 °C. The formation of nanorod PbS 
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films is unusual phenomenon and few or no data documented on the formation of nanorod 

PbS thin films. The films deposited at 400 °C (Figure 3.3b) indicate formation of much larger 

nanorods to cubes, growing upward/radially oriented. The results are similar to literature data 

[33], where [Pb((SPiPr2)2N)2] was used as single-source precursors to grow lead sulfide thin 

films by LP-MOCVD on glass substrates. The films deposited at 450 °C exhibit completely 

different morphologies as shown in Figure 3.3(c). The films deposited at 450 °C are compact 

cube like nanostructured with sizes ranging from 150 to 220 nm. The films size increased 

with an increase in deposition temperature. The morphologies obtained from this study are 

different to those of a recent report on PbS thin films which were deposited using 

symmetrical and unsymmetrical alkyldithiocarbamato complexes [32]. Thus these findings 

suggest that, the structure of the starting material influences the structure of the final 

deposited thin films. Table 3.1 shows the elemental composition of several areas of the 

deposited films measured using the EDX spectroscopy. The typical compositions of PbS 

nanomaterials are observed whilst increasing the temperatures produced slightly sulfur 

deficient PbS films. Other elements were due to the glass substrate used to deposit the films. 

 

Figure 3.3. Secondary electron SEM images of the lead sulfide thin films deposited using 

complex (4) at (a) 350, (b) 400, (c) 450 °C and a representative EDX spectrum (d). 
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Table 3.1.  Elemental composition of Pb and S in the thin films deposited using complex (4). 

Temp (oC) Pb (%) S (%) Pb:S 

350 50.2 49.8 1.01:1 

400 53.2 46.8 1.14:1 

450 54.1 45.9 1.18:1 

 The p-XRD patterns confirmed that the deposited films are exclusively made of PbS 

with patterns corresponding to the face centered cubic (FCC) rock-salt structure (ICDD: 5-

592). There was no phase change observed when the temperature was varied from 350 – 450 

°C. Preferred growth along the (200) plane was observed as the temperature was increased. 

The relative intensities of the peaks also increased as the temperature increased, such that the 

crystallinity of the deposited films increased as a consequence of temperature increase. The 

average crystallite size of PbS in the film was also determined from the (200) plane by using 

Scherrer formula (Equation 3.1) [38], and the sizes were 45.5 nm (350 °C), 46.1 nm (400 °C) 

and 51.2 nm (450 °C). The increase in crystallite sizes as a result of increase in temperature is 

observed. 

.......................................... 3.1 

where K is a constant (0.94) (constant K, a shape factor, that varies from 0.89 for spherical to 

0.94 for cubic particles), λ is the wavelength of the XRD, and β is the full width at half 

maximum of the diffraction peak corresponding to a particular plane crystal, which is 

obtained from the diffraction pattern in a direction perpendicular to the (200) plane.  
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Figure 3.4. p-XRD patterns of PbS thin films deposited using complex (4). 

3.3.3.    Deposition of PbS thin films by spin coating 

 An attempt to fabricate thin films was also made by a simple deposition of PbS on 

glass substrate by an approach that features multiple cycles of spin coating with a single-

source precursor solution and thermal decomposition at different temperatures. These cycles 

of spin coating and thermal decomposition were repeated, allowing for an accurate control 

over the shape of the deposited PbS deposition. The samples were annealed at 350–450 °C 

for one hour in Ar atmosphere. Very few reports have used spin coating techniques to deposit 

PbS thin films using single source precursors. Choi et al. have used multiple cycles of spin 

coating to deposit Sb2Se3 from single source precursors [39]. O’Brien and co-workers have 

also used lead(II) dithiocarbamates and xanthates complexes of varying alkyl chains to 

deposit lead sulfide within a polymer matrix to form networks of PbS nanocrystals by spin 

coating and annealing at high temperatures [40].The morphology, elemental composition and 

structure of the PbS that was formed via this approach were investigated by field emission 
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scanning electron microscopy (FESEM), energy dispersive X-ray (EDX) spectroscopy,  and 

X-ray diffraction (XRD), respectively. 

 The SEM images of PbS thin films prepared using complex (4) at different annealing 

temperatures by spin coating are shown in Figure 3.5. Thin films deposited at 350 °C show 

typical growth of close packed perfect PbS cubes of the sizes ranging from 0.5 – 1.2 µm 

(Figure 3.5a and b). Thin films deposited at 400 and 450 °C (Figure 3.5c-f) also contain the 

same loading of PbS nanocubes, but the coverage of PbS nanocubes observed in the SEM 

images appear more loose than those samples deposited at 350 °C. The samples displayed 

less size uniformity ranging from 0.7 – 1.1 µm for both temperatures. Similar morphology 

has been reported, where cubic shaped PbS thin films were deposited by LP-MOCVD when 

[Pb((SPiPr2)2N)2] was used as single-source precursors [33]. A nonclassical growth 

mechanism involving the coalescence of smaller nanocrystals to form large nanocubes may 

be expected at higher temperature [41] but this phenomenon was not observed.  

 The morphology of the PbS films differs dramatically when the annealing temperature 

was increased to 500 °C for complex (4). A mixture of dendritic structures along with some 

interlinked quasi-cube/rod shaped crystals was obtained (Figure 3.6). At this temperature, the 

oscillatory growth between the faceted growth and dissolution growth is observed. The 

growth mechanism of dendritic and star-shaped PbS nanoarchitectures has been investigated 

and reported [42-44]. However, we identified an interesting growth regime (Figure 3.6d), that 

oscillates between faceting and dissolution growth leading to shapes close to regular 

nanoarchitectures with extended length scale (rods).  The suggestion that growth of these 

particles occurs via oriented attachment between building block’s facets can be a complex 

growth mechanism to be explained at this stage. It is also well-known that for fcc structure, 

the cube is the thermodynamically stable morphology, while branched morphologies have 

been shown to be characteristic of growth in a kinetically controlled growth regime [45]. The 

influence of the temperature on the formation of the PbS structures has been investigated by 

many authors [46,47]. In this study, the morphology of the films was significantly affected by 

the temperature. Higher temperature caused more branching in the structure of the deposited 

PbS. 

 The SEM images of PbS thin films deposited using complex (5) are shown in Figure 

3.7. Thin films deposited at 350 °C (Figure 3.7a) and 400 °C (Figure 3.7b) showed 
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formations of compact thick and agglomerated spherical granules of the sizes ranging from 

140 – 180 nm are observed. As the temperature was increased to 450 °C (Figure 3.7c), a 

mixture of spherical and cubic shaped PbS were formed. A significant change in morphology 

was observed when the temperature was raised to 500 °C (Figure 3.7d and 3.7e), where 

mixed shapes of cubes, spherical and branched/flower like structures were formed.  

 Table 3.2 summarizes the findings of the elemental composition from the energy 

dispersive X-ray spectroscopy (EDX) at 20 kV. All PbS thin films were in a stoichiometric 

composition of Pb to S of nearly 1:1. The extra elements in the EDX spectrum (C and Si) are 

due to carbon coating and glass substrate. 

 

Figure 3.5. Secondary electron SEM images of the lead sulfide thin films deposited by spin 

coating using complex (4) at 350 (a) and (b), 400 (c) and (d) and 450 °C (e) and (f). 
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Figure 3.6. Secondary electron SEM images of the lead sulfide thin films deposited by spin 

coating using complex (4) at 500 °C (a-d) and a representative EDX (e). 
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Figure 3.7. Secondary electron SEM images of the lead sulfide thin films deposited by spin 

coating using complex (5) at 350 °C (a), 400 °C (b), 450 °C (c) and 500 °C (d and e). 
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Table 3.2.  Elemental composition of Pb and S in the thin films deposited by spin coating 

using complex (4) and (5). 

Complex  Temp (°C)  Pb (%)  S (%)  

        (4)  350  48.01  51.99  

400  49.08  50.92  

450  49.23  50.77  

500  48.63  51.37  

        (5)  350  48.04  51.96  

400  47.29  52.71  

450  51.25  48.75  

500  47.75  52.25  

 

 The p-XRD patterns of the as-deposited PbS thin films after annealing at 

temperatures between 350–500 °C (Figure 3.8) were consistent with the face-centered 

cubic (halite) structure of PbS (ICDD 00-005-0592). Preferred growth along (200) 

plane was observed in all crystalline thin films. The p-XRD pattern of the as-prepared 

thin films grown on glass substrate showed sharp and narrow peaks. The estimated 

crystallite sizes from the (200) plane using Scherrer equation are presented in Table 

3.3. Similarly, complex (5) gave face-centered cubic (halite) structure of PbS (ICDD 

00-005-0592) (Figure 3.10). 

 The lattice constant of the PbS thin films were calculated by the relation for the cubic 

phase structure using the following relation [48]: 

.........................................3.2 

where h, k, and l are the Miller indices, and d is the interplanar spacing. The lattice constant 

and plane spacing (200) for the PbS films are as shown in Table 3.3. Increasing temperature 

results in a general increase of lattice constant and d-spacing, clearly indicating that the 

crystal is influenced by stress, which leads to the compression of the lattice constants [49,50]. 

Figure 3.9 further reveals some micron and sub-micro-transformations as temperature 

increases. The observed lattice constant and d-spacing values are larger than the bulk values. 

Similarly, thin films deposited using complex (5) displayed similar crystal properties. Sizes 
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calculated from the Scherrer equation, lattice constants and d-spacings are summarized in 

Table 3.3. 

 
Figure 3.8. p-XRD patterns of PbS thin films deposited using complex (4). 
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Table 3.3. The structural properties of PbS thin films deposited by spin coating (Theoretical 

lattice constant a = 5.938 Å). 

Complex  Temp 

(°C)  

a (Å)  Obs d 

(Å)  

Theor d 

(Å)  

Size (nm)  

(4)  350  5.7908  2.8954  2.969  56.44  

400  5.79446  2.8972   56.45  

450  5.79580  2.8979   63.30  

500  5.79920  2.8996   59.08  

(5)  350  5.7888  2.8944  2.969  44.34  

400  5.79404  2.8970   47.76  

450  5.79460  2.8973   50.06  

500  5.79484  2.8974   51.72  
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Figure 3.9. p-XRD pattern of the expanded form of PbS thin films deposited using 

complex (4) along the (200) plane. 
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Figure 3.10. p-XRD patterns of PbS thin films deposited using complex (5). 

 Effects of synthesis factors have been shown to affect the crystalline structure of the 

nanomaterials [51]. Figure 3.11 presents the effect of temperature on the lattice cell 

parameters of the deposited PbS thin films at varying temperatures. As the temperature 

increases, the lattice constant parameter is observed to increase non-linearly, suggesting an 

increase in the lattice parameters as a result of thermal stress [51]. It is also observed that, 

there is no significant deviation of the trend on PbS films deposited from both complexes (4) 

and (5). 
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Figure 3.11. Plot of temperature (°C) against a-lattice parameters (Å) for PbS thin films 

deposited by spin coating of complexes (4) and (5) at temperatures 350, 400, 450 and 500 °C. 
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3.4.  Conclusion 

 We intended to develop facile methods to synthesize PbS thin films by employing 

high temperature solid state techniques. Thus, in this chapter, single source precursors or 

complexes of piperidine (4) and tetrahydroquinoline (5) lead(II) dithiocarbamato complexes 

have been synthesized and characterized. Deposition of PbS thin films by aerosol assisted 

chemical vapour deposition (AACVD) using these complexes at different temperatures 

showed that the growth of PbS films was influenced by deposition temperature and method. 

The adoption of spin coated technique has also provided best morphologies, typical of PbS 

thin films. The UV–Vis NIR spectra of the films showed blue shift in absorption edge 

compared to bulk PbS. The powder X-ray diffraction (p-XRD) studies confirmed the 

formation of face-centred cubic PbS thin films. The variation of PbS thin films have well 

been investigated, varying from spherical, cubes, star and dendritic shaped microcrystals. The 

findings shown in this chapter have proven that the developed deposition approaches have a 

high potential as simple and effective routes for the fabrication of high quality nanomaterials. 

These approaches may provide a useful route to the shape control in the synthesis of other 

hierarchical, superstructured metal chalcogenides. 
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CHAPTER FOUR 

HETEROCYCLIC DITHIOCARBAMATO-IRON(II/III)  COMPLEXES: 

SINGLE-SOURCE PRECURSORS FOR AEROSOL-ASSISTED 

CHEMICAL VAPOUR DEPOSITION (AACVD) OF IRON SULFIDE 

THIN FILMS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

102 

 

4.1.   Introduction  

Iron sulfide (Fe-S), the most abundant transition metal chalcogenide in the earth’s 

crust, is potentially significant in several applications, these include biomedical and catalytic 

processes [1,2], hydrogen generation [3,4], environmental remediation [5], batteries and solar 

cells [6-8].  Furthermore, it has a number of advantages over other materials, such as low 

toxicity and cost, vacancy-dependent crystalline structures which could be useful in bandgap 

tuning across quantum confinement regimes, as well as interesting magnetic and electric 

properties [9]. It exists in several phases, such as pyrite (cubic-FeS2), marcasite 

(orthorhombic-FeS2), pyrrhotite (Fe1-XS), greigite (cubic spinel-Fe3S4), smythite (Fe3S4), 

troilite-2H (FeS) and mackinawite (Fe1+XS), amongst others [10,11].  The phase diagram of 

iron-sulfur compounds is complex, and a small variation in stoichiometry often leads to 

drastic changes in the structural, magnetic, electronic and physical properties of the 

chalcogenide formed [9,12]. 

Iron sulfide compounds exhibit a wide range of properties, from the semiconducting 

FeS2 to ferromagnetic Fe3S4 [13]. In contrast to the properties of their bulk counterparts, iron 

sulfide thin films and nanoparticles can exist in magnetic structures with enhanced surface 

contributions. Amongst the iron sulfide phases, cubic-FeS2 (pyrite) has attracted most 

interest, in particular in the development of thin-film solar cells and solid-state batteries, 

owing to its properties which include strong light absorption (~ 5 × 105 cm-1) and a direct 

band gap of 0.95 eV [14-17]. 

Several studies on the deposition of iron sulfide thin films using single source 

precursors have been reported [18-20].  Aerosol-assisted chemical vapour deposition 

(AACVD) is a versatile route for the deposition of iron sulfide thin films. The morphology, 

particle size and crystal structure of the films deposited by this route can be closely controlled 

by the choice of a suitable solvent, deposition temperature and the nature of the precursor.  

The O’Brien group has been using single source precursors for the deposition of 

corresponding metal chalcogenide thin films and/or solution growth of nanoparticles; the 

group has recently utilised iron complexes of dithiocarbamates [21-24], thiosemicarbazone 

[25] and thiobiurets [26] for the deposition of Fe-S thin films by AACVD.  
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Presented in this chapter is the synthesis and characterisation of new iron(III) 

dithiocarbamate complexes, namely: tris-(piperidinedithiocarbamato)iron(III) (6) and tris-

(tetrahydroquinolinedithiocarbamato)iron(III) (7). These complexes have been used as single-

source precursors for the deposition of iron sulfide thin films using AACVD.  Powder X-ray 

diffraction (p-XRD), scanning electron microscopy and optical measurements reveal that the 

structural and electronic properties of the as-deposited nanostructured iron sulfide films are 

strongly dependent on the deposition parameters such as temperature and solvent used. 

Structural and morphological transformations in the deposited films were also observed as a 

result of the change in the chemical structure of the starting materials, allowing the 

fabrication of rare phases of iron sulfide that have not been accessed before by AACVD. The 

decomposition mechanism of complex (6) is also proposed, based upon thermal analysis, gas 

chromatography mass spectroscopy (GC MS) and powder X-ray diffraction studies. For 

comparison purposes, the Fe(II) analogues (8) and (9) were prepared and used to deposit iron 

sulfide thin films under the same deposition conditions.  

4.2.  Experimental 

4.2.1.   Materials and method 

Tert-butylthiol, toluene, hexane, Iron(II) chloride 98 %, Iron(III) chloride 97 % and 

chloroform were purchased from Sigma-Aldrich. Chemicals were used without further 

purification. 

4.2.2.   Synthesis of ligands and complexes 

 Sodium salts of piperidine and tetrahydroquinolinedithiocarbamato ligands were 

prepared according to procedures reported in literature [28] and were then converted to the 

corresponding iron(II/III) complexes by salt metathesis. A brief description of the synthesis 

of complexes is given below. 

 An aqueous solution of FeCl3 (0.82 g, 5.0 mmol) in degassed deionised water (25.0 

mL) was prepared under an inert atmosphere of dry nitrogen using a standard Schlenk line. 

To the resulting-coloured solution was added drop-wise a colourless aqueous solution of the 

ligand, sodium piperidine dithiocarbamate (NaC10NS2H10) (3.482 g, 15.0 mmol) dissolved in 

a minimal amount of water, under vigorous stirring. The reaction mixture was stirred for a 
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further 1 h before the solution was filtered. The retained black coloured solids were washed 

with deionized water and dried under vacuum overnight. The solubility test of the resulting 

complex (6) found effortless solubility in chloroform and dichloromethane; solubility in 

toluene is enhanced at elevated temperatures. The solids were recrystallized from the 

chloroform and hexane (1:1) by diffusion method, to obtain black-coloured crystals. 

Complexes (7), (8) and (9) were prepared in a similar manner. 

4.2.3.   AACVD deposition of iron sulfide thin films 

The AACVD technique was used to deposit iron sulfide thin films on glass substrates, 

from precursors (6) and (7). The AACVD assembly is similar to that described in chapter 

two, with few modifications. The glass substrates were ultrasonically cleaned in distilled 

water and acetone and then, finally stored in ethanol, prior to use.  

In a typical deposition procedure, the 46.0 mM solution (8.0 mL) of the desired 

complex is used to generate aerosols at room temperature, on an ultrasonic humidifier 

operating at 50 Hz frequency. Argon was used as a carrier gas at a flow rate of 160 mL/min. 

Deposition experiments were conducted for 30 min and 2 hours for chloroform and toluene 

solutions, respectively.  

4.2.4.  Characterization techniques  

4.2.4.1. Carlo Erba EA 1108 elemental analyser 

The elemental analysis of C, H, N, S and Fe was carried out on a Carlo Erba EA 1108 

elemental analyser which had been calibrated with standard reference materials.  

4.2.4.2. Spray gas chromatography mass spectroscopy 

Electrospray gas chromatography mass spectroscopy (GC-MS) analyses were 

recorded on a Kratos concept 1S instrument. Samples were dissolved in dichloromethane. 

Other analyses tools were similar to those explained in Chapters 3. 

4.3.  Results and discussion 

 The iron complexes were isolated pure from water in good yields. The purity of the 

iron(III/II) dithiocarbamato complexes were established by microanalyses and infra-red 
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analysis and the results are summarized below. Both piperidine and tetrahydroquinoline 

dithiocarbamates complexes of iron(III) were black, where as those of iron(II) were brown, 

changing to black after a long time of exposure in air or moisture.  

Yield 79.7 %.  Elemental analysis for C18H30FeN3S6: Calc: C, 40.28; H, 5.63; N, 7.83; S, 

35.85; Fe, 10.41. Found: C, 40.32; H, 5.73; N, 7.94; S, 35.34; Fe, 9.55. IR (cm-1): 1422 

(C=N), 965 (C=S), 365 (Fe-S).  

Complex (7): Yield 62.4 %.  Elemental analysis for C30H30FeN3S6: Calc: C, 52.93; H, 4.54; 

N, 6.17; S, 28.26; Fe, 8.20. Found: C, 53.19; H, 4.99; N, 6.42; S, 27.76; Fe, 7.81. IR (cm-1): 

1440 (C=N), 978 (C=S), 383 (Fe-S). 

Complex (8): Yield 63.4 %.  Elemental analysis for C12H20FeN2S4: Calc: C, 38.29; H, 5.36; 

N, 7.44; S, 34.08; Fe, 14.84. Found: C, 36.88; H, 5.53; N, 7.12; S, 32.57; Fe, 13.80. IR (cm-

1): 1498 (C=N), 989 (C=S), 369 (Fe-S). 

Complex (9): Yield 59.7 %.  Elemental analysis for C20H20FeN2S4: Calc: C, 50.84; H, 4.27; 

N, 5.93; S, 27.15; Fe, 11.82. Found: C, 47.21; H, 4.24; N, 5.53; S, 24.64; Fe, 11.06. IR (cm-

1): 1477 (C=N), 965 (C=S), 373 (Fe-S). 

4.3.1.   Single crystal X-ray crystallography structures of complex (6) and (7)  

 The single crystal X-ray structure of tris-(piperidinedithiocarbamato)iron(III) (6), is 

shown in Figure 4.1a. The X-ray structure has an octahedral iron cation coordinated by six 

sulfur atoms from the three bidentate piperidinedithiocarbamato ligands. The bond distances 

of Fe-S range from 2.2920 to 2.3067 Å. Structural refinement data are given in Table 4.1; 

selected bond angles and lengths are presented in the caption to Figure 4.1.  

 The single crystal X-ray structure of tris-

(tetrahydroisoquinolinedithiocarbamato)iron(III) (7) is shown in Figure 4.1b. The structure 

also shows a distorted octahedral (Oh) environment with the Fe-S distances from 2.293 to 

2.316 Å, relatively longer than those of complex (6). The Fe-S bond lengths from both 

complex (6) and (7) are relatively closer to those observed in previous work [29]. The bite 

angles 75.20°, 75.78° and 75.86° of S1-Fe1-S2, S3-Fe1-S4 and S5-Fe1-S6, respectively 

further reveal the distorted octahedral geometry on iron(III). Structural refinement data are 
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given in Table 4.1; selected bond angles and lengths are presented in the caption to Figure 

4.1. 

(a) (b)
 

Figure 4.1. (a) The X-ray single crystal structure of C18H30FeN3S6 (6) (CCDC 984433) (Red 

= Fe, Yellow = S, Blue = N and Black = C). Selected bond lengths (Å) and bond angles (°); 

Fe(1)-S(1) 2.2920 (13), Fe(1)-S(1) #1  2.2920 (13), Fe(1)-S(3) #1 2.3003 (13), Fe(1)-S(3) 

2.3003 (13), Fe(1)-S(2) 2.3067 (13), Fe(1)-S(2) #1  2.3067 (13), S(1)-Fe(1)-S(1) #1 99.40 

(7), S(1)-Fe(1)-S(3) #1 93.87 (4), S(1) #1-Fe(1)-S(3) #1 162.84 (5), S(1)-Fe(1)-S(3) 162.84 

(5), S(1) #1-Fe(1)-S(3) 93.88 (4), S(3) #1-Fe(1)-S(3) 75.46 (6), S(1)-Fe(1)-S(2) 75.81 (5), 

S(1) #1-Fe(1)-S(2) 94.62 (5), S(3) #1-Fe(1)-S(2) 99.17 (5), S(3)-Fe(1)-S(2) 92.41 (5), S(1)-

Fe(1)-S(2) #1 94.62 (5), S(1) #1-Fe(1)-S(2) #1 75.81 (5), S(3) #1-Fe(1)-S(2) #1 92.41 (5), 

S(3)-Fe(1)-S(2) #1 99.17 (5), S(2)-Fe(1)-S(2) #1 165.37 (8). (b) The X-ray single crystal 

structure of C30H30FeN3S6 (7) (CCDC 1008838) (Red = Fe, Yellow = S, Blue = N and Black 

= C). Selected bond lengths (Å) and bond angles (°);Fe(1)-S(6) 2.293 (3), Fe(1)-S(2)  2.299 

(3), Fe(1)-S(3) 2.307 (3), Fe(1)-S(5) 2.308 (3), Fe(1)-S(4) 2.309 (3), Fe(1)-S(1)  2.316 (3),  

S(6)-Fe(1)-S(2) 95.56 (11), S(6)-Fe(1)-S(3) 163.17 (12), S(2)-Fe(1)-S(3) 96.38 (11), S(6)-

Fe(1)-S(5) 75.86 (10), S(2)-Fe(1)-S(5) 163.44 (12), S(3)-Fe(1)-S(5) 95.21 (11), S(6)-Fe(1)-

S(4) 91.27 (11), S(2)-Fe(1)-S(4) 95.70 (11), S(3)-Fe(1)-S(4) 75.78 (10), S(5)-Fe(1)-S(4) 

98.59 (10), S(6)-Fe(1)-S(1) 99.53 (11), S(2)-Fe(1)-S(1) 75.20 (10), S(3)-Fe(1)-S(1) 94.97 

(11), S(5)-Fe(1)-S(1) 92.06 (10), S(4)-Fe(1)-S(1) 166.42 (12). 
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Table 4.1. Crystal Data and Structural Refinement Parameters for complexes (6) and 

(7) 

Complex (6) (7) 

Formula C18H30FeN3S6 C30H30FeN3S6 

Mr 536.66 680.78 

Cryst Syst Monoclinic Orthorhombic 

Space group C2/c Pca2(1) 

a (Å) 13.0387(9) 21.9551(8) 

b (Å) 11.8818(9) 18.8423(6) 

c (Å) 15.9260(15) 14.7741(4) 

α (deg) 90 90 

β (deg) 101.292(6) 90 

γ (°) 90 90 

V (Å3) 2419.5(3) 6111.8 (3) 

Z, Calculated density (D) 4, 1.473 Mg m−3 4, 1.480 Mg m−3 

Temperature (K) 100(2)  100(2)  

Refinement method Full-matrix least-squares on 

F2 

Full-matrix least-squares on 

F2 

Reflections collected 

/unique 

8309/2300, 

[R(int)=0.0695] 

24173/8695 

[R(int) = 0.0991], 

Final R indices [I > 2σ(I)] R1 = 0.0541, wR2 = 

0.1176 

R1 = 0.0670, wR2 = 0.1576 

R indices (all data) R1 = 0.0707, wR2 = 

0.1336 

R1 = 0.1083, wR2 = 0.1784 

largest diff. peak and hole 0.707 and −0.935 eÅ-3 1.034 and −0.614 eÅ3 

GOF 1.068 1.027 

 

4.3.2.   Thermogravimetric analysis (TGA) 

 The thermogravimetric analysis (TGA) of complex (6) shows a two step 

decomposition pattern with a rapid weight loss of 15.6 % and 65.5 % at 210 °C and 304 °C, 
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respectively (Figure 4.2). The weight of the remaining residue after complete decomposition 

is 15.7%, which corresponds to the material bearing an empirical formula of FeS. On the 

other hand, the thermogram of complex (7) shows an undefined three-step decomposition 

pattern with weight loss of 28.0%, 44.3% and 7.1% at 207 °C, 257 °C and 351 °C, 

respectively; the final weight of 11.8% is assumed to be a residue of iron sulfide material, 

which is sulfur deficient (Figure 4.2). Decomposition seems to continue when approaching 

700 °C, probably due to the presence of residual carbonaceous species in the films, or 

sublimation of the iron sulfide product, perhaps leading to sulfur deficient phases. 

 

Figure 4.2. Thermogravimetric analysis (TGA) of complexes (6) and (7) at a heating rate of 

10 C/min under nitrogen with a flow rate of 10 cm3/min.  

 

4.3.3.   Decomposition mechanism of complex (6) 

 The decomposition mechanism of complex (6) (Figure 4.3) was investigated using 

thermogravimetric analysis (TGA), gas chromatography mass spectroscopy (GC-MS) and 
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powder X-ray diffraction (p-XRD) analytic techniques. Thermal studies discussed in section 

4.4.2 showed that the decomposition of the complex proceeds through two major steps which 

may probably follow the following pattern: (i) detachment of one of the three 

dithiocarbamate ligands in the six coordinated tris-(piperidinedithiocarbamato)iron(III) 

complex, thus forming an intermediate four-coordinated complex, and lastly (ii) final 

decomposition/detachment (304 °C) of the four coordinated dithiocarbamato complex of iron 

to afford materials of either FeS or indefinite Fe-S composition (Figure 4.2).  The first weight 

loss of 15.6 % is smaller than the weight of the anticipated release of only one piperidine 

dithiocarbamate ligand (~29 %). Thus, the first step may involve partial decomposition, 

rearrangement of the complex and/or reduction to Fe(II) complex. GC mass spectrum also 

confirmed complete decomposition of the complex via two steps (Figure 4.4): (i) elimination 

of one piperidinyl dithiocarbamato ligand (m/z 160), followed by (ii) complete removal of the 

remaining organic components (m/z 290) thus affording FeS as the final product (m/z 86). 

A separate study which aimed at identifying the existence of temperature-dependent 

phase transformation in the iron sulfide materials was carried out. The progress of this 

experiment was monitored using powder X-ray diffractometry.  Diffraction studies (Figure 

4.5) were carried out at a heating rate of 2.5 °C/h-1, where complex (6) was the starting 

material pyrolized and annealed from 180 °C to 310 °C under N2 flow. A total of 27 

diffraction patterns were collected. Hexagonal phase (card number 01-080-1032) of iron 

sulfide and mackinawite (card number 04-003-6935) became prominent with an increase in 

temperature, with few peaks unassigned. The observed temperatures for the occurrence of Fe-

S phases are lower than those established from phase diagrams, probably due to the 

prolonged time of the diffraction analysis and heating.
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Figure 4.3. Proposed decomposition mechanism of complex (6). 
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Figure 4.4. GC MS spectrum of complex (6). 
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Figure 4.5. p-XRD pattern of the decomposed product of complex (6) under N2 flow studied from 180 to 310 °C. Only few patterns were chosen 

to represent in this study. (A red stick represents hexagonal Fe0.975S, card number 01-080-1032 and black for mackinawite phase FeS, card 

number 04-003-6935).
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4.3.4.  Deposition of iron sulfide thin films using toluene solution 

Thin films of iron sulfide were deposited on glass substrates by AACVD at three 

different temperatures: 350, 400 and 450 °C using either chloroform or toluene (sonicated at 

70 °C) as solvents. The films produced were characterized by scanning electron microscopy 

(SEM), energy dispersive X-ray (EDX) spectroscopy, powder X-ray diffraction (p-XRD), 

optical absorbance spectroscopy and atomic force microscopy (AFM). Table 4.2 provides a 

summary of results obtained from deposition of iron sulfide films using complexes (6) and 

(7). 

The SEM images of iron sulfide films in Figure 4.6 deposited using complex (6) in 

toluene solvent, show the growth of sheet-like structures at 350 °C and nano-leaf/flake like 

crystallites at 400 °C and 450 °C. The film sizes increased with an increase in deposition 

temperature; an increase in film size of 0.6 - 1.0 μm was observed when the temperature was 

increased to 400 °C and 450 °C. Some microstructures on the surfaces were also observed. 

The morphology obtained from this study is reasonably similar to those recently reported on 

iron sulfide thin films deposited using iron thiobiuret and diethyldithiocarbamate complexes 

[21,27]. The EDX spectroscopy on five different areas of the films showed that the 

compositions are slightly sulfur deficient, a trend that increased at elevated temperature 

(Table 4.3). 

 

 

 

 

 

 

Table 4.2. Summary of iron sulfide thin films obtained from complex (6) and (7) under different reaction conditions 
Precursor  Reaction conditions   Morphology   Phase           

      
 

Complex (6)  Toluene, 350-450 °C, 2 hrs          Leaf, flake, sheet  Hexagonal (Fe0.975S), 

marcasite              (FeS2)  

   Chloroform, 350-450 °C, 30 minutes Fiber    Hexagonal (Fe0.975S), smythite 

             (Fe3S4)  

   Tert-butyl thiol, 450 °C, 2 hrs  Flower, spherical-globular Greigite (Fe3S4)  

     

 

Complex (7)  Toluene, 350-450 °C, 2 hrs  Leaf, flake, Sheet  Pyrrhotite (Fe0.95S1.05), 

             hexagonal (Fe0.975S) 

   Chloroform, 350-450 °C, 30 minutes Fiber    Hexagonal (Fe0.975S)   

   Tert-butyl thiol, 450 °C, 2 hrs  Spherical and flake  Greigite (Fe3S4)  
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(d)(c)10 µm     50 µm     

(f)(e)20 µm     100 µm     

(a) (b)1 µm     1 µm     

 

Figure 4.6. Secondary electron SEM images of the iron sulfide thin films deposited at (a and 

b) 350 °C, 400 °C (c and d) and (e and f) 450 °C using complex (6).  

A similar trend was observed when complex (7) was used as single source precursor 

to deposit a pyrrhotite film (Figure 4.7a and b). The images illustrate formation of typical 

nanosheet-like structures. A slight morphological transformation is observed, as a result of 

the change in the chemical structure of the starting materials.    
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Table 4.3.  Elemental composition of Fe and S in the thin films deposited using complex (6). 

Temp (°C) Fe (%) S (%) Ratio (Fe:S) 

350 57.3 42.7 Fe(1+x)S, x=0.3 

400 60.8 39.2 Fe(1+x)S, x=0.5 

450 66.3 33.7 Fe2S 

 

 The back-scattered electron (BSE) SEM image (which provide Z contrast) of iron 

sulfide films, show small particles with bright contrast embedded into darker flakes. EDX 

revealed that the white spots (chunks) were S-rich (Fe 53.7% and S 46.3%), while the 

opposite is observed for the black spots (flakes) which are Fe-rich (Fe 66.9% and S 33.1%) 

(Figure 4.7c). This phenomenon validates that Fe and S atoms in an iron sulfide thin film are 

unevenly distributed on a substrate, strongly suggestive of the formation of an overall S-

deficient film.  The darkness of the iron rich area suggests that there is a lighter element such 

as carbon in this area of the film that tends to darken the contrast compared to the small 

crystallites observed which appear white.  
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(a) (b)2 µm     10 µm     

(c)5 µm     

Fe

Fe

S

(d)

keV
 

Figure 4.7. Representative secondary electron SEM images of the iron sulfide thin films 

deposited at (a and b) 450 °C and its corresponding backscattered electron SEM image (c) 

and a representative EDX spectrum (d) when complex (7) was used {white spots (chunks) 

and black spots (flakes)}. 

The p-XRD patterns of the as-deposited films from complex (6) show hexagonal-

phase iron sulfide (Fe0.975S) (card number:  01-080-1032), dominating at the higher 

temperature of 450 °C (Figure 4.8). The reflection (hkl) planes of (110), (201) (114) (214) 

and (220) corresponding to the Fe0.975S phase were observed at 450 °C. At the deposition 

temperatures of 350 °C and 400 °C, the XRD patterns showed mixed phases of marcasite 

(FeS2) and iron sulfide (Fe0.975S) phases. The reflections at 25.97°, 37.38°, 38.89° and 40.59° 

were indexed to the (110), (111), (120) and (200) planes of marcasite FeS2 (card number: 03-

065-2567), respectively. Mixed phases of marcasite (FeS2) and hexagonal iron sulfide 

(Fe0.975S) coexist at 350 °C and 400 °C, while the latter are predominantly obtained in its pure 

phase at 450 °C. The transformation of iron sulfide compounds into different phases is 

possible under certain conditions such as high temperature or pressure [30-32].  
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Figure 4.8. p-XRD of predominantly iron sulfide (Fe0.975S, red sticks) thin films deposited 

from toluene solution of complex (6). The asterisk symbol (*) denotes the marcasite phase 

(FeS2 represented by blue sticks). 

 A comparison p-XRD pattern for the iron sulfide film deposited from complex (7) by 

AACVD at 350, 400 and 450 °C is presented in Figure 4.9. A pure hexagonal-pyrrhotite 1T 

(Fe0.95S1.05) phase is formed at 450 °C (card number: 01-075-0600), while at 350 and 400 °C 

some additional peaks are observed (denoted by a symbol #) which matched a hexagonal iron 

sulfide phase (Fe0.975S) (card number 01-080-1032). These results suggest that the mechanism 

at which the complexes decompose are different. Intergrowth involving different pyrrhotite 

types are known [33-35], and the degree of such intergrowths (micron to submicron) makes 

analysis difficult and therefore information on accurate Fe:S ratios and concentration of 

impurity are relatively incomplete for the pyrrhotite in this study. These results are similar to 

recent reports [21], where formation of pyrrhotite phase were observed at 400 and 450 °C 

when alkylldithiocarbamatoiron(III) complexes were used as single source precursors to 

deposit films by AACVD. 
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 Figure 4.9. p-XRD of Fe-S thin films deposited from toluene solution of complex (7). 

(Purple sticks represent standard card for hexagonal-pyrrhotite 1T (Fe0.95S1.05) phase) The 

symbol # denotes the iron sulfide (Fe0.975S) phase (card number: 01-080-1032). 

 The UV-Vis-NIR absorption spectra of the iron sulfide thin films deposited from 

complex (6) at 350, 400 and 450 °C are shown in Figure 4.10. The as-deposited iron sulfide 

thin films absorb light in the visible and near-infrared spectral regions. Deposition at 350 °C 

displays a sharp absorption band gap of 1.63 eV, estimated from Tauc’s plots (Inset Figure 

4.10) [36].  The films deposited at 400 and 450 °C exhibited red shifted absorption properties 

(~1.25 - 1.34 eV) compared to that of 350 °C. The blue shift observed for the absorption 

spectra, reveals formation of surface defects free [37] and hence high optical performance 

activeness of the films in the visible and infrared region. The optical behaviour of the 

deposited films reveals that the absorption properties are temperature, size and structure 
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dependant.

 

Figure 4.10. UV-Vis-NIR absorption spectra of Fe-S thin films deposited at (a) 350 (b) 400 

and (c) 450 °C from toluene solution of complex (6). Inset: A representative Tauc plot 

showing the estimated optical band gap of Fe-S film deposited at 350 °C. 

4.3.5.  Deposition of iron sulfide thin films from solution in chloroform  

 The role of a solvent in the formation of thin films by AACVD can be significant and 

has been described on the physical basis of the enthalpy of combustion and vaporization, 

nature of bonding between precursor and solvent molecules in aerosol droplets as well as the 

coordinating ability of the solvent, which in one way or another may influence the nucleation 

by changing the enthalpy of the system [38,39]. Chloroform has lower heat of combustion 

and vaporization (473.2 and 31.4 kJ mol-1, respectively), thus evaporates faster, causing 

homogeneous nucleation. On the other hand, the higher heat of combustion and vaporization 

(3910.3 and 38.06 kJ mol-1, respectively) of toluene facilitates both homogeneous and 

heterogeneous nucleation growth of the particles.  Indeed, the iron sulfide films deposited 

from chloroform aerosols were observed to be significantly different from those deposited 

from the toluene aerosols. The representative SEM images of iron sulfide thin films deposited 
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at various temperatures are shown in Figure 4.11. Irregular, bundles of nanofibers structures 

are observed when complex (6) was deposited at 350 °C with particle sizes ranging between 

400 – 450 nm. No significant morphological changes were observed when the temperature 

was increased (Figure 4.11a&b). However, a considerable increase in particle sizes to 530 – 

580 nm and 600 – 650 nm are observed at 400 and 450 °C, respectively. A similar 

morphological trend was observed for complex (7); Figure 4.11(c&d) showing a 

representative bundle of nanofiber-like structures obtained at 450 °C with sizes between 525 

– 575 nm.  
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(a) (b)1 um     2 um     

(d)(c)1 um     5 um     

(f)(e)1 um     5 um     
 

Figure  4.11. Representative SEM  images of the iron sulfide thin films deposited at (a and b) 

350 °C and 450 °C (c and d) for complex (6) and (e and f) 450 °C using complex (7) using 

chloroform solvent. Inset (d): a zoomed in high magnification image showing more structural 

features of the bundle of fibrous. 

 The p-XRD patterns of iron sulfide films grown from chloroform solutions of 

complex (6) at all temperatures (Figure 4.12) showed (112), (201), (203), (320), (220) and 

(222) reflections which correspond to hexagonal-phase iron sulfide (Fe0.975S) (card number: 

01-080-1032). Some minor peaks which can be attributed to smythite phase (Fe3S4) (Card 
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number 04-007-2189) are observed at 350 °C, while a pure hexagonal phase is observed at 

temperatures 400 °C and 450 °C. Furthermore, the intensity of the (112) reflection increases 

as a function of temperature. The growth of a hexagonal phase-iron sulfide (Fe0.975S) from 

complex (7) dominates at all deposition temperatures (Figure 4.13).  
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Figure 4.12. p-XRD of Fe-S thin films deposited from complex (6) using chloroform as 
the solvent. ((Purple and black sticks represent standard card for hexagonal  phase 
(Fe0.975S). smythite (S = Fe3S4) and # = Mackinawite (FeS).  
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Figure 4.13. p-XRD of Fe-S thin films deposited from complex (7) using chloroform as the 

solvent. (Purple sticks represent standard card for hexagonal phase (Fe0.975S) {S = smythite 

(Fe3S4) and # = Mackinawite (FeS)}.  

 The UV-Vis-NIR absorbance spectroscopy of a representative sample {350 °C for 

complex (6)} showed a broad absorption with the absorption maxima at around 1300 nm 

(0.95 eV) at 350 °C (Figure 4.14), bathochromically shifted compared with films produced 

using toluene solvent. These results reveal that the role of the solvent significantly determines 

the path of the reaction than just acting as a medium of transport. 
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Figure 4.14. UV-Vis-NIR absorption spectra of Fe-S thin films deposited at 350 oC from 

complex (6) with chloroform used as a solvent. Inset: Tauc plot showing the estimated optical 

band gap of Fe-S film. 

4.3.6.  Effect of tert-butyl thiol (t-BuSH) 

The composition and structure of Fe-S films have been described in terms of FeXSY phases 

which are mainly temperature-dependent [30,31]. There exists six sulfur atoms for each iron 

atom in compounds (6) and (7), seemingly sufficient to produce sulfur-rich phases such as 

pyrite. It is also known that higher temperature syntheses result in the formation of sulfur-

deficient films. Therefore, an attempt was made out to increase the sulfur content during the 

deposition experiments. A series of AACVD experiments were carried out by adding 1 mL 

(8.87 mmol) of tert-butyl thiol (t-BuSH). In this regard, toluene solutions of both complexes 

were used and depositions were conducted at 350, 400 and 450 °C. High quality 

representative results for the deposition temperature of 450 °C are described.  
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 Addition of t-BuSH had a strong influence on the morphologies of the deposited iron 

sulfide films. SEM images (Figure 4.15a&b) of iron sulfide films deposited using complex 

(6) at 450 °C, showed formation of flower-like bundles of spherical-to-globular shaped 

crystallites with particle sizes ranging between 500 - 600 nm. Complex (7) deposited double-

layered films: the bottom relatively compact layer is composed of spherical shaped particles 

(~500 nm), and a loose top layer is composed of mainly flake shaped crystallites (900 nm) 

(Figure 4.15c&d). A significant increase of sulfur composition (S 53.8 % and Fe 46.2 %) was 

observed as a result of sulfurization using t-BuSH. The p-XRD patterns of deposited iron 

sulfide samples reveals two sharp reflections at 32° and 45.8° which we could not assign 

(Figure 4.16).  

(a) (b)

(c) (d)

2 µm     5 µm     

2 µm     5 µm     

 

Figure 4.15. SEM images of the iron sulfide thin films deposited at 450 °C using (a and b) 

complex (6) and (c and d) complex (7).  
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Figure 4.16. p- XRD of the thin films deposited using toluene solvent and 1 mL of tert-butyl 

thiol. 

 Topological analysis of the films was performed using atomic force microscopy 

(AFM), which revealed the formation of uniform films (Figure 4.17). The room temperature 

UV-Vis NIR absorption spectra in Figure 4.18 of iron sulfide thin films deposited using 

complex (6) and (7) both showed absorption edge approx. 1.7 – 2.0 eV, a hypsochromic shift 

as compared with reported values of iron sulfide [40,41]. This blue shift phenomenon 

confirms the enrichment of the Fe-S film by sulfur, as a result of t-BuSH addition. It has been 

reported that sulfur vacancies and impurities are potentially responsible in lowering the band 

gap of iron sulfide particles [37,42]. Additionally, bulk sulfur vacancies are also responsible 

for nonconstant charge distribution resulting in poor optical properties and photo conversion 

efficiency. 

7 
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Figure 4.17. 2-D and 3-D AFM height profiles of Fe-S thin films deposited by AACVD at 

450 oC for 2 hrs using toluene solvent and added amount of 1 mL tert-butyl thiol when 

complexes (6) (a & b) and (7) (c & d) were used as precursors. 
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Figure 4.18. UV-Vis-NIR absorption spectra of Fe-S thin films deposited 450 oC using 

toluene solvent and tert-butyl thiol. Inset: Tauc plot showing the estimated optical band gap 

of the film. 

4.4.  Deposition of iron sulfide thin films using Fe(II) dithiocarbamate  

  complexes 

An attempt to prepare Fe(II) analogues and their subsequent use as single source 

precursors for the deposition of iron sulfide thin films is outlined here. The bis-

(piperidinedithiocarbamato)iron(II) (8) and bis-(tetrahydroquinolinedithiocarbamato)iron(II) 

(9) complexes were synthesized and characterized by elemental analysis, infra red and 

thermal gravimetric analysis. Complex (9) and it’s crystal structure is already known in the 

literature, it has also been used to deposit iron sulfide thin films through AACVD technique, 

using THF solvent at 400 and 450 °C [23]. In this study, chloroform was chosen as a suitable 

solvent and depositions are conducted at 350 and 450 °C.  
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 The thermogravimetric analysis (TGA) of both precursors showed a single step 

decomposition pattern at around 286 and 241 °C for complex (8) and (9), respectively. The 

weights of the remaining residue after decomposition of both complexes were 20.7 % (calc. 

23.4 %) and 22.3 % (calc. 18.6 %), respectively. The lower value of the remaining residue 

from complex (8) compared to the theoretical value could be due to carbonaceous 

contaminants, while the higher value for the complex (9) could be due to either volatility of S 

in the form of H2S or formation of sulfur deficient Fe-S. 

 

Figure 4.19. Thermogravimetric analysis (TGA) of complexes (8) and (9) at a heating rate of 

10 °C/min under nitrogen with a flow rate of 10 cm3/min.  

 Iron sulfide thin films were deposited as described in section 4.3.3 above; all 

deposition experiments in this temperature range produced uniform, black-coloured films. 

The SEM analysis of the films deposited from complex (8) showed growth of films 

consisting of spherical-like crystallites with particle sizes ranging from 90 – 115 nm, at 350 

C decomposition temperature (Figure 4.20). As the temperature was increased to 450 C, 

formation of elongated structures with particle sizes ranging from 0.67 – 1.05 µm, were 

obtained. Some microstructures were also observed in films deposited at 450 C. A similar 
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trend was also observed in films deposited from complex (9) (Figure 4.21). The images 

illustrate formation of typical uniform spherical, granule-like structures at 350 C, with 

particle sizes ranging from 250 – 360 nm. An increase in temperature to 450 C, resulted in 

the formation of elongated crystallites with particle sizes ranging from 1.13 – 1.57 µm. Saeed 

et al. [23] obtained flower-like structures of sizes in the range of 5 – 10 µm, from a THF 

solution of complex (9). This further reveals the influence of solvent in the deposition of thin 

films. In both cases, complex (9) produced larger particle sizes than those obtained from 

complex (8).    

 

Figure 4.20. SEM images of the iron sulfide thin films deposited using complex (8) at 350 

°C (a and b) and 450 °C (c and d).  
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Figure 4.21. SEM images of the iron sulfide thin films deposited using complex (9) at 350 

°C (a and b) and 450 °C (c and d). 

 The X-ray diffraction studies of the as-deposited iron sulfide films grown from 

chloroform solutions of complex (8) at temperatures 350 and 450 °C are shown in Figure 

4.22. The diffraction planes (112), (201), (203), (320), (220) and (222) were observed, which 

correspond to hexagonal Fe0.975S (card number: 01-080-1032). Some minor peaks which can 

be attributed to smythite (Fe3S4) phase  (Card number 04-007-2189) are observed at 450 °C, 

while ill-crystalline film can be observed at 350 °C. The diffraction patterns of complex (9) 

were not well-defined.  
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Figure 4.22. p-XRD of Fe-S thin films deposited from complex (8) using chloroform as the 

solvent. {Smythite (S = Fe3S4) and # = Mackinawite (FeS)}.  
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4.5.  Conclusions 

The single source precursors- tris-(piperidinedithiocarbamato)iron(III/II) (6/8) and 

tris-(tetrahydroquinolinedithiocarbamato)iron(III/II) (7/9) complexes have been synthesized 

and fully characterized. They were then used to deposit thin films of iron sulfide thin films on 

glass substrates, by aerosol assisted chemical vapor deposition technique. Thermogravimetric 

and powder X-ray diffraction studies revealed the formation of iron sulfide(s). A mechanism 

for the decomposition of complex (6) was studied using thermogravimetric analysis, X-ray 

diffraction and gas chromatography mass spectroscopy. The mechanism revealed the 

decomposition of complex (6) through two steps; firstly detachment of one piperidinyl 

dithiocarbamato ligand, followed by complete removal of the remaining organic moiety. 

 Different deposition parameters such as temperature and solvent were used and 

correlated with the morphological, structural and optical properties of the resultant deposited 

films. The morphology of the iron sulfide films were found to be strongly dependent on the 

nature/structure of the complex, solvent and the amount of tert-butyl thiol added to the 

precursor mixture. The X-ray diffraction studies revealed the formation of mixed phase 

and/or pure phase iron sulfide films, an effect which was found to be temperature dependent. 

Toluene and chloroform precursor solutions mainly formed pyrrhotite and hexagonal phases 

of iron sulfide thin films at elevated temperatures from complex (6) and (7). Optical 

measurements revealed the formation of blue shifted (0.95 – 2.0 eV) Fe-S films which were 

solely influenced by the structure and morphologies. The experimental conditions that were 

used allowed access to a range of new iron sulfide phases by AACVD, using dithiocarbamate 

precursors. 
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CHAPTER FIVE 

SYNTHESIS OF IRON SULFIDE NANOPARTICLES AND GAS 

SENSING APPLICATIONS 
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5.1.  Introduction 

 Iron sulfide nanocrystals are considered as of the more attractive semiconductor 

materials for the second generation of electronic devices. Iron sulfide has extensively been 

adopted as a promising material for photocatalysis [1], sensor devices [2,3], solar cells [4-6], 

and ultra high-density magnetic storage devices [7,8]. Iron sulfide materials contain complex 

solid phase structures and various properties that play a crucial role in recent investigations 

[9,10]. Their surpassing benefits such as high abundances, low cost and low toxicity, make 

them competitive candidates in various applications. Although the iron-sulfur system is a 

binary system, its phase relationships are complicated due to the different valency states 

taken by sulfur (disulfide, mono sulfide) and iron (ferric, ferrous) [11]. Because of the 

complex structure of iron sulfide compound, a small variation in stoichiometry can lead to 

huge changes in their properties. This indicates that the synthesis of pure phase, 

monocrystalline and small size of these iron sulfide nanocrystals is still challenging. 

 Among the iron sulfide materials, pyrrhotite (Fe1-XS) and nanosized greigite (Fe3S4) 

an analogue of magnetite) are of interest in modern material science. In particular, greigite 

iron sulfide reveals its potential applicability in the fabrication of lithium-ion batteries [12-

14], hydrogen generation and/or storage [15-17], cancer hyperthermia and biomedicine [18], 

environmental decontamination of heavy metals [13,19-21] and paleomagnetic indicator [22]. 

On the other hand, antiferromagnetic pyrrhotite (Fe1-XS) phase, which is found between FeS 

and FeS2, has also recently revealed its potential application in lithium storage [23] and 

paleomagnetic indicator [22].  

 Greigite and pyrrhotite iron sulfide nanocrystals have alreadybeen successfully 

synthesized by several solution chemical methods [12,23-25]. Currently, several studies on 

the use of single source precursors (SSPs) have gained attention. Zhang et al, used Fe(Ddtc)3 

and Fe(Ddtc)2(Phen) complexes as single source precursors in the mixture of oleic 

acid/oleylamine/1-octadecene, pure greigite and pyrrhotite phases were obtained [26]. Han 

and Gao (2005) also prepared Fe7S8 and Fe3S4 iron sulfide nanocrystals by thermolysing 

iron(III)diethyldithiocarbamate complexes as single source precursors in oleylamine and/or in 

octadecene as non-coordinating solvent [27].  
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 In this chapter, iron sulfide nanoparticles have been synthesized by hot injection 

thermal decomposition and pyrolysis methods. The hot injection method employed 

oleylamine and ethylene glycol as coordinating solvents and the temperatures were varied 

from 230 and 300 oC for oleylamine and 190 oC for ethylene glycol. Pyrolysis method 

involved the solid state decomposition of the single source precursors at relatively high 

temperatures of 350, 400 and 450 oC. The same single source precursors reported in chapter 

four were used in this case. The structural, magnetic and optic-electronic measurements 

strongly revealed that the properties of the as-prepared nanostructured nanocrystals are 

dependent on the synthesis conditions such as temperature. The reaction temperature played a 

critical role in controlling the chemical composition, crystalline structure and magnetic 

properties of the as-synthesized iron sulfide nanocrystals. Oleylamine capped iron sulfide 

nanoparticles were further studied for gas sensing applications.  

5.2.  Experimental details 

5.2.1.  Materials 

 Oleylamine, ethylene glycol and ethanol were purchased from Sigma-Aldrich, and 

were used without further purification.  Iron(III) piperidine (6) and tetrahydroquinoline (7) 

dithiocarbamate precursors were prepared as reported in chapter four and as per our recent 

report [28]. 

5.2.2.  Characterization of iron sulfide nanoparticles 

5.2.2.1. X-ray photoelectron spectrometry (XPS) 

 The X-ray photoelectron spectrometry measurements were carried out using Kratos 

Axis Ultra-DLD spectrometer with a monochromatic Al Kα radiation source (hυ = 1486.6 

eV), supplied by Kratos Analytical (UK).  

5.2.2.2. Magnetic measurements 

 The variation of room temperature hysteresis loops were investigated by using a 

Lakeshore model 735 vibrating sample magnetometer (VSM). In this case, the hysteresis 

loops were obtained in external applied magnetic fields of only up to 14 kOe. 
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5.2.2.3. Gas sensing measurements 

 Samples for gas sensing were spin coated on aluminium strip substrates at room 

temperature. The sensing tests were performed in a KSGA565 Kenosistec (Italy) gas sensor 

comprising of Keithley voltage and current sources as well as source meters. Ammonia 

(NH3), nitrogen dioxide (NO2), hydrogen (H2), methane (CH4) and humidity were the gases 

used in this study. 

5.2.3.  Synthesis of iron sulfide nanoparticles 

5.2.3.1  Synthesis of ethylene glycol capped iron sulfide nanoparticles 

 In a two-necked flask, equipped with a reflux condenser, 0.5 g complexes (6) and (7) 

were introduced in a hot ethylene glycol (EG) (~ 190 °C) under N2 gas flow.  The reaction 

mixture was stirred for 2 hours and samples were cooled to about 70 °C. The extracted 

samples were first washed with methanol then centrifuged; the supernatant was discarded. 

The washing process was repeated thrice and the product vacuum dried. 

5.2.3.2.  Synthesis of oleylamine capped iron sulfide nanoparticles. 

 Using Schlenk line system, 6.00 g of oleylamine was heated to an appropriate 

temperature (230 °C or 300 °C). Into the heated oleylamine, a suspension of a complex (6) or 

(7) (0.5 g) was injected using a glass syringe. After 2 h of reaction, the system was cooled to 

about 70 °C, then washed with methanol several times. The synthesized greigite and 

pyrrhotite iron sulfide nanoparticles were then well dispersed in ethanol solvent, the 

suspensions were later carefully spin coated on the alumina strips for gas sensing 

measurements. The alumina strips were then spin coated at a speed of 1000 rpm for 120 

seconds using Brewer Science spin coater (Model 200X). 

5.2.3.3. Pyrolysis method 

 Approximately, 0.5 g iron(III) pip/thqdtc complex was loaded in a quartz boat 

container. The boat was kept at the centre of a horizontal furnace. N2 gas was kept flowing 

throughout the experiment to maintain an inert atmosphere. The furnace was then heated at 

the rate of 25 °C/min to 350 °C and then held at 350 °C for 1 h. After this hour, the sample 

quartz boat was removed from the furnace and cooled to room temperature. The black 
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coloured residue of iron sulfide obtained in the boat was used for further characterizations. 

The reaction protocol was repeated for 400 and 450 oC reaction temperatures for both 

complexes. 

5.3.  Results and discussions 

5.3.1.  Ethylene glycol capped iron sulfide nanoparticles 

 Complexes (6) and (7) were thermally decomposed in ethylene glycol (EG) as 

coordinating solvent at 190 °C for 2 hr. The synthetic approach was set in an inert system. 

The black nanoparticles collected were further analysed by optical measurements, X-ray 

diffraction and electron microscopy (TEM, HRTEM and SEM/EDX). Figure 5.1 shows the 

room temperature UV-vis NIR absorbance spectra of greigite nanocrystals. The particles 

absorb light in the visible and near-infrared spectral regions. Absorption band gap of 2.65 eV 

estimated from Tauc’s plot [29] (inset Figure 5.1) reveals the particles exhibiting quantum 

confinement effects. This large blue shift (compared to the bulk band gap of 0.9 eV) displays 

electronic properties of the nanocrystalline materials and which is quite different from the 

other iron sulfide NCs [30]. 

 

Figure 5.1. UV-Vis-NIR absorption spectra of Fe3S4 nanoparticles in ethylene glycol. Inset: 

Tauc plot showing the estimated optical band gap of the Fe3S4 nanoparticles. 
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 Figure 5.2 is the typical p-XRD patterns obtained when complex (6) and (7) were 

thermally decomposed in the presence of ethylene glycol at 190 °C (this was chosen as the 

boiling point of ethylene glycol is 195 – 198 °C). Iron sulfide nanoparticles obtained from 

complex (7) gave highly crystalline pure Fe3S4 as greigite phase (card no: 016-0713), no other 

phases or other peaks belonging to sulfur or Fe were observed. The diffraction peaks 

observed could be indexed to (220), (311), (400), (511) and (440) Miller indices of cubic 

greigite phase (Fe3S4) with spinel structure. Similarly, complex (6) also gave greigite phase 

of poor crystallinity. 

 

Figure 5.2. p-XRD pattern of a greigite phase (Fe3S4) nanoparticles synthesized using 

complex (6) and (7) as a single source precursor in ethylene glycol. 

 With the quality of the samples confirmed, scanning electron microscopy (SEM) was 

used to investigate the surface morphology of the representative samples which were spin 

coated on the glass substrate prior to analysis. Figures 5.3 (a) and (b) illustrate the formation 

of Fe3S4 microflower bundles, consisting of nanoflake-like structures. The energy dispersive 

X-ray (EDX) spectroscopy confirmed the elemental composition of a stoichiometric Fe3S4 

phase (Figure 5.3 c). The rest of the elements are due the glass substrate and carbon coating 

of the spin coated films. The crystalline structure of greigite can be further observed by 

selective area electron diffraction (SAED) (Figure 3d) and HRTEM images (Figure 5.3 e and 

f). The lattice distance of 3.18 Å in the HRTEM image are in good agreement with the value 

of the lattice spacings of the (311) planes of the greigite phase (card no: 016-0713). 
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Figure 5.3. SEM images of iron sulfide (Fe3S4) nanoparticles obtained by solvothermal 

synthesis of complex (6) (a) and (7) (b) in ethylene glycol. (c) A representative EDX 

spectrum; (d) SAED pattern and HRTEM images (e) and (f) of nanoparticles obtained by 

solvothermal method of precursor (6) and (7) respectively.  

5.3.2.  Oleylamine capped iron sulfide nanoparticles 

 Iron sulfides have very interesting optical properties, ranging from visible region to 

infra-red region of the spectrum. Absorption properties of the as-synthesized oleylamine 

capped iron sulfide nanoparticles from complex (6) at temperatures 230 and 300 °C are 

presented in Figure 5.4. The as-synthesized nanocrystals absorb light in the visible and near-

infrared spectral regions. The band gaps of iron sulfide nanoparticles were estimated by the 

Tauc’s plot (Figure 5.4 inset) [29]. The samples absorption band gaps of 2.60 eV (230 °C, 

greigite) and 2.12 eV (300 °C, pyrrhotite) shows a blue shift absorption as compared to the 

bulk counterpart (0.9 eV) [34,35]. The optical behaviour of the nanocrystals further reveals 

that the absorption properties are temperature and structure dependant. The absorption 

features of iron sulfide nanocrystals obtained from complex (7) showed poor optical 

characteristics and are not included. 
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Figure 5.4. UV-Vis-NIR absorption spectra of iron sulfide nanoparticles from complex (6) in 

oleylamine obtained at 230 °C (Fe3S4) and 300 °C (Fe1-XS). Inset: the estimated optical band 

gaps of the as-synthesized nanoparticles using the Tauc plot. 

 The crystalline structure of the samples synthesized from complex (6) and (7) were 

analyzed by p-XRD. The results are shown in Figure 5.5 and 5.6. It is seen that when the 

reaction is carried out at 230 °C, both complexes gave cubic greigite (Fe3S4) phase. The 

diffraction patterns can be indexed to (200), (311), (400), (422), (511) and (440) mirror 

planes of a typical greigite phase (JCPDS card number: 89-1998). When the reaction 

temperature was increased to 300 °C, both complexes gave hexagonal pyrrhotite phase (Fe1-

xS).  The diffraction peaks can be indexed as pyrrhotite - Fe1-xS (X ~ 0.125; card No. 29–

0724), with major diffractions peaks assigned to (100), (101), (102) and (110) mirror indices. 

Based on the XRD analysis, the reaction temperature plays an important role in phase 

transformation. O’Brien et al. obtained Fe3S4 and Fe7S8 from the precursor of [NnBu4]2-

[Fe4S4(SPh)4] and considered that the composition of nanocrystals is considerably dependent 

on the temperature as well as the alkylamines employed in the reaction [24]. 
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Figure 5.5. p-XRD pattern of iron sulfide nanoparticles synthesized using complex (6) as a 

single source precursor in oleylamine. 
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Figure 5.6. p-XRD pattern of iron sulfide nanoparticles synthesized using complex (7) as a 

single source precursor in oleylamine. 

 Iron sulfide compounds are featured with significant temperature induced 

composition and phase transformations. In our study, different thermolysis temperatures of 

230 and 300 °C were used during solvothermal synthesis of iron sulfide nanoparticles in 

oleylamine. The results show that at relatively low temperature (230 °C), a metastable 

greigite phase is formed, whereas with increasing temperature (300 °C), the pyrrhotite phase 

is preferred. These results are consistent with the pyrrhotite phase being more stable at high 

temperature (Figure 5.7). The relative stabilities of various iron sulfide phases are shown in 

Figure 5.13 using a plot adopted from Vaughan and Lennie and others [36-39]. The line 

represents the thermodynamic stability and connects the stable phases FeS (troilite) and FeS2 

(pyrite). It is also known that the formation of iron-sulfur compounds is affected by the d-

electron configuration of Fe, thus in a more complex range of structures than expected. The 

mechanisms of formation, particularly in solution with relationships to other iron sulfides are 

determined by the kinetics and mechanisms of transformations [36-38]. Figure 5.7 
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summarizes the gain in free energy (kJmol-1) of Fe obtained from forming the various 

sulfides from the elements. The free energies of formation of these complex superstructures 

of Fe-S systems are predominantly inhibited by kinetic factors [36-38]. 

 

Figure 5.7. Schematic free energy-composition diagram for the iron sulfide materials. Open 

circles: amorphous FeS (1), mackinawite (2), greigite (3) and marcasite (4), filled circles are 

pyrrhotite forms (5-9) and pyrite (10) [36-39]. Free energy values for phases 1-4 lie above the 

line of those for 5-10 suggesting metastability at this temperature (298.15 K).  

 The morphologies and structures of the greigite and pyrrhotite nanocrystals were 

investigated using field-emission scanning electron (FESEM) and transmission electron 

microscopy (TEM). The TEM images (Figure 5.8a and d) show that the nanoparticles are 

well dispersed in a hexagonal, cube-shaped morphology. The increase of temperature did not 

show any significant morphological transformation. The selected area electron diffraction 

(SAED) (Figure 5.8b) presents a crystalline structure of the greigite particle. The HRTEM 

image of a hexagonal Fe3S4 NP (Figure 5.8c) indicates that the NPs possess well defined 

crystal lattices which exhibit an interplanar distance of 3.12 Å. This corresponds to the (311) 

plane of the Fe3S4 crystal with a spinel structure. The SEM image of a 300 °C sample 

(pyrrhotite) (Figure 5.8e), showing the majority of the Fe1-XS particles were densely packed 

and uniformly distributed in the shape of hexagonal to cubes with smooth surfaces. The 
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coalesced property of the sample on the substrate might be beneficial for various applications 

such as assembly of electronic devices. The EDX analysis data showed formation of S-rich 

Fe3S4 and Fe1-XS nanocrystals as summarized in Table 5.1 below. 

 

Figure 5.8. TEM images of greigite (a) and pyrrhotite (d) nanocrystals synthesized at 230 

and 300 °C respectively. The SAED (b) and HRTEM (c) of a crystalline Fe3S4 and an SEM 

(e) image obtained from sample (d), when complex (6) was used.  

Table 5.1. Elemental composition of iron sulfide nanocrystals obtained by solvothermal 

method in oleylamine. 

Complex  Temp (°C)  Fe (%)  S (%)  

        (6)  230 46.4  53.6  

300  47.02 53.08  

        (7)  230  46.6  53.4  

300  47.1 52.9 
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 The products obtained by thermolysis of precursor (7) in pure oleylamine were also 

analyzed by TEM. Figure 5.9 (a and c) presents TEM results on an iron sulfide sample 

obtained at reaction temperature of 230 and 300 °C. The resultant iron sulfide particles 

present hexagonal and sheet-like structures. A representative HRTEM image of the edge area 

of the hexagonal particle in Figure 5.9b exhibits well-resolved lattice fringes, further 

confirming the single-crystal nature of the particles. In Figure 5.9d, the SAED pattern taken 

from the edge of the particle shows that the structure is well crystallized, and these diffraction 

spots can readily be indexed to cubic iron sulfide crystal (Fe1-XS) recorded from the (100) 

zone axis.  

Figure 5.9. TEM images of greigite (a) and pyrrhotite (c) nanocrystals synthesized at 230 and 

300 °C respectively. The HRTEM of a greigite NP (b) and SAED of a pyrrhotite NP (d) 

obtained from complex (7). 
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 X-ray photoelectron spectroscopy (XPS) was employed to further investigate the 

purity and microstructure of the as-synthesized Fe3S4 and Fe1-XS nanoparticles. As shown in 

the full range scan (Figure 5.10a), the appearance of Fe and S species confirmed formation of 

pure forms of iron sulfide nanocrystals. A more detailed structure of Fe and S species could 

be obtained in the high resolution XPS spectra in the region of Fe 2p and S 2p (Figure 5.10 b 

and c). As shown in Figure 5.10b, Fe 2p3/2 resolved peaks at 710.1 and 710.6 eV for Fe3S4 

and Fe1-XS nanoparticles, respectively confirming the formation of Fe(III)-S systems. The 

peaks at 161.4 eV and 161.8 eV (Figure 5.10c) can be assigned to S 2p and the results are 

consistent with the literature [40]. The peaks at ~ 168 eV can be assigned to an oxidized form 

of SO4
2- [41]. 

 

Figure 5.10. (a) Full range XPS spectra of Fe-S prepared from complex (6), (b) Fe 2p and (c) 

S 2p XPS spectra of greigite (black) and pyrrhotite (red) samples. 
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 The room temperature magnetic properties of the samples obtained at 230 and 300 °C 

from complex (6) were recorded by a vibrating sample magnetometer. The sample prepared 

at 230 °C (greigite-Fe3S4) presents weak ferrimagnetic properties; whereas hexagonal 

pyrrhotite (300 °C) is antiferromagnetic (Figure 5.11). The magnetic hysteresis of the greigite 

sample prepared shows the saturation magnetization and coercive force of 3.27 emu/g and 

26.81 Oe, respectively. Pyrrhotite (Fe1-XS) also shows magnetic saturation of 1.66 emu/g and 

coercive force of 408.17 Oe. The coercive force of the sample prepared at 300 °C is higher 

than that of greigite phase prepared at 230 °C. The saturation susceptibility of greigite phase 

is a little higher than that of pyrrhotite, concluding that the crystal structure of the Fe-S 

system is an important factor determining the magnetic properties. 

 

Figure 5.11. Magnetic hysteresis curves of the iron sulfide samples obtained by the hot 

injection thermal decomposition of complex (6) in oleylamine at 230 °C (greigite) and 300 

°C (pyrrhotite). 
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5.3.3.  Synthesis of iron sulfide by pyrolysis method 

 In view of inherent advantages of single source precursors, such as low toxicity, 

control over stoichiometries, limited pre-reactions, the designed solid state thermal 

decomposition (pyrolysis) of single source precursors was intended for the preparation of iron 

sulfide nanocrystals. Thermal properties of complexes (6) and (7) (Figure 4.2, chapter 4) 

showed decomposition in the temperature range 260 – 320 oC, thus, the pyrolysis of both 

complexes was carried out in the temperature range of 350 – 450 oC. Magnetically active 

black powders of iron sulfide were obtained. These samples were characterized by scanning 

electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS) and magnetic measurements.  

 Pyrolysis of complex (6) resulted in the formation of pure pyrrhotite phase of the 

formula Fe7S8 (T3) at all three temperatures (card no: 00-025-0411) (Figure 5.12). The 

diffraction was indexed to (200), (203), (206) and (220) which are mirror planes of pyrrhotite 

phase. Powder X-ray diffraction (XRD) of iron sulfide nanoparticles obtained from complex 

(7) resulted in the formation of pyrite (FeS2) phase (card number: 01-071-0053) at 350 °C 

(Figure 5.13). When pyrolysis was carried out at 400 and 450 oC, the iron sulfide 

nanoparticles tended to form pyrrhotite phase (#) of the formula Fe7S8 (T3) with few peaks of 

pyrite. The pyrrhotite phase could be indexed to (200), (203), (206) and (220) mirror planes 

(card no: 00-025-0411). These results reveal that the complexes decompose differently. The 

results show that the structure of the starting material plays a significant role in determining 

the crystalline structure of the as-synthesized nanocrystals.  It is also observed that, the 

temperature affects the mechanism of the formation of these complex structures of iron 

sulfide nanocrystals. Gao et al. reported the composition– and phase-transformation of iron 

sulfide compounds as being significantly dependent on the temperature [27]. The sizes of the 

crystals calculated from Scherrer equation, lattice constants and d-spacings are summarized 

in Table 5.2. Increasing temperature resulted in a general increase of lattice constant, d-

spacing and Scherrer sizes.  
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Figure 5.12. p-XRD pattern of a pyrrhotite phase of Fe7S8 nanoparticles synthesized using 

complex (6) as a single source precursor. 

Table 5.2. The structural properties and particles sizes of iron sulfide obtained by pyrolysis 

of complexes (6) and (7) (values are obtained from (206) plane). 

Complex  Temp 

(°C)  

a (Å)  Obs. d (Å) Size (nm)  

(6)  350  12.8915  2.03833  8.39  

400  12.9105  2.04133  8.45 

450  12.9425  2.04639 8.96  

(7)  350  12.8982  2.03939  19.92  

400  12.9012  2.03985  20.84  

450  12.9137  2.04183 23.64  
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Figure 5.13. p-XRD pattern of iron sulfide nanoparticles synthesized using complex (7) as a 

single source precursor (# pyrrhotite phase). 

 The morphology of the as-synthesized iron sulfide nanoparticles from complex (6) 

was investigated by SEM and the images are shown in Figure 5.14. Nanoflake-like structures 

with sizes between 200 – 400 nm were obtained at all temperatures. The temperature change 

did not show any morphological transformation. The energy dispersive X-ray spectroscopy 

(EDX) was performed on the samples and the results are summarized in Table 5.3. The 

stoichiometric composition showed the formation of iron-rich nanocrystals as the temperature 

was increased. 
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Figure 5.14. SEM images of iron sulfide nanocrystals obtained by pyrolysis of complex (6) 

at 350 °C (a and b), 400 °C (c and d) and 450 °C (e and f). 

 The surface morphology of the samples pyrolized from complex (7) is shown in 

Figure 5.15. SEM image of the samples reveals formation of well interconnected spherical 

microstructures at 350 °C (Figure 5.15a and b). When the temperature was increased to 400 

and 450 °C, a clear transformed morphology was observed, where stacks of oval to cubic or 

plate-shaped nanocrystals with some small flake like structures were observed (Figure 5.15c-

f). These results further manifests that the different sorts of precursors (6) and (7), resulted in 

different shapes of iron sulfide nanocrystals. Similarly, EDX measurements showed 

formation of iron-rich nanocrystals and the results are assembled in Table 5.3.  
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Figure 5.15. SEM images of iron sulfide nanocrystals obtained by pyrolysis of complex (7) 

at 350 °C (a and b), 400 °C (c and d) and 450 °C (e and f). 

Table 5.3. Elemental composition of iron sulfide nanocrystals obtained by pyrolysis method 

using complex (6) and (7). 

Complex  Temp (°C)  Fe (%)  S (%)  

        (6)  350  59.92  40.08  

400  60.17  39.83  

450  61.56 38.44  

        (7)  350  59.86  40.14  

400  61.03  38.97  

450  61.66 38.34  
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 X-ray photoelectron spectrometry (XPS) was used to determine the surface chemical 

composition of the as-synthesized iron sulfide nanostructures. Representative samples 

prepared from complex (6) and (7) at 350 °C were chosen for analysis. The binding energy of 

Fe (2p3/2) was carefully fitted (Figure 5.16a). Complex (6) gave iron sulfide with Fe 2p peak 

located at 710.8 eV, whereas the peak at 709.2 eV for complex (7) can be assigned to the 

major peak of Fe(III) bonded with S.  These assignments are in good agreement with the 

literature results [31]. Figure 5.16b shows the S 2p spectrum of iron sulfide nanocrystals 

synthesized from complex (7) and the peaks at 161.7 eV and 166.8 eV are attributed to S2 and 

possible oxidation of S to SO4
2-

 respectively [32,33]. Similarly, complex (6) peaks at 161.4 

and 169.4 eV were attributed to S 2p, typical of Fe-S systems and an obvious oxidized form 

of S, respectively.  

 

Figure 5.16. XPS spectra for the as synthesized iron sulfide nanocrystals from complex (6) 

and (7) (black) 350 °C. 

 The magnetization of the representative samples of iron sulfide nanoparticles 

measured by the vibrating sample magnetometer are shown in Figure 5.17. The magnetic 

properties reveal that all crystalline iron sulfide nanomaterials prepared from pyrolysis 

treatment of complex (6) and (7) show room temperature magnetic hysteresis loops with 

magnetization well saturated under the applied magnetic fields of 10-15 kOe (1 Oe = 10-4 T). 

The saturation susceptibility and the coercive forces of iron sulfide nanocrystals obtained 

from complex (6) and (7) are 7.13 and 5.52 emu/g and 135.5 and 121 Oe, respectively. The 

saturation susceptibility and coercive force of samples from complex (6) are a little higher 

than those from complex (7).  
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Figure 5.17. Magnetic hysteresis curves of the iron sulfide samples obtained from the 

pyrolysis of complex (6) (pyrrhotite) and (7) (pyrite and pyrrhotite) at 350 °C. 

5.3.4.  Gas sensing application 

 Recently, gas sensors have become key technology in several commercial, domestic 

and industrial gas sensing systems. Gas sensors based on semiconducting metal oxide 

nanostructures show high responses to various gases, however they require external heater to 

operate [42,43]. The use of external heater however, increases the power consumption. 

Considerable efforts have so far been made to overcome the problem of using external 

heaters. One of the option has been the use of a two-dimensional (2D) carbon monolayer 

crystal (graphene), which can operate at room temperature [44,45]. The main drawback of 

graphene based sensor is its poor recovery and sluggish response. Many gases emitted from 

industrial and several human activities pose threat to human and other living organism’s 

health problems. Thus gas sensing technology is suitable to detect hazardous gases in the 

environment [46,47].  

 Metal sulfide semiconductor nanomaterials have rarely been used for gas sensing 

technology. In this paper, we show the application of iron sulfide nanocrystals (greigite and 

pyrrhotite phases) for gas sensing. The gas sensing tests were performed using a Kinosistec 

gas sensor capable of measuring resistance of the iron sulfide thin films, while automatically 

changing the concentrations of the gases and the gas type. We have also subjected the 

samples to humidity sensing and all measurements were carried out at room temperature. In 
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this work, iron sulfide nanoparticles obtained by solvothermal method in oleylamine from 

complex (6) were used. Both samples obtained at 230 °C (greigite-Fe3S4) and 300 °C 

(pyrrhotite-Fe1-xS) have been used for this purpose. A typical diagram of KSGA565 

Kenosistec sensing station illustrating how the gas sensing measurement was performed is 

shown in Figure 5.18. 

 

Figure 5.18. Schematic diagram of KSGA565 KENOSISTEC sensing station illustrating 

how the gas sensing measurement was performed. 

 Both greigite-Fe3S4 (230 °C) and pyrrhotite-Fe1-xS (300 °C) samples were employed 

in humidity sensing at room temperature. The greigite and the pyrrhotite-Fe1-xS were active 

towards humidity sensing and the results are shown in Figure 5.19. The resistive response of 

the greigite and the pyrrhotite sensor to varying humidity levels was measured at room 
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temperature (21 °C). The sensor resistances decrease (currents increase) with decreasing the 

humidity level in the chamber and vice versa. It can also be noted that, although the greigite 

displays a higher response to humidity than the pyrrhotite in all humidity level, the greigite 

saturates at a lower humidity level than the pyrhotite. It is also noteworthy that the pyrhotite 

sensor exhibits faster response and recovery than the greigite. The obvious gain in resistance 

of the sensors upon interaction with water vapour reveals the adsorption-desorption isotherms 

of water molecules to both the greigite and the pyrrhotite-Fe1-xS-sensors. 
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Figure 5.19. Resistance-time profiles of the iron sulfide based sensor when exposed to 

varying concentrations of humidity at room temperature. This figure shows that the greigite 

sample (annealed at 200 C) response better to humidity than the pyrrhotite sample (annealed 

at 300 C) although the greigite saturates at lower humidity level (about 80%) than its 

competitor which hardly saturates. 

 Gas sensing response profiles for the greigite (230 C) and the pyrrhotite-Fe1-XS (300 

C) sensors responding to H2, CH4, NO2 and NH3 at room temperature are shown in Figures 

5.20. There is very little discernible response of the greigite to all the gases considered but the 

pyrhotite sensor showed to respond to both nitrogenous gases NO2 and NH3 and the H2 and 

CH4 gases. Between the two nitrogenous gases, the pyrhotite shows higher response to NO2 
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than NH3 while it shows more response to CH4 than H2. As opposed to its response to 

humidity, the pyrrhotite’s resistances increased (currents decreased) as a consequence of 

increase in amounts of gases in the sensor chamber. The mechanism of metal oxides-based 

sensor is well established [48,49], where by reduction-oxidation processes occur on the 

sensor surfaces resulting in the exchange of electrons with the target gas molecules thus 

affecting the sensor’s resistance. We assume similar electron-exchange mechanism occurs in 

metal sulfide sensors. It can thus be concluded that nitrogenous-sites showed sensor 

responses, possibly because of the availability of lone pairs on the NO2 and NH3 molecules. 

The mechanism of response of the pyrrhotite to H2 and CH4 which show similar profiles to 

those of NH3 and NO2 shows that the pyrhotite does not distinguish between reducing and 

oxidizing classes of gases and may point to the fact that this materials has both n-type and p-

type phases. The fact that the greigite shows poorer sensing properties than the pyrrhotite 

suggests that the ferrimagnetic material is poorer sensor than the anti-ferromagnetic one. 
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Figure 5.20. Resistance-time profiles of the greigite- Fe3S4 and the pyrrhotite-Fe1-xS based 

sensor when exposed to varying concentrations of NO2 and NH3 gases at room temperature. 
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 The actual order of responses of the pyrrhotite to the four gases at a constant 

concentration of 40 ppm is presented in Figure 5.21. For a slightly large proportion of Fe in 

the pyrrhotite than in the greigite, its magnetic properties are much better and its band optical 

band energy gap slightly lower than the greigite. It appears these properties make the 

pyrrhotite a more stable gas sensor doing much better in H2, CH4 and NO2 than the greigite 

does. The greigite tries to compete with the pyrrhotite on NH3 but still its response to NH3 is 

lower than that of the pyrrhotite. 

 The responses of the greigite are not as poor as they seem bearing in mind that all 

these measurements were done at room temperature. There are indications that this sample 

has high responses at ultra-low gas concentrations, say less than 10 ppm, but it quickly 

saturates at more than 30 ppm. This is an indication that at higher temperature, the greigite 

may compete or possible do better than the pyrrhotite. These insights form part of our on-

going search. 
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Figure 5.21. Summary of data (a) optical band gap, magnetic propertied and composition of 

the greigite and pyrrhotite (b) the responses of the greigite and the pyrrhotite to H2, CH4, NO2 

and NH3 gases. 

 

 

 

 

 

 

 



 

 

163 

 

5.4.  Conclusions 

 Heterocyclic iron(III) dithiocarbamate complexes were used as single source 

precursors to synthesize high quality iron sulfide nanoparticles via solvothermal and 

pyrolysis methods. Solvothermal route using ethylene glycol as coordinating solvent afforded 

the formation of only cubic greigite Fe3S4 phase, whereas oleylamine produced greigite phase 

at 230 °C and pyrrhotite phase at 300 °C. Pyrrhotite phase (Fe1-XS) and a mixture of 

pyrrhotite and pyrite (FeS2) phases could be obtained via pyrolysis route. Significant 

differences were noticed in the phase of iron sulfide nanocrystals by changing the complexes 

during pyrolysis of the single source precursors. Furthermore, the Fe3S4 and Fe1-XS 

nanoparticles displayed magnetic properties at room temperature. This study has provided a 

relatively reliable single precursor route for preparing stoichiometric iron sulfides 

nanocrystals with well-defined crystalline structures, compositions and morphologies. 

Moreover, the reaction temperature showed to play a critical role in controlling the chemical 

compositions, morphologies, crystalline structures and even the magnetic properties of the 

resultant iron sulfide nanocrystals.  

 We further developed the self-activated iron sulfide gas and humidity sensors without 

external heating. The reliable room-temperature operation guarantees the stability of iron 

sulfide sensing layer. Moreover, the sensor composed of single binary material, which is iron 

sulfide. The sensor measurement reveals satisfactory performance of the assembled device 

without external heating, thus ensuring low power consumption for practical applications of 

the sensor. Although the greigite show better response to humidity than does the pyrrhotite, is 

completely outrun by the pyrhotite when exposed to industrial gases H2, CH4, NO2 and NH3. 

The pyrrhotite shows much better response especially to H2, CH4 and NO2. This suggests the 

pyrrhotite to be a useful material, perhaps utilizing its magnetic properties for other 

applications such as catalysis or corrosion alleviation. 
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CHAPTER SIX 

SUMMARY, CONCLUSION AND FUTURE WORK 
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6.1.   Summary 

 Semiconductor metal sulfide nanomaterials are important due to their extensively 

promising applications in optoelectronic and magnetic devices. The well aligned 

nanostructure arrays are attractive due to their improved properties and applications. In the 

21st century, energy scarcity and global warming are among the challenges the world and 

human beings are facing. Thus the development of high-performance and clean alternative 

energies is the interest of the current scientists.  

 Described in this work is the synthesis of single source precursors or complexes of 

piperidine and tetrahydroquinoline of cadmium, lead and iron dithiocarbamato complexes 

and a pyridine adduct of bis(piperidine dithiocarbamato)cadmium(II) and their use for the 

synthesis of metal sulfide nanoparticles and thin films. Chapter one details general 

introduction of materials science and comprehensive literature review underling the interest 

and the aims of this work. Deposition of cadmium sulfide thin films by aerosol assisted 

chemical vapour deposition (AACVD) and nanoparticles by hot injection methods is 

described in chapter two, where by complexes of piperidine (1) and tetrahydroquinoline (2) 

of cadmium-dithiocarbamato complexes and a pyridine adduct of bis(piperidine 

dithiocarbamato)cadmium(II) (3) were used as single source precursors.   

 Chapter three presents the synthesis of single source precursors or complexes 

of piperidine (4) and tetrahydroquinoline (5) lead(II) dithiocarbamato complexes. These 

complexes have been used for the deposition of PbS thin films by aerosol assisted chemical 

vapour deposition (AACVD) and spin coating methods at different temperatures. In chapter 

four, four single source precursors- tris-(piperidinedithiocarbamato)iron(III/II) (6/8) and tris-

(tetrahydroquinolinedithiocarbamato)iron(III/II) (7/9) complexes have been synthesized and 

fully characterized. The precursors were then used to deposit thin films of iron sulfide thin 

films by aerosol assisted chemical vapor deposition technique. A mechanism for the 

decomposition of complex (6) is also described in this chapter. The mechanism revealed the 

decomposition of complex (6) through two steps; firstly detachment of one piperidinyl 

dithiocarbamato ligand, followed by complete removal of the remaining organic moiety. 

 Chapter five describes synthesis of high quality iron sulfide nanocrystals via 

solvothermal and pyrolysis methods using complexes (6) and (7) reported in chapter four. 
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The solvothermal route involved the use of ethylene glycol and oleylamine as coordinating 

solvents whereas the pyrolysis route involved the heating of complexes at different 

temperatures. Iron sulfide nanocrystals obtained via solvothermal route in oleylamine were 

further used to assemble iron sulfide gas and humidity sensor. Gases H2, CH4, NH3, NO2 and 

humidity were tested at room temperature. 

6.2.  Conclusion 

 A number of cadmium, lead and iron complexes of the type heterocyclic 

dithiocarbamates have been synthesized and characterized. Single crystal structures of four 

single source precursors have been elucidated namely:  

 bis-(piperidinedithiocarbamato)cadmium(II) (1),  

 bis-(piperidinedithiocarbamato)pyridinecadmium(II) (3),    

 tris-(piperidinedithiocarbamato)iron(III) (6) and  

 tris-(tetrahydroquinolinedithiocarbamato)iron(III) (7).  

These precursors have been used for the fabrication of CdS, PbS and Fe-S thin films by 

AACVD and in some cases spin coating method. Also solvothermal method has been 

employed to synthesize high quality nanoparticles. In addition, pyrolysis method was used to 

synthesize iron sulfide nanoparticles. 

 Different parameters were varied during the deposition of these metal sulfide thin 

films including temperature and solvents. The morphological, structural, composition and 

optical properties of the deposited materials were found to depend on the reaction conditions 

used during the synthesis such as temperature. High quality synthesis of nanoparticles 

showed to be influenced by the temperature of the injection. The as-synthesized CdS thin 

films and nanoparticles were shown to exhibit blue shifted optical properties, which were size 

and morphological dependent. Their morphologies and structural properties were investigated 

using different electron microscopic and diffraction techniques.  

 Similarly, PbS thin films deposited were studied and their optical and structural 

properties showed formation of high quality nanomaterials which were temperature 

dependent. Optical properties of the deposited PbS thin films revealed blue shift compared to 
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the bulk PbS. Best morphologies of PbS films deposited by spin coating method highlighted 

the usefulness of this route. Iron sulfide thin films deposited by AACVD method showed that 

variation of parameters could result in the formation of high quality structures. Furthermore, 

optically active greigite and pyrrhotite-iron sulfide nanoparticles were obtained by simply 

varying the temperature of the hot solvent. Pyrrhotite-Fe1-XS sensor device showed 

interesting performance when tested for humidity and different N-site gases such NO2 and 

NH3. The gas sensors further revealed that stoichiometric structure of iron sulfide 

nanostructures have significant effect on the end-user device performance. 

6.3.  Future work 

 Recent research work regarding different metal sulfide nanostructures and their 

applications have gained interest.  Synthetic methods, tremendous properties and wide 

applications are also of great importance in many areas. Thus, in order to satisfy today’s 

demands of the world and society; distinctive assembling of well-aligned nanostructures is 

important to ensure high quality properties and best performance of the devices. The 

followings are perspectives envisaged to improve quality of nanostructures fabrication and/or 

device performances. To synthesize alloyed sulfides such as bismuth iron sulfide or bismuth 

lead sulfide nanostructures to improve electronic properties of the materials. Secondly, 

employing UV-irradiation or external heating could enhance better performance of the gas 

sensor used. 
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Figure 1A. Proposed structures of complexes (2), (4), (5), (8) and (9). 


