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ABSTRACT



This research describes the syntheses and characterization of lead and bismuth chalcogenide
nanoparticles and thin films from single source precursors. The single source precursors used
were dithiocarbonates, dithio- and diselenoureas, and dithiocarbamates. These precursors were
characterized using micro-elemental analyses, thermogravimetric analyses, infrared
spectroscopy, nuclear magnetic resonance spectrometry and mass spectrometry. The single
crystal structures of bismuth ethyl xanthate and its 1, 10 phenanthroline adduct were
determined. The complexes were used for the syntheses of nanoparticles using the hot injection
and thin films using the spin coating technique. The as-synthesized nanoparticles and thin films
were characterized by X-ray diffraction, scanning electron microscopy, transmission electron
microscopy, inductively coupled plasma, energy dispersive X-ray spectroscopy and absorption
measurements. Optical band gaps were estimated from the absorption data using Tauc’s plots.
For the PbS thin films from lead dithiocarbonates, the effect of the alkyl chain length on the
morphology and size of the nanocrystals were investigated. There was a change in morphology
from cubes to fibrous structures as the alkyl chain changed from ethyl to dodecyl, thus
confirming the anisotropic nature of PbS. SEM analyses of Bi»Sz thin films also showed a
change in shape from nanowires of the bismuth ethyl xanthate to clusters of nanorods
(triethylamine, pyridine) and nanodots (1,10 phenanthroline) depending on the choice of

nitrogen adduct.

Ternary PbSxSeux thin films deposited from lead xanthate and lead selenourea showed a
gradual shift in p-XRD pattern to lower 2 theta values as the mole fraction of the lead
selenourea complex in the coating mixture changed from 0 to 1 at an interval of 0.1. Estimated
optical band gaps for the parent binaries (PbS and PbSe) and their ternary alloys (PbSxSe(1-x)
were all blue shifted from their respective bulk materials. PbSxSe(1-x hanoparticles synthesized

from lead thio- and selenourea complexes also exhibited a similar trend in both p-XRD and



optical band gap. EDX analyses confirmed the presence of Pb, S and Se in all the PbSxSe(1x)

alloys formed at different atomic percentages depending on the ratios of the starting materials.

The effects of different concentrations of Bi doping on the optical and structural properties of
PbS nanoparticles have been investigated. Morphological studies showed cubes at 50% Bi
doping suggesting the incorporation of the Bi atoms into the crystal lattice of the PbS
nanoparticles. However, an interplay between rods and cubes were seen at 80% Bi doping. The
estimated band gaps for PbS and Bi,Ss were 0.72 and 1.94 eV respectively with the alloy having

band gaps in between the two binaries.
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CHAPTER 1 INTRODUCTION

1.1 Background

One of the major industries which has seen enormous applications of nanotechnology is the
energy sector through solar cells (Le Donne et al., 2011). Solar energy is one of the most
environmentally benign sources of energy. A solar cell is an electrical device that converts
sunlight into electricity by the photovoltaic (PV) effect (Landsberg and Markvart, 2013). Solar
cells are among the most promising candidates for alternative energy sources to meet the global
energy demand (Le Donne et al., 2011). Their ability to produce electricity at a cheaper cost
make them robust, reliable and long lasting. The search for new materials for the PV industry
has increased greatly in the last few decades owing to the increasing energy crises faced by
most developing countries (Ramasamy et al., 2013). Most of the commercially available solar
cells take advantage of the well-studied p-n junction structures for the separation of charge
carriers, which are produced by absorption of sunlight (Green and Blakers, 1983). Worldwide,
crystalline silicon (Si) cells with thickness ranging from 180 to 300 um dominate the PV market
(Mauk et al., 2013). However, despite the many advantages of this unlimited and clean
resource, the first generation solar devices, which are based on Si suffer from high cost of
manufacturing and installation although they exhibit the highest power conversion efficiencies
(Angmo et al., 2012; Yun et al., 2013). Another challenge is the waste of low-energy photons
due to vanishing absorption below the band gap energy (Aeberhard et al., 2012). The high
production cost as a result of the sophisticated technologies used to avoid carrier recombination
prior to their extraction are all factors that make the Si based solar cells extremely expensive
(Yun et al., 2013). This has given rise to the search for new hybrid solar cells which are cost

effective and efficient.



These hybrid solar cells comprise of conjugated polymers, nanomaterials, electrodes and
substrate (Bhat et al., 2011; Zhao et al., 2014). Due to their advantage of combining the low
cost fabrication of organic molecules with the stability of inorganic semiconductors, hybrid
solar cells are promising systems for PV application and therefore the subject of intensive work
(Gondek, 2014; Yu et al., 2013; Zimmermann et al., 2011). Examples of these hybrid solar
cells include tandem (Bolanda et al., 2011; Yang et al., 2012), perovskite (Abdelhady et al.,
2016; Dharani et al., 2014), dye sensitized (Oftadeh et al., 2012; Pimanpang et al., 2014),
quantum dots sensitized (Choi et al., 2014; Pan et al., 2014) and polymer based solar cells
(Freitas et al., 2014; Scarongella et al., 2014). Although these devices are still at the research
stage, they have recorded high power conversion efficiencies of about 20 %, which make them
good alternatives to the conventional Si based devices (Baik et al., 2009; Freitas et al., 2014;

Hao et al., 2012; Yang et al., 2012).

One of the commonly employed nanomaterials in these systems are the lead chalcogenides. At
the nanometer region, lead chalcogenides posses similar properties which include large
excitonic Bohr radius from ca. 20 to 50 nm and narrow bulk band gap ranging from 0.41 to

0.27 eV at 300 K from S to Te (Boadi et al., 2012; Christensen et al., 2016; Dai et al., 2010;
Leventis et al., 2010; McNaughter et al., 2016; Preetha and Remadevi, 2014; Sagadevan et al.,
2017). These properties offer technological advantages for strong quantum confinement of
charge carriers both individually and in excitonic modes (Boadi et al., 2012; Shyju et al., 2012).
The ability to produce lead chalcogenide nanoparticles with sizes below their respective Bohr
exciton radii allow band gap engineering to access the entire ultraviolet, visible and near
infrared spectrum through quantum confinement (Boadi et al., 2016). Solar cells based on
binary lead chalcogenides have been reviewed recently (Freitas et al., 2014; Kershaw et al.,

2013).



Due to the toxicity issues around the use of lead, bismuth sulfide (Bi»Ss) nanomaterials have
been exploited. Bi»Sz is a well-known n-type semiconductor which is chemically stable. Bi>S3
has been identified as non-toxic, abundant, biocompatible and environmentally friendly
material and hence the interest in investigating into its properties (Ayodhya and Veerabhadram,
2017; Han et al., 2015; Yu et al., 2016). The direct energy band gap of Bi.Sz which is between
1.3 and 1.7 eV, lies within the optimal band gap value for a single junction solar cell and
therefore makes it a suitable material in the fabrication of photodiode arrays and photovoltaic
devices (Arumugam et al., 2017). The properties of Bi>Sz make it a suitable material as solar
absorbers, compared to the widely used cadmium tellurides, which are toxic and expensive

(Song et al., 2016). Bi>S3 possesses relatively high carrier mobility (pe = 200 cm?/Vs), enabling
full light absorption and photogenerated carrier collection within a film of a few micrometers
thick (Song et al., 2016). The bulk Bi>S3 has refractive index between 1.3 to 1.9 (Ali et al.,
2017) and has been reported to crystallize with a lamellar structure having the Bi2Sz units
interconnected with weak van der Waals interactions (Liu et al., 2003). Solar cells based on
bismuth sulfide have also been reported (Moreno-Garcia et al., 2011; Saha and Pal, 2015; Song

et al., 2016).

Ternary alloys are three elements system that either contain a single metal and two chalcogens
(example, PbSxSe(1-x) or two metals and one chalcogen (example, Cd-xZnxSe) (Bagade et al.,
2015; Kumar et al., 2010). These are usually formed through doping. Electronic doping of
quantum dots have led to several breakthroughs in technological industries (Abdelhady et al.,
2016). For example, in the solar cell industries, doping is crucial in the optimization of p-n
junctions, which in turn improves charge collection efficiencies. In electronics, doping refers
to the process of changing the electrical properties of a semiconductor without altering
significantly its crystal phase or structure (Abdelhady et al., 2016). The materials used are

usually referred to as ‘dopants or impurities’. Usually, the impurities act as acceptors, donors



or traps which affect the Fermi level and, therefore, its carrier density, carrier mobility and

conductivity (Portillo et al., 2017).

The use of metal doped PbS semiconductor nanomaterials are regarded as the most promising
candidates for absorbers of low—cost but highly-efficient technological devices
(Balasubramanian and Suriyanarayanan, 2013). Common elements that have been used to dope
PbS for specific technological applications include calcium for PV devices (YUcel and Yiicel,
2017), strontium for PV devices (Yicel and Ycel, 2016), copper for PV devices (Lee et al.,
2016; Touati et al., 2016), bismuth for optoelectronic and thermionic devices (Du et al., 2017;
Papagiorgis et al., 2017), aluminium for PV devices (Sagadevan et al., 2017; Suganya et al.,
2016), iodine for solar cells (Stavrinadis et al., 2017), iron for magnetic imaging devices (Balu
et al., 2017), manganese for solar cell devices and magnetic resonance imaging labels
(Rajashree et al., 2016; Rimal et al., 2016; Turyanska et al., 2016), nickel for PV application
(Kumar et al., 2015; Rajashree and Balu, 2016), gold and antimony for solar cell applications
(Patra et al., 2017), cadmium for solar cell (Lee et al., 2016), lithium for multiple exciton
generation devices (Portillo et al., 2017) and tin for optoelectronic devices (Lin et al., 2011,
Liuetal., 2013). In nanotechnology, these alloys have gained significant attention because their
optical as well as structural properties can be tuned. For example, alloys containing Pb, Bi and
S atoms have high electrical conductivity as compared to their parent binary PbS and Bi»S3
counterparts. These alloyed nanomaterials are usually synthesized using multiple source
starting materials and techniques such as chemical vapour deposition (Bente and Anton, 1995),
solid state reactions (Ohta et al., 2014), thermal evaporation (Abd-Elkader and Deraz, 2014),
and chemical bath deposition (Pring and Etschmann, 2002).

Bismuth is an element with +3 valency which is isoelectronic with Pb?*. It is, therefore, able to
replace Pb atoms in a crystal lattice (Abdelhady et al., 2016; Stavrinadis et al., 2013). Bi doped

PbS is a new class of materials that can be used as absorbers in photovoltaic cells. These



materials are less expensive, therefore promoting their use in the PV industry (Moreno-Garcia
etal., 2011). Bi doped PbS materials are less toxic as compared to some widely used solar cell
materials, such as GaAs, CdTe and CIS (Balasubramanian and Suriyanarayanan, 2013). The
addition of Bi atoms to PbS based solar cell improves the electron-conduction process and the
overall power conversion efficiency (Saha et al., 2015). In thermoelectric devices, Bi doped
PbS thin films have been used as a cheaper and less toxic substitute to lead sulfides, selenides
and tellurides (Du et al., 2017). This conclusion was based on the improved electrical
conductivity and decreased thermal conductivity of the Bi doped PbS as compared to the parent
binary PbS nanomaterials.

The common chalcogens that have been used to dope PbS include selenium and tellurium
(Labidi et al., 2011; Smith et al., 2011). Ternary alloys of the type PbSxSe1x) (0 <X < 1) are
potentially useful materials that allow band gap engineering in thin films or a particulate form
and also the exploitation of size-dependent quantum confinement effects (Lin et al., 2011). PbS
and PbSe are closely related in a structural sense; their anionic radii differ by only ca. 15 % of
each other and the lattice mismatch between the two halite phases is only ca. 2 % (Ma et al.,
2009), thus, making these two materials compactible at the nanometer region (Akhtar et al.,
2011). Perhaps most importantly, PbSxSeu-x can yield efficient photovoltaic devices (with
power conversion efficiency of about 10 %) through the combination of open circuit voltage
(Voc) and short circuit current (Jsc) unavailable in either of the parent PbSe or PbS materials

(Akhtar et al., 2011; Nam et al., 2012; Yu et al., 2011).

1.2 Problem statement and justification

The depletion of natural resources (example, coal) has greatly affected the energy sector in
most developing countries (Bao et al., 2007). It is therefore necessary to develop alternative

mechanisms to produce energy that is cost effective and environmentally friendly. Si based
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solar cells have been widely used despite their high cost; due to the abundance of sunshine in
Ghana and most part of world. Therefore, there is a great need for inexpensive routes for the
preparation of advanced materials for the PV industry. Examples of such routes include
colloidal syntheses and spin coating (Lee et al., 2014; Xiong et al., 2015). These routes are
simple and technically straight forward. By changing the reaction conditions such as
temperature and time, the size of the nanocrystals can be varied, which have a direct effect on
other properties such as band gap (Lewis et al., 2015). Despite the toxicity of lead based
materials, they have been reported as efficient solar absorbers (Tan et al., 2011; Zhao et al.,
2010). One approach to reduce the toxicity involved in the material synthesis is through the use
of single source precursors (Boadi et al., 2012). Several single source precursors have been
used in the syntheses of binary lead chalcogenides, which include lead dithiocarbonates
(McNaughter and Saah et al., 2016), lead dichalcogenocarbamates (Romano et al., 2015), lead
dichalcogenophosphates (Zyl and Woollins, 2013) and lead dichalcogenophosphinates (Boadi
et al., 2016). There are however, only a hand full of reports on the use of these SSPs as starting
materials in the syntheses of ternary nanoparticles and thin films. Furthermore, most of the
reports on ternary alloys have considered doping percentages less than 10 (Du et al., 2017,

Papagiorgis et al., 2017).

This research, therefore, sought to explore the syntheses of nanoparticles and thin films from
single source precursors which can be used as absorbers in solar cells. Practically, this research
investigated the effects of alkyl chain length of lead alkyl xanthate precursors on the properties
such as size and shape of PbS thin films. It also explored the effect of nitrogen adduct on the
morphology of Bi»S3 thin films. It further investigates the effect of higher dopant (Se and Bi)
percentages (up to 90%) on the structural, morphological and optical properties of ternary PbS

nanoparticles and thin films.



1.3 Main aim

The main aim of this research was to synthesize and characterize lead and bismuth
chalcogenides and ternary alloyed thin films and nanoparticles using different single source

precursors.

1.3.1 Specific objectives

(a) To deposit PbS thin films from a series of lead alkyl xanthate complexes using spin
coating method.

(b) To investigate the effect of nitrogen adduct of bismuth ethyl xanthate on the properties
of Bi»Sz thin films deposited from xanthates using spin coating method.

(c) To investigate the effect of selenium concentration in selenourea on the properties of
PbSxSe(1-x thin films and nanoparticles.

(d) To investigate the effect of bismuth concentration on the properties of Bi doped PbS

nanoparticles from dithiocarbamates using the hot injection method.

1.4 Scope of study

This work is limited to the syntheses and characterization of nanomaterials from single source

precursors.

CHAPTER 2 LITERATURE REVIEW



2.1 Semiconductors as inorganic materials

Semiconductor materials are crystalline or amorphous solids with distinct abilities in
conducting electricity (Oener et al., 2016). Their properties such as carrier mobility, band gap
and resistivity lie in between conductors and insulators (Tominaka et al., 2015). Conductors
are materials that have low resistance to the flow of electricity (i.e. good conductors of
electricity). These group of materials have partially filled outermost bands. Common examples
of conductors are nickel, copper and sodium (Hwang, 2015). Insulators on the other hand are
materials that have high resistance to the flow of electricity (bad conductors of electricity). All
the valence electrons are strongly bound and therefore are not able to move to the conduction
band under the influence of an external electric field (Cheek and Mertens, 1983; Oener et al.,
2016). Typical examples are glass, plastics and wool. Semiconductors have properties in
between conductors and insulators. Temperature, magnetic field and illumination are some
parameters that affect the electrical conductivity of semiconductors (Grétzel, 2001; Hwang,
2015). They have fully filled valence band and an empty conduction band which is separated
by a forbidden gap (Gupta and Gupta, 2017). The valence electrons are therefore able to move
to the conduction band under the influence of energy (Tominaka et al., 2015), thus, creating a
temporary hole in the valence band (Zhang et al., 2015). Silicon, lead sulfide, and cadmium

selenide are some common examples of semiconductors.

In order to successfully apply semiconducting materials in opto-electronic devices, their band
structures, which is derived from their molecular orbital theory, are of great importance.
Molecular orbital theory (MOT) is a method for determining molecular structure in which
electrons are not assigned to individual bonds between atoms, but are treated as moving under
the influence of the whole molecule (Jain et al., 2008). According to MOT, the linear
combination of atomic orbitals (LCAO) approximation results in the formation of molecular

8



orbitals on the basis of interaction of wave functions (Koca et al., 2012). These molecular
orbitals are usually divided into bonding, non-bonding and anti-bonding orbitals. A bonding
orbital basically concentrates electron density in the region between a given pair of atoms. The
electron density in turn attract each of the two nuclei toward each other therefore holding the
two atoms together. Electrons in non-bonding orbitals on the other hand do not interact with
others and therefore have no contribution to bond strength. Anti-bonding orbitals concentrate
electron density on the side of each atom which is farthest from the other atom and tend to pull
each of the two nuclei away from each other. This weakens the bond between the two nuclei

(Tussupbayev et al., 2015).
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Figure 2.1 Molecular orbitals of hydrogen atom (Zhang et al., 2015)

A typical example is the hydrogen molecule; in which the single “s” electron wave function
(usually represented by ya and yg) interact with all possible linear combinations to generate a

bonding and anti-bonding orbital (y1 and y2) respectively.

Y1=(xa+xs) Equation2.1y2= (xa—xs) Equation2.2



From Figure 2.1, the two “s” electrons in the hydrogen molecule occupy the bonding orbital
which has the lowest energy whereas the anti-bonding orbital remains unoccupied (Lei et al.,
2014). These two orbitals are separated by an energy gap. Usually, when an electron absorb
enough energy, it moves from the valence band to the conduction band. Each material has a

unique energy for this transition which is measured in electron volt (eV) (Zhang et al., 2015).

2.2 Classification of semiconductors

Semiconductors are grouped into intrinsic and extrinsic semiconductors based on their
electronic structures and into direct and indirect semiconductors based on their electronic

transitions.

2.2.1 Intrinsic semiconductor

An intrinsic semiconductor is a chemically pure semiconductor material with no impurity (Saha
et al., 2015). Although they have poor conductivity, their conductivity increases with
temperature. These semiconductors display electrical properties based on their inherent
electronic structures. Upon excitation, electrons are promoted from the valence band into the
conduction band thereby creating a hole in the valence band. This process is an electron-hole
pair creation. They possess equal number of holes (positive carriers) in the valence band and
electrons (negative carriers) in the conduction band. This is because each electron produces
only one hole (Lei et al., 2014; Oener et al., 2016). A typical example is a pure silicon crystal.
Under the influence of an applied energy, both the electrons and holes can move across the
material. Both charge carriers contribute to the conduction of electricity (Figure 2.2). These

semiconductors have limited applications because of their relatively small number of valence
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electrons that obtain enough energy to move to the conduction band. For example, at room
temperature, silicon is of the typical order of 10 electrons/cm® (Shchennikov et al., 2002).
One way to increase the number of charge carriers in intrinsic semiconductor is through doping.
Doping basically involves the addition of impurities to a material. This process increases the
applications of semiconductors since they can be functionalised to various applications (Zhang

etal., 2015).

®

®°®
& @ &®

8
q Free
electron 9

Figure 2.2 Pictorial representation of an intrinsic semiconductor showing equal number of holes
and electrons (Zhang et al., 2015)
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2.2.2 Extrinsic semiconductor

Extrinsic semiconductors are materials whose electrical properties are based on the presence of
impurities (Gupta and Gupta, 2017; Singh and Green, 1981). These impurities are referred to
as dopants (Abdelhady et al., 2016). Doping basically involves the addition of specific atoms
with different valency to a pure semiconductor to change the electron and hole carrier
concentrations at thermal equilibrium (Kang et al., 2013). In an extrinsic semiconductor, the
number of electrons and holes are not equal since factors other than electron-hole pair
generation is used to produce charge carriers. As such the optical and electrical properties of

extrinsic semiconductors depend on the type and amount of dopant introduced into the pure

11



semiconductor, thus, allowing the engineering of semiconductors for specific applications
(Saha et al., 2015). The choice of dopant gives rise to two classifications of extrinsic
semiconductors namely, p- and n-type semiconductors (Figure 3). If the donor atoms have more
valence electrons (usually the group 5 elements) than the pure semiconductor (example silicon),
extra electrons are donated into the conduction band of the pure semiconductor. The extra
electrons increase the electron carrier concentration, thereby making it an n-type
semiconductor. The ‘n’ refers to the negative charge of the electrons. The extra non-bond
electron remains bound to the pentavalent dopant (Hsiang et al., 2013). When this electron
absorbs enough energy, it is promoted to the conduction band, creating a positive charge on the
dopant which acts as an immobile hole. At this charge imbalance, Fermi level (a term used to
describe the top of the collection of electron energy level at absolute zero temperature) shift
closer to the conduction band, thereby creating a new energy level. On the other hand, if the
dopant atom has fewer valence electrons than the pure semiconductor, then the dopant accepts
electrons. Typical example is the doping of silicon with a trivalent atom such as boron. This
results in excess holes in the pure semiconductor, which gives rise to an unequal number of
holes and electrons. The increase in the number of hole carriers create a p-type semiconductor.

The ‘p’ denotes the positive charge of the holes (Kosacki et al., 2000).

Interestingly, a number of semiconductors can act as p-type or n-type based on vacant sites in
their crystal lattices. A typical example is PbS, which can either be a p-type or n-type
semiconductor depending on its stoichiometric imbalance (Clark et al., 2011; Oh et al., 2013;

Preetha and Remadevi, 2013).
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Figure 2.3 Pictorial representation of pure silicon doped as n-type and p-type semiconductors
(Hsiang et al., 2013)

2.2.3 Direct and indirect band gap semiconductors

In semiconductors, the minimal energy between the conduction and valence bands are
characterized by a crystal momentum (k-factor) in the Brillouin zone (Lei et al., 2014; Wang
et al., 2017). If the k-factors are the same, then it is a direct band gap semiconductor and if the
k-factor are different, an indirect band gap semiconductor is formed (Chen et al., 2010; Reiss,
2008). In direct band gap semiconductors, there is a direct transition of an electron from the
valence to conduction band upon the absorption of energy. Therefore, the energy difference
between the valence band and conduction band represents the band gap energy of the material
(Chen et al., 2010; Midgett et al., 2013; Zhang et al., 2015). Examples include lead sulfides

and bismuth sulfides.

In indirect band gap semiconductors, there is no direct excitation of electrons from the valence
band to the conduction band. Therefore, an additional energy is required to enable transition to

occur (Dey et al., 2013; Reiss, 2008). Common examples are silicon and gallium arsenides.
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Figure 2.4 Pictorial representation of direct and indirect band gap semiconductors (Hsiang et
al., 2013)

2.3 Applications of semiconductors

The semiconductor industry represents one of the important industries that has a great effect on
modern electronics. Some technological devices from this industry include computers, cellular
phones, light emitting diodes, photo-detectors, solar cells, lasers and various types of
transistors, such as bipolar junction transistors and field-effect transistors (Afzaal and O’Brien,
2006; Dharani et al., 2014; Hiszpanski and Loo, 2014; Ohzeki et al., 2014). Furthermore, the
contribution of semiconductors to modern electronics also provides a platform to investigate
into some fundamentals in physics and device fabrication. Some of these fundamental
processes that have been studied in semiconductors include multiple exciton generation and
quantum hall effects (Alam et al., 2015; Hwang, 2015; Midgett et al., 2013; Rimal et al., 2016;

Zhang, 2000).

2.4 Nanotechnology

Nanotechnology involves the understanding and engineering of functional materials on an

atomic or molecular scale where unique phenomena enable novel applications (Gubin et al.,
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2005). It comprises imaging, measuring, modelling and manipulating of matter with typical
dimensions between 1 to 100 nm (Figure 2.5) (Igbal et al., 2012). This technology has
widespread applications although research is still ongoing (Bhawana and Fulekar, 2012;

Gautam et al., 2013; Nowack, 2008).

2.4.1 Origin of nanotechnology

The concept of nanotechnology was put to bare in 1959 by a talk from Richard Feynman (who
was a renowned physicist), titled “There’s Plenty of Room at the Bottom”. Taking inspirations
from the talk, K. Eric Drexler proposed the idea of nanotechnology as the build-up of matter
with atomic control in his book “Engines of Creation: The Coming Era of Nanotechnology”.
Later, the invention of scanning tunnelling microscope and the discovery of fullerenes fuelled
the popularization of the technology. In present day, nanotechnology has gained much attention

in the academia and industries (Khalil et al., 2014; Li et al., 2008; Mthombeni et al., 2012).
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Figure 2.5 Comparison of material sizes

2.5 Nanomaterials

Nanomaterials are usually referred to as particles or materials with at least one of its dimension
between 1 to 100 nm (Fan et al., 2007). Nanomaterials include zero-dimensional nanocrystals
and quantum dots, one-dimensional nanotubes and nanowires, two-dimensional nanofilms and
three-dimensional clustered structures (Rao et al., 2007). Nanomaterials have been the hotspot
for science because they exhibit varieties of novel and remarkable structural and surface related
properties, including increased strength, enhanced diffusivity, hardness, reduced elastic
modulus, higher thermal expansion coefficient, lower thermal conductivity, large surface-
tovolume ratio, reduced roughness and superior soft magnetic properties as compared to their
bulk materials (Patil et al., 2007). As the particle size is reduced to the nanometer ranges,
material properties such as band gap is also increased (Panneerselvam and Green, 2013). In this
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novel state of matter, the valence band and conduction band split, giving rise to discrete energy
levels rather than a continuous band as observed in bulk materials. The close proximity of the
electron and hole pair in nanosized semiconductors makes it impossible to ignore the
Coulombic interaction between the electron and hole and they consequently assume a higher
state of Kkinetic energy than the bulk (O’Brien et al., 2005). The successful applications of
nanomaterials into functional devices depend upon the synthetic pathway and surface

modification which improve their inherent characteristics (Wang and Hong, 2010).

2.5.1 Approaches to nanomaterial syntheses

There are two main approaches to nanomaterial syntheses. These are the bottom-up and

topdown approaches (Han et al., 2011; Li et al., 2013).

2.5.1.1 Bottom-up approach

The bottom-up approach to nanoparticle synthesis involves the putting together of atoms and
molecular entities in a gas phase or a solution (Panneerselvam and Green, 2013). This approach
has the potential to produce nanomaterials with a comparable level of control over the size,
shape, composition and phase of the crystal domains (Ibanez et al., 2013). It also involves
vapour methods such as chemical vapour deposition, chemical bath deposition, solution
methods, colloidal and sol-gel approaches. The integration of nanoscale building blocks into
functional assemblies and further into multifunctional devices can be achieved through the
“bottom—up” method. Compared to the top-down approach, this process has more flexibility in
building up functional macro and nanostructures (Li et al., 2011). This is by far the widely used

synthetic approach to nanoparticle syntheses (Kershaw et al., 2013; Young and Kinloch, 2013).
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2.5.1.2 Top-down approach

The top-down approach on the other hand involves the breaking down of a bulky material to
obtain finely divided particles. Widely used processes include crushing, milling and grinding
although other technologies such as etching, ink printing and lithography have been considered
under this approach (Trindade et al., 2001). This approach has been extensively applied in the
silicon industry where electron beam pattern generators are used to divide single silicon crystal
which is about 1.3 m long into the nanometer dimensions (Igbal et al., 2012). In materials
chemistry, CdxPbi—xS nanocrystals with average particle size of about 9 nm have been
synthesized using mechanical alloying process which is an example of a top-down approach

(Tan et al., 2014).

2.5.2 Properties of nanomaterials

The numerous applications of nanomaterials in various aspects of life are as a result of their
unique magnetic, chemical, physical and mechanical properties which differ from their bulk
materials (Abe et al., 1998). These unique properties are size and shape dependent (Chen et al.,
2009). Due to their unique size-dependent properties, they are conventionally referred to as
“artificial” atoms (Khanna et al., 2006). For example, the dimensions of CdSe nanoparticles
have a great effect on the colour of their colloidal suspension and hence their optical properties.
These unique properties guide researchers in band gap engineering and tailoring material

properties by increasing or decreasing the size of nanoparticles to suit specific applications.

2.6 Applications of nanotechnology and nanomaterials

Based on the versatile applications of nanomaterials in various disciplines of science and

technology, the concept of nanotechnology has attracted practitioners from both academia and
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industries. Nanomaterials have widespread applications in the electronics, food and agriculture,
cosmetic, textile, healthcare, energy production and engineering industries (Ananthakumar et
al., 2014; Fan et al., 2007; Ibanez et al., 2013; Liu et al., 2013; Nguyen et al., 2014; Perex et
al., 2005; Prastani et al., 2013). Nanotechnology has also been applied in a wide range of
household products including sports gears, cosmetics, sunscreen lotions, food packaging
materials, clothings, household appliances, electronic devices, disinfectants, paints, furniture

varnishes and building materials (Igbal et al., 2012).

2.7 Semiconductor nanocrystals

Although several researchers have focused on the syntheses of monodispersed semiconductor
nanocrystals, much attention has been on metal chalcogenides especially the sulfides and
selenides. The semiconductor nanocrystal is usually capped by an organic layer which provides
sufficient repulsion between the crystals, thus preventing aging and agglomeration (Marimuthu
et al., 2012). The interest in these class of materials reside in the change of their physical and
chemical properties with respect to size and shape. This is due to their large surface-to-volume
ratio and their reduced dimensions in relation to the excitonic radius of the bulk material. For
instance, their optical band gaps can be tuned by controlling their shape and size thereby
enhancing their performance in the fabrication of devices as compared to their bulk

counterparts.

2.7.1 Properties of semiconductor nanocrystals

The properties of semiconductor nanocrystals result mainly from their quantum confinements.
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This is basically the changes in electronic structure caused by the confinement of the electronic
wave function to the dimensions of the particle, which is less than the mean free path of

electrons (Fu and Tsang, 2012).

2.7.1.1 Electronic properties

At the nanometer regime, the valence and conduction bands split, giving rise to discrete energy
levels rather than a continuous band as observed in the bulk material (O’Brien et al., 2005).
When the sizes of semiconductor nanocrystals are less than their Bohr exciton radii, their
electronic properties change resulting in quantum size effect (Choi et al., 2013). The quantum
size effect is a consequence of the confinement of the charge carriers within the dimensions of
the nanocrystals which result in them being treated quantum mechanically as particles in a box
(Figure 2.6) (Su et al., 2001). However, the magnitude of quantum size effect can be controlled

by the synthetic approach to the nanocrystal production.
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Figure 2.6 Electronic band structure of quantum dots due to the quantum confinement effect
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(Igbal et al., 2012)
2.7.1.2 Optical prop erties

Optical properties of nanocrystals have a great potential both in fundamental studies and in
practical applications (Ebnalwaled et al., 2013). At the nanometer dimensions, there is usually
size-dependent absorption and emission features in the optical spectra (Corricelli et al., 2012).

The optical properties are divided photoluminescence and absorption.

2.7.1.2.1 Photoluminescence

Photoluminescence refers to the emission of light from any material after the absorption of
photons (Kaci et al., 2010). It is usually divided into fluorescence and phosphorescence,
depending upon the electronic configuration of the excited state and the emission pathway
(Fuentes-Martinez et al., 2009). During fluorescence transitions, the electron absorbs a photon
with energy greater than its band gap. The electron then losses energy so that re-emitted photons
will have lower energy than the absorbed photons. The process is typically fast. In
phosphorescence transitions, the absorbed photon undergo intersystem crossing where it enters
into a triplet spin state thereby having a much longer excited state lifetime. After emitting a
photon of energy corresponding to the band gap of the material, the electron then transitions
back to the lower singlet energy state (Wagner et al., 2005). This process occurs at a slower
rate, sometimes lasting for minutes or up to hours. Therefore by changing the size of the
nanoparticle, the emission colour can be changed to various colours on the electromagnetic

spectrum (Reiss, 2008; Tani et al., 2008).
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2.7.1.2.2 Absorption

When the energy of a photon exceeds the band gap of a semiconductor nanocrystal, absorption
occurs. Due to quantum confinement, decreasing the particle size results in a hypsochromic
(blue-) shift of the absorption onset therefore allowing the tuning of the band gap energy. For
a typical absorption, the smaller the size of the nanocrystal, the larger the number of spectral

features and more distinctly resolved the spectrum (Reiss, 2008).

2.7.1.3 Quantum size effect of semiconductor nanocrystals

Quantum size effect (QSE) can be defined as the increase in band gap of a semiconductor with
decreasing particle size (Pedrueza et al., 2013). QSE is usually observed when the diameter of
the nanocrystal is of the same order of magnitude as the wavelength of absorption. QSE gives
rise to discrete energy levels depending on the size of the nanocrystal (Figure 2.7). The
understanding of QSE is important in many potential applications. For example, when the size
of the nanocrystal is of few nanometers (below the Bohr exciton radius), the electronic
transitions are not restricted to specific energy levels which in turn widens the energy band gap
of the nanocrystals as compared to that of the bulk material (Raniero et al., 2010). At this unique
state of materials, altering the number of atoms or changing the surface geometry of the

nanocrystal has a great effect on its band gap (Osherov et al., 2010).
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Figure 2.7 Quantum size effect in inorganic materials

2.8 Lead chalcogenides

Lead chalcogenides (PbE) comprising of sulfides, selenides and tellurides are currently
receiving widespread attention because of their size-quantized optical transitions that extend
from the near to the mid infrared region of the electromagnetic spectrum (Anthony et al., 2009;
Bian et al., 2014; Kalebaila and Brock, 2012). Bulk PbE materials exhibit cubic (rock salt)
crystal structures (Table 2.1). PbE can be considered as exhibiting a face-centered cubic
structure with the Pb?* occupying the octahedral holes or the anion (E) occupying the octahedral
holes. In both case, they exhibit six coordination number structures. The nature of bond
between Pb and E has been reported to be either ionic, covalent or both (Boadi et al., 2012).
Notwithstanding, ionic bonding in PbE is considered more important and it decreases as the
size of chalcogenide species increase from sulfides to tellurides (Li et al., 2015). Lead
chalcogenides are direct band gap semiconductors with optical band gap energy of 0.28-0.41

eV at 300 K, and both valence and conduction bands maxima being a fourfold degenerate at
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the L point of the Brillouin zone (Boadi et al., 2012). By controlling their size, the absorption
wavelength of the first exciton peak can easily be extended into the infrared region of the
electromagnetic spectrum (Hyun et al., 2008). They exhibit high carrier mobilities, strong size
tunability and comparatively low forbidden gaps (Ghamsari et al., 2011; Nabi et al., 2000).
Furthermore, they exhibit nonlinear optical properties which have been postulated to arise from
a variety of physical mechanisms. When electrons in nanocrystals are excited by photons with
energy greater than the band gap energy of the nanocrystal, free carrier absorption, trapped
state absorption, and multiphoton absorption are thought to be the underlying physical
mechanisms behind nonlinear absorption (Asunskis et al., 2009). The nonlinear optical
properties of PbE play an important role in the technology of photonics, especially in optical
switches and signal processors (Chen et al., 2014). This property of PbE also plays an important
role in future nanoelectronics and quantum optics applications (Abel et al., 2010; Meng et al.,
2014). PbE are known to exhibit variations in their polarity transport based on their
stoichiometric imbalance. Pb-rich or E-rich materials have been shown to become n-type or
ptype semiconductors respectively (Afzaal et al., 2004; Oh et al., 2013). Both n-type and p-
type bulk PbE crystals exhibit unusual positive temperature coefficients of resistance (Otto and
Yu, 2013). Their photosensitivity is dependent on the surface morphology, grain size and the
topography of the film; that is on the uniformity of the grain size distribution and the degree of
compaction of the structure formed (Larramendi et al., 2001). Nanocrystals with sizes below
their excitonic Bohr radii exhibit large blue shift of the absorption onset, and this can be
achieved without having to prepare very small particles (Kalebaila and Brock, 2012). The
interest in PbE nanocrystals result largely from the possibility to tune their optoelectronic
properties by variation in composition, size and shape (Ghamsari et al., 2011). Different
structures of PbE have been obtained including nano and micro-rods (Aerts et al., 2013;

Cunningham et al., 2014), nano and micro-cubes (Cui et al., 2012; Emadi and Salavati-Niasari,
2013), nanowires (Akhtar et al., 2012a; Foos et al., 2011; Kim et al., 2011), nanospheres
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(Akhtar et al., 2011), dendrite nanostructures (Akhtar et al., 2010) and nanospheres (An et al.,

2006; Andreev and Lipovski, 1999).

Their optoelectronic properties arise from their three-dimensional quantum size confinement
effects on carriers (Pedrueza et al., 2013). For instance, their multiple exciton generations, large
dielectric constants and high carrier mobilities make PbE attractive for use as photoactive
materials in solar cells (Witt et al., 2012). Qiu et al., (2010) reported that PbE were the first
materials used to demonstrate the effectiveness of nano engineering in improving

thermoelectric properties.

Table 2.1 Physical properties of lead chalcogenides

Properties Lead sulfides (PbS)  Lead selenides (PbSe)  Lead tellurides (PbTe)
Band gap in eV at 373 K 0.44 0.31 0.34

Bohr radius of bulk 18 46 46

Static dielectric constant 169 204 414

Lattice spacing (A) 5.936 6.124 6.460
Density of mass (g/cm?) 7.61 8.27 8.24
Youngs’ modulus (GPa) 39.3 36.9 27.7

Crystal lattice Cubic Cubic Cubic

2.8.1 Lead sulfide nanocrystals

PbS (commonly known as galena) is a group 1VV-VI semiconductor and the most widely studied
among the lead chalcogenides (Emadi and Salavati-Niasari, 2013). It has a narrow direct band
gap of 0.41 eV. Its large Bohr radius of 18 nm owing to a nearly equal contribution from
electrons and holes allow an enhanced level of quantum confinement, making them
advantageous over I1-1V or I11-V type materials (Boadi et al., 2012; Patla et al., 2007). It has a
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high dielectric constant of 18, very high carrier mobility of 0.44 cm? V1S and small effective
masses of electron and hole (me" = mp" = 0.085 me). These are responsible for the third order
nonlinear optical response which is 30 times that of GaAs and 1000 times that of CdS
nanoparticles of similar dimensions (Akhtar et al., 2010). These unique properties offer
opportunities for achieving strong quantum confinement of both charge carriers individually as
well as in an excitonic mode (Alam et al.,, 2015). Different synthetic routes to PbS
nanomaterials have resulted in tunable shapes and sizes thus, serving as a basis for studying the
effect of shape and size on the electronic and optical properties. The choice of reaction
conditions are aimed at producing uniformly shaped and sized nanoparticles. These synthetic
approach ranges from using mild to very harsh conditions. The growth of uniformly sized
spherical PbS nanocrystals with diameters of 4.1, 4.6, 5.6 and 9.0 nm in toluene solution of
different polymeric materials (polystyrene, poly (1-decene), poly (1-butene) and polyethylene)
have been studied (Asunskis et al., 2008). The nature of the polymer had a great effect on the
sizes of the PbS nanocrystals, further confirming better capping activity with higher molecular
weight polymers. The growth of PbS nanowires with length of 300 nm and width of 50 nm via
a solvothermal route by reacting lead stearate with elemental sulfur in the presence of tetralin
has been reported (Gautam and Seshadri, 2004). The effect of temperature on the morphology
of PbS synthesized from the thermal decomposition of lead tetrahydroquinoline
dithiocarbamate SSP in oleyamine has been studied. The decompositions were performed at
180 and 270 °C. At 180 °C, nanocubes with sides of 24 nm were confirmed from the
transmission electron microscope (TEM) images. However, at 270 °C, rods with length of 99
nm and width of 16 nm were formed (Nyamen et al., 2014). One possibility of the formation
of the rod could be from head-on agglomeration of cubes in one direction. The same group of
researchers reported the syntheses of uniformly sized PbS nanocubes from the thermal

decomposition of lead tetrahydroquinoline dithiocarbamate SSP in olive oil at 180 °C (Nyamen
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et al., 2014). Salavati-Niasari and co-workers (2010) have investigated the effect of time on the
morphology of PbS synthesized using a hydrothermal process of lead thiosemicarbazide
complex at 150 °C. Cubic, fish-bone like and star shaped morphologies were observed at 6, 9
and 12 hours respectively from the TEM images. The decomposition of lead hexadecylxanthate
in trioctylamine at a relatively low temperature of 90 °C has been reported to yield ultra-narrow

rods with length of ca. 15 nm and diameter of ca.1.8 nm (Patla et al., 2007).

2.8.2 Lead selenide nanocrystals

PbSe (commonly known as clausthalite) is a group 1VV-V1 direct semiconductor with a band gap
of 0.27 eV (Boadi et al., 2012). It is a grey crystalline solid which forms cubic crystals with a
rock salt structure. It has a high dielectric constant of 22 and a small effective masses between
electron and hole (me” = my” = 0.05 me) which results in relatively large effective electron and
hole pair. It has a relatively large effective Bohr radius of 46 nm which is eight times larger
than that of CdSe (Anwar et al., 2015; Zhou et al., 2006), thus size quantization effects are
strongly pronounced in PbSe nanocrystals (Sashchiuk et al., 2004). Furthermore, these
nanocrystals are predicted theoretically to have absorptive and dispersive nonlinearities which
is 1000 times larger than those of CdSe nanocrystals of the same size and shape (Lifshitz et al.,
2003; Ma and Cheng, 2013). Among the lead chalcogenides, PbSe is a promising candidate
because of its superior chemical stability and simplicity of film deposition (AlGhamdi et al.,
2013). PbSe also show multiple exciton generation (MEG), in which the impact of a single
photon produces two or more excitons (Argeri et al., 2011). PbSe exhibits good grade of
polarity, with bonds formed through electrostatic interactions among the ions of the crystal
lattice (Ali and Saleh, 2014). By varying the size and shape of PbSe nanomaterials, their

electrical and optical properties can also be tuned. One of the approaches to vary the properties
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is usually achieved from the synthetic pathway and the reaction conditions. The effect of
temperature on the sizes and optical properties of PbSe nanocrystals synthesized using the melt
method has been reported (Yu et al., 1997). An increase in temperature from 460 to 540 °C at
an increment of 20 °C at constant time of 6 hours resulted in spherical PbSe nanocrystals with
average radius ranging from 1.6 to 7.3 nm. The size effect on the optical band gap of the
nanocrystals was found to decrease from 0.73 to 0.55 eV as the size increased from 1.6 to 7.3
nm. PbSe nanocrystals are also known to possess excellent carrier multiplication properties.
However, 1-dimensional PbSe nanomaterials have enhanced carrier - carrier Coulomb
interactions which might lead to increase carrier multiplication as compared to 0-dimensional
PbSe nanomaterials (Padilha et al., 2013). PbSe nanorods have been synthesized by injecting
tris(diethylamino)phosphine selenide solution into octadecene containing lead oxide at 170 °C
(Padilha et al., 2013). The researchers studied the size dependence of PbSe nanorods on Auger
recombination and carrier multiplicity. They concluded that there is a linear dependence on the
length of the nanorods with a fixed cross-sectional size on Auger recombination and carrier
multiplicity. Thus longer Auger lifetime in nanorods make them promising materials for a
practical exploitation in next generation PV devices. For a better future of technology, it is
essential to have nanoparticles with perfect morphology as well as well-defined spatial

separation (Khanna et al., 2006).

2.8.3 Lead telluride nanocrystals

PbTe (which occurs naturally as altaite) is a group V-V direct semiconductor with a band gap
of 0.32 eV at 300 K and Bohr exciton radius of 46 nm (Ziqubu et al., 2010). It appears as a
grey cubic crystal with a sodium chloride crystal structure. The Pb and Te atoms occupy the

cationic and anionic lattice respectively. It has a dielectric constant of 10 and a small effective
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masses between electron and hole (me" = my" = 0.01 me). It has an electron mobility of 6000
cm?V1S? at 300 K (Fu and Tsang, 2012). Despite the immense interest in the use PbTe
nanocrystals, few researches have focussed on their syntheses and characterization as compared
to the other lead chalcogenides. For example, the effect of temperature on the morphology of
PbTe had been investigated by Zigibu and co-workers using a hot injection technique. Spherical
PbTe nanocrystals with radius of 10 and 15 nm were obtained at 190 and

230 °C respectively. At 270 °C, nanorods with width of 7.3 and length of 45 nm were obtained
(Ziqubu et al., 2010). This observation further confirmed that reaction conditions can be
changed to obtain specific properties of nanomaterials. Octahedral PbTe nanocrystals with
average dimension of 20 nm was synthesized in diphenylether solution using oleic acid as the
stabilizing ligand (Scheele et al., 2011). Another contributor to difference in the size and shape
of nanocrystals is time. The effect of time on the size and shape of PbTe nanocrystals have
been reported. The synthetic approach involved the injection of trioctylphosphine telluride into
a mixture of lead acetate trihydrate, oleic acid and 1-octadecene maintained at 400 °C. The
PbTe nanocrystal obtained after a growth time of 3 minutes were found to be spherical with an
average particle size of 9.0 nm, whereas nanoparticles obtained after a growth time of 5 minutes
were found to be cubic with an average size of 15.8 nm (Ganguly and Brock, 2011). The
researchers explained the transition from spherical to cubic morphology as thermodynamically
driven as the size increases, favouring the growth of the {100} facets (lowest total surface
energy) leading to the cubic morphology at longer reaction time. PbTe nanorods with length of
ca. 600 nm and width of ca. 100 nm have been grown on silicon substrates by thermal
evaporation method under high vacuum (Sridharan et al., 2012). These researches confirm that
synthetic approach and reaction conditions have a great effect on the size and shape of the
nanocrystals formed.

2.9 Applications of lead chalcogenides
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PbS is commonly used in infrared detectors and emitters owing to its high photosensitivity in
the infrared region of the electromagnetic spectrum and high ‘electron and hole’ mobilities.
Nanostructured PbS has found useful applications as solar absorbers (Guchhait et al., 2011,
Rafea and Roushdy, 2010). It exceptional third-order nonlinear optical properties enhance their
applications in devices such as optical signal processors and switches, photo resistance, laser
diodes, photo sensors, light emitting diodes, humidity and temperature sensors (Altiokka et al.,
2013; Dolatyari et al., 2011). A demonstration of the use of PbS nanomaterials for
thermoelectric application has been reported based on its thermal transport properties (Pei and
Liu, 2012). Due to its large Bohr radius, PbSe nanomaterials have great potential applications
in near IR lasers, optical switches, and telecommunications operating at wavelength between
1.5 — 5.2 um without the need for cryogenic cooling (Al-Ghamdi et al., 2013; Lifshitz et al.,
2003; Ramasamy et al., 2011). PbSe nanomaterials have found useful applications in multiple
exciton generators (Aerts et al., 2011; Ahmad et al., 2010). Other uses include thermoelectric
devices (Al-Ghamdi et al., 2013; Pei and Liu, 2012), near-infrared detectors (Ahmad et al.,
2010) and sensors (Akhtar et al., 2012). PbTe nanomaterials have been reported to be superior
materials for solid state thermoelectric cooling and electrical power generation devices
(Ganguly et al., 2011; Kungumadevi and Sathyamoorthy, 2013). They have also been used in
optical switches, solar cells, photodetectors and electroluminescent devices (Murphy et al.,

2006; Ziqubu et al., 2010).

2.10 Ternary lead sulfide selenide (PbSxSe(1-x)) hanomaterials

Most of the researches on nanocrystalline semiconductors reported so far have been restricted
to the study of binary PbS and PbSe semiconductors with little attention on ternary lead sulfide
selenide (PbSxSe(1x)) nanomaterials. However, the particle-size dependence of electronic and

optical properties in ternary semiconductors is now of major interest since they give assess to
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new families of materials with distinct properties (Bagade et al., 2015). Ternary alloys are
usually formed with either a common cation or a common anion but of different band gaps.
Alloyed semiconductor quantum dots pose an advantage over their binary systems such as band
gaps tuning can be achieved by varying the constituent stoichiometries of the binaries. Ternary
systems also provide a wide range of emission colours independently of their size and can
achieve emission colours which are difficult to get using a single component material (Joshi et
al., 2003). Ternary nanomaterials also have a possible increase in the multiple exciton
generation through altering the lattice or tuning the electronic properties of the excited state
(Abdelhady et al., 2014). This serves as an additional property to the size-dependent quantum
confinement effects, thus giving rise to a family of materials with distinct properties (Akhtar et
al., 2011). PbS and PbSe are materials which can be mixed to form an ideal substitutional alloy
of PbS,Se1-x. Technologically, binary PbS and PbSe are known to be ideal materials for
thermoelectric applications due to their large Bohr exciton radii and low thermal conductivity.
However, by mixing these materials to form a ternary alloy, the thermal conductivity could be
further lowered, which leads to even better thermoelectric properties (Gao et al., 2013). Despite
the unique properties of ternary PbSxSe(1-x), their syntheses are of great challenge. The challenge
is usually as a result of the sulfur being far more reactive and therefore rapidly consumed during
the nucleation phase as compared to the selenium. This causes the ratio of sulfur to selenium
in the injection mixture to differ from that of the alloy formed (Akhtar et al., 2011). For the
syntheses of homogenous ternary alloys, the growth rates of the two constituent materials must
be close and the growth conditions for one constituent should not impede that of the other. One
way of achieving this is to choose starting materials with similar decomposition behaviours.
Thereby opening a research window to new routes for the syntheses of homogenous ternary

alloys.
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Solar cells based on binary compositions of PbSe and PbS nanocrystals have been investigated
by most researches (Ma et al., 2011; Wang et al., 2012). Those based on PbSe nanocrystals
generate larger short circuit currents while PbS nanocrystals devices with similar bandgap show
larger open circuit voltage (Ma et al., 2009). Therefore, ternary PbSxSeqx System can
simultaneously optimize both the current and voltage in the solar cell (Gao et al., 2013). Over
the past decade, researchers have reported numerous approaches to the syntheses of
homogenous PbSxSex) nanomaterials with the hot injection technique being the most
exploited towards nanoparticles and chemical bath deposition towards thin films (Akhtar et al.,
2011; Brumer et al., 2006; Kumar et al., 2010; Lifshitz et al., 2006; Ma et al., 2009; Nam et
al., 2012; Onicha et al., 2012; Safrani and Golan, 2015; Song et al., 2016; Thomson et al.,
2012; Yu et al., 2011). Suitable compatible starting materials, have encompassed the use of
lead salts with separate sources for sulfur and selenium, in which compatible decomposition
characteristics have aided stoichiometric control (Akhtar et al., 2011; Ma et al., 2009; Nam et
al., 2012). The common chalcogen sources used are trioctylphosphine sulfur or selenium,
bis(trimethylsilyl) sulfur or selenium and octadecene sulfur or selenium (Akhtar et al., 2011,
Ma et al., 2009). These sources are fairly expensive and some are also potentially noxious and
toxic. Hence, there is an interest in the syntheses of PbSxSeu-x nanoparticles by simpler and
safer routes. The Ozin group have used a single selenium sulfur precursor (SemSn) in the
syntheses of PbSySe1x) (Thomson et al., 2012). The use of oleylamine as a reagent in the
molten syntheses of SemSn further increased the cost thereby limiting scale up. This limitation
can be solved with the use of SSPs. The use of single source precursors (SSPs) of lead (I1)
imido(bis(selenodiisopropylphosphinate)) and lead (1) diethyldithiocarbamate species in
trioctylphosphine oxide in the presence of trioctylphosphine using the hot injection technique

has been reported by Onicha et al., (2012). The report demonstrates the efficient use of SSPs
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in producing compositionally aloyed systems. By varying the composition of the starting
materials; the optical, electrical, and thermal properties can be engineered (Onicha et al., 2012).
The structural, optical and thermodynamic properties of binary PbS and PbSe and their alloys
PbS,-.Sex have been studied using Ab initio calculations employing density functional theory
(DFT). The research described a nonlinear behaviour of the lattice constant, bulk modulus and
band gap dependence on the mole fraction of selenium in the alloy. They attributed the bowing
to be caused mainly by the charge transfer effect, while the volume deformation and the
structural relaxation contribute to the bowing parameter at smaller magnitude (Labidi et al.,

2011).

2.11 Application of PbSxSe(x) nanomaterials

Ternary semiconductor alloys of PbSxSe(1.x) are of great interest and have been reported to have
potential applications in transistors, infrared detectors, infrared emitters, optical fibres, light
emitting diodes and photoconductors (EI-Shazly et al., 2011; Ferne et al., 2009; Ganaie and
Zulfequar, 2015; Ghosh et al., 2012; Khan et al., 2011; Rojas-Chavez et al., 2012; Yanover et
al.,, 2012). For example, Ma et al., (2009) synthesized ternary PbSxSeu.x nanocubes for
photovoltaic studies using a mixed chalcogenide systetem in a hot injection method. Typically,
a mixture of trioctylphosphine selenide and bis(trimethylsilyl) sulfide with diphenyl phosphine
in octadecene (ODE) was injected into the hot lead oleate solution at 150 °C for 90 seconds.
The ternary PbSo.7Seo s, PbS and PbSe were employed in the fabrication of a hybrid solar cells
and efficiencies compared. Efficiencies of 1.7, 1.4 and 3.3 % were obtained for PbS, PbSe and
PbSo.7Seos hybrid solar cells. Further confirming that alloyed PbSo7Seos possess better
performance than either of the parent binary materials. The researchers attributed this
performance to the combination of material properties as well as a redistribution of the trap

states in the ternary PbSo.7Seq 3.
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2.12 Single source precursors (SSPs)

Single source precursors (SSPs) are metal-organic complexes containing all the constituent
elements needed to synthesize a desired product in a single molecule (Akhtar et al., 2011).
Technically, these SSPs are designed to contain the required elements in their right
stoichiometries (Bendt et al., 2016). Under right conditions, these precursors can be used for
the syntheses of thin films and nanoparticles. Over the past three decades, many researchers
have reported on the use of SSPs as efficient synthetic route to high quality, crystalline and
mono-dispersed metal chalcogenide nanomaterials (Abdelhady et al., 2013; Akhtar et al.,
2012a; Al-Dulaimi et al., 2016; Thomson et al., 2012). These starting materials have numerous
advantages over multiple route sources which include suppressing impurities and extent of side
reactions, potential to reduce the environmental impact of material processing. This is as a
result of the limited volumes of solvents used in the process (Dutta et al., 2012). The existence
of preformed metal to chalcogen bonds and the absence of metal to carbon bonds in these
precursors lead to the successful formation of metal chalcogens in an inert atmosphere (Pawar
et al., 2017). A major role in tailoring the properties of the materials reside in a proper choice
of the precursors; whose nature strongly affects the composition, size and morphology of the
final product. For example, the bulkier the SSP, the better self-capping activity on the
nanomaterials formed (McNaughter and Saah et al., 2016). In particular, SSPs containing all
the desired elements to be deposited in a unique molecule can be used conveniently as building
blocks for the single-step transformation of molecules into nanomaterials (Ji et al., 2017). The
thermal decomposition of these precursors result in nanoparticles with high yields. Some of the
commonly used ligands for the preparation of SSPs include dichalcogenocarbonate,

dichalcogenourea,  dichalcogenophosphinate,  dichalcogenocarbamate,
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dichalcogenoimidodiphosphinate, dichalcogenobiuret and dichalcogenophosphate (Boadi et
al., 2012; Malik et al., 2010; Malik and O’Brien, 2005). There are enormous researches on the
use of SSPs for the syntheses of nanomaterials which include binary are PbE (Akhtar et al.,
2012b; Boadi et al., 2016), CdS (Maji et al., 2012; Thupakula et al., 2012), CuS (Abdelhady et
al., 2011; Maji et al., 2012), ZnS (Maji et al., 2011), In2Sz (Abdelhady et al., 2013), Bi.S3
(Dutta et al., 2014; Kun et al., 2016), EUE (Hasegawa et al., 2008; Mirkovic et al., 2005), FeS
(Dutta et al., 2012; Khalid et al., 2015) and ternary CdSSe (Abdelhady et al., 2011; Kevin et
al., 2015), ZnCdS (Abdelhady et al., 2014; Zhang et al., 2015) and PbSSe (Gao et al., 2013;

Onicha et al., 2012).

2.12.1 Lead dithiocarbonato complexes (xanthates)

Xanthates deriving their name from their characteristic yellow colour are the alkyl derivatives
of dithiocarbonic acid (Kayaturk et al., 1999; Yanev et al., 2000). They are synthesized by a
reaction between an alkoxide and carbon disulfide (Kaltenhauser et al., 2013; Zohir et al.,
2009). The chemical properties of xanthates can be modified with the alkyl chain length of the
starting alcohol (Lewis et al., 2015). For example, their thermal stability increases with a

corresponding increase in the chain length of the starting alcohol (Akhtar et al., 2011).

/S

N\

S——K (or Na)

R—O——~C

Scheme 2.1: Structure of xanthate ligand

Among the absorbents used for the removal of hazardous metals in froth flotation, sulfur
containing ligands have shown high affinity for heavy metals. According to the hard and soft

acids and bases (HSAB) classification system, sulfur is considered to bind strongly to a number
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of metals; such as lead, cadmium, mercury and copper which are soft acids (Torres-Blancas et
al., 2013). Xanthate, which is a sulfur containing ligand has been reported to form strong bonds
with sulfide minerals and most metal ions (Bag et al., 2011; Nedjar and Barkat, 2012).
Industrially, xanthates have been employed as flotation agents for the thiophilic minerals for
most metals (Morey et al., 1999; Mustafa et al., 2004; Ndzebet et al., 1994; Peng et al., 2012;
Peng and Grano, 2010). Xanthate adsorption on galena, which is the major ore for lead, has
been widely studied experimentally, and a number of adsorption mechanisms have been
proposed (Porento and Hirva, 2003). The use of sodium ethyl and butyl xanthates as flotation
agents in the removal of galena from wastewater have been studied (Plescia, 1993). Theoretical
considerations have been used to investigate the effect of alkyl chain length of xanthate on its
interaction with copper ion. Stronger electronic interactions were observed with increased alkyl
chain length of the xanthate (Bag et al., 2011). These ligands usually form bidentate chelates,
or monodentate discrete or network solids, showing a wide range of coordination behaviour
depending on the metal. The xanthate ligands are also used for the removal of heavy metals in
aqueous waste streams of many metal plating, mining, and tannery industries (Ghosh et al.,
2012; Ghosh et al., 2013). Xanthates have also been reported to be attractive alternatives as

oxygen-containing fuel additives (Guo et al., 2012).
The chemistry of xanthates is dominated by the thiocarbonyl (O-CS2) functionality. The
reaction mechanism of presented in Scheme 2.2.

S
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Scheme 2.2: Reaction for the synthesis of alkyl xanthate ligand

The decomposition pathway of xanthate is similar to the Chugaev elimination mechanism. This

pathway is cleaner and can occur at relatively lower temperatures than those of other SSPs
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(Goh et al., 2013; Lewis et al., 2015). This property of xanthates enable their insitu growth in
polymer matrix (Lewis et al., 2015). The Chugaev elimination usually occur at temperatures
lower than 200 °C, where an alkene is formed by a concerted syn-elimination, via a 6membered
cyclic transition state and the hydrogen atom is moved from the p-C-atom to the sulfur. The
side product decomposes to carbonyl sulfide and methylthiol which are all volatile (Alam et

al., 2008; Goh et al., 2013; Lewis et al., 2015).

R H . SH
5 JAN
—_— + —_—» O—C—S +
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Scheme 2.3: Chugaev elimination reaction

SH

Metal xanthates as a class of inorganic complexes have been successfully used as SSPs for the
syntheses of high purity metal sulfide nanomaterials at relatively low temperatures (< 250 °C)
(Alam et al., 2008; Pradhan et al., 2003). The use of metal xanthates have been of interest due
to their high solubility in organic solvents, air-stability and decomposition properties (Dowland
et al., 2011; Fan et al., 2007). The binding energy of alkyl xanthate to metals increase with
increasing alkyl chain length. This was confirmed by theoretical calculations performed to
understand the nature of interaction between alkyl xanthates and copper atom (Bag et al., 2011).
The use of xanthates in nanomaterial syntheses serve two important roles. Firstly, their use as
efficient capping agents for stabilizing the metal sulfide nanoparticles and secondly modifying
the surface properties of the nanomaterials. Although there seem to be extensive research on
xanthates, most of them are limited to the ethyl derivative (Akhtar et al., 2010; Barreca et al.,
2005; Dowland et al., 2011; Ghosh et al., 2013; Nair et al., 2002; Ramasamy et al., 2013). And
therefore, little is known about the properties and use of higher alkyl chain xanthate complexes.
The effect of temperature on PbS thin films deposited on kapton substrates from lead butyl

xanthate at 150 °C by AACVD at atmospheric pressure has been reported by Akhtar et al.,
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(2011). XRD analyses of the films showed no additional peak from the substrate or an impurity.
TEM images of the films deposited at 170 °C composed of distorted cubes which might have
resulted from agglomeration of smaller cubes (Akhtar et al., 2011). Ethyl and butyl derivatives
of lead xanthate complexes have been synthesized and characterized by Clark and co-workers.
Their report also bring to account the properties of new lead xanthate adducts with N-donor
ligands such as bipyridine, tetramethylethylenediamine and pentamethyldiethylenetriamine
(Clark etal., 2011). The research confirmed that lead xanthates and their N-adducts are efficient
SSPs for the syntheses of PbS nanomaterials. The effect of alkyl chain on the morphology of
PbS thin films grown in polystyrene matrix using the spin coating technique have been reported
by the O’Brien group. The researchers observed that as the alkyl chain of the xanthate moiety
increased from ethyl to octyl, it caused an anisotropic growth from cubic to wires (Lewis et al.,
2015). The effect of alkyl chain on the dimensions of lead sulfide nanocubes using the melt
method showed a decreased in size with increasing alkyl chain length from 157 to 77 nm in
edge length from ethyl to octyl (McNaughter et al., 2016). Furthermore, the growth of uniform
and ultra narrow PbS nanowires with diameter of 1.8 nm and length of 120 nm from lead
hexadecyl xanthate at 90 °C has been reported (Patla et al.,

2007). Using the same precursor, another group of researchers have synthesized ultra-narrow
PbS nanorods with diameter size of 1.7 nm using trioctylamine (TOA) as coordinating solvent
at 65 °C (Khan et al., 2011).

The selenium derivative of xanthate (selenocarbonato) complexes can be synthesized by
reacting carbon diselenide with an alkoxide. However, there seem to be little or no report on
such complexes because of the difficulty in synthesizing the toxic and noxious carbon
diselenide involved in the reaction since it is not commercially available (Afzaal et al., 2012;

Embden et al., 2015).
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2.12.2 Lead dichalcogenocarbamato complexes

Dithiocarbamates are formed by the reaction of amines with carbon disulfide in the present of
either a sodium or potassium salt, although most researchers have used the sodium salt (Afzaal
et al., 2012; Nyamen et al., 2011).

Their syntheses can be represented as follows:

R,NH +KOH —75—> RNK &2 5 R,NCS,K
2

Scheme 2.4: Reaction for the synthesis of dithiocarbamates

Dithiocarbamates are highly versatile ligands which from stable complexes with most metal
ions (Afzaal et al., 2012). They have been applied widely in agriculture as anti-fungal agents
and in mining industry as flotation agents (Pedras et al., 2012; Queiroz et al., 1999).
Dithiocarbamates have been reported as active accelerators in the vulcanization of rubber (Jung
et al., 2010). In materials chemistry, metal dithiocarbamates have been used for the syntheses
of metal sulfide thin films and nanoparticles (Davidovich et al., 2010). By contrast,
dithiocarbamates do not undergo Chugaev elimination since the C=N bond is stronger as

compared to the C=0 bond in xanthates (Castro et al., 2008).

The past two decades have seen extensive researches on lead dithiocarbamate complexes due
to their strong metal binding properties (Malik et al., 2010). The O’Brien group was the first to
report on the use of lead (1) dithiocarbamato complexes [Pb(S2CNRR’)2] (R, R’ = ethyl, butyl,
'butyl) as SSPs for the syntheses of PbS nanoparticles (Trindade and O’Brien, 1997). Using
TOPO as capping agents, they synthesized nanocrystalline PbS by thermolyses of the
precursors. It was observed that the optical and morphological properties of the PbS
nanocrystallites depended strongly on the temperature rather than the chemical nature of the

precursors. For example, at 100 °C, spherical PbS nanocrystallites with average diameters of
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6.3 nm were obtained whereas a mixture of cubic and spherical crystallites were obtained at
150 °C. In a related research by the same group, heterolytic lead dithiocarbamato complexes,
[Pb(S2CNRR’)2] (R = methyl, ethyl; R’ = iso propyl, n-butyl) were used as SSPs for the
deposition of PbS thin films using CVD techniques (Afzaal et al., 2004). There was a great
effect of deposition temperature on the morphology. For example, PbS decomposed from the
complex with RR’ being ethyl and iso-propyl respectively showed granular, cubic with some
platelet and acicular platelets morphologies at deposition temperatures of 400, 425 and 450 °C
respectively. A further research by the same group involving the decomposition of a series of
lead dithiocarbamate complexes in oleyamine at different temperatures was carried out. They
observed that the lower chain complexes decomposed to a clean PbS phase at much higher
temperatures as compared to the higher chain complexes. This observation was attributed to
the greater thermal stability of the higher chain derivatives (Akhtar et al., 2010). Sun and
Buhro, (2008) have reported the use of lead ethyl carbamate for the solution liquid solid growth
of high quality PbS nanowires with TOP and TOPO as the solvent and capping agent
respectively. The nanowires had diameters between 9-31 nm and length of several microns.
The examples above demonstrate the effect of synthetic technique on the size and shape of the
nanomaterials formed. The Revaprasadu group has reported extensively on the use of
heterocyclic dithiocarbamates and their adducts as efficient SSPs for the syntheses of high
quality metal sulfide nanomaterials. The heterocyclic ring provides improved capping activity
due to the stearic effect. Anisotropic PbS nanostructures have been synthesized from lead
tetrahydroquinoline dithiocarbamate at a temperature of 250 °C. Shapes of rod, quasi-cubic,
cubic and rectangular shaped PbS were obtained using hexadecylamine, TOPO, OLA and
decylamine as capping agents respectively (Nyamen et al., 2012). Almost uniformly sized
cubic PbS nanoparticles with average side length of 18 nm have been synthesized from lead

piperidine dithiocarbamate using olive oil as capping agent (Nyamen et al., 2014).
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The selenium derivatives are synthesized by reacting the carbon diselenide or selenocyanate
with the amine in the presence of an alkali salt at low temperatures (Hursthouse et al., 1992).
Few reports include the syntheses of a series of group 12 metals to determine their cytotoxic
and radical scavenging properties. Some of the complexes exhibited promising broad spectrum
antiproliferative activity (Romano et al., 2015). Selenocarbamato complexes of chromium,
cobalt, nickel and palladium have been synthesized and their absorption properties investigated
(Furlani et al., 1968). The absorption spectra showed two intensive ultraviolet bands and a
shoulder in the visible region depending on the colour of the complex. The superoxide
anionscavenging selenocarbamates have been investigated in vitro (Takahashi et al., 2005).
Heterolytic dialkylselenocarbamate complexes with one of the alkyl groups being ethyl and the
other (phenyl, methylphenyl and naphthyl) have been investigated for their anti-oxidant
properties using the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) assay. The phenyl and
naphthyl derivatives turned out to be more active than some well-known antioxidants like
ascorbic acid and trolox (Merino-Montiel et al., 2013). Selenocarbamates have also been

investigated as effective superoxide anion scavengers (Takahashi et al., 2005).

In materials chemistry, there have been few reports on the use of metal selenocarbamate for the
syntheses of metal selenides thin films and nanoparticles (Hursthouse et al., 1992). Zinc and
cadmium ethyl selenocarbamate have been used for the deposition of the respective metal
selenide thin films (Hursthouse et al., 1992). The thin films had a high selenium contamination
however, there was no explanation for this behaviour of the nanomaterials. Later, a research by
Chunggaze and co-workers using ethyl and hexyl selenocarbamate of zinc and cadmium
explained the reason for the selenium contamination. The researchers demonstrated that the
choice of alkyl chain attached to the nitrogen atom has a great effect on the decomposition of
the complex. Using the gas chromatography mass spectrometer (GC-MS) technique, they

observed that the lower chain (ethyl) formed a selenium cluster whereas the cluster was not
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found in the higher chain complex (Chunggaze et al., 1999). Their conclusion was to use higher

chain length selenocarbamate complexes for deposition of metal selenide nanomaterials.

2.12.3 Lead dichalcogenophosphinato complexes

Phosphines are produced from hydrolysis of elemental phosphorus which in turn reacts with
isobutylene to form a secondary phosphine intermediate. The phosphine intermediate is then
reacted with sulfur in alkaline solution to give di-isobutyl dithiophosphinate (Zyl and Woollins,

2013). The reaction processes are shown below:

8P + 12H,0 —— SPH, + 3H;PO, S
catalyst (RCH=—=CH,) PSNa®
PH; + 2RCH==CH,PO, ’ 2)2
S S
NaOH ®
(RCH==CH,), P——HgT7S aqueous  (RCH==CH,),PSNa

Scheme 2.5: Reaction for the synthesis of dithiophosphinates

The dichalcogenophosphinato SSPs contain the metal, phosphorous and chalcogen source in
the same structure, therefore making them efficient precursors for the growth of metal
phosphides and metal chalcogenide nanomaterials at relatively low temperatures under ambient
conditions (Maneeprakorn et al., 2009). The structural chemistry of dichalcogenophosphinato
complexes have been reviewed (Davidovich et al., 2010; Haiduc and Yoong, 2002). Both
reviewers mainly discussed the coordination chemistry, molecular structures and
supramolecular associations of metal dichalcogenophosphinato although those of Pb (lI), is
rather limited. Dithiophosphinates have been reported as flotation agent although few reports
exist as compared to xanthates (Davidovich et al., 2010). They possess important biological

properties and may also inhibit hydrocarbon oxidation (Maspero et al., 2003). Duan et al.,
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(2007) have synthesized high quality cubic PbS nanocrystals by the solvothermal
decomposition of [Pb(S2POR)2] (R = butyl, octyl, dodecyl) in OLA at temperatures between
140 to 180 °C. The PbS nanocubes had side length of 14.8, 58.5, and 74.5 nm, corresponding
to dodecyl, octyl, and butyl derivatives respectively. It was clear that, the average size of PbS
nanocrystals decreased largely with an increase in the alkyl chain length of precursors. This
may have resulted from the increased capping activity of the precursors with higher alkyl
chains.

Diselenophosphinate ligands have been shown to form monomeric, cluster and polymeric
complexes with a wide variety of metal ions due to their capability of adopting several binding
modes through the two selenium atoms (Artem et al., 2014; Chang et al., 2010; Nguyen et al.,
2007). Until recently, examples of the use of selenophosphinates for the syntheses of
nanoparticles were rare. Cubic and eight-horned dendrite morphologies were observed for
poly(vinyl pyrrolidone) and ethylenediamine capped PbSe nanomaterials have been grown
from lead diselenophosphinate (Chang et al., 2010). Theoretical consideration on the gas phase
decomposition of Pb(('Pr).PSSe), showed that, the formation of ternary PbSexSix is more

favourable than parent binaries based on DFT calculations (Opoku et al., 2015).

2.12.4 Lead dichalcogenoimidodiphosphinato complexes

The synthetic pathway of imidophosphinates occur via two step as shown in Scheme 2.6 below.
The first step involves the formation of the intermediate which is then reacted with the

chalcogen to form the dichalcogenoimidodiphosphinates.

2R,PCl + NH(SiMe;), —— 3 R,PNHPR,

E
R,PNHPR, —— 3= R,PENHPER,

Scheme 2.6: Reaction for the synthesis of dichalcogenoimidodiphosphinates
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Dichalcogenoimidodiphosphinato complexes are known to exhibit various binding geometries
about the metal center. This depends on the choice of chalcogen, organic group and complexing
metal (Demko and Wasylishen, 2008a; Silvestru and Drake, 2001). Since the first report on
imidodiphosphinates by Schmidpeter and co-workers, several researchers have adopted the
synthetic process to make various metal dichalcogenoimidodiphosphinato complexes
(Cupertino et al., 1996, 1999; Ritch et al., 2010). Report on some early applications of
dichalcogenoimidodiphosphinato complexes included their use as lanthanide shift reagents, in
luminescent materials, or in metal-extraction processes (Chivers et al., 2010). Lead
dichalcogenoimidodiphosphinato complexes have been reported to be efficient SSPs for the
deposition of PbE thin films using various techniques (Afzaal et al., 2004; Ritch et al., 2010).
The syntheses of diselenoimidodiphosphinate complexes occur from the facile oxidation of the
corresponding bis(dialkylphosphine)amine with elemental selenium unlike the use of noxious

carbon diselenide in the syntheses of diselenocarbamates (Demko and Wasylishen, 2008b).

Although the S and Se analogues are air stable, the Te analogue are prone to oxidation in air

(Boadi et al, 2012). Both the sulfur and selenium derivatives of lead
dichalcogenoimidophosphinate complexes have been used to deposit PbS and PbSe thin films
using AACVD. SEM images of the thin films revealed the formation of cubic nanocrystals with
sizes of 670.6 + 42.2 nm and 440.7 + 66.4 nm for PbS and PbSe films respectively (Boadi et
al., 2016). Research on the Te analogue by Chivers and co-workers resulted in the development
of a new synthetic pathway. This involves the metalation of R,2PNHPR2 by sodium hydride to
form Na[R:PNHPR>] followed by the addition of tellurium powder in hot toluene in the
presence of TMEDA. This ligand, when reacted with metal ions produce complexes with most

metals. This approach has been used to deposit submicrometer-sized rectangular prisms PbTe
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particles from lead ditelluriumimidodiphosphinate complexes using AACVD at 475 °C (Ritch

et al., 2010).

2.12.5 Lead dichalcogenoureato complexes

The syntheses of metal selenourea complex dates back to the 19" century as reported in a
review by Boadi et al., (2012). Since then, researchers have adopted different routes to the
syntheses of both the sulfur and selenium derivatives (Kwon et al., 2013; Rao et al., 2007). The
synthetic pathway involves two steps: the first step leads to the formation of the chalcogenourea
ligand. In this step, a carbonyl chloride is reacted with a chalcogenocynate in the presence of
an amine. The second step involves the deprotonation of a chalcogenoamidic proton which

promotes the coordination of O and E atoms with metal ions (Scheme 2.7).

The selenium derivatives have been reported to form stable complexes with class b metal ions
(Golovnev et al., 2010; Trujillo et al., 2008). Its high nucleophilicity is caused by the strong
electron-donating effect of the amino groups, which is comparable to that of the sulfur

derivative (Ahmad and Isab, 2003).

o 1.CN H
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Scheme 2.7: Reaction for the synthesis of metal chalcogenoureato complexes
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Dichalcogenourea ligands are potentially multidentate, therefore, capable of coordination
through nitrogen and/or chalcogen atoms with a range of metals (Golovnev et al., 2010).
Therefore exhibiting rich and diverse coordination chemistry (Henderson et al., 2003). The lead
complex is usually prepared by a reaction between a lead salt and ethanolic solution of the

chalcogenourea ligand at room temperature. Bis[N,N-disobutyl-N-(4-
nitrobenzoyl)selenoureato]lead (I1) have been used for the syntheses of PbSe nanoparticles.
The morphology of the PbSe nanoparticles was greatly affected by temperature. For example,
200 °C gave spherical particles, whilst the growth at 250 °C were cubes (Akhtar et al., 2011).
The same group have successfully synthesized bis[N,N-diethyl-N'-naphthoylselenoureato] lead
(11) complex and used to grow PbSe nanowires in TOPO at 290 °C. They were able to tune the
dimensions of the PbSe nanowires between 8-25 nm in diameter and length of several
micrometres by tailoring the reaction time (Akhtar et al., 2012). PbSe nanohexagons have been
synthesized by injecting selenourea dissolved N,N- dimethylformamide and phenyl ether into
lead acetate solution at 160 °C (Sliem et al., 2011). Using chemical bath technique, the effect
of pH on PbSe thin films from lead nitrate and selenourea has been investigated (Bhardwaj et
al., 2007). The p-XRD patterns of the PbSe thin films shifted slightly towards higher 2 theta
values indicating a decrease in lattice parameter with increasing pH of the bath solution
increased from 10 to 11.5. The effect of deposition technique (chemical bath deposition,
sonochemical bath deposition and microwave-assisted chemical bath deposition) on PbS from
lead thiourea has been reported (Patel et al., 2012). Morphologies observed from the SEM
images were spherical with an intricate network of flakes, spherical and layers of thin flakes
for the three techniques respectively. PbS nanoparticles with average size of 60 nm have been
prepared by chemical precipitation from aqueous solutions of thiourea and lead acetate (Belova

and Rempel, 2004).
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2.12.6 Lead chalcogenobiuret complexes

Thio and seleno-biurets have attracted considerable attention due to their chemotherapeutic
properties (Thomas et al., 2015). This class of compounds have been reported to have versatile
biological applications in areas such as anti- malarial, anti-inflammatory agents, fungicidal,
insecticidal, herbicidal and pesticidal actions (Rastogi et al., 2001). The thiobiuret ligand is
formed by the reaction between N, N -dialkylcarbamyl chloride and sodium thiocyanate. The

metal complex is formed by precipitation of the ligand with the metal salt.

NR,
E
RN NaSCN RoN N NR, Metal salt o \ N
\
Y Y W HS#
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Scheme 2.8: Reaction for the synthesis of thiobiurets

Ramasamy and co-workers were the first group of researchers to investigate the use of metal
thiobiurets as SSPs for the syntheses of a wide range of metal sulfide nanomaterials. The metals
included Co, Fe, Zn, Cd, In, Ni and Cu (Ramasamy et al., 2010). The same group have
extensively reported on different transition metal thiobiurets as efficient starting materials to
metal sulfide nanomaterials (Abdelhady et al., 2013; Abdelhady et al., 2014). Lead thiobiurets
have been dissolved in toluene and layered upon an aqueous solution of sodium sulfide
nonahydrate to deposit interconnected networks PbS thin films with dimensions of 10-20 nm

(Cantetal., 2015). Using the same synthetic technique with oil as the organic phase, spheroidal
PbS have been synthesized from lead thiobiuret complexes (Thomas et al., 2015). Report on
seleno derivate of biuret is rather scarce and limited to Ab initio considerations. Calculations
of minimum-energy conformers were carried out at the Hartree-Fock and second-order

MgllerPlesset levels. The researchers concluded that the cis-trans was the most stable
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conformation as compared to the cis-cis and trans-trans within the limit of the calculations

(Jabalameli et al., 1997).

2.13 Synthetic route to nanomaterials preparation using single source precursors

Several routes have been exploited for the syntheses of nanoparticles and thin films from SSPs.
These include chemical bath deposition, chemical vapour deposition, spin coating, deposition
at the interface between two immiscible solvents, doctor blading, dip coating, melt reactions,
colloidal syntheses and precipitation methods. The choice of the synthetic technique has a great

effect on the morphology, size and properties on the nanomaterials.

2.13.1 Chemical bath deposition

Chemical bath deposition (CBD) method is based on successive adsorption and reaction of
species on the surface of a substrate from an aqueous solutions (Bhatt et al., 2014; Hussain et
al., 2013; Rajashree and Balu, 2016). CBD requires relatively mild, cost effective, scalable and
technically straight-forward conditions. In CBD, thin films are grown in a single bath solution
hence the morphologies and dimensions of the crystallites can be varied by controlling
deposition parameters such as time, temperature, reagent concentrations and pH (Abbas et al.,
2011; Bhatt et al., 2014; Gertman et al., 2014). This approach has some drawbacks which have
been identified. For example, researchers have observed that the thermal treatment process has
effect on the rate of absorptivity of the films and consequently influence their optical properties.
The single bath system can cause particulate contamination which causes yield loss in
semiconductor processing. Another major defect of CBD is the formation of an oxide layer on
the wafer when it is rinsed with water. Moreover, the presence of dissolved oxygen in water

may cause the oxidation of the nanomaterials during deposition. This can however be corrected
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by purging the bath with nitrogen gas in order to reduce the levels of oxygen and carbon dioxide
before deposition (Altiokka et al., 2013). This further increases the cost of deposition. In
addition, CBD has a terminal thickness defect which indicates the point where the growth of
thin film stopped due to depletion of starting materials in the bath. This defect is usually
observed when the film thickness is between 300-500 nm. Therefore, in order to get a film with
sufficient thickness, e.g., about 1 um, several successive depositions must be done (Abbas et
al., 2011). Although most reports on CBD have employed dual source approaches, a few of
them have reported on the use of SSPs as starting materials. Kariper and Ozpozan, (2013) have
reported on the deposition of cobalt xanthate thin films using cobalt nitrate and isopropyl
xanthate at a pH of 6.5. They studied the effect of temperature on the film thickness. An
increase in the temperature from 30 to 50 °C caused a corresponding increase in film thickness
from 198 to 454 nm. Altiokka et al., (2013) have reported the deposition of PbS thin films with
crystallite sizes between 23 and 37 nm by reacting lead nitrate, sodium hydroxide, thiourea in
the presence of sodium sulfide as an oxygen scavenger using CBD. The effect of temperature
on the band gap of orthorhombic PbBIiS; thin films have been investigated using CBD. A
decrease in temperature from 80 to 60 °C increased the band gap from 1.56 to 1.97 eV

(Balasubramanian and Suriyanarayanan, 2013). The effect of the lead source (acetate, nitrate,
chloride and sulphate) on the properties of chemically deposited PbS thin films have been
investigated. Although XRD characterization of the films showed polycrystalline PbS
nanomaterials with face centred cubic structure, morphology studies proved otherwise. The
acetate source produced uniformly sized spherical grains with strong quantum confinements.
The chloride and nitrate showed randomly oriented grains and agglomerated crystals of varying
sizes respectively whereas the sulphate showed uniformly distributed nano-sized grains
(Preetha and Remadevi, 2013). The same group of researchers have investigated the effect of

substrate on chemically deposited PbSe thin films using soda lime and gold coin corning glass
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slides. The PbSe deposited on soda lime glass substrate favoured crystallite growth by micro
strain reduction. They concluded that the PbSe deposited on soda lime glass substrates have
superior properties such as optical, morphological and structural properties as compared to the
deposit on the gold coin corning glass slide (Preetha and Remadevi, 2014). PbSe thin films
with thickness of 250 nm and crystallite diameter of 30-35 nm have been deposited from a
chemical bath containing N, N-dimethylselenourea and lead nitrate at temperatures ranging

from 30 to 60 °C at a deposition time of 2 hours (Barrios-Salgado et al., 2011).

2.13.2 Chemical vapour deposition

Chemical vapour deposition (CVD), as a thin film fabrication method, has gained increasing
attention due to its obvious advantages such as low cost, simplicity, high homogeneity at the
molecular level, lower crystallization temperatures, controllability of film microstructures,
good adhesion and scalability (Benjamin et al., 2014). In order for a precursor to be suitable

for CVD, it must be:

(@) of high purity to prevent contamination of the deposited thin films.

(b) reactive at the substrate surface to give the desired deposited thin film.

(c) volatile to be brought into the gas phase at relatively low temperatures.
(d) stable in air to avoid the need for specialist storage systems.
(e) less toxic to avoid the environmental impact of the deposition process (Bakar et al.,

2012; Malik et al., 2010).

There are several types of CVD based on the conditions used. These include metal-organic,

aerosol assisted and atmospheric pressure chemical vapour deposition.
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2.13.2.1 Metal-organic chemical vapour deposition (MOCVD)

MOCVD, which is sometimes referred to as metal organic vapour phase epitaxy, is one of the
CVD techniques that relies on the gas phase transfer of volatile metal-organic or metal nitride
complexes to be deposited on a substrate at high temperatures to form layers of thin films
(Akhtar et al., 2011; Choi and Park, 2014). The formation of the thin film is driven by the
decomposition of the precursor and the chemical reaction that occurs at the surface of the
substrate. Highly uniform films can be deposited using this technique because the sample can
be rotated at high speed. However, the major drawback of this method is the unwanted side
reactions that can occur at the high processing temperatures (Lemberger et al., 2007).
Therefore, it has not been an attractive pathway to the syntheses of thin films to most
researchers. MOCVD is regarded as a suitable technique for the growth of highly oriented
arrays of nanowires because of its good in-plane alignment on the substrate surface. However,
its capability is somewhat limited in terms of ‘mass production’ of the nanowires (Lee et al.,
2004; Yang et al., 2004). Bismuth telluride thin films have been deposited on GaAs substrate
at 400 °C by MOCVD. Angle-resolved photoemission spectroscopy analysis on the deposited

films showed that they could be used as topological insulators (Cao et al., 2012).

2.13.2.2 Aerosol assisted chemical vapour deposition (AACVD)

AACVD, which is a sub-class of CVD, solves the volatility restrictions of most CVD method,
thus, allowing the use of a wide range of precursors to deposit multi-component layers, thereby
ensuring both reproducibility and homogeneity in the deposited layer. It is by far the most
widely used among the CVD techniques. The morphology and size of the deposit can be closely

controlled by the choice of solvent, deposition temperature, deposition time and by controlling
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the frequency of the ultrasonic modulator (Abdelhady et al., 2011; Bakar et al., 2012; Ehsan et

al., 2012; Kevin et al., 2015).

In AACVD, the precursor solution can be used to fabricate multi-component layers ensuring
both reproducibility and the presence of all the components in the deposited layer. Furthermore,
AACVD does not depend on the vapour pressure of the precursor or its volatility but rather the
solubility of the precursor in the solvent (Akhtar et al., 2011). More importantly, the aerosol
droplet size can easily be varied by the frequency of the ultrasonic aerosol generator, which
allows for the control of the deposition rate. With this degree of control, highly crystalline and
uniform films can easily be tailored using this method (Bakar et al., 2012). However, this
method is expensive due to the extra cost of solvents and instrumentation (Akhtar et al., 2011).
AACVD has been widely used in the deposition of thin films at relatively high temperatures
(Dilshad et al., 2016). For example, in a research by Afzaal and co-workers (2004) using
asymmetric lead dithiocarbamates, no significant deposition was observed below 400 °C
whereas uniformly sized PbS cubes were observed at 400 °C. PbS nanocubes with approximate
dimensions of 200 nm have been deposited from lead ethyl xanthate and its N donor - adducts
at 350 °C using the AACVD techniques (Clark et al., 2011). Ahmed et al., (2010) confirmed
that 300 °C was too low a temperature to initiate deposition of PbSe from lead
phosphinodiselenoato SSPs using AACVD. However, a pure PbSe phase was obtained at a

higher temperature of 400 °C.

2.13.2.3 Atmospheric pressure chemical vapour deposition (APCVD)

APCVD involves the deposition of thin films from both single and dual source starting
materials at high temperatures. Uniformly deposited thin films can be achieved through control

of temperature and gas flow. The morphologies can also be controlled by adjusting the
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deposition position, temperature and the flux of the carrier gas (Li et al., 2004). In the APCVD
technique, the starting material is placed in a ceramic boat and inserted into a tube furnace.
Substrates are arranged at the downstream end of the furnace. The carrier gas which is usually
inert then acts as a transport medium to the deposition. The rate of flow of the inert gas results
in the growth of the nanomaterials (Ge et al., 2005). Some of the challenges associated with
this technique include the extremely susceptibility of the nanomaterials to oxidation due to the
greater gas density and residence time. Another challenge is the large volumes of liquid
nitrogen used which makes it very expensive on commercial scale (Woods and Meyers, 2002).
Titanium dioxide coatings on glass substrates have been achieved by the reaction of titanium
chloride and a co-oxygen source (water, ethanol and methanol) at 500 °C using APCVD. The
coatings show excellent uniformity, surface coverage and adherence (O’Neill et al., 2003). Thin
films of tungsten doped vanadium (IV) oxide on glass substrates prepared by APCVD have

been used as a window coating (Manning and Parkin, 2004).

2.13.3 Interface between two immiscible liquids

The deposition of thin films at the interface between two immiscible liquids have been used to

deposit thin films with nanoscopic grains from molecular precursors (Thomas et al., 2013).

The two liquids are usually immiscible (Rao and Kalyanikutty, 2007). Typical examples
include water-toluene, water-air and water-oil interfaces (Kim et al., 2010; Sayed-Sweet et al.,
1997; Stansfield et al., 2010). Deposition parameters such as concentration, time and
temperature have a great effect on the assembly of the particulates (Fan et al., 2008a).
Largescale ordered arrays of nanoparticles may be obtained at the air—water interface using the
Langmuir-Blodgett method (Duan et al., 2004; Fan et al., 2008a; Kalyanikutty et al., 2006).
PbS thin films have been deposited by the reaction of a toluene solution of lead cupferronate

with the aqueous solution of sodium sulfide at 30 °C (Kalyanikutty et al., 2006). PbS pyramids
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have been deposited at the interface between a toluene solution of lead diethyldithiocarbamate
and an aqueous solution of sodium sulfide at 50 °C for 2 hours (Fan et al., 2008b). The pyramids
had a square base and four triangular faces which spread across the entire watertoluene
interface. Lead thiobiuret and lead diethyldithiocarbamate have been used as lead source for
the syntheses of PbS thin films at a water toluene interface using NazS as sulfur source (Cant

etal., 2015).

2.13.4 Spin coating

Spin coating is a process of spreading a solution from the center of a wafer to the edges by
centrifugal force (Wang and Mdhwald, 2004). The spin coating process consists of several
distinct stages (Figure 2.8). In the first stage, a drop of colloidal solution is deposited onto a
substrate. Secondly, the substrate is then accelerated to a certain rotational speed and the liquid
droplet spreads out to cover the whole substrate. In the third stage, the film becomes thinner
due to equilibrium between centrifugal force and viscous shear force. Finally, the solvent
evaporate, where the film thickness reduces to the same order as particle size (Fierro and
Comninellis, 2010). The transition between the different stages depend notably on the volatility

of the solvent (Colson et al., 2011; Conceicao et al., 2010; Ogi et al., 2007).
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Figure 2.8 Schematic presentation of spin coating. (a) Deposition of the solution containing the

mixture, (b) and (c) rotation of the support and (d) evaporation of the solvent

The spin coating technique, has recently become a favourite deposition technique to produce
nanostructured thin films (Al-Juaid et al., 2013; Aradia et al., 2008; Jardim et al., 2014). Spin
coating is well established in the electronic and coating industries. For example, the spin
coating technique has been used in the manufacture of compact discs, flat-screen televisions,
light-emitting diodes, thin film transistors, electrochromic cells and photovoltaic devices
(Mangrola et al., 2013; Mclintyre and Brush, 2010; Toolan et al., 2013). In solid oxide fuel cell
fabrication, the spin coating technique has gained attention because of its ability to produce
thin electrolyte layers (Jasinski et al., 2009). The advantage of spin coating technique over
other deposition techniques is that the thickness of the deposited film can be varied based on
the concentration of the solution, spinning speed and spinning time (Dunbar et al., 2010; Lima
and de Andrade, 2006; Nur et al., 2012). A research on the effect on spinning speed on the
morphology of TiO2 showed that at a spinning speed of 600, 1000 and 2000 rpm, the
morphology of the TiO2 as seen from the TEM images were cubic, mixture of cubic and
hexagonal, and hexagonal respectively (Pan and Lee, 2005). It is also reproducible and able to
produce highly uniform multi-layered thin films (Burmann et al., 2014). Furthermore, it is low
cost and technically straight forward (Mitzi et al., 2004; Nur et al., 2012). The spin coating
technique also provides a full coverage of the substrate easily (Aernouts et al., 2004). Its
application in the layer by layer deposition of hybrid solar cell materials have also been
exploited (Al-Juaid et al., 2013; Galagan et al., 2013). Excellent compositional control, high
homogeneity at the molecular level, lower crystallization temperatures, controllability of film
microstructures, good adhesion and scalability are all attribute of the spin coating technique
(Dunbar et al., 2010; Ko et al., 2011; Miyazaki et al., 2013). The initial amount of solution

deposited on the substrate has no adverse effect on the final film thickness since the solution
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quickly equilibrate on the substrate (Chou et al., 2005). Reproducibility has been reported as
one remarkable property in the spin-coating process, which is well known since its early use
for painting plane surfaces (Jardim et al., 2014). A recent review spells out the spin coating
technique as robust for producing polycrystalline films (Pichumani et al., 2013). The approach
is also advantaged in its short deposition time as compared with the traditional immersion
methods (Leuw et al., 2010; Liu et al., 2003; Ogi et al., 2007). The spin coating technique of
device fabrication is also compatible with many traditional pre- or post-patterning processes
(Liu et al., 2013). Reports on both single and dual source starting materials are available
although the former has been well researched into. The few reports on the latter include the
deposition of CdSe thin films by spin coating a solution that contained 0.1M of cadmium
chloride and 0.1 M of sodium selenosulphate (Rosmani et al., 2013). The growth of Ag
nanoparticles by reducing AgNOz spin coated onto a glass substrate has been reported (Sartale
and Ansari, 2013). Polymeric multi-layered mirrors based on polyvinylcarbazole and cellulose
acetate for application in the optics and lasers have been fabricated by spin coating technique
(Komikado et al., 2007). Metal-oxide-semiconductor capacitors embedded with gold
nanoparticles which show good memory properties has been successfully fabricated by a spin
coating approach (Leuw et al., 2010). The effect of the spinning time on the efficieny of a
polymer based solar cell has been investigated. Their results proved that the Jsc increased with
increasing spinning time. This translates to a decreasing PCE with increasing time. The
researchers varied the spinning time from 10 to 120 seconds and the highest PCE of 3.67% was

obtained at 10 seconds of spinning time (Ohzeki et al., 2014).

2.13.5 Melt reactions

Melt reactions involve the solventless thermolyses of complexes to form nanoparticles. It has

been found to be a cost effective, simple and straight forward approach for the syntheses of
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nanoparticles of metals and metal chalcogenides (Chen et al., 2007). In this synthetic approach,
the starting material serves as the source of metal, chalcogen and capping agent; which
increases with bulkiness (Lewis et al., 2014). Usually, the starting material is a solid at room
temperature and nanoparticle synthesis is achieved through heating in the absence of a solvent,
causing the precursor to melt and inducing thermal decomposition. The major advantage of this
technique relies on the absence of solvent which offers potential for scale up and confers
potential economic and environmental advantages including atom efficiency as compared to
hot-injection and related methods (McNaughter and Saah et al., 2016). The absence of solvent
also eliminate collisions and interparticle diffusion during the syntheses, thus, having an effect
on size and shape distributions (Sigman and Korgel, 2005). In literature, few researches exist
on the solventless synthesis of nanoparticles. The first demonstration of the solventless
syntheses of nanoparticles involved the thermal decomposition of the silver salts of fatty acids
at 250 °C (Abe et al., 1998). After this report, thiolates and xanthates have been reported to be
efficient molecular precursors for solventless synthesis of nanoparticles. In all these class of
complexes, the organic moiety around the central metal atom acts as the capping agent and
therefore the bulkier the group, the better its self-capping activity (Chen et al., 2007; Lewis et
al., 2014). The organic part of the complex is blown off the nanoparticle formed by the carrier
gas which is usually inert. Tin ethyl xanthate has been used in the syntheses of tin sulfide with
stoichiometries of Sni3S and SnS by varying the reaction conditions in melt reaction
(Alshakban et al., 2016). A series of lead xanthate complexes have been explored as efficient
starting materials to PbS at 150 °C. Analysis by SEM showed that the choice of the alkyl chain
length had an influence on nanocrystal size and shape. The ethyl derivative showed a cubic
morphology whereas the octyl showed the growth of a rod with a cube at the tip (McNaughter

and Saah et al., 2016).
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2.13.6 Colloidal syntheses

The colloidal synthesis is regarded as the most widely studied approach to nanoparticle
syntheses. Based on the synthetic pathway, colloidal syntheses are grouped into hot injection

and heat up.

2.13.6.1 Hot injection

Generally, the hot injection approach involves the rapid injection of a precursor into a solvent
at high temperature. This aids in the breaking down of the precursor to form highly crystalline
nanoparticles. The rapid injection of the precursor solution leads to an instantaneous burst of
homogenous nuclei by relieving the excess free energy in the supersaturated solution
(Abdulwahab et al., 2013; Park et al., 2007). However, the gradual depletion of starting
precursor and sudden drop in temperature associated with the injection of the precursor solution
prevents further nucleation. This stage is followed by growth which is consistent with “Ostwald
ripening”, where the high surface energy of small crystallites make them less stable therefore
dissolving in the solvent as described in the LaMer model (Murray et al., 1993). In order to
synthesise uniformly sized monodispersed nanoparticles, the nucleation and growth stages
must be separated. This is achieved through the rapid injection of the precursor solution at a
temperature lower than the hot solvent. The drop in temperature reduces the rate of nucleation
and all the nuclei grow at the same rate leading to highly monodispersed nanoparticles (Cui et
al., 2012). Murray and co-workers (1993) were the first group of researchers to report the
syntheses of nanoparticles using this technique. The researchers employed dimethyl cadmium
and trioctylphosphine selenium as sources of metal and chalcogen to synthesize CdSe
nanoparticles (Murray et al., 1993). However, the use of pyrophoric and air sensitive starting

materials limit this technique to be employed on industrial scale. This challenge opened a new
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window to the single source approach which is less toxic. To date, there are numerous of reports
on the use of SSPs for the syntheses of metal chalcogenide nanoparticles. The interest in this
route relies on the careful design of complexes which provide relevant elements (metal and
chalcogen) whilst supressing impurity and toxic by-products associated with the multiple
source route. Reports on hot injection encompass the use of both single and multiple source
staring materials although much attention has focussed on the single source approach in recent
times (Nyamen et al., 2014). Some of the commonly used solvents and capping agents include
phosphines (eg. trioctylphosphine and trioctylphosphine oxide), carboxylic acids (eg. oleic
acid), thiols (eg. dodecanethiol) and long chain amines (eg. hexadecyl amine and oleylamine).
The choice of solvent and capping agent has a great effect on the properties on the nanoparticles
formed. The effect of capping agent on the morphology of PbS nanocrystals synthesized at 200
°C have been reported (Wang et al., 2012). Different shapes such as octahedral, star like, cubic
and truncated cubic were obtained when dodecanethiol, octadecene, oleic acid and oleylamine
were used as capping agent respectively. The difference in shape is as a result of the different

growth mechanisms due to the binding effect.

2.13.6.2 Heat up

This approach to nanoparticle synthesis is also referred to as non-injection method. In this
reaction pathway, all reagents are mixed into a reaction vessel and heated controllably to induce
the nucleation and growth of nanoparticles (Kwon and Hyeon, 2011). In this approach, the
nucleation and growth processes are driven by temperature. For instance, at low temperatures,
the reaction solution is largely comprised of the staring material either as single or dual source.
As the reaction continues to heat, the starting materials experience an increased thermodynamic
driving force to form monomers (Timonen et al., 2011). This eventually triggers nucleation

followed by growth of the nanoparticles (Embden et al., 2015). The heat up approach addresses
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some challenges associated with the hot injection technique. For example, in the hot injection
technique, the injection time often varies which can affect the reaction kinetics which hinders
reproducibility. There is also the possibility of large scale syntheses of nanoparticles which is
not achievable in the hot injection technique (Chiang et al., 2011; Shavel et al., 2016). It is also
simple and technically straight-forward (Park et al., 2007). However, some challenges
associated with the heat up approach is that there must be a great understanding into the
chemistry of the starting materials and the solvents used. In addition, nucleation is very rapid
and a large amount of nuclei are generated within a relatively short period of time. This can
lead into the formation of large particles over a short period of time because of the high surface
energy of the nanoparticles high temperatures (> 200 °C) (Kwon and Hyeon, 2011; Yang et al.,
2005). Monodispersed CdSe nanospheres with diameters of 4 nm have been synthesized using
the heat up method with ODE as solvent and cadmium myristate as the precursor at 240 °C
(Yang et al., 2005). A similar pathway has been used to synthesize monodispersed iron oxide

from iron oleate precursor at 320 °C (Kwon et al., 2007).

2.13.6.3 Green syntheses of nanoparticles

Conventional colloidal syntheses rely on the use of organic chemicals as capping agents and
solvents. These chemicals limit large scale production of nanoparticles due to cost and toxicity.
Poor surface passivation and photosensitivity with capping agents such as phosphines and
thiols can accelerate the degradation of nanoparticles after their preparation (Akhtar et al.,
2010). Another challenge is that most of the precursors have low solubility in the solvent,
therefore reducing the concentration of the precursor in the injection solution. One of the
solutions to these challenges is to consider greener approaches to nanoparticle syntheses. The
fundamental principle underlying the greener synthetic route to nanoparticle synthesis, is to

reduce chemical hazards and cost without compromising on the properties of the nanoparticles.
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Akhtar et al., (2010) developed a synthetic pathway using a dual source route to the syntheses
of PbS quantum dots at 60 °C using olive oil as an alternative for the conventional air sensitive,
toxic and expensive capping agent. A single source approach using heterocyclic
dithiocarbamate complexes have been investigated in the syntheses of PbS nanoparticles in
olive oil. Nearly uniformly shapes PbS nanocubes with average size of about 20 nm were
obtained using olive oil stabilized at 180 °C (Nyamen et al., 2014). Olive oil capped CdSe
nanoparticles have been used in the fabrication of a light emitting device with the structure
ITO/P3HT/CdSe/Al using the bi-layer approach. The device showed strong electroluminescent
characteristics (Bera et al., 2012). Anacardic acid, which is a non-edible green solvent has been
used as capping agent for the syntheses of PbE nanoparticles at temperatures of 140 or 160 °C.
The anacardic acid was capped to the surface of the nanoparticles, resulting to the formation of
highly monodispersed nanospheres and cubes (Mlowe et al., 2013). Castor oil has also been
employed in the syntheses of spherical CdSe nanoparticles with diameters ranging between
3.81 to 6.80 nm depending on the reaction conditions (Kyobe et al., 2015). Biosynthesis of
nanoparticles from plant sources have been reported to be more stable, and the rate of synthesis
is faster (Ramesh et al., 2014). Silver nitrate have been reduced in the presence of the leaf
extract of Lantana camera L. and fruit extract of Momordica charantia to form silver
nanoparticles. The formation of the nanoparticles were confirmed with p-XRD analyses (Nahar
et al., 2015; Sambandan et al., 2015). Gold nanoparticles have been synthesized using hot
aqueous olive leaf extract (Khalil et al., 2012). Flower extract of Cassia auriculata has been
used as a stabilizing and reducing agent for the synthesis of zinc oxide nanoparticles (Ramesh

etal., 2014).

2.13.6.4 Stages in colloidal syntheses
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The major stages in the colloidal syntheses include nucleation and growth as reported in the
LaMer model (Figure 2.9) (Kwon and Hyeon, 2011). However, balancing the nucleation and
growth rates represent one of the major challenges associated with this method, as both

processes have different activation energies and reaction orders (Kovalenko et al., 2008).
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Figure 2.9 Stages in colloidal syntheses

2.13.6.4.1 Nucleation

Nucleation is defined as the process whereby a seed is produced either homogenously or
heterogeneously (Thanh et al., 2014). Homogenous nucleation occurs away from the surface
whereas heterogeneous nucleation occurs on the surface of the system (Chatterjee et al., 2017).
In classical nucleation theory, heterogeneous nucleation occurs much faster and slows
exponentially with the height of a free energy barrier. This barrier comes from the free energy
penalty at the surface of the growing nucleus (Park et al., 2007). In colloidal systems,
homogenous nucleation is paramount (Kgler et al., 2016). The nuclei form uniformly within
the solvent. However, the presence of impurities cause a level of inhomogeneity. Nucleation

can be controlled by temperature kinetics (Timonen et al., 2011).
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2.13.6.4.2 Growth

Growth basically involves the coming together of nuclei with different sizes and shapes. It
occurs either by diffusion or coalescence. This growth mechanism is caused by the change in
solubility of the different sizes of the nuclei. The smaller particles break down and re-dissolve
back into the solution due to their high solubility and surface energy, which lead to the growth
of larger particles (Thanh et al., 2014). However, if the growth time is sufficient, the particles
become too big to the extent that favourable properties can be lost. Ostwald ripening is the most

investigated growth process (Kim et al., 2014).

CHAPTER 3

METHODOLOGY

3.1 Summary

This chapter gives the general methodologies used in the syntheses and characterization of
ligands, single source precursors, nanoparticles and thin films. The single source precursors
were characterized to ensure their purity and accuracy to the proposed structures. The single
source precursors were characterized using micro-elemental analyses, mass spectrometry,
infrared spectrometry, nuclear magnetic resonance, thermogravimetric analyses and melting
point determination. After these, the single source precursors were used as starting precursors
for the syntheses of thin films and nanoparticles. The thin films and nanoparticles were also

characterized using powder X-ray diffractometry (p-XRD), scanning electron microscopy
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(SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy
(EDX), ultra violet-visible-near infrared spectroscopy (uv-vis-nir) and inductively coupled

plasma analyses (ICP).

Table 3.1 List of chemicals and reagents

Number Grade % Purity

1 Ethanol Laboratory reagent >09.8
Chemicals and reagents

2 1-Propanol Laboratory reagent 99.5

3 1-Butanol Laboratory reagent 99.8

4 1-Hexanol Laboratory reagent 99.8

5 1-Octanol Laboratory reagent >99

6 1-Dodecanol Laboratory reagent 98

7 Tetramethylethylenediamine Laboratory reagent 98

8 Bismuth nitrate pentahydrate Laboratory reagent 95

9 Oleylamine Laboratory reagent 95

10 Carbon disulphide  Laboratory reagent >99

11 Lead acetate trihydrate Laboratory reagent  >99.99

12 2-naphthoyl chloride Laboratory reagent  99.8

13 Potassium selenocyanate  Laboratory reagent 95

14 Diethylamine Laboratory reagent  >99.5

15 Sodium ethoxide Laboratory reagent 95

16 Sodium thiocyanate Laboratory reagent 95

17 Trioctylphosphine  Technical reagent 90

18 1-Octadecene Technical reagent 90

19 Piperidine  Laboratory reagent 98
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20

21

22

23

24

25

26

27

28

29

30

31

32

Diethyl ether Laboratory reagent >99.9
Acetone Laboratory reagent  >99.9
Acetonitrile Laboratory reagent  99.8
Hexane Laboratory reagent 95

Chloroform Laboratory reagent >99

Petroleum ether Laboratory reagent ~ >90
Toluene Laboratory reagent  99.8
Potassium hydroxide Laboratory reagent

Sodium hydroxide Laboratory reagent >85
Methanol Laboratory reagent  99.5
Triethylamine Laboratory reagent 95
1, 10 phenanthroline Laboratory reagent 99.9

Pyridine Laboratory reagent 99

>85

3.2 Syntheses and characterization of ligands and complexes

All chemicals and reagents were purchased and used as received from Sigma-Aldrich, United
Kingdom with no further purification unless otherwise stated. Generally, the metal salt was
reacted with the appropriate ligand to form a precipitate. The precipitate was then filtered,
washed, recrystallized and dried to obtain the pure complex. The complex was then

characterized using techniques such as micro-elemental analyses, 'H NMR, FT-IR, melting

point determination, thermogravimetric analyses and mass spectrometry.

3.2.1 Synthesis of bis(diethyldithiocarbonato)lead(l1) complex (1)
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In a round bottom flask, ethanol (1.8 g, 40.0 mmol), sodium hydroxide (1.6 g, 40.0 mmol) and
distilled water (50 ml) were stirred until complete dissolution at room temperature. The mixture
was then cooled to 0 °C and CS; (3.1 g, 40.0 mmol) added. After an hour of stirring, lead acetate
trihydrate (7.6 g, 20.0 mmol) dissolved in distilled water (50 ml) was added to the ligand. The
precipitate formed was filtered, washed with water and dried. The crude sample was
recrystallized from acetone to yield bis(diethyldithiocarbonato)lead(ll) as a yellowish complex.
The yield was 86.4 %. The micro-elemental results were as follows; Calc (found): C, 16.0
(16.1); H, 2.3 (2.3); S, 28.5 (28.5); and Pb, 46.1 (45.9). The melting point was 108 °C.

MS (ESI), m/z = [M*] 450. v(c-0) 1098 cm™, v(c-s) 1020 cm™. *tH NMR (400 MHz, CDCls), &:

1.45 (t, J = 7.1 Hz, 6H; CHs) and 4.71 (m, J = 7.1 Hz, 4H; CH2).

3.2.2 Synthesis of bis(dipropyldithiocarbonato)lead(l1) complex (2)

This was synthesized through similar steps described for complex (1) with ethanol (1.8 g, 40.0
mmol) replaced with 1-propanol (2.4 g, 40.0 mmol). The crude sample was recrystallized from
acetone and dried under vacuum to yield bis(dipropyldithiocarbonato)lead(Il) as a yellowish
complex. The yield was 85.9 %. The micro-elemental results were as follows; Calc (found): C,
20.1 (19.8); H, 2.9 (2.7); S, 26.8 (26.6) and Pb, 43.3 (42.3). The melting point was 85 °C. MS
(ESI), m/z = [M*] 478. v(c-0) 1085 cm™, v(c.s) 1015 cm't. *H NMR (400 MHz, CDCla), 8: 1.08

(t, J = 7.4 Hz, 6H; CHs), 1.92 (m, 6H, CH2) and 4.61 (t, J = 6.7 Hz, 4H; CHs).
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3.2.3 Synthesis of bis(dibutyldithiocarbonato)lead(Il) complex (3)

This was synthesized through similar steps described for complex (1) with ethanol (1.8 g, 40.0
mmol) replaced with 1-butanol (3.0 g, 40.0 mmol). The crude sample was recrystallized from
acetonitrile and dried under vacuum to yield bis(dibutyldithiocarbonato)lead(ll) as a yellowish
complex. The yield was 85.8 %. The results from the micro-elemental analyses were as follows;
Calc (found): C, 23.8 (23.9); H, 3.6 (3.6); S, 25.4 (25.4); and Pb, 40.9 (40.9). The melting point
was 81 °C. MS (ESI), m/z = [M*] 506. v(c-0) 1056 cm™, vc-s) 1011 cm™. *H NMR (400 MHz,
CDCls), 8: 0.97(t, J = 7.3 Hz, 4H; CH3), 1.48 (m, 6H; CH>), 1.88 (m, 4H; CH,) and 4.65 (t, J

= 6.6 Hz, 4H, CHy).

3.2.4 Synthesis of bis(dihexyldithiocarbonato)lead(l1) complex (4)

This was synthesized through similar steps described for complex (1) with ethanol (1.8 g, 40.0
mmol) replaced with 1-hexanol (4.1 g, 40.0 mmol). The crude sample was recrystallized from
acetonitrile and dried under vacuum to yield bis(dihexyldithiocarbonato)lead(ll) as a yellowish
complex. The yield was 83.9 %. The results from the micro-elemental analysis were as follows;
Calc (found): C, 29.9 (30.1); H, 4.7 (4.7); S, 22.8 (22.8); and Pb, 36.8 (36.6). The melting point
was 60 °C. MS (ESI), m/z = [M*] 562. vc-0) 1072 cm™, v(c-s) 1045 cm™.. *H NMR (400 MHz,
CDCls), 8: 0.91(t, J = 7.1 Hz, 4H; CHs), 1.39 (m, 5H; CH>), 1.89 (m, 4H; CH>) and &: 4.64 (t,

J=6.7 Hz, 4H, CH2).

3.2.5 Synthesis of bis(dioctyldithiocarbonato)lead(l1) complex (5)

This was synthesized through similar steps as (1) with ethanol (1.8 g, 40.0 mmol) replaced with
1-octanol (5.2 g, 40.0 mmol). The crude sample was recrystallized from acetonitrile and dried
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under vacuum to yield bis(dioctyldithiocarbonato)lead(ll) as a yellowish complex. The yield
was 82.4 %. The results from the micro-elemental analysis were as follows; Calc (found): C,
34.9 (35.0); H, 5.5 (5.9); S, 20.7 (20.5); and Pb, 33.6 (33.5). The melting point was 78 °C. MS
(ESI), m/z = [M*] 618. vc-0) 1084 cm™, v(c-s) 1014 cm™. *H NMR (400 MHz, CDCls), &:

0.89(t, J = 6.9 Hz, 4H; CHs), 1.36 (m, 5H; CH>), 1.89 (m, 4H; CHy) and 4.64 (t, J = 6.7 Hz,

4H, CH>).

3.2.6 Synthesis of dodecyldithiocarbonato ligand (6)

In a round bottom flask, 1-dodecanol (7.4 g, 40.0 mmol) and potassium hydroxide (2.2 g, 40.0
mmol) were melted together at 200 °C. Upon melting, heating was stopped and the hot
suspension allowed to cool to 100 °C. At this temperature, toluene (25 ml) was added and
stirring continued. The suspension was cooled further below 25 °C and carbon disulfide (4.6 g,
60.0 mmol) added drop wise and the resulting mixture stirred for an hour. After this, petroleum
ether (100 ml) was added and the mixture stirred further for two hours. The precipitate was
filtered, washed with water/petroleum ether at 1:2 ratio and vacuum dried to yield the
dodecyldithiocarbonato ligand. The yield was 90.2 %. The micro-elemental results were as

follows; Calc (found): C, 59.7(59.6); H, 9.6 (9.7); and S, 24.6 (24.4).

3.2.7 Synthesis of bis(didodecyldithiocarbonato) lead(l1) complex (7)

In a three- necked flask, didodecyldithiocarbonato ligand (6); (5.0 g, 19.2 mmol) was stirred in
methanol (20 ml) until complete dissolution. A lead acetate solution containing lead acetate
trihydrate (3.6 g, 9.6 mmol) was added drop wise to the ligand which caused the formation of
a precipitate. The resulting mixture was stirred for an hour, filtered, washed several times with
water and vacuum dried. The crude sample was recrystallized from toluene and air dried to
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yield bis(didodecyldithiocarbonato) lead(ll) as a brown complex. The yield was 82.1 %. The
micro-elemental results were as follows; Calc (found): C, 42.8 (43.3); H, 6.9 (7.0); S, 17.6
(17.4); and Pb 28.4 (27.6). The melting point was 87 °C. MS (ESI), m/z = [M*Na] 754. vc-o)
1099 cm*, vc-s) 1015 cm™. *H NMR (400 MHz, CDCls), 8: 0.89 (t, J = 7.1 Hz, 4H; CH3), 1.34
(m, 5H; CHy), 1.88 (m, 4H; CH>), 3.65 (t, J = 6.6 Hz, 4H, CH>) and 4.64 (t, J = 6.7 Hz, 4H,

CH>).

3.2.8 Synthesis of potassium ethylxanthogenate ligand (8)

In a round bottom flask, ethanol (1.8 g, 40.0 mmol) and potassium hydroxide (2.2 g, 40.0 mmol)
were stirred until complete dissolution at room temperature. The mixture was then cooled to 0
°C and carbon disulfide (3.1 g, 40.0 mmol) added drop wise to the resulting mixture which was
stirred further for an hour. The yellow precipitate was filtered and air dried. The crude product
was then recrystallized in acetone to yield the pure potassium ethylxanthogenate ligand. The
micro-elemental results were as follows; Calc (found): C, 22.5 (22.4); H, 3.1 (3.0); and S, 20.0

(19.9). The melting point was 226 °C.

3.2.9 Synthesis of bismuth ethyl xanthate complex (9)

Potassium ethylxanthogenate ligand (8); (12.0 g, 74.8 mmol) was dissolved in distilled water
(100 ml). Bismuth nitrate pentahydrate (12.1 g, 24.9 mmol) was stirred in distilled water (100
ml) in a round bottom flask. The aqueous potassium ethylxanthogenate ligand was transferred
into a dropping funnel and added drop-wise to the bismuth nitrate pentahydrate solution
resulting in the formation of the precipitate. The precipitate was filtered, washed several times
with distilled water and air dried. The crude sample was recrystallized from acetone and dried

under vacuum to yield bismuth ethyl xanthate as a yellowish complex. The yield was 82.7 %.
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The micro-elemental results were as follows; Calc (found): C, 18.8 (18.7); H, 2.6 (2.5); S, 33.6
(33.5); and Bi, 36.5 (36.3). The melting point was 103 °C. *H NMR (400 MHz, CDCls), §: 1.46

ppm (t, 9H; CHs) and 4.66 ppm (m, J = 7.1 Hz, 6H; CH2). v(c-0) 1096 cm™, vc.s) 1020 cm™™.

3.2.10 Synthesis of tetramethylethylenediamine (TMEDA) adduct of bismuth ethyl xanthate
complex (10)

In a round bottom flask, bismuth nitrate pentahydrate (12.1 g, 24.9 mmol) and TMEDA (2.9 g,
24.9 mmol) were stirred in distilled water (100 ml) in a round bottom flask. An aqueous solution
of ligand (8) containing potassium ethylxanthogenate (12.0 g, 74.8 mmol) was added resulting
in the formation of a precipitate. The precipitate was filtered, washed several times with
distilled water and air dried. The crude sample was recrystallized from acetone and dried under
vacuum to yield TMEDA adduct of bismuth ethyl xanthate as a yellowish complex. The yield
was 80.7 %. The micro-elemental results were as follows; Calc (found): C, 26.2 (26.0); H, 4.5
(4.4); N, 4.1 (4.0); S, 27.9 (27.7); and Bi, 30.3 (30.5). The melting point was 79 °C. *H NMR
(400 MHz, CDCly), 6: 1.54 ppm (t, J = 7.1 Hz, 6H; CH3), 1.60 ppm (s, 6H; CHz3), 2.20 ppm (m,
4H; CH,) and 4.75 ppm (m, J = 6.9 Hz, 6H; CH>). v(c-0) 1105 cm™, vc-s) 1020

cm-1, vc-N) 1282 cm-1.

3.2.11 Synthesis of triethylamine adduct of bismuth ethyl xanthate complex (11)

This was synthesized through the same steps as (10) with TMEDA replaced with triethylamine
(2.5 g, 24.9 mmol). The yield was 81.3 %. The micro-elemental results were as follows; Calc
(found): C, 26.7 (26.5); H, 4.5 (4.3); N, 2.1 (2.0); S, 28.6 (28.7); and Bi, 31.0 (30.9). Melting

point 80 °C. *H NMR (400 MHz, CDCls), &: 1.40 ppm (t, J = 7.3 Hz, 9H; CHs), 1.53 ppm (m,
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6H; CH2), 3.25 ppm (m, J = 7.4 Hz 9H; CHz3) and 4.73 ppm (m, J = 7.3 Hz, 6H; CH>). v(c-0)

1105 cm-1, vc-s) 1013 cm-1, vc-Ny 1282 cm-1.

3.2.12 Synthesis of 1, 10 phenanthroline adduct of bismuth ethyl xanthate complex (12)

This was synthesized through the same steps as (10) with TMEDA replaced with 1, 10
phenanthroline (4.5 g, 24.9 mmol). The yield was 80.5 %. The micro-elemental results were as
follows; Calc (found): C, 33.5 (33.6); H, 3.1 (3.0); N, 3.7 (3.7); S, 25.6 (27.2); and Bi, 27.8

(28.1). The melting point was 102 °C. *H NMR (400 MHz, CDCls), 8: 1.50 ppm (t, J = 7.0 Hz,
9H; CHg), 1.58 ppm (m, 6H; CH>), 2.20 ppm (s, CH) and 4.69 ppm (m, J = 7.1 Hz, 6H; CH>).

v(c-0) 1105 cm-1, v(c-s) 1013 cm-1, vc-N) 1289 cm-1.

3.2.13 Synthesis of pyridine adduct of bismuth ethyl xanthate complex (13)

This was synthesized through the same steps as (10) with TMEDA replaced with pyridine (2.0
g, 24.9 mmol). The yield was 79.9 %. The micro-elemental results were as follows; Calc
(found): C, 25.8 (25.9); H, 3.1 (2.9); N, 2.2 (2.1); S, 29.5 (29.4); and Bi, 32.1 (32.1). The
melting point was 99 °C. MS (ESI), m/z = [M*CI] 692. *H NMR (400 MHz, CDCls), §: 1.30
ppm (t, 9H; CHz), 2.20ppm (m, 5H; CH) and 4.75 ppm (m, J = 7.3 Hz, 6H; CH>). vc-0) 1105

cm-1, vc-s) 1020 cm-1, vc-N) 1274 cm-1.

3.2.14 Synthesis of N, N-diethyl- N"-naphthoylselenourea ligand (14)

In a roundbottom flask, acetone solution of 2-naphthoyl chloride (9.2 g, 48.6 mmol) was added
to acetone solution of potassium selenocynate (7.0 g, 48.6 mmol) under nitrogen gas and

refluxed. The content of the flask changed from white to greenish yellow. Addition of diethyl
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amine (5.0 ml, 48.6 mmol) in acetone changed the colour of the mixture from dirty green to
orange red. After five minutes of stirring, 100 ml of anhydrous diethyl ether was added and the
flask left undisturbed. The N, N-diethyl- N'-naphthoylselenourea was extracted into the ether
layer (top layer) and separated from the bottom layer. The ether layer was left to evaporate to
yield a red solid which was recrystallized from ethanol to yield yellow crystals of N, N-diethyl-
N'-naphthoylselenourea ligand. The yield was 85.4 %. The micro-elemental results were as
follows; Calc (found): C, 57.7 (57.5); H, 5.5 (5.8); N, 8.4 (8.4). The melting point was 126 °C.
v(c-0) 1680 cm™, v(cny 1390 cm™ and v(c-sey 1190 cm™. tHNMR (CDCls, 400 MHz), &: 1.32 (4,

CHs), 1.41 (t, CHs), 3.64 (q, CHz), 4.14 (g, CHy), 7.87 (m, Ar), 8.36 (s, NH).

3.2.15 Synthesis of bis(N, N-diethyl- N'-naphthoylselenoureato) lead(ll) complex (15)

Ligand (14), (4.0 g, 12.0 mmol) was stirred in 100 ml of ethanol until complete dissolution
under nitrogen gas. Then sodium ethoxide (0.8 g, 12 mmol) was added followed by a lead
acetate solution containing lead (I1) acetate (2.3 g, 6.0 mmol) also dissolved in distilled water
(60 ml). The addition of the lead solution resulted in the formation of a precipitate. The mixture
was stirred for 30 minutes to ensure complete reaction. The precipitate was filtered, washed
with water and vacuum dried. The crude product was recrystallized from toluene and
precipitated with hexane. The yield was 81.7 %. The micro-elemental results were as follows;
Calc (found): C, 44.1 (44.6); H, 3.9 (3.5); N, 6.4 (6.3); Pb, 23.8 (23.9). The melting point was
152 °C. MS (ESI), m/z = [M*] 873. v(c-0) 1490 cm™, v(c-ny 1400 cm™ and v(c-s¢) 883 cm™.

'HNMR (CDCls, 400 MHz): 1.09 (t, CHs), 1.26 (t, CH3), 3.79 (g, CH>), 3.87 (q, CH>), 7.81 (m,

Ar).
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3.2.16 Synthesis of N, N-diethyl- N'-naphthoylthiourea ligand (16)

Ligand (16) was synthesized through similar steps as ligand (14) with slight modifications.
Typically, acetone solution of 2-naphthoyl chloride (9.2 g, 48.6 mmol) was added to acetone
solution of sodium thiocyanate (7.0 g, 48.6 mmaol) under nitrogen gas and refluxed. The mixture
changed from white to greenish yellow. Addition of diethyl amine (5.0 ml, 48.6 mmol) in 20
ml acetone changed the colour from dirty green to orange red. After five minutes of stirring,
100 ml of anhydrous diethyl ether was added and the flask left undisturbed. The N, Ndiethyl-
N'-naphthoylthiourea was extracted into the ether layer (top layer) and separated from the
bottom layer. The ether layer was left to evaporate to yield a red solid which was recrystallized
from ethanol to yield yellow cubic crystals of N, N-diethyl- N’-naphthoylthiourea ligand. The
yield was 86.4 %. The micro-elemental results were as follows; Calc (found): C,

57.7 (57.5); H, 5.5 (5.8); N, 8.4 (8.4). The melting point was 106 °C. v(c-0) 1650 cm™, v
1380 cm'! and v(c-se) 1210 cmL. 'HNMR (CDCls, 400 MHz), : 1.32 (t, CHz), 1.41 (t, CHs),

3.64 (g, CH2), 4.14 (q, CH>), 7.87 (m, Ar), 8.36 (s, NH).

3.2.17 Synthesis of bis(N, N-diethyl- N'- naphthoylthioureato) lead(l1) complex (17)

Complex (17) was synthesized through the same steps as complex (15) with ligand (14)
replaced with ligand (16). Typically, ligand (16), (3.4 g, 12.0 mmol) was stirred in 100 ml of
ethanol until complete dissolution under nitrogen gas. Sodium ethoxide (0.8 g, 12.0 mmol) was
added followed by a lead acetate solution containing lead (1) acetate (2.3 g, 6.0 mmol) also
dissolved in distilled water (60 ml). The addition of the lead solution resulted in the formation
of a precipitate which was filtered, washed several times with water and vacuum dried. The

crude product was recrystallized from toluene and precipitated with hexane. The yield was 81.7
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%. The micro-elemental results were as follows; Calc (found): C, 49.4 (49.7); H, 4.4 (4.7); N,
7.2(7.1); S, 8.2 (8.1); Pb, 26.6 (26.4). The melting point was 190 °C. MS (ESI), m/z = [M"]
779. vc-0) 1490 cm™*, vcny 1400 cm and v(c-se) 893 cm™2.HNMR (CDCls 400 MHz): 1.09 (t,

CHs3), 1.26 (t, CHs), 3.79 (g, CH>), 3.87 (g, CH>), 7.81 (m, Ar).

3.2.18 Synthesis of sodium piperidine dithiocarbamato ligand (18)

In a round bottom flask, piperidine (8.5 g, 100.0 mmol), sodium hydroxide (4.0 g, 100.0 mmol)
and distilled water (25 ml) was stirred for an hour at room temperature. The mixture was cooled
to 0 °C and carbon disulfide (7.6 g, 100.0 mmol) added drop wise to the mixture to form a
precipitate. After 15 minutes, the precipitate was filtered and air dried to yield the sodium
piperidine dithiocarbamate ligand. The yield was 92.5%. The micro-elemental results were as
follows; Calc (found): C, 35.8 (35.7); H, 6.0 (6.0); N, 7.0 (6.9). vo-+y 3362 cm™, v(c-n) 1418

cm-1 and v(c-s) 964 cm-1.

3.2.19 Synthesis of lead piperidine dithiocarbamato complex (19)

Ligand (18), (5.5 g, 30.0 mmol) was stirred in distilled water (25 ml) until complete dissolution.
Lead acetate trihydrate (5.7 g, 10.0 mmol) dissolved in distilled water (25 ml) was added drop
wise to the sodium piperidine dithiocarbamate ligand. The reaction mixture was stirred for one
hour, and the precipitate was filtered, washed with excess distilled water and dried overnight
in an oven at 70 °C. The yield was 90.3 %. The micro-elemental results were as follows; Calc
(found): C, 27.3 (27.3); H, 3.8 (3.7); N, 5.3 (5.2). The melting point was 239 °C. vc-n) 1427

cm-1 and v(c-s) 968 cm-1.
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3.2.20 Synthesis of bismuth piperidine dithiocarbamato complex (20)

Complex (20) was synthesized through similar steps as complex (19). Typically, aqueous
solution of sodium piperidine dithiocarbamate ligand (5.5 g, 30.0 mmol) was added drop wise
to bismuth nitrate pentahydrate (4.9 g, 10.0 mmol) dissolved in distilled water (25 ml) to form
a precipitate. The precipitate was filtered, washed with excess distilled water and dried
overnight in an oven at 70 °C. The yield was 87.8 %. The micro-elemental results were as
follows; Calc (found): C, 31.3 (31.2); H, 4.4 (4.3); N, 6.1 (6.0). Melting point 195 °C. vcn)

1435 cm™ and v(cs) 977 cm'L,

3.3 Characterization of complexes

3.3.1 Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy (NMR) is an analytical tool that examines the
magnetic properties of atomic nuclei with carbon and hydrogen being the most common. It
relies on the principle of nuclear magnetic resonance and can provides information about the
reaction state, structure and chemical environment of molecules. The intra molecular magnetic
field around an atomic nuclei in a molecule changes the resonance frequency, thus, giving
access to details of the electronic structure of a molecule. It is used to determine the physical

and chemical properties of atoms or the molecules in which they are contained.

'HNMR was carried out using Ultrashield Advance Bruker 400 NMR (Figure 3.1). The samples
to be analysed were prepared by dissolving ~0.3 mg of each complex in chloroformd at room
temperature. The complex solution (5 ml) was filled into an 8 inches thin walled NMR tube
and analysed. The chemical shifts, splitting patterns and J coupling of the different hydrogen

atoms were then compared to literature. For the "®SeNMR analyses, ~0.3 mg of the complex
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was dissolved in minimum amount of CDCls and 0.15 mg of diphenyldiselenide added to it as

a standard. The solution was then introduced into the NMR tube as above.

Figure 3.1 Pictorial representation of nuclear magnetic resonance spectroscopy

3.3.2 Melting point

The melting point of a solid is the temperature at which it changes from a solid to a liquid state
at atmospheric pressure. At this temperature, the solid and liquid phases are in equilibrium and

it is a characteristic figure used to determine the purity of compounds.

The melting point of the complexes were determined using a Stuart Scientific melting point
apparatus (Figure 3.2). To do that, a capillary tube, sealed at one end, was filled through the
other with the sample and inserted into the melting point apparatus. The sample was then

monitored through the eyepiece as the melting point apparatus was heated. The temperature at
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which the sample began to melt and completely melted were then recorded. The average of

these two temperatures was then recorded as the melting point of the sample.

Figure 3.2 Pictorial representation of Stuart scientific melting point apparatus

3.3.3 Micro-elemental analyses

Micro-elemental analysis is a technique used to determine the elemental composition of
substances. Micro-elemental analysis can either be for qualitative (determining what elements
are present), quantitative (determining how much of each element is present) or both

determinations.

The micro-elemental analyses of the as-synthesized complexes were performed by the
University of Manchester Micro-analytical facility using a Flash 2000 elemental analyser for

CHNS and Thermo iCap 6300 Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) for the metals (Figure 3.3). It was used to ascertain the purity of the complexes. To
do this, 15 mg of the sample was weighed into a tin capsule. This was then transferred into the
furnace where combustion occurred. The theoretical elemental percentages of the complexes
were then compared with the experimental determined elemental percentages. The closer the

two values, the higher the purity of the complex.
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Figure 3.3 Pictorial representation of Flash 2000 elemental analyser

3.3.4 Infrared spectroscopy (IR)

Infrared refers to that part of the electromagnetic spectrum between the visible and microwave
regions (between 700 nm to 1 mm). In IR spectroscopy, an organic molecule is exposed to
infrared radiation and the absorbed radiation converted into energy of molecular vibration.
When the radiant energy matches the energy of a specific molecular vibration, absorption
occurs. Infrared spectra were obtained on a Perkin Elmer FT-IR spectrum two with Bruker
detector (Figure 3.4). The samples were placed on the platinum crystal and corked. The samples

were then scanned from 4000-400 cm™ and the spectra recorded.
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Figure 3.4 Pictorial representation of Perkin ElImer FT-IR spectrum two

3.3.5 Mass spectrometry (MS)

Mass spectrometry is a technique that identifies the amount and type of chemicals present in a
sample by measuring the mass-to-charge ratio and abundance of gas-phase ions. It works by
ionizing chemical compounds to generate charged molecular fragments and measuring their

mass-to-charge ratios.

Mass spectrometry was performed by the Lilly Mass Spectrometry unit (University of
Manchester) using electron spray ionization technique (ESI) and atmospheric pressure
chemical ionization (APCI) method with dichloromethane as solvent on Waters SQD2

quadrupole mass spectrometer (Figure 3.5).

Typically, 0.1 mg of the sample was dissolved in dichloromethane and ionized, for example by
bombarding with electrons. This causes the sample's molecules to break into charged

fragments. The ions are separated according to their mass-to-charge ratios. lons of the same

79



mass-to-charge ratio are deflected and detected. Results are displayed as a spectrum of the
relative abundance of detected ions as a function of the mass-to-charge ratio. The different
fragments were identified by correlating known masses to the identified masses or through a

characteristic fragmentation pattern.

Figure 3.5 Pictorial representation of Waters SQD2 quadrupole mass spectrometer

3.3.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a method of thermal analysis, in which changes in mass
of a substance is monitored as a function of temperature as the substance is subjected to a
controlled temperature program in a controlled atmosphere. TGA provides information about

the decomposition pattern of the complex.

TGA analyses were carried out by University of Manchester Micro-analytical Facility using

Perkin-Elmer TGA7 analyzer (Figure 3.6). Typically, about 1.5 mg of the complex was
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weighed into an aluminium pan and inserted into the sample compartment of the Perkin-Elmer
TGAT7 analyzer. The furnace was heated from 25 to 600 °C under a flow of nitrogen gas at a
heating rate of 10 °C min%. The change in weight of the sample as a function of temperature is
recorded as a thermogram. The thermogram gives information about decomposition steps and
percentage weight of residue after the decomposition process. The percentages of the residues
remaining are then compared to the theoretical weight of the inorganic portion in the different
complexes to ascertain to feasibility of using the complexes as starting for the syntheses of the

various metal chalcogenides present in them.

Figure 3.6 Pictorial representation of Perkin-Elmer TGA7

3.4 Syntheses of metal chalcogenide nanomaterials

The complexes synthesized earlier were used as single source precursors for the syntheses of
thin films and nanoparticles using differnt techniques. The thin films were deposited using spin

coating whereas hot injection technique was employed for the syntheses of the nanoparticles.
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3.4.1 Deposition of the thin films by spin coating method

Prior to the deposition, glass substrates with dimensions of 1.5 x 2 cm were cleaned by
sonicating them in isopropanol, distilled water and acetone for 15 minutes each. The cleaned
glass slides were air dried and kept for further use. The precursor solution was then prepared
by dissolving 0.2 mmol of the complex in chloroform (1.5 ml). Afterwards, a glass substrate
was placed into the sample component of the spin coater and a drop of the precursor solution
introduced onto the glass slide using an eppendorf pipette (Figure 3.7). The substrate was span
at a speed of 1500 rpm for 20 seconds to spread the precursor over the entire surface of the
glass substrate. The coated glass substrates were placed in the center of a quartz tube and
inserted into a pre-heated carbolite furnace. The coated glass substrates were then heated from
125 to 300 °C under the flow of nitrogen gas for specific times. At the end of the 30 minutes,
the quartz tube was pulled from the carbolite furnace and the heating stopped. The thin films

were allowed to cool and kept in petri dishes for further characterizations.

For the deposition of the ternary thin films, different mole ratios of the two starting precursors
were mixed to an overall concentration of 0.20 mmol. The mixture was then dissolved in 1.5
ml of chloroform and sonicated to form the coating precursor solution. The precursor solution

was then spin coated onto glass substrates and heated as above at 250 °C.
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Customisable chuck

Figure 3.7 Pictorial representation of a spin coater with part labelled

3.4.2 Syntheses of nanopatrticles

Hot injection, which is one of the colloidal synthetic techniques was employed for the syntheses
of the nanoparticles. All the syntheses were carried out using standard Schlenk line conditions.
In a typical synthesis, 7 ml of oleyamine was degassed at 110 °C and purged with nitrogen gas.
The temperature of the oleyamine was increased to 200 °C and allowed to stabilize. In another
flask, 0.2 mmol of the precursor was dissolved in 2 ml of octadecene under nitrogen gas and
injected rapidly into the hot oleyamine while stirring. A temperature decrease of 15-20 °C (from
200-180 °C) was observed. The temperature was allowed to stabilize and heating continued for
30 minutes. At the end of the 30 minutes, heating was stopped and the reaction mixture allowed
to cool. At about 60 °C, excess methanol was added to the content of the flask to precipitate
the nanoparticles and transferred into a centrifuge tube. The precipitate was separated by
centrifuging at 3000 rpm for 15 minutes. The obtained solid nanoparticles were then washed
with methanol trice by centrifugation and re-dispersed in toluene after which it was kept for

characterization.
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For the ternary nanoparticles, different mole ratios of the two precursors were weighed to an
overall concentration of 0.2 mmol and dissolved in 2 ml of solvent. The precursor solution was
then injected rapidly into the hot capping agent at the required temperature as above for the

binary nanoparticles.

Condenser

Thermometer
Nitrogen gas inlet

Three necked flask

Heating mantle

Figure 3.8 Pictorial representation of hot injection set up

3.5 Characterization techniques of thin films and nanoparticles

3.5.1 Powder X-Ray diffraction (p-XRD)

Powder X-ray diffraction (p-XRD) is a technique primarily used for phase identification of a
crystalline material and can provide information about unit cell dimensions. Powder X-ray
diffraction is a technique for the study of crystal structures, atomic spacing, preferred crystal

orientation, average grain size, crystallinity, strain and chemical composition of materials.

Powder X-ray diffraction is based on constructive interference of monochromatic X-rays and a
crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, concentrated and directed towards the sample. The interaction of the
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incident rays with the sample produces constructive interferences which are then diffracted.
These diffracted X-rays are then detected, processed and counted. By scanning the sample
through a range of 20 angles, all possible diffraction directions of the lattice are attained due to
the random orientation of the sample. Conversion of the diffraction peaks to d-spacings allow
identification of the material since each material has a set of unique d-spacing values. Typically,
this is achieved by comparison of d-spacings with standard reference libraries such as
International Centre of Diffraction Data (ICDD) or Joint Committee on Powder Diffraction

Standards (JCPDS) (Warren, 1969).

Powder X-ray diffraction analyses were carried out on a Bruker D8 AXS diffractometer using
monochromated Cu-Ko radiation (Figure 3.9). For the thin films, the back of the glass
substrates were mounted onto the sample holders using a gum. For the nanoparticles, few drops
were deposited onto a cleaned glass slide and left undisturbed for the solvent to evaporate. This
was then mounted onto the sample holders as in the case of the thin films. Afterwards, the
sample holders were loaded into the sample compartment and scanned at various 2 theta values
depending on the metal chalcogenides under consideration (Warren, 1969). For instance, the
lead chalcogenides were scanned between 2 theta values of 20 and 85 degrees at a step size of
0.020° and a count rate of 3 seconds at room temperature (Lewis et al., 2015). From the p-XRD
pattern, structural parameters such as crystallite size, dislocation density, lattice parameter and

strain were determined.

The crystallite sizes of the nanomaterials were calculated using the Scherrer equation. The
equation is limited to nanoscale particle and not applicable if the size is > 0.1 um (Monshi et
al., 2012). This equation relates the crystallite size to the peak broadening in the diffraction
pattern. Peak broadening in p-XRD pattern may result from other factors other than the size
effect. These include instrumental broadening which was corrected using a standard silicon

wafer.
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The crystallite size ‘D’ was calculated using to the Scherrer equation,

D kA
" Bcosf Equation 3.1

where:
D is the crystallite size (nm), k is a dimensionless shape factor, with a typical value of about
0.9, A is the wavelength of the radiation, B is the full width at half maximum (FWHM), and &

is the angle of diffraction (Bragg angle).

Dislocation density (8) is defined as a measure of the number of dislocations in a unit volume
of a crystalline material. Dislocations represent irregularities or defects within a crystal lattice
(Hussain etal., 2013). The dislocation density was calculated from Williamson and Smallman’s

equation (Williamson and Smallman, 1956).

o
~ b2 Equation 3.2

where:

D is the average crystallite size.

The lattice constant “a” refers to the physical dimensions of the unit cell in a crystal lattice.
Usually, lattices are represented by three constants “a”, “b”, and “c” which are referred to lattice
parameters. However, in a special case of a cubic crystal, the three lattices are equal and usually

referred to as “a”. The lattice constant of the cubic crystals were calculated from the equation;

a=dV(h2+ k2+ 12) Equation 3.3

where:
d is the spacing between the planes in the atomic lattice and (hkl) are the Miller indices in the

xyz planes of the crystal lattice.
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For an orthorhombic phase, lattice parameters are calculated from the equation;

d2 a2 b2 (2 Equation 3.4

where: d is the d-spacing, hlk are the Miller indices and abc are the lattice

parameters.

Strain refers to the number of relative deformations in a crystal under an applied force. The
strain in the crystals was determined from the slope of the Williamson-Hall plots (Williamson

and Hall 1953). However, it can be calculated from the equation;

cos@
6:—18

4 Equation 3.5

where:
¢ 1s the microstrain, B is the full width at half maximum (FWHM), 0 is the Bragg angle and 4

is a corrective factor from the instrumental broadening.
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Figure 3.9 A photograph of Bruker D8 X-ray diffractometer

3.5.2 Scanning electron microscopy (SEM)

Scanning electron microscope is a type of electron microscope that produces an image of a
sample by scanning it with a focused beam of electrons. The electrons interact with atoms in
the sample, producing various signals that can be detected and contain information about the

sample's surface topography. The signals include X-rays, secondary electrons and back

88



scattered electrons. The electron beam is generally scanned in a raster pattern, and the beam's
position is combined with the detected signal to produce a 2-dimensional image of the selected

area of the sample.

SEM was carried out on a Philips XL30 FEG Scanning Electron Microscope (Figure 3.10). The
deposited thin films were mounted onto SEM stubs using a copper tape or carbon stub. The
nanoparticles were deposited onto glass substrates from toluene solution after which the solvent
was allowed to evaporate. It was also mounted onto the stubs just like the thin films.

The samples were then carbon coated using Edward’s E306A coating system prior to the
analyses. After coating, the deposited thin films were silver painted to create a pathway for the
charges produced. The samples were then mounted into the sample compartment of the SEM
at a working distance of 10 cm. Vacuum was then created in the system and the standard
operating conditions of the instrument set. The images were then taken at various
magnifications (50000x, 20000x, 10000x and 2000x) at an accelerating voltage of 10 kV and

using a secondary electron detector.
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Figure 3.10 A photograph of Philips XL30 FEG Scanning electron microscope

3.5.3 Energy dispersive X-ray spectroscopy analysis (EDX)

Energy dispersive X-ray spectroscopy analysis (EDX) is a technique used for

the elemental analysis of samples. Its setup comprise basically of the excitation source, X-ray
detector, pulse processor and analyser. It relies on an interaction between a source of Xray
excitation and a sample. Its characterization capabilities are due to the fundamental principle
that each element has a unique atomic structure allowing unique set of peaks on its X-ray
emission. The principle of EDX is that, when the incident beam interacts with a sample,
secondary electrons are ejected and this leaves holes in the electron shells where the secondary
electrons used to be. Electrons from outer shells release energy to drop into the inner shells to

stabilize the atoms. This energy is in the form of X-rays which is characteristic of the element.
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Therefore, a measure of the energy of the X-rays determines the type of elements are present

in the sample.

EDX was performed on a DX4 interfaced to the Philips XL30 FEG Scanning Electron
Microscope at an accelerating voltage of 20 kV. The elemental composition of the
nanomaterials were determined and quantified. The quantification was performed using Esprit

1.8 software.

3.5.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is an imaging technique in which an electron beam
is transmitted through an ultra-thin specimen to form an image on a fluorescent screen or on a
layer of photographic film. TEM is able to image at significantly higher resolutions than light
microscope owing to the small de Broglie wavelength of the electrons. In operation, electrons
are emitted (either by thermionic or field electron emission) from the “gun” which is usually a
tungsten filament or a lanthanum hexaboride (LaBs) source typically at voltages ranging from
100 to 300 kV into the vacuum. The electrons are then consolidated and directed through the
upper lenses of the TEM and subsequently interact with the sample to produce an image. In
addition, TEM can also provide information on selected area electron diffraction (SAED) and

diffraction pattern.

TEM was carried on JEOL 1010 TEM with an accelerating voltage of 100 kV, Megaview IlI
camera, and Soft Imaging Systems iTEM software (Figure 3.11). The TEM samples were
prepared by diluting a drop of the nanoparticle solution in 10 ml of toluene. The dilute solution
was sonicated to ensure uniform dispersion of the nanoparticles in the solvent. Few drops of
the nanoparticles suspended in toluene were transferred on a copper grid. The solvent was

allowed to evaporate and the deposit analysed.
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Figure 3.11 A photograph of JEOL 1010 Transmission electron microscope

3.5.5 UV-VIS-NIR Spectroscopy

Uv-vis-nir spectroscopy refers to the absorption or reflectance characteristics of a sample in the
ultraviolet, visible and near infrared spectral region. The electromagnetic radiation wavelengths
range for ultraviolet, visible and near infrared are 300 to 400 nm, 400 t0700 nm and 700 to 10°
nm respectively. Practically, when a radiation source of a particular wavelength is used to
illuminate a sample, absorption occurs. Molecules containing w-electrons or nonbonding
electrons can absorb the energy to excite to higher anti-bonding molecular orbitals. The easier
the electrons are excited, the longer the wavelength of light it can absorb. It is this absorption
phenomenon which is used to characterize materials. Absorption of radiation may occur in a

transmission or reflection mode.
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Absorption measurements were performed on Perkin EImer UV-VIS-NIR lambda 1050
spectrometer (Figure 3.12). For the thin films, the deposited glass substrates were stacked to
the sample compartment and a blank glass substrate was stacked to the reference compartment
using a gum. With the nanoparticles, a dilute toluene solution of the nanoparticles was
transferred into a 1 cm path length glass cuvette. This was placed into the sample compartment
of the instrument. In another cuvette, toluene was transferred into it and inserted into the
reference compartment to serve as the reference solvent (blank). The samples were scanned at
differnt wavelength ranges based on the nanomaterials under consideration. For example, the

PbS nanomaterials were scanned from 1000 to 3000 nm to obtain the absorption spectra.

Figure 3.12 A photograph of Perkin Elmer UV-VIS-NIR lambda 1050 spectrometer
CHAPTER 4

RESULTS AND DISCUSSIONS ON THE SYNTHESES AND CHARACTERIZATION

OF BINARY LEAD SULFIDE AND BISMUTH SULFIDE THIN FILMS

4.1 Summary of results on lead and bismuth sulfides
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A series of bis(dialkyldithiocarbonato) lead (I1); (alkyl = ethyl, propyl, butyl, hexyl, octyl and
dodecyl) labelled as ((1), (2), (3), (4), (5) and (7)), bismuth ethyl xanthate labelled as ((9), its
adduct of TMEDA (10), triethylamine (11), 1,10 phenanthroline (12) and pyridine (13)) have
been synthesized and characterized. These complexes have been used as single source
precursors for the deposition of binary lead sulfide and bismuth sulfide thin films. The thin

films were characterized using p-XRD, SEM and EDX analyses.

4.2 Syntheses of bis(dialkyldithiocarbonato) lead (I1) single source precursors

A series of bis(dialkyldithiocarbonato) lead (I1); (alkyl = ethyl, propyl, butyl, hexyl, octyl, and
dodecyl) labelled as (1), (2), (3), (4), (5) and (7) have been synthesized and characterized
(Figure 4.1). The complexes were obtained in good yields with simple reaction routes by the
addition of an aqueous solution of the metal salt to the ligand. There was a decrease in the yield
of the pure complexes as the alkyl chain increased from ethyl to dodecyl as presented in Table
4.1. This can be due to the formation of dixanthogens which are favoured in higher alkyl chain

xanthates (Bag et al., 2011; Shankaranarayana and Patel, 1961).

As the alkyl chain in the starting alcohol changes from ethyl to dodecyl, there is a change in
the physical properties of the alcohol. For example, ethanol is a liquid whereas dodecanol is a
solid at room temperature. This difference in properties may have caused the difference in
polarity of the solvents used for recrystallizing the crude complexes. The lower chain
complexes were soluble in polar solvents (acetone and acetonitrile) whereas the highest chain
(dodecyl derivatite) was soluble in toluene which is a non polar solvent. The choice of solvents
for recrystallization was determined by dissolving minute amount of the crude product in a

range of solvents and the one that was able to purify the crude in high yield was selected.

Table 4.1 Effect of alkyl chain length on the yield of lead xanthate complexes
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Complex Alkyl group Carbon length % Yield

(1) Ethyl 2 86.4
) Propyl 3 85.9
®) Butyl 4 85.8
(4) Hexyl 6 83.9
(5) Octyl 8 82.4
(7 Dodecyl 12 82.1

4.3 Characterization of bis(dialkyldithiocarbonato) lead (1) single source precursors

Micro-elemental analyses of the complexes showed closeness of experimentally determined
percentages to the theoretical requirements based on their proposed structures. This showed
that the complexes were pure and could be used as starting materials for the syntheses of PbS
nanoparticles and thin films. The experimentally determined elemental percentages of the lead
alkyl xanthate complexes were comparable to work done by other researchers (Clark et al.,

2011; Lewis et al., 2015).
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Bis(diethyldithiocarbonato) lead (II) complex (1) Bis(dihexyldithiocarbonato) lead (II) complex (4)
S S
S S NS
~ 4 CeH o—< Pb OCgH
C3H;0 Pb OC3H 87 817
o s #N 22 s s
Bis(dipropyldithiocarbonato) lead (IT) complex (2) Bis(dioctyldithiocarbonato) lead (IT) complex (5)
g S S S
NS \Pb/
C4H o{ Pb OC4Hg CaHas OCigHys
4Mg . e \S S/ \S
Bis(dibutyldithiocarbonato) lead (II) complex (3) Bis(didodecyldithiocarbonato) lead (IT) complex (7)

Figure 4.1 Structures of bis(dialkyldithiocarbonato) lead (1) single source precursors
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The IR spectra of the bis(dialkyldithiocarbonato) lead (1) SSPs showed major absorptions at

1056-1099 cm™ and 1011-1045 cm™ which correspond to C-O and C-S stretches respectively.
Similar wavenumbers have been reported for these stretches in bis(dialkyldithiocarbonato) lead
(1) complexes as per workdone in our group (Lewis et al., 2015) and by others (Clark et al.,

2011).

Mass spectroscopic analyses of the lead xanthate complexes were carried out using electro
spray ionization. In bis(dialkyldithiocarbonato) lead (1) complexes, electro spray ionization
activates several decomposition pathways (Barreca et al., 2005). The molecular ion peak
observed using the electro spray ionization method in all the complexes confirmed their
respective relative masses which were comparable to the calculated masses based on the
proposed structures of the complexes. Molecular ion peaks at m/z ratio of 450, 478, 506, 562
and 618 for complexes (1 to 5) showed the attachment of a hydrogen to the molecular ion peak.
However, complex (7) showed the attachment of sodium at m/z ratio of 754. Both hydrogen
and sodium are used as bombarding atoms in the positive electro spray ionization and hence

the tendency of attachment to the molecular ion peak (Fenn et al., 1989).

The thermal decomposition of metal xanthates have been reported to be similar to the Chugeav

elimination as shown in Scheme 4.1(McNaughter and Saah et al., 2016).
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Scheme 4.1 A possible breakdown mechanism based upon the Chugeav elimination for lead

xanthate complexes (McNaughter and Saah et al., 2016)

The thermal behaviours of the complexes were examined using a Perkin Elmer Pyris 7 TGA at
a heating rate of 10 °C min. Complexes (1), (2), (3) and (4) showed a clean, one-step
decomposition to form stable residue at offset decomposition temperatures of 160, 165, 168
and 200 °C respectively (Figure 4.2). There was a gradual increase in offset temperatures as
the alkyl chain changed from ethyl to hexyl. Similar decomposition steps have been reported
for these complexes. For instance, several researchers have reported a single step
decomposition for lower alkyl chain xanthates such as complexes (1) (Clark et al., 2011), (3)
(Akhtar et al., 2011) and (4) (McNaughter and Saah et al., 2016). In complexes (1) to (4), the

two bidentate xanthate ligands decomposed cleanly in one step.
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Figure 4.2 TGA thermograms of complexes (1), (2), (3), (4), (5) and (7) under nitrogen gas
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The thermal stability of bis(dialkyldithiocarbonato) complexes have been reported to increase
with increasing alkyl chain length (Figure 4.2) (Akhtar et al., 2011). This is observed in the
increasing offset decomposition temperatures with increasing alkyl chain length of
bis(dialkyldithiocarbonato) lead (1) which ranged from 165 to 305 °C for complexes (1 to 7)
respectively. Also, the constant residual weight observed after the offset temperatures in each
of the complexes suggest the formation of a stable PbS residue at those temperatures as earlier
observed by Bakar et al., (2012). The relatively low offset temperatures observed for all the
complexes are due to the low decomposition temperatures of bis(dialkyldithiocarbonato) lead
(11) complexes (Fan et al., 2007). Complexes (5) and (7) showed a two-step decomposition
pathway that suggests the formation of an intermediate which decomposed further to form PbS
as the residue. This could be attributed to the relatively longer alkyl chain and bulky nature of
the complexes as the alkyl chain increases. For instance, the first decomposition step in
complex (5) occurred in the temperature range of 125-155 °C, which was associated with a
13.86 % weight loss. This weight loss corresponds to the loss of -CsH1s group from one of the
bidentate bis (dialkyldithiocarbonato) ligands attached to the Pb atom. The second
decomposition step which ranged from 161-252 °C was associated with the loss of all the
remaining organic moiety around the PbS (45.83 %). Pandey (1988) has studied the effect of
inert gas on the thermal decomposition of bis(dialkyldithiocarbonato) zirconium (Il) complexes
and reported that the choice of inert atmosphere has little or no effect on the decomposition
pathway of complexes. In this current study, the use of nitrogen gas was as a result of its cost
effectiveness and availability.

Generally, the calculated weight of PbS in the complexes were similar to the experimentally

determined weight of residue remaining since the difference was less than 5% conversion of

98



the complexes to PbS (Table 4.2). This trend has been reported earlier by Akhtar et al., (2011)
and Lewis et al., (2015).

Table 4.2 TGA data for complexes

Complex % Calculated weight of PbS % Found weight of PbS % Difference
(1) 53.21 54.56 1.35
) 50.09 50.10 0.01
©) 47.30 4776 0.46
) 4258 45.06 2.48
(5) 38.83 40.31 1.48
@) 32.72 29.46 3.26

From Table 4.2, the higher experimental residue for (1), (2), (3), (4) and (5) may be attributed
to carbon contamination whereas the lower value for (7) may be due to the formation of volatile
sulfide species at high temperatures, thereby causing a further loss in the percentage weight of
the residue as reported earlier in literature (Akhtar et al., 2010; Akhtar et al., 2011; Mlowe et
al., 2015). The good agreement between the calculated expected weights of PbS from the
structures of the complexes at 100% conversion to the experimentally determined residue
weights indicate that the complexes could be used as precursors for the syntheses of PbS thin

films and nanoparticles under inert atmosphere.

4.4 Characterization of PbS thin films

4.4.1 Powder XRD of PbS thin films

The p-XRD patterns of each of the PbS thin films obtained from heating the coated glass slides
from complex (1), (2), (3), (4), (5) and (7) showed diffraction peaks at 2 theta values of 25.96°,

30.08°, 43.06°, 50.98°, 53.41°, 62.54°, 68.88°, 70.97°, 78.92° and 84.80°. These were indexed
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to the (111), (200), (220), (311), (222), (400), (331), (420), (422) and (511) planes of a face
centred cubic structure of PbS (ICDD 00-003-0614) respectively. All the PbS thin films had a
preferred orientation along the (200) plane. The cubic phase is consistent with earlier reports
on the syntheses of PbS from bis(dialkyldithiocarbonato) lead (1) SSPs using techniques such
as CVD and spin coating (Akhtar et al., 2011; Clark et al., 2011; Lewis et al., 2015). The highly
intense peaks suggest that the as-synthesized PbS thin films were highly crystalline as reported
earlier in literature (Barote et al., 2011; Kumar et al., 2009; Obaid et al., 2013; Qiu et al., 2011).
One of the major factors that affect the growth of nanomaterials is temperature, therefore the
coated thin films were heated at different temperatures to investigate the effect of temperature
on the properties of PbS crystallites. This study was to investigate the effect of temperature on
properties such as shape and size of the PbS nanomaterials at constant time. At 125 °C, the
pXRD pattern of PbS obtained from complex (1) showed the presence of additional peaks,
which did not match to any PbS phase (Figure 4.3). These additional peaks may have resulted
from the incomplete decomposition of the precursor since the melting point of the complex is
125 °C. However, increasing the temperature to 150 °C resulted in the complete decomposition
of the complex to yield a pure cubic PbS phase. A further increase in the decomposition

temperature up to 300 °C, resulted in an increase in intensity of the PbS peaks.
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Figure 4.3 p-XRD pattern of PbS thin films obtained from heating complex (1) at (a) 125, (b)
150, (c) 200, (d) 250 and (e) 300 °C (* additional peaks)

Clark and co-workers had earlier deposited PbS thin film from complex (1) at 350 °C using
AACVD technique (Clark et al., 2011). However, from the present study, the spin coating
method which was used has proved to be an efficient technique for the deposition of PbS thin
films from (1) at a relatively lower temperature of 150 °C as compared to the 350 °C reported
using AACVD (Clark et al., 2011).

A report of an earlier study by McNaughter and Saah et al., (2016) on the formation of PbS
nanoparticles from complex (1) using the melt method, also produced additional peaks at 125
°C, however, a clean spectrum was observed at 150 °C which is consistent with the current
result obtained using the spin coating method. Other metal sulfide thin films have been
synthesized using ethyl xanthate as ligand and these include cadmium sulfide (Onwudiwe et

al., 2014), zinc sulfide (Todescato et al., 2012), europium sulfide (Mirkovic et al., 2005),
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bismuth sulfide (Kaltenhauser et al., 2013), copper indium sulfide (Fradler et al., 2014) and

copper antimony sulfide (Rath et al., 2015).

Heating of the coated slide from complex (2) yielded a pure cubic PbS phase at 125 °C without
any impurities from the precursor or the substrate (Figure 4.4). A further increase in
temperature up to 300 °C caused no change in the phase of the PbS thin films as observed in
complex (1). However, an increase in the intensity of the peaks was observed implying that the
crystalinity of the thin films was improved at higher temperatures. From this study, 125 °C is
a suitable temperature for the deposition of PbS thin films from complex (2) using the spin

coated method.
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Figure 4.4 p-XRD pattern of PbS thin films obtained from heating complex (2) at (a) 125, (b)
150, (c) 200, (d) 250 and (e) 300 °C
The coated slides from complex (3) yielded a pure PbS phase at all the heating temperatures

used in the experiment (125-300 °C) (Figure 4.5). Earlier studies on the deposition of PbS from
complex (3) have been reported by the O’Brien’s group. For example, Akhtar and co-workers

(2011) have reported the deposition of PbS thin films on plastic substrate from complex (3) at
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150 °C using AACVD method. Furthermore, insitu syntheses of PbS from complex (3) in a
polystyrene matrix yielded a pure phase at 100 °C at a heating time of 120 minutes (Lewis et
al., 2015). The relatively low heating temperature (100 °C) as compared to this study (125 °C)
was as a result of melting point depression experienced by mixing the complex and polystyrene
and the longer reaction time. Lastly, McNaughter and Saah et al., (2016) have synthesized PbS

nanoparticles from complex (3) using melt reactions to yield a pure PbS phase at 150 °C.
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Figure 4.5 p-XRD pattern of PbS thin films obtained from heating complex (3) at (a) 125, (b)
150, (c) 200, (d) 250 and (e) 300 °C

Thin films heated from complex (4) produced pure cubic PbS phase with no peaks of impurities
at all the temperature used from 125-300 °C (Figure 4.6). This showed that the temperature and
time used for this experiment were right for the deposition of PbS thin films from complex (4)

using the spin coating technique. The (200) plane was identified as the most preferred

103



orientation as seen earlier from literature (Lewis et al., 2015; McNaughter and Saah et al.,

2016).
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Figure 4.6 p-XRD pattern of PbS thin films obtained from heating complex (4) at (a) 125, (b)
150, (c) 200, (d) 250 and (e) 300 °C

The p-XRD pattern of PbS thin films obtained from complex (5) showed a relatively high
intense peak for (111) plane although the (200) plane was the most intense (Figure 4.7). The
relatively high intense (111) plane suggests the formation of some 1 dimensional structures as
reported by Wang et al., (2008). A pure PbS phase was observed at all the heating temperatures
and times used. The peaks were however, broader as compared to those from complexes (1) to
(4). This suggests relatively smaller dimensions of the nanomaterials which may have been as

aresult of improved self-capping activity with increasing alkyl chain length of the lead xanthate
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SSPs. Similar trend was reported for the insitu decomposition of complex (5) in polystyrene

matrix (Lewis et al., 2015).
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Figure 4.7 p-XRD pattern of PbS thin films obtained from heating complex (5) at (a) 125, (b)
150, (c) 200, (d) 250 and (e) 300 °C

The presence of broad diffraction peaks from the p-XRD pattern of PbS thin films obtained
from heating coated glass slides with complex (7) indicates that the as-synthesized PbS
nanomaterials had smaller sizes resulting from the relatively long alkyl chain in the precursor
(Figure 4.8) (Akhtar et al., 2010). The peaks became narrower as the temperature increased
from 125 to 300 °C indicating grain growth. Also, a relatively high intense (111) peak was
observed, similar to the pattern obtained for (5) although the (200) plane was the most intensed
in both cases. Furthermore, as the alkyl chain increases, the bond between the ligand and the
metal weakens and therefore requires a relatively lower temperature to break as compared to

lower alkyl chain metal dithiocarbonate complexes (Sharma, 1986).
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Figure 4.8 p-XRD pattern of PbS thin films obtained from heating complex (7) at (a) 125, (b)
150, (c) 200, (d) 250 and (e) 300 °C

The crystallite sizes were estimated by applying the Scherrer equation as given in equation 3.1.
The calculated crystallite sizes of the nanomaterials increased gradually with increasing heating
temperature for the coated slides. For a particular precursor, increasing the temperature caused
an increase in the crystallite sizes. For instance, the crystallite sizes for PbS thin films deposited
from complex (1) and heated at 150, 200, 250 and 300 °C were 31.63, 31.74, 33.45 and 35.87
nm respectively as seen in Figure 4.9. This confirms that the nanomaterials have high surface
energy and tend to grow into bigger crystals at higher temperatures. This trend was observed
in all the lead dithiocarbonate complexes used for this study. Also, an increase in alkyl group
in the complexes caused a corresponding increase in their self-capping activities as reported
earlier by Lewis et al., (2015). Hence the broader peaks observed in the p-XRD pattern of (7)

as compared to the other precursors of shorter alkyl chains such as complex (1). At a constant
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temperature of 150 °C, the calculated crystallite size decreased from 31.63 to 19.69 nm as the

alkyl chain in the starting precursor increased from ethyl to dodecyl (Figure 4.9).
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Figure 4.9 A plot of crystallite sizes against heating temperature of the complexes

The dislocation density () which represents the number of lattice imperfections or defects in
the material were also calculated using equation 3.2. There was a decreases in the number of
defect as the crystallite sizes increased (Rajashree and Balu, 2016). This may be due to a
decrease in the occurrence of grain boundaries as the crystallite size increases with temperature
(Begum et al., 2012; Preetha and Remadevi, 2014; Srivastav et al., 2015). The dislocation
density was calculated using equation 3.2. Generally, the smaller the crystallite size, the higher
the dislocation density and hence the imperfections in the sample. PbS crystals obtained from
complex (7) showed higher dislocation density as compared to that from complex (1). This is

due to the smaller crystallite sizes in the PbS nanomaterials from complex (7) (Figure 4.10).
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Similar trend of decreasing dislocation density with increasing crystallite size have been

reported for PbS thin films (Hussain et al., 2013; Kumar et al., 2014; Puiso et al., 2003).
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Figure 4.10 A plot of dislocation density against heating temperatures of the coated glass slides

Lattice constant “a” refers to a measured length that defines the shape of the unit cell of a crystal
lattice (Raju and Srivastava, 2010). It is primarily determined from the p-XRD pattern. The
lattice constant for a cubic phase was calculated using equation 3.3 (Raju and Srivastava,

2010). As seen from Figure 4.11, the average lattice constants for PbS obtained from complexes
(1-7) at 250 °C were similar to that of bulk PbS which is 5.9362 A (Boadi et al., 2012). At a
particular temperature of 250 °C, there was a gradual decrease in lattice constant as the alkyl

chain length increased from ethyl to dodecyl.
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Figure 4.11 Effect of alkyl chain length on the lattice constant “a” of PbS thin films at 250 °C

A plot of BcosO/A against 4sin6/A, which is the Williamson-Hall plot, gives a linear plot with
microstrain as the slope and particle size as the inverse of the intercept (Kumar et al., 2014).
This is another way of calculating the crystallite size from p-XRD data. A typical Williamson-

Hall plot for PbS obtained from complex (3) at 250 °C is shown below (Figure 4.12).
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Figure 4.12 Williamson-Hall plot for PbS thin films obtained from complex (3) at 250 °C.

In all cases, the calculated sizes from the W-H plot were greater than the crystallite sizes (Table
4.3). This is because the crystallite sizes were calculated along the preferred orientation (200
plane) whereas the size obtained from the W-H plot gave the average size along all the planes
from the p-XRD pattern. A variation (14.9 — 17.6 nm) was observed for the sizes obtained from
the lower alkyl chain dithiocarbonates (complexes (1), (2) and (3)). This may be due to the
growth of larger crystallites along other planes aside the most preferred orientation. However,
PbS thin films from higher alkyl chain lead dithiocarbonates (complex (4), (5) and (7)) showed
similar values for the sizes obtained from using both Scherrer equation and the W-H plots. This
relates to the uniformity of the sizes along all the planes in the p-XRD patterns. Similar
variation between the sizes calculated from the W-H plot and Scherrer equation exist in
literature (Choudhury and Sarma, 2009; Kumar et al., 2014; Yogamalar et al., 2009). In both
cases, a decrease in size of the PbS nanomaterials with increasing alkyl chain in the starting

material was observed due to the self-capping activity of the SSPs.

Table 4.3 Effect of alkyl chain length on the sizes of PbS nanomaterials determined from the
p-XRD profile
PbS from complex at 250 °C Size from W-H plot (nm) Crystallite size (hm)

(1) 51.09 33.45
) 49.02 32.38
(3) 46.73 31.75
(4) 34.84 31.13
(5) 25.97 23.03
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(7) 23.09 21.59

For a particular starting material (eg. complex (7)), the effect of temperature on the sizes
calculated from the p-XRD data were also analysed. From the sizes calculated from the W-H
plots and Scherrer equation, there was an increase in size with increasing heating temperature
from 125 to 300 °C (Table 4.4). This observation confirms the narrowing of the peaks of the p-

XRD pattern as the temperature increased.

Table 4.4 Effect of temperature on the sizes of PbS nanomaterials determined from the p-XRD
profile

PbS from complex (7) at Size from W-H plot (nm)  Crystallite size (nm)

125 °C 20.83 19.69
150 °C 21.37 19.93
200 °C 22.79 21.01
250 °C 23.09 21.59
300 °C 24.88 22.36

Strain, which is the relative change in shape or size of a material due to an externally applied
force, was also determined using the slope of the W-H plot (Gayner and Kar, 2015). From the
plot, a positive slope was observed for all the PbS thin films (Figure 4.12), signifying that
tensile strain was dominant in all the thin films as observed earlier by Bhatt et al., (2014) and
Mozafari et al., (2012). The strain in thin films are dependent on the sizes. Generally, the
magnitude of the strain decreases with increasing size indicating that strain is a function of size.
From Table 4.5, there was a decrease in strain with increasing deposition temperature. This is
so because at higher a temperature, there is an increase in crystallite sizes and thereby a
reduction in force per unit area between grains, which consequently paved the way for strain

relaxation (Remadevi and Preetha, 2012). This strain relaxation favours grain growth and hence
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better crystallinity of the nanomaterials (Kumar et al., 2014; Mehmood et al., 2010; Shyju et

al., 2012).

Table 4.5 Effect of temperature on the strain of PbS nanomaterials determined from W-H plots
PbS from complex (7) at Strain from W-H plot

125 °C 0.00080
150 °C 0.00070
200 °C 0.00060
250 °C 0.00048
300 °C 0.00040

4.4.2 Scanning electron microscope (SEM) images of PbS thin films

SEM images of PbS obtained from heating coated glass slides from complex (1) at 150 °C
showed a densely packed cubic morphology. The sizes of the cubes increased with an increase
in heating temperature. Almost uniformly sized cubes were obtained at the lower heating
temperatures. However, at 300 °C, there was a wide variation in the sizes of the cubes (Figure
4.13). This may have resulted from agglomeration of some of the crystallites. PbS cubes with
an average size of 158+11, 17848, 207+11 and 25325 nm were obtained for coated glass slides
heated at 150, 200, 250 and 300 °C respectively. The thin film obtained at 125 °C was not
analysed because it did not give a pure PbS phase. Clark and co-workers (2011), have earlier
reported on the synthesis of PbS cubes with size of about 300 nm from complex (1) using
AACVD at 350 °C. The smaller sizes obtained from this experiment at relatively low
temperatures make the spin coating technique a viable approach for the deposition of PbS thin
films. At the nanometer regime, most of the material properties are size dependent and hence
the smaller the better. Melt reaction involving complex (1) at 150 °C revealed the formation of
cubes with side length of 156+6 nm and has been reported (McNaughter and Saah et al., 2016).
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Figure 4.13 SEM images of PbS obtained from complex (1) at 20000x magnification by heating
coated films at (a) 150, (b) 200, (c) 250, (d) 300 °C and (e) effect of temperature on size

SEM images of thin films deposited from (2) also gave closely packed uniformly sized cubes
at all temperatures used in this research (Figure 4.14). The cubes were characterized by their
well-defined edges at all temperatures used for the experiment. Particle sizes of 95+5, 1038,
109+7, 115+6 and 124+9 nm were obtained at temperatures of 125, 150, 200, 250 and 300 °C
respectively. The effect of temperature on the sizes and morphology of the nanomaterials
formed was minimal, further confirming their p-XRD pattern which showed no significant
change as the temperature was increased from 125 to 300 °C. The relatively smaller sizes
obtained as compared to those from complex (1) is due to the better self-capping property of

the propyl group as compared to the ethyl derivative in the starting precursor.
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Figure 4.14 SEM images of PbS obtained from complex (2) at 20000x magnification by heating
coated films at (a) 125, (b) 150, (c) 200, (d) 250 and (e) 300 °C

Complex (3), which is the butyl derivative of the lead dithiocarbonate precursor also gave
closely packed uniformly sized cubes. The cubes had sizes of 62+3, 69+5, 7444, 7746 and 80+6
nm at 125, 150, 200, 250 and 300 °C heating temperatures respectively. The smaller particle
sizes show an improved self-capping activity with increasing alkyl chain in the starting
precursor as compared to the sizes obtained from complexes (1) and (2). Deposition of PbS
thin films from complex (3) at 170 °C using AACVD by Akhtar et al., (2010) yielded large
non-uniform cubes with average dimensions of about 0.2 um. By comparison, the spin coating
method yielded a uniform PbS thin films at relatively low temperatures as compared to the
temperatures reported in literature using CVD techniques. Furthermore, the spin coated slides
showed well coverage of the substrate, which is an advantage of the deposition method (Figure

4.15).
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Figure 4.15 SEM images of PbS obtained from complex (3) at 20000x magnification by heating
coated films at (a) 125, (b) 150, (c) 200, (d) 250 and (e) 300 °C

The SEM image of the hexyl derivative decomposed at 125 °C showed unresolved morphology
although the p-XRD pattern corresponded to a pure PbS phase (Figure 4.16a). However, an
increase in the temperature to 150 °C revealed a uniformly sized well-defined cubic
morphology with distinct edges. Cubes with side length of 55£3, 62+4, 69+5 and 755 nm

were obtained at 150, 200, 250 and 300 °C respectively.
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Figure 4.16 SEM images of PbS obtained from complex (4) at 20000x magnification by heating
coated films at (a) 125, (b) 150, (c) 200, (d) 250 and (e) 300 °C

The SEM image of PbS thin film from complex (5) heated at 125 °C revealed an unresolved
morphology. An increase in temperature to 150 °C resulted in the formation of a lumpy material
which had no distinct shape and size. At 200 and 250 °C, a growth towards cubes with few rods
were observed. However, at 300 °C, it was observed that the growth towards a rod with a cube
at the tip had developed. The cubes had a side length of 54+4 nm whereas the rod had a diameter
of 35 nm. From the morphological studies, there was a great effect of temperature on the shapes
of the PbS nanomaterials from 125-300 °C (Figure 4.17). From the earlier SEM images from
complexes (1-4), the choice of starting material has a profound effect on the morphology of the
PbS nanomaterials formed. This report throws more light on the anisotropic growth of PbS
nanomaterials. An earlier report on the decomposition of complex (5) in polystyrene matrix at
275 °C also revealed the formation of rods with cubes at the tip as observed by Lewis et al.,

(2015).
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Figure 4.17 SEM images of PbS obtained from complex (5) at 20000x magnification by heating
coated films at (a) 125, (b) 150, (c) 200, (d) 250 and (e) 300 °C

At temperatures below 200 °C, the morphologies of the PbS nanomaterials from complex (7)
were not fully resolved making it difficult to identify the distinct shapes and estimate the
particle sizes. However, at 200 °C, a rod-like growth with cubes arranged at regular intervals
were observed. The rod was about 500 nm long and the diameter of the cubes were about 30
nm (Figure 4.18). The smaller sizes were as a result of efficient self-capping activity of the
dodecyl chain in the starting precursor. Such unique morphology for PbS has not been reported
in literature. The side length of the adhering cubes were 31+3, 35+4, and 40+4 nm for thin films
heated at 200, 250 and 300 °C respectively. The smaller particle sizes were as a result of the
enhanced self-capping effect of the dodecyl chain in the starting precursor as compared to those

of the lower alkyl chains for complexes (1) to (5).
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Figure 4.18 SEM images of PbS obtained from complex (7) at 20000x magnification by heating
coated films at (a) 125, (b) 150, (c) 200, (d) 250 and (e) 300 °C

4.4.3 Energy dispersive X-ray (EDX) analyses of PbS thin films

EDX analyses of the PbS thin films from complexes (1), (2), (3), (4), (5) and (7) revealed
emissions exclusively due to lead and sulfur atoms within the detection limits of the instrument,
further providing evidence for the purity of the samples (Figure 4.19). The ratio of Pb:S was
approximately equal to 1:1 atomic ratios. However, at a higher heating temperature (300 °C),
slightly lead rich thin films were obtained. For instance, quantifying the EDX spectrum of PbS
deposited from complex (1) at 300 °C gave 54.05% of Pb and 45.95 % of S as the atomic
percentages. This observation may have resulted in the loss of some volatile sulfides at the
relatively high decomposition process temperature as observed by Barote et al., (2011). Earlier
reports on the EDX analyses of PbS from dithiocarbonates gave similar atomic percentages for

Pb and S atoms (Clark et al., 2011; McNaughter and Saah, et al., 2016).
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Figure 4.19 Representative EDX spectrum for PbS thin films

4.5 Syntheses of bismuth ethyl xanthate and its N-adduct complexes

Bismuth ethyl xanthate (9) and its N-adducts (TMEDA (10), triethylamine (11), 1, 10
phenanthroline (12) and pyridine (13)) have been synthesized and characterized. The
complexes were isolated in high yields (> 80 %) as yellow from acetone solution of the crude

precipitate. There was no trend of the effect of adduct on the yield of the pure complexes.

The good solubility of the complexes in common organic solvents such as acetone and
chloroform makes the spin coating method followed by heating a viable option for the

deposition of Bi,Ss thin films from the complexes at a relatively low cost.
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Figure 4.20 Structure of bismuth ethyl xanthate complex and its adducts

4.6 Characterization of bismuth ethyl xanthate and its N-adduct complexes

Micro elemental analyses of all five complexes gave calculated elemental compositions which
were within 0.2% of the experimentally determined percentages, thus, confirming that the

complexes were of high purity.

Vibrational spectra are unique physical properties and characteristic of a particular molecule.

It can therefore be used as a fingerprint in determining the functional groups present in a
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molecule and hence for identification of molecules (Coates and Ed, 2000). The infrared spectra
of bismuth ethyl xanthate and its adducts have been extensively reported in literature
(Kaltenhauser et al., 2013; Koh et al., 2003; Shankaranarayana and Patel, 1961). Common
functionalities that run through all five complexes ((9) to (13)) include the C—S bond in the C—
O bonds which occur around 1020 and 1105 cm™ respectively. Complexes (10) to (13)
exhibited a vic-n) between 1274 and 1282 em™ which was not seen in the bismuth ethyl xanthate

complex.

Mass spectrometric analyses were undertaken on the complexes using positive and negative
electro spray ionisation (ESI) which is a ‘soft’ ionization technique in accordance with
literature (Barreca et al., 2005, Holcapek et al., 1999, Nair et al., 2002). Mass spectra analyses
of the bismuth ethyl xanthate showed a base peak with m/z of 451 which corresponds to the
fragment remaining after the release of one ethyl xanthate ligand from the complex. The
molecular ion peak which occurred at m/z of 594 was as a result of the addition of sodium atom
to the molecular mass of the complex [(C2HsOCS»)3Bi = 571g/mol]. Complexes (10) to (13)
showed base peaks which correspond to the release of the nitrogen adducts at m/z of 117, 102,
181 and 80 respectively. In all cases, the weakly bound adducts had effects on the coordination
of the bismuth metal in the complexes. Both complexes (10) and (12) showed a coordination
of +8 whereas complexes (11) and (13) showed +7. Molecular ion peaks were observed at 689
(C15H3103S6N,Bi = 688 g/mol), 674 (C15H3003SsNBi = 673 g/mol), 755 (Ca1H2303S6 N2Bi =
754 g/mol) and 675 (C14H2003SsNBiI = 651 g/mol) for complexes (10) to (13) respectively.
With the exception of the pyridine adduct (complex 13) which showed the attachment of a
sodium atom to the molecular ion peak, the other complexes showed the attachment of a
hydrogen atom. All these atoms were used in the bombarding process when adopting the ESI

positive technique (Barreca et al., 2005; Fenn et al., 1989).
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'HNMR analyses on these complexes confirmed the hydrogen environments in all five

complexes.

4.6.1 Crystal structure of complexes (9) and (12)

The molecular structure of complexes (9) and (12) are shown in Figures 4.21 and 4.22 and
selected geometric parameters are collected in Table 4.6 below. Both complexes exhibit a
triclinic crystal system with a P-1 space group. The bismuth atom in complex (9) is coordinated
to three chelating ethyl xanthate ligands through the two sulfur atoms from each xanthate ligand
defining the vertices of a triangular prism. This makes the bismuth atom have a coordination
of +6. The complex adopts a trigonal prismatic geometry. The bismuth atom in complex (12)
is coordinated to 8 atoms. Six of these atoms are from the 6 sulfur atoms from the three xanthate
ligands and the others from the two nitrogen atoms in the 1, 10 phenanthroline. The complex

adopts a tetrahedron.

Figure 4.21 X-ray crystal structure of CoH15BiO3Se
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Table 4.6 Single crystal data for complexes (9) and (12)

Complex (9)

Complex (12)

Chem formula
Formula wt
Cryst syst
Space group
a(A)

b(A)

c(R)

a(deg)

P(deg)

v(deg)

V(A3

V4

Dealcd (g €m-3)
(Mo Ka) (mm™)
R1 (I>20(1))°

wR2 (all data)
GOF on F?

CoH15Bi03Sse
572.55
Triclinic

P-1
10.5314(4)
11.8403(5)
14.0780(6)
92.382(3)
90.575(3)
100.200(3)
1725.95(12)
2

2.203

10.939
0.0255( 5536)

0.0573( 6336)
1.019

C21H23BiN203Ss
752.75
Triclinic

P
10.6984(4)
11.1106(4)
11.1601(5)
95.781(3)
91.409(4)
91.081(3)
1319.10(9)

2

1.895

7.184

0.0301( 4589)

0.0743( 4778)
1.032
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Figure 4.22 X-ray crystal structure of C21H23BiN203Ses

4.7 Characterization of Bi2Ss thin films

4.7.1 P-XRD characterization of the Bi2Ss thin films

The p-XRD patterns of the Bi»S3 thin films were indexed to an orthorhombic Bi2Ss phase with
ICDD: 00-017-0320, which is by far the widely reported phase of Bi.Ss3 (Tian et al., 2008; Wu
et al., 2010; Yang et al., 2017). Diffraction peaks observed at 2 theta values of 15.8°, 17.6°,

22.8°, 26.2°, 28.5°,31.8°, 33.1°, 35.6°, 36.6°, 46.6°, 52.8°, 59.3°, 62.7°, 66.4°, 66.6°, 66.9°,

67.5° and 67.6° were assigned to the (020), (120), (220), (130), (211), (221), (301), (240), (231),
(431), (351), (242), (152), (522), (180), (470), (352) and (870) planes in the pure orthorhombic
phase of Bi»Ss respectively. There were no deviations in the relative peak intensities as
compared to the standard pattern. From the spectra, all the peaks were indexed, indicating that
no impurities such as oxides or metals or other phases of Bi»Sz were detected, suggesting that

the as-deposited thin films were pure products (Figure 4.23). The most intensed peak was the
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(301) plane which is the preferred orientation. The sharpness of the diffraction peaks gave an

information about the good crystallinity of Bi>Sz thin films.

Normalised intensity (a.u.)

10 20 30 40 50 60 70 80
2 Theta (degrees)

Figure 4.23 p-XRD pattern of Bi>Ss thin film from complex (a) (9) (b) (10) (c) (11) (d) (12)

and (e) (13)

The p-XRD patterns were in agreement with reported literature for Bi»S3 using multiple source
starting materials (Arumugam et al., 2017; Dutta et al., 2014; Song et al., 2016). Earlier reports
on the deposition of Bi.S3 thin film from bismuth diethyldithiocarbamate at a water-toluene
interface showed a p-XRD pattern which was also indexed to an orthorhombic Bi»Ss (Fan et
al., 2008a). A recent report by the Revaprasadu group on the syntheses of Bi.Ss using of

bismuth piperidine dithiocarbamate complex gave similar p-XRD patterns (Kun et al., 2016).

Table 4.7 Structural parameters of Bi»Ss thin films
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Bi2Ss from Crystallite size Size from W-H  Strain Lattice parameter (A)

complex (nm) plot (nm) (Lm) a B C
(9) 5.9 11.14 0.0353 1113  11.27 3.97
(10) 4.4 4.70 0.0038 1112 1126  3.97
(11) 1.8 2.60 0.0015 1111 11.24 3.96
(12) 1.6 1.67 0.0011 1111 1124 3.96
(13) 2.3 2.81 0.0052 11.11 1123 394

The positive values for the calculated strain in the Bi>Ss thin films all signify the dominance of
tensile strain. From literature, there is dominance of tensile strain in most thin films (Ali and
Saleh, 2014; Bhatt et al., 2014; Preetha and Remadevi, 2014). The lattice parameters calculated
from equation 3.4 were close to the values of bulk Bi>Ss which were a=11.14, b=11.30 and

c=3.98 (Bhatt et al., 2014).

4.7.2 Scanning electron microscopic analyses of the Bi2Ss thin films

Morphological analyses of the Bi.Ss thin films show varying images depending on the nitrogen
source used as adduct (Figure 4.24). The Bi2Sz thin films from heating spin coated slide of
complex (9) showed the formation of uniformly sized monodispersed nanowires which were
vertically oriented. The width of the nanowires was about 100 nm and an ultra long length of
about one micron. The aspect ratio was estimated to be 10. Bao et al., (2008) have earlier

reported similar Bi>Ss nanowires by the hydrothermal reaction between
ethylenediaminetetraacetic acid disodium salt, bismuth nitrate pentahydrate and

mercaptosuccinic acid.
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Figure 4.24 SEM images of Bi»Sz thin film from complex (a) (9), (b) (10), (c) (11) (d) (12) and
(e) (13)

The Bi2Ss thin films from complex (10) also showed the growth of nanowires. The width of the
Bi>S3 nanowires were 85 nm and length of about 450 nm. Each of these wires also had an aspect
ratio of 5. The Bi>S3 nanowires from complexes (9) and (10), showed uniform coverage of the
substrate. The Bi>Ss thin films from complexes (11) and (13) showed the formation of
uniformly sized nanorods which were joined together into clusters to form nanoflowers. The
rods had a width of about 50 nm and length of about 150 nm. The growth towards 1 dimensional
morphology in Bi>Sz nanoparticles and thin films is due to the weak van der Waals interactions
linking the Bi»Ss units. This forms infinite chains parallel to the c-axis, thus the preferential
growth along the [301] direction as reported by Yang et al., 2017. These clusters stretch across
the entire surface of the glass substrate. The major difference between the clusters were that, a

much denser cluster was seen on the entire substrate surface of the Bi»Ss from complex (11) as
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compared to the clusters from complex (13). Similar aggregation of smaller rods have been
reported for Bi»Ss deposited from bismuth diethyldithiocarbamte SSP at a water-toluene
interface at 80 °C (Fan et al., 2008a). Uniformly sized nanodots were formed from
decomposing the spin coated slide from complex (12) at 200 °C. Similar, Bi»Sz nanodots with
diameters 8 nm have earlier been reported from bismuth chloride and thioacetamide using hot

injection technique (Wu et al., 2010).

4.7.3 Energy dispersive X-ray analyses of the Bi2Ss thin films

Despite the dependence of the morphology on the adduct, qualitative EDX analysis detected
bismuth and sulfur as the only elements present other than the constituent elements in the glass
substrates within the detection limit of the instrument. The strong silicon peaks observed at
1.74 keV was as a result of emission from the glass substrate due to the relatively thin Bi>S3
deposit. Other low intensed peaks observed at 0.28, 0.53, 1.04, 1.25 and 1.49 keV were as a
result of carbon, oxygen, sodium, magnesium and aluminium from the glass substrate. In all
the five Bi>Sz thin films, the atomic percentages for Bi and S match closely to 40.0 and 60.0%

for Bi and S in Bi2S3 as shown in Table 4.8.

Table 4.8 EDX analyses of Bi2Ss thin films

Bi>S3 from complex % Bi % S

9) 40.10 59.90

(10) 40.09 59.91

(11) 39.23 60.72

(12) 41.91 58.09

(13) 37.93 62.07
CHAPTERS
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RESULTS AND DISCUSSIONS ON THE SYNTHESES AND CHARACTERIZATION
OF TERNARY LEAD CHALCOGENIDES AND BISMUTH DOPED LEAD SULFIDE

THIN FILMS AND NANOPARTICLES

5.1 Summary of results for ternary PbSxSeq-x) and Bi doped PbS nanomaterials

Ternary PbSySe(1-x thin films have been deposited from heating a mixture of complexes (7) and
(15) whereas complexes (15) and (17) have been used to synthesize PbSxSe(-x) nanoparticles.
Complexes (19) and (20) have also been mixed to synthesize Bi doped PbS ternary
nanoparticles. The effect of the dopant concentrations on the properties of the ternary alloys

were investigated using techniques such as XRD, SEM, TEM, EDX and ICP.

5.2 Syntheses of complexes (7) and (15)

Complexes (7) and (15) were obtained as solids with complex (7) being brown and (15) being
yellow. To the best of our knowledge, there has not been any report on the syntheses and
characterization of complex (7) in literature. However, the few reports on the syntheses and
characterization of complex (15) did not state the colour of the complex. For example, Akhtar
et al., (2012a) synthesized complex (15) but did not report its colour. The complexes were
stable and easy to handle. The complexes were obtained in high yields (> 80%) after
recrystallization. The chemical structures of the molecular complexes used as single source
precursors for the deposition of PbS, PbSe and PbSxSe(1-x thin films in this study are shown in

Figure 5.1.
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Figure 5.1 Structures of the single source precursors used (a) bis(didodecyldithiocarbonate)
lead(I1) (7) and (b) bis(N,N-diethyl-N’ naphthoylselenoureato)lead (II) (15)

5.3 Characterization of complexes (7) and (15)

The experimental elemental analyses (%) for both complexes were found to be within 0.5 % of
the calculated values, and the correct exact masses were observed by electrospray mass
spectrometry which confirmed that the synthesized complexes were pure and agreed with the
proposed stoichiometric formulae. Since the groups around the Pb in both complexes were
symmetrical, only one half of the complex was considered for interpreting the tHNMR spectra.
IH and 7"Se NMR (for complex (15)) spectra confirmed the requisite number of proton and
selenium environments in all cases and the expected J couplings were also observed in the H
NMR spectra.

In order to further characterize the structure of the complexes, mass spectrometric analyses
were undertaken using positive and negative Electro Spray lonisation (ESI) which is a ‘soft’
ionization technique. The m/z of complexes (7) and (15) were observed 754 and 873

respectively. There was a sodium atom attached to the molecular ion peak of complex (7) which
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is due to the use of sodium atom in bombarding the complex during the analyses (Fenn et al.,

1989).

Thermogravimetric analyses (TGA) of the complexes, were performed to determine their
thermal decomposition profiles. The bis(didodecyldithiocarbonate) lead (1) complex (7)
decomposed in two steps to a plateau which is indicative of the formation of a residue with a
constant weight (Figure 5.2). The first step began at 91.4 °C and completed at 193.9 °C with a
23.7 % weight loss corresponding to the loss of one dodecyl alkyl chain (23.2 %). The second
step started at 198.7 °C and was completed at 326.9 °C with a maximum weight loss of 46.9
%, resulting in a residue amounting to 29.4 % of the initial weight. This value is lower than
32.8 % calculated for 100 % conversion of complex (7) to PbS. This may have been caused by
some evaporation or sublimation of sulfur from the complex at high temperatures. The lead
selenoureato complex (15) decomposed in four steps to give a residual weight of 37.8 %, which
is higher than the expected value of 32.8 % for PbSe (Figure 5.2). This could be due to some
carbon contamination because of its relative bulkiness as reported by Akhtar et al., (2012a).

Generally, selenourea complexes have been known to exhibit multiple decomposition steps.
For example, bis[N, N-diisobutyl-N'-(4 nitrobenzoyl)selenoureato]lead (1) complex have been

reported to decompose in multiple steps (Akhtar et al., 2011).
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Figure 5.2 Thermogravimetric analyses (TGA) profile of complexes (7) and (15)

5.4 Characterization of PbSxSe(x) thin films

5.4.1 p-XRD analyses of PbSxSe(-x) thin films

The p-XRD patterns of the as-deposited PbS and PbSe thin films from complexes (7) and (15)
after heating at temperatures ranging from 250-400 °C were consistent with the face-centred
cubic (halite) structure of PbS (ICDD 00-005-0592) and PbSe (ICDD 01-077-0245) (Figure
5.3) respectively. Preferred growth along (200) plane was observed in all cases of the thin films
as reported earlier by Akhtar et al., (2010). The cubic phase is consistent with earlier reports
on the syntheses of PbS from lead alkyl xanthate SSPs using techniques such as CVD and spin
coating (Akhtar et al., 2012a; Clark et al., 2011; Lewis et al., 2015). The highly intense peaks
suggest that the as-deposited PbS and PbSe thin films were highly crystalline (Barote et al.,

2011; Kumar et al., 2009; Obaid et al., 2013; Qiu et al., 2011). The peaks of the PbS thin films
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were broader as compared to the peaks of the PbSe thin films, suggesting smaller crystallite

sizes for the PbS nanomaterials as as compared to the PbSe as observed earlier by Lewis et al.,

(2015).
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Figure 5.3 Powder XRD patterns of (a) PbS and (b) PbSe thin films deposited by spin coating
of complexes (7) and (15) respectively following heating for 30 minutes at different

temperatures as indicated

The crystallite sizes calculated using equation 3.1 for the particles along the (200) plane of the
PbS thin films were 17.4, 21.6, 22.4 and 22.8 nm for 250, 300, 350 and 400 °C respectively.

An increase in temperature led to larger crystallites in the thin films as similarly observed by
Codato et al., (2011). There was a similar variation in the PbSe growth with critical dimensions
ranging from 33.7 to 35.5 nm. As seen from Table 5.1, the calculated lattice constant (a) using
equation 3.3 compared closely to the literature values of 5.936 A and 6.127 A for bulk PbS and

PbSe respectively (Boadi et al., 2012; Lewis et al., 2015).

Table 5.1 Effect of temperature on the lattice constant of as-deposited PbSe and PbS thin films

Temperature (°C) Lattice constant (A) of PbSe Lattice constant (A) of PbS

133



250 6.1257 5.9358

300 6.1260 5.9362
350 6.1266 5.9366
400 6.1269 5.9370

The p-XRD patterns of the as-deposited PbSxSe(1x) thin films varied with the composition of
the precursor mixture (Figure 5.4). The p-XRD pattern of PbSxSe(1.x) thin films exhibited the
same general pattern of cubic reflections as observed for the parent PbS and PbSe compounds.
The PbSxSe(1x) alloys exhibit linearity in the incorporation of the selenium in the thin films as
compared to the mole fraction present in the original precursor solution (Akhtar et al., 2011,
Monshi et al., 2012; Smith et al., 2011). However, at a selenium mole fraction greater than 0.5,
the p-XRD pattern matched closely to a pure PbSe phase. From the p-XRD pattern, it was also
observed that there was not 100% incorporation of selenium into the PbS crystal lattice. This
might be due to the difference in the thermodynamic stability of the two chalcogens. The
selenium which has a bigger atomic size is preferred over the sulfur. As an illustration, at a
selenium mole fraction of 0.3 in the coating mixture, the alloy formed had a p-XRD pattern
that was exactly in-between the matching lines of the two parent binaries. This spectrum also

matched to the standard pattern of PbSo5Seo s ternary alloy.
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Figure 5.4 (a) p-XRD patterns of PbSxSe(1-x) obtained by spin coating mixtures of complexes

(7) and (15) following heating for 30 minutes at 250 °C and (b) expanded form of (a) along the

(220) plain with corresponding (triangle) PbSe and (circle) PbS
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Generally, increasing the mole fraction of selenium in the feed precursor caused a gradual shift
of the diffraction angle of the p-XRD pattern to lower 2 theta values. To illustrate this, the (200)
reflection of PbS was at 30.1° which moved to 29.5° for PbSosSeos and settled at 29.1° for
PbSe. This confirms the formation of a single ternary PbSxSe(1-x) alloy rather than mixed phases
of PbS and PbSe.

Similar shift in p-XRD pattern in ternary PbSxSex to lower 2 theta values as the selenium
content increased have been reported earlier using elemental sulfur and selenium as the
chalcogen sources (Gao et al., 2013; Kumar et al., 2010; Shao et al., 2014). The only report on
the use of SSPs for the synthesis of PbSxSeq-x) nanowires using solution-liquid-solution growth
technique is on the wuse of lead(ll)diethyldithiocarbamate and lead(ll)imido
bis(selenodiisopropylphosphinate) by Onicha et al., (2012). A similar shift from a PbS to PbSe
phase was observed as the ratio of the lead(ll)imido bis(selenodiisopropylphosphinate)
complex was increased from 0 to 1. All these reports point to the fact that different chalcogen
sources can be used in the syntheses of high quality PbSxSe-x) nanoparticles and thin films.
However, other factors such as toxicity and cost have a great influence on the choice of starting

material.

The effect of temperature on the microstrain in the as-deposited thin films were also determined

by equation 3.5 which represents the slope of the W-H plot.

Table 5.2 Effect of temperature on the strain in PbSe and PbS thin films

Temperature (°C) Strain for PbSe Strain for PbS
250 0.0011 0.0005
300 0.0010 0.0004
350 0.0009 0.0004
400 0.0007 0.0003
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From the Table 5.2, the calculated positive values for both PbS and PbSe thin films signify that
tensile strain was dominant in all the thin films as reported earlier by Mozafari et al., (2012).
The strain in thin films also depend on size. Generally, the magnitude of the strain decreased
with increasing size indicating that strain is a function of size (Table 5.2). This is because at
higher temperature, there is an increase in crystallite sizes and thereby a reduction in force per

unit area between grains and consequently strain relaxation (Remadevi and Preetha, 2012).

The effect of selenium concentration on the crystallite sizes were also calculated using equation
3.1. Generally, there was an increase in crystallite sizes as the concentration of selenium in the
coating mixture increased from 0 to 1 (Table 5.3). This is due to the larger crystallite sizes of
the PbSe as compared to the PbS and therefore affect the sizes of the alloy at high
concentrations. However, the smallest crystallites were formed at a 0.3 mole fractions of

selenium which deviates from the general trend.

Table 5.3 Effect of selenium mole fraction of on crystallite sizes and dislocation density of
PbeSE(l—x) thin film

Mole fraction of complex (15) in coating mixture Crystallite sizes (nm)  Dislocation density (L/m?)

0 17.4 0.003303
0.1 18.8 0.002829
0.2 5.2 0.004328
0.3 14.7 0.004628
0.4 26.1 0.001468
0.5 26.1 0.001468
0.6 30.8 0.001054
0.7 321 0.000970
0.8 31.3 0.001021
0.9 31.9 0.000983
1 33.7 0.000881

In crystalline materials, the dislocation density (8) decreases with increasing crystallite size

(Begum et al., 2012). According to Preetha and Remadevi, (2014), they proposed that this is
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due to a decrease in the occurrence of grain boundaries because of an increase in the crystallite
size of the film with increasing temperature. In order to ascertain the validity of the above

statement, the dislocation density (6) was calculated using equation 3.2.

From Table 5.3, there was a gradual decrease in dislocation density as the mole fraction of the
Se increased. This is due to the bigger atomic radius of selenium which has a strong effect on
structural parameters with increased Se content which confirms the earlier statement by Preetha
and Remadevi, (2014). There was also a dominance of tensile stress in all the PbSxSe(1.x) thin

films (Table 5.4).

Table 5.4 Effect of the mole fraction of complex (15) on the strain of PbSxSe(x) thin films

Mole fraction complex of (15) in coating mixture Strain (L/m?)

0 0.00048
0.1 0.00017
0.2 0.00022
0.3 0.00020
0.4 0.00019
0.5 0.00011
0.6 0.00013
0.7 0.00080
0.8 0.00080
0.9 0.00013

1 0.00070

The lattice constant ‘a’ of the alloys were estimated from the p-XRD data using equation 3.3.
A plot of lattice constant against mole fraction of selenium in the coating mixture showed that

the lattice constants increased linearly and monotonically, only reaching a plateau when the
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mole fraction of selenium in the coating mixture was above 0.5 (Figure 5.5). The linear
behaviour observed was as a result of all the selenium in the coating mixture being incorporated
into the PbSxSeqx thin films (at selenium feed ratio < 0.5). This confirms that unit cell
parameters vary linearly with composition for a continuous substitutional solid as proposed
earlier in literature (Akhtar et al., 2011; Monshi et al., 2012; Thomson et al., 2012). This
observation is consistent with the p-XRD pattern which shows a gradual shift from the PbS
standard pattern to a PbSe as the mole fraction of selenium increase from 0 to 0.5 and matching

to a PbSe phase when the mole fraction of selenium in the coating mixture was above 0.5.
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Figure 5.5 Relation between the cubic lattice constant ‘a’ to the ratio of [Se]/[S+Se] in the
coating mixture used for spin coating.

5.4.2 Scanning electron microscopy images of PbSxSeu-x) thin films

In order to investigate the morphologies of the as-deposited PbSySe(1-x) thin films, scanning
electron microscopy analyses were performed using a secondary electron detector. It is well
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known that surface properties of thin films influence their optostructural and electrical
properties and is important factor regarding application of the materiails. Thus, it was very
important to investigate surface morphology of the thin films. The PbS thin films showed a
closely packed network of fibrous structures, each covered with adhering cubes. The fibrous
structures were ca. 500 nm in length and 25 nm in width. The side lengths of the cubic
crystallites were 34+4, 44+3, 47+5 and 50+4 nm, showing an increase with increasing

deposition temperature from 250, 300, 350 and 400 °C respectively (Figure 5.6).

Figure 5.6 SEM images of PbS nanoparticles deposited on glass substrate obtained from
decomposition of complex (7) at (a) 250, (b) 300, (c) 350 and (d) 400 °C.

The crystallite sizes from p-XRD calculated using equation 3.1 were between 17.4-22.4 nm.
These were multiples of the particle sizes obtained from the SEM implying that the particles
and elongated features were polycrystalline as postulated earlier by Monshi and coworkers
(2012). Although PbS has been known to give anisotropic growth with common morphologies
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such as cubes (McNaughter and Saah et al., 2016), spheres (Jin et al., 2012), stars (Ma et al.,
2004), rods (Nyamen et al., 2012), wires (Onicha et al., 2012) and rod with a cube at the tip
(Lewis et al., 2015), there is no report on such unique elongated structure with cubes at equal
lengths along the entire length for PbS nanocrystals.

PbSe thin films showed the growth of cubes with well-defined edges at 250 °C although the
substrate was poorly covered. A further increase in temperature to 350 °C also showed the
growth of well-defined cubes with improved substrate coverage. Few of the cubes lost their
edges at 400 °C due to agglomeration at high processing temperature (Figure 5.7). At these
high temperatures, the nanoparticles have higher surface energy and therefore have the ability
to collide to form bigger particles (Chen et al., 2010). Several researchers have reported cubic
morphology for PbSe nanomaterials (Boadi et al., 2016; Cui et al., 2012) although other
morphologies such as octahedron (Chang et al., 2010), dendrites (Cao et al., 2011), rods (Chen
et al., 2001) and tubes (Shi et al., 2010) have also been seen. The estimated particle sizes from
the SEM using ImageJ software were 322+19, 403+10, 43716 and 441+17 nm at temperatures
of 250, 300, 350 and 400 °C respectively. The Scherrer sizes were multiples of the particle

sizes implying that several smaller crystallites agglomerated to form the particles.
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Figure 5.7 SEM images of PbSe nanoparticles deposited on glass substrate obtained from
decomposition of complex (15) at (a) 250, (b) 300, (c) 350 and (d) 400 °C.

The morphology of the ternary PbSxSe(1-x thin films showed varying shapes depending on the
mole fraction of the selenium in the coating mixture (Figure 5.8). At a selenium mole fraction
of 0.1 and 0.2, the PbSxSe(1-x thin films produced were predominantly rods with few cubes. The
rods may have been formed from the breakdown of the fibrous structures in the PbS thin films.
A close packed mixed morphology of cubes and few rods were observed in the morphology of
the thin films containing 0.3 mole fraction of selenium. From the p-XRD pattern, PbSosSeos
thin films were formed at this ratio. A close packed mixed morphology of cubes and few rods

were observed. A furher increase in the selenium mole fraction (complex
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(15)), resulted in the formation of cubes although the dimensions were smaller than that of the
PbSe films. These thin films had a better substrate coverage as compared to that of the PbSe

thin film.

Figure 5.8 SEM images of PbSxSe(1x) thin films obtained from mixing complexes (7):(15) at
(@) 1:0, (b)0.9:0.1, (c) 0.8:0.2, (d) 0.7:0.3, (e) 0.6:0.4, (f) 0.5:0.5 and (g) 0:1

5.4.3 Energy dispersive X-ray spectroscopy analyses of PbSxSeq-x) thin films

Elemental composition of the PbSxSe(-x thin films were analysed using energy dispersive Xray
spectroscopy (EDX). The EDX analyses of PbS and PbSe thin films showed only peaks
characteristic of Pb, S or Se atoms. Quantifying the spectra showed approximately 1:1 atomic

ratios for Pb:S and Pbh:Se. The alloys showed peaks characteristic of Pb, S and Se (Figure 5.9).
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Figure 5.9 Representative EDX spectrum of PbSxSe1-x thin film prepared at 250 °C

All the thin films were lead rich, but the relative sulfur content decreased linearly as the ratio
of complex (15) in the coating mixture increased. At a selenium mole fraction of 0.3 in the feed
precursor, the %S content increased sharply and the formation of the alloy, PbSosSeos was
observed. The p-XRD pattern also confirmed the formation of a ternary alloy with the peaks
shifting between those of pure PbS and PbSe. After the addition of 0.5 mole fraction of complex
(15), there was virtually only selenium and lead with little amount of sulfur (3%) as quantified
by the EDX (Figure 5.10). This correlates with the p-XRD pattern matching closely to PbSe at

these mole fractions.
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Figure 5.10 Percentage Se quantified from EDX as a function of mole fraction of Se in coating
mixture

5.4.4 Optical studies of PbSxSeq-x) thin films

Optical properties of ternary PbSxSe(1-x) are important from the point of view of its widespread
application in photovoltaic and optoelectronic devices. The absorption spectra of the thin films

were measured in the NIR region from 1000 to 2500 nm.
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Figure 5.11 Nir absorption spectra of PbSxSe(1-x) thin films obtained at mole fraction of complex
(15) in coating mixture at 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 1

There are many reports on the measurements and calculation of band gaps for lead
chalcogenides (Anila et al., 2012; Barote et al., 2011; Begum et al., 2012; El-Shazly et al.,
2011; GOde et al., 2014; Kumar et al., 2005; Mulik et al., 2010; Obaid et al., 2012; Pawar et
al., 2011; Preetha and Remadevi, 2013; Sadovnikov and Gusev, 2013; Valenzuela-Jauregui et
al., 2003; Vijayaprasath et al., 2015; Zaman et al., 2010). There is a good consensus that the
bulk band gaps for pure PbS and PbSe lie at 0.41 and 0.27 eV respectively (Zaman et al., 2010).
The band gaps of these materials as films, and especially as the sulfides have been measured
on many occasions (Anila et al., 2012; Barote et al., 2011; Begum et al., 2012; El-Shazly et
al., 2011; Gode et al., 2014; Kumar et al., 2005; Mulik et al., 2010; Obaid et al., 2012; Pawar
et al., 2011; Preetha and Remadevi, 2013; Sadovnikov and Gusev, 2013; Valenzuela-Jauregui
et al., 2003; Vijayaprasath et al., 2015; Zaman et al., 2010). Both PbS and PbSe are known to

be direct band gap semiconductors and hence a plot of a/kv? against 4v is expected to show a
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linear portion that corresponds to the energy of the optical band gap when extrapolated to the

ho axis.
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Figure 5.12 Representative Tauc plot of PbSxSe(1-x) thin film prepared at 250 °C

In line with other works, this study leads to values in the range of 0.73 to 1.03 eV for the parent
binary PbSe and PbS respectively. The estimated band gap values obtained from the Tauc plots
of the PbSySe(1-x thin films decreased from 1.03 eV for the PbS to 0.908 eV at 0.5 mole fraction
of selenium addition. Both theoretical and experimental determination of the dependence of

band gap values on composition of PbSxSe(x) have been reported to show a linear relationship
between the band gap energy of thin films and the composition (Akhtar et al., 2011; Lifshitz et

al., 2006).
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Figure 5.13 A linear plot band gap against mole fraction of Se/S+Se in coating mixture

5.5 Characterization of complexes (15) and (17)

The difference between the experimental and calculated elemental percentages for the
complexes were found to be within 0.2% of each other thus confirming the purity of the
complexes. The hydrogen environment, J coupling and molecular ion peak further confirmed

the proposed structures of the complexes (Figure 5.14).
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Figure 5.14 The chemical structures of complexes (a) bis(N, N-diethyl-N’
naphthoylthioureato)lead(Il) (17) and (b) bis(N, N-diethyl-N' naphthoylselenoureato)lead (II)
(15)
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5.5.1 Thermal properties of complexes (15) and (17)

Thermal properties of the complexes were assessed by thermogravimetric analyses (TGA)
under nitrogen at a heating rate of 10 ° min* from 30-600 °C. The TGA of the complexes

showed multiple decomposition steps (Figure 5.15).
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Figure 5.15 Thermogravimetric analysis (TGA) of complex (15) and (17) at a heating rate of

10 °C min't under nitrogen.

The first decomposition step for complex (17) begun at 175.7 °C and completed at 203.9 °C.
This step represents the release of one of the two ethyl groups around a diethyl amine group in
the structure with a weight loss of 5 %. The second step started at 212.4 °C and completed at
386.6 °C with a weight loss of 56.5 % representing the release of the two naphthoyl groups.
This is directly followed by the last stage ranging from 395.5 to 495.7 °C resulting in a residue

amounting to 33.7 % of its initial weight. The value matches closely to the expected weight of
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PbS (32.1 %) from complex (17) with 100% conversion. Complex (15) on the other hand
decomposed in four steps to yield a stable residue at 594.6 °C with a weight of 37.8 % of its
initial weight as compared to 32.8 % from theoretical calculations. The first step which
occurred between 41.7 and 190.1 °C, could be due to the loss of the two ethyl groups around
one of the two diethyl groups. The second step was as a result of the decomposition of
naphthoyl group in one of the ligands. The third step which started from 300.2 and ended at
393.6 °C was followed immediately by the fourth step. The higher experimentally determined
weight of the residues may have resulted from carbon contamination from the bulky organic

moiety of the complexes as suggested by Chen et al., (2010).

5.6 Characterization of PbSxSe(1-x) nanoparticles

5.6.1 Powder-X ray diffraction patterns of PbSxSea-x) nanoparticles

Powder-X ray patterns of the as-synthesized PbS and PbSe nanoparticles were indexed to a
face centred cubic (halite) structure with the (200) plane as the most preferred orientation. The
strong diffraction peaks confirmed the good crystallization of the as-synthesized nanoparticles
(Chen et al., 2010). The PbS nanoparticles exhibited peaks at 25.96°, 30.08°, 43.06°, 50.98°,
53.41°, 62.54°, 68.88°, 70.97° and 78.92° which are indexed to the (111), (200), (220), (311),
(222), (400), (331), (420) and (422) planes of a cubic PbS (ICDD 00 003 0614). Also peaks at
25.17°, 29.14°,41.69°, 49.33°, 51.66°, 60.42°, 66.50°, 68.48° and 76.08° were also indexed to
the (111), (200), (220), (311), (222), (400), (331), (420) and (422) planes of a cubic PbSe
(ICDD 00 002 0588). The positions and relative intensities of the PbS and PbSe reflections
agreed well with their ICDD database.

The p-XRD patterns of the ternary-alloyed nanoparticles at all compositions corresponded to

the halite structure with characteristic reflections similar to the parent binaries. The 2 theta
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values of the alloys fall between the values for PbS and PbSe. The alloys further exhibited
significant diffraction angle shift as the [Se] content changed from 0 to 1. To illustrate this, the
(220) reflection of PbS was at 43.06° which moves to 42.01° for PbSo5Seos and settles at

41.69° for PbSe. This provides strong evidence for the formation of a homogenous ternary
PbSxSe(1-x solid solution rather than simply mixed phases of pure PbSe and PbS as reported in
literature (Onicha et al., 2012; Safrani and Golan, 2015; Song et al., 2016). Otherwise

diffraction patterns of PbSe and PbS would have been detected in the p-XRD pattern of the

ternary PbSySe(1-x).
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Figure 5.16 p-XRD patterns of PbSxSe(1-x) hanoparticles synthesized at 200 °C with standard matching
lines of PbS (dash) and PbSe (line).

Similar shift in 2 theta values for PbSiSeu-x nanoparticles to lower values with the
incorporation of selenium as compared to PbS have been reported by Gao et al., (2013);

Guchhait et al., (2011); Onicha et al., (2012).
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Other reports on the colloidal syntheses of ternary PbSxSex) nanoparticles all showed a
gradual incorporation of selenium at all the mole fractions used from 0 tol (Akhtar et al., 2011,
Gao et al., 2013). However, this trend looks different from that observed in PbSxSe(x) thin
films (Figure 5.4). Its seem that the sulfur is first consumed and therefore being deficient in the
lattice of the final product or at the high processing temperature (250 °C), part of the sulfur
atoms volatilised and was carried away by the carrier gas used in the heating process of the
coated slides. This suggests a good incorporation of selenium into PbS lattice using a colloidal
approach at relatively low temperatures. The mechanism of the alloying involves the
dissociation of the Pb-Se bond followed by the diffusion of the Se atom in the PbS lattice
structure. Selenium has important role depending upon concentration when incorporated into
the lattice of PbS, it has strong tendency of fitting into PbS lattice because of the bigger ionic
radius.

Generally, the calculated crystallite sizes which represent the crystallite sizes of the
nanomaterials increased gradually with increasing value of the mole fraction of complex (15)
in the injection mixture. The calculated crystallite sizes for PbS and PbSe nanoparticles were
7.69 to 12.55 nm respectively. The crystallite size increased linearly from 7.69 to 12.55 nm as
the mole fraction of (15) in the injection mixture changed from 0 to 1 at an increment of 0.1.
This may be due to the bigger crystallite size of the PbSe as compared to the crystallite size of

the PbS.

Dislocation density which represents imperfections in a crystal, increases with a corresponding
decrease in the crystallite size. This is due to the bigger atomic radius of selenium which has a
strong effect on structural parameters with increased Se content (Bagade et al., 2015). From
the Figure 5.17, there was a gradual decrease in imperfections as the ratio of selenium increased

from O to 1.
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Figure 5.17 Effect of selenium mole fraction of on crystallite size (left y-axis, circle) and

dislocation density (right y-axis, square) of PbS,Se(-x) nanoparticles

The lattice constants of PbS and PbSe which were 5.9888 and 6.1873 A respectively are similar
to the 5.9362 and 6.1282 for their respective bulk materials (Onicha et al., 2012). The influence
of the [Se] content in the injection mixture on the lattice constants of the PbSxSeq-x)
nanoparticles formed is presented in Figure 5.18. There is a linear increase in the lattice
constant as the [Se] in the injection mixture increased. This linear increase confirms that unit
cell parameters vary linearly with composition for a continuous substitutional solid (Capan et
al., 2010). The observed linearity further confirms the gradual shift from PbS to PbSe phase as
the [Se] content in the injection mixture increases from 0 to 1. Similar linear behaviour has
been reported for PbS,Seux nanostructures synthesized by reacting lead oleate with
triphenylphosphine selenide and dibenzyl disulfide in dibenzylamine with addition of oleic

acid at 260 °C (Shao et al., 2014).
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Figure 5.18 Relationship between the cubic lattice constant “a” to the ratio of [Se]/[S+Se] in

the injection mixture.

5.6.2 Transmission electron microscopy (TEM) images of PbSxSe@x) nanoparticles

Transmission electron microscopy (TEM) was employed to obtain greater insight into the
nanostructure of the materials. TEM images of the as-synthesized nanoparticles showed cubic

morphologies.

TEM images of the as-synthesized nanoparticles showed a nearly even distribution of cubes on
the grid further confirming the p-XRD patterns. The PbS nanoparticles showed a nearly
uniform sized cubes with side length of ca. 14.6 £1.2 nm whereas PbSe nanoparticles showed
sizes of ca. 26.9£6.9 nm. The sizes of the nanoparticles were below their respective Bohr
exciton radii (PbS = 18 nm and PbSe = 48 nm), therefore, there is a great tendency for quantum
confinement which is exhibited in the optical properties of the PbSxSe.x) nanoparticles.

Although the alloy also exhibited a cubic morphology just as the parent binaries, there was a
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significant change in size with the incorporation of the selenium atoms. The alloy had sizes that
ranged in between that of the parent binaries depending on the composition of the injecting
mixture. That is, the side length of the cubes increased as the mole fraction of complex (15) in
the injection mixture increased. The hot injection technique has been reported to produce

smaller particle sizes. For instance, monodispersed PbSxSe(1-x) nanocrystals with particles sizes
ca. 5 nm have been synthesized by reacting TMS, TMSe and PbO at 130 °C (Akhtar et al.,
2011). Further, lead chloride salt, elemental S and Se dissolved in oleylamine has been
employed as starting materials for the synthesis of spherical PbSxSe(-x) nanocrystals with an
average size of 10 nm (Gao et al., 2013). The growth of PbSxSe(1x) wires with diameters of 9
nm have been reported using lead(ll) diethyldithiocarbamate and lead(ll)
imido(bis(selenodiisopropylphosphinate)) as starting precursors at temperatures ranging from
210 to 230 °C (Onicha et al., 2012). The syntheses of hexapod-like ternary PbSexSix
nanostructures based on the reactions of lead (1) acetate with triphenylphosphine selenide and
dibenzyl disulfide in oleylamine has been reported (Shao et al., 2014). The difference in
morphology in the PbSxSex) nanoparticles (Figure 5.19) as compared to the PbSxSe(1x) thin
films (Figure 5.8) may be primarily due to the difference in starting precursors. The successful
growth of ternary PbSxSe(1-x) nanocubes from a mixture of complexes (15) and (17) demonstrate
that ureas as a class of SSPs are efficient starting materials in the syntheses of compositionally

complex systems.
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Figure 5.19 TEM images of PbSxSe(1x) obtained at x values of (a) 0, (b) 0. 3, (c) 0.5, (d) 0.8,
(e) 1.

5.6.3 Energy dispersive X-ray (EDX) analyses of the PbSxSe@-x) nanoparticles

Energy dispersive X-ray (EDX) analyses were performed to confirm the elemental composition
of the as-synthesized nanoparticles. Energy dispersive X-ray analyses of the nanoparticles
revealed emission exclusively due to lead, sulfur, selenium and gold within the detection limits
of the equipment. The gold was as a result of the gold coating prior to the analyses to prevent
charging of the nanoparticles. All the ternary nanoparticles were lead rich, which confirms
earlier report by other investigators (Onicha et al., 2012; Shao et al., 2014: Smith et al., 2011).
The relative sulfur content increased linearly as the ratio of complex (15) in the injection
mixtures decreased. At a complex (15) mole fraction of 0.5 in the injecting mixture, the % S
and % Se content were 29.9 and 27.3 respectively and the formation of the alloy, PbSosSeos
was observed (Figure 5.20). The p-XRD pattern also confirmed the formation of a ternary alloy

with the peaks shifting between those of pure PbS and PbSe (Figure 5.16).
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Figure 5.20 EDX spectrum for PbSo 5Seo s nanoparticles

5.6.4 Optical properties of the PbSxSe@-x) nanoparticles

As the sizes of nanoparticles were below their respective Bohr exciton radii (PbS = 18 nm and
PbSe = 48 nm), there is a great tendency for quantum confinement which is exhibited in the
optical properties of the nanoparticles. PbS, PbSe and their ternary alloys are direct band gap
semiconductors and hence a plot of ahv? against Av is expected to show a linear portion that
corresponds to the energy of the optical band gap when extrapolated to the Av axis. The
estimated optical band gaps for PbS and PbSe were 0.95 and 0.75 eV respectively. These band
gaps have been blue shifted from their bulk values of 0.41 and 0.21 eV of PbS and PbSe
respectively. The estimated optical band gaps for the alloy were 0.91, 0.84, 0.81 eV for

PbSo.8Seo.2, PbSosSeos, PbSo.3Seo 7 respectively. These values were in between the optical band
gap values for the parent binary materials. The band gap values shifted linearly towards the

band gap of PbSe as the Se content in the alloy increase from 0 to 1. Similar trends in band gap
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have been reported for ternary alloys in literature by Siddique et al., (2014) using CBD

technique and Akhtar et al., (2011) using hot injection.
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Figure 5.21 (a) Representative Tauc plot of PbSxSe(1x) nanoparticles and (inset) effect of mole
fraction of complex (15) in the injecting mixture on the band gap of the nanoparticles

5.7 Syntheses of sodium, lead and bismuth piperdine dithiocarbamate complexes

The use of water as a solvent for the synthesis of the ligand and complexes make the overall
synthetic process environmentally safe. Water as a reaction medium has been reported to give
high yields as compared to other organic solvents such as methanol, chloroform and hexane
(Halimehjani et al., 2010). The atom economy of a reaction, which is defined as the ratio of

molecular mass of desired product to the molecular mass of reactants, was also calculated.
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Atom economy for the syntheses were 100, 92 and 90% for the sodium, bismuth and lead
piperidine dithiocarbamate complexes. The high atom economy of the synthesis makes this
approach an environmentally viable pathway for the syntheses of the complexes (Lewis et al.,
2015). The precursors were air stable, easy to synthesize and soluble in organic solvents such as
chloroform and dichloromethane. All these properties are advantages of SSPs over the multiple

source routes (Boadi et al., 2012).

5.8 Characterization of sodium, lead and bismuth piperdine dithiocarbamate complexes

The purity of the ligand and complexes were determined using the micro elemental analyzer.
The experimentally determined elemental percentages were similar to the calculated values for

the proposed structures. This confirmed the purity of the complexes.

5.8.1 TGA of metal piperidine dithiocarbamate ligand and complexes

The sodium piperidine dithiocarbamate (18) decomposed in two steps at 100 and 343 °C to
yield a residue of 22.9%. The expected % weight of NaS was 27.3%. The first step with a
weight loss of 17.8% was the release of the water molecule bound to the ligand which occurred
at 100 °C. The second decomposition step which yielded 59.3% was as a result of the
breakdown of CsH1oNS attached to the NaS (Figure 5.22). Complex (19) decomposed in a
single step to produce a stable residue at 326 °C. The theoretical percentage of PbS from the
molecular formula of the complex at 100% conversion was calculated to be 47.6% which was
close to the experimentally determined percentages of 47.3%. Nyamen et al., (2014) have also
reported a one-step decomposition thermograph for this same complex. The bismuth derivative,
complex (20), however, decomposed in two steps at 280 and 495 °C. The first step

corresponded to the decomposition of three of the piperidyl dithiocarbamate ligands (51.1%)

159



attached to the Bi. The second step at 495 °C represents the breakdown of other component
attached to the complex leading the formation of BiS1.5(43.5%) compared to a calculated value
of 37.3 %. Similar thermograph for the decomposition of bismuth piperidine dithiocarbamate

complex have been reported recently in literature (Kun et al., 2016).
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Figure 5.22 TGA thermograms of ligand and complexes, (inset) TGA data

5.8.2 Fourier transform infrared spectra of metal piperidine dithiocarbamate complexes

Infrared spectrum of the sodium piperidine dithiocarbamate ligand (complex (18)) showed
strong peaks around 3335 cm™ due to v(O-H) vibrations of water molecules bound to the
sodium dithiocarbamate ligand. This O-H peak was completely absent in all the complexes,
indicating the complete loss of the water molecules as a result of the coordination to the metal

ions. The loss of OH bond in piperidine dithiocarbamate complexes of bismuth (Kun et al.,
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2016), praseodymium (Pitchaimani et al., 2015) and lead (Nyamen et al., 2012) have been
reported. The v(C=N) of the ligand (18) was observed at 1421 cm™ whereas those of the
complexes were 1443 and 1450 cm™ for Bi and Pb respectively. The shift to higher energy in
the complexes were as a result of increase in the double bond character upon coordination to
the metal center (Ajibade et al., 2011). Peaks ranging from 2932-2938 and 2840-2844 cm
were associated to v(C-H) anti-symmetric and symmetric stretches respectively. Other C-H
stretches such as scissoring and bending occurred around1460 and 1420 cm™. Peaks observed
at 1221 to 1233 cm™* were associated with C-N stretches. The C-S stretches ranged from 1002
to 1008 cm. Similar wavenumbers have been reported by the Revaprasadu group for Na, Bi

and Pb piperidine complexes (Kun et al., 2016; Nyamen et al., 2012).
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Figure 5.23 IR spectra of complexes (18), (19) and (20)
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5.9 Characterization of Bi doped PbS nanoparticles

5.9.1 Powder X-ray diffraction (p-XRD) of Bi doped PbS nanoparticles

Powder X-ray diffraction (p-XRD) patterns of the Bi>Sz nanoparticles grown at 200 °C in
oleylamine were indexed to an orthorhombic phase of Bi>Sz with ICDD: 00-002-0391.
Diffraction peaks observed at 2 theta values of 15.8°, 17.6°, 22.8°, 26.2°, 28.5°,31.8°, 33.1°,

35.6°, 36.6°, 46.6°, 52.8°, 59.3°, 62.7° and 66.4° can be assigned to the (020), (120), (220),
(130), (211), (221), (301), (240), (231), (431), (351), (242), (152) and (522) planes respectively,
in the pure orthorhombic phase of Bi»Ss. The (301) plane was identified as the most preferred
orientation in the p-XRD pattern. The detection of no additional peaks in the pattern, indicates
the high purity of the as-synthesized nanoparticles (Bao et al., 2007). The crystallinity of the
samples were confirmed by the high intensity of the diffraction peaks. The p-XRD pattern was
in agreement with reported literature for Bi>Ss using both single and multiple source starting
materials (Abd-Elkader and Deraz, 2014; Tian et al., 2008; Zhang et al., 2011). A recent report
by the Revaprasadu group on the syntheses of Bi>Sz nanoparticles using catena-(j-
nitratoO,0’)bis(piperidinedithiocarbamato)bismuth(111) complex gave similar p-XRD patterns
(Kun et al., 2016). The p-XRD patterns of the PbS nanoparticles synthesized using the same
conditions were indexed to a face centered cubic structure. Diffraction peaks at 2 theta values
of 25.96°, 30.07°, 43.05°, 50.97°, 53.41° and 62.53° corresponding to the (111), (200), (220),
(311), (222) and (400) planes of cubic PbS respectively. From the diffraction patterns, the (200)
plane was the most preferred orientation. There was no evidence of extra peaks from impurities,
undecomposed precursor or by-product, thus, making the reaction conditions suitable for the

syntheses of PbS from lead piperidine dithiocarbamates.

The p-XRD pattern of the alloys showed diffraction peaks at different 2 theta values based on
the composition of the injection mixture used. As seen from the p-XRD pattern, up to 60% Bi

doping, the overall spectra had the general PbS reflection (Figure 5.24). Compared to the pXRD
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pattern of the pure PbS nanoparticles, the peaks broadened with the % Bi doping from 10 to
60. This observation favours the decrease in their crystallite size as compared to the PbS

nanoparticles.
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Figure 5.24 p-XRD pattern of PbS, Bi»Sz and Bi doped PbS nanoparticles with (orange) Bi>S3
pattern and (blue) PbS pattern

Similar observations have been made in the p-XRD pattern of up to 4 % iron doped PbS
nanoparticles by Balu et al., (2017), 15% aluminium doped PbS by Suganya et al., (2016) and
5% calcium doped PbS thin films by Yicel and Yicel, (2017). The intensity of the planes
remained constant signifying that there were no defects in the crystal lattice of the PbS with the
incorporation of the Bi ions up to 60% (Balu et al., 2017). There were no extra peaks from the
Bi ions in the p-XRD spectra further confirming the substitution of Bi** ions into the regular
sites of Pb?* ions or complete incorporation of the Bi atoms into the PbS crystal lattice as

reported by Yicel and Yicel, (2017). There was also a small shift in the Bragg angle to higher
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2 theta values with the incorporation of the Bi atom. This shift in the Bragg angle can be
associated with lattice strain due to structural differences between the Bi ions and PbS, further
confirming the successful incorporation of the bismuth into the PbS crystal lattice. The effect
in the 2 theta shift is minimal as compared to those reported for the incorporation of strontium
(Yicel and Yicel, 2016), copper (Touati et al., 2016) into the crystal lattice of PbS thin films.
It was also observed that up to 60% Bi doping, the p-XRD spectra had a strong (200) plane
which is consistent with the results reported for both metal doped and undoped PbS (Du et al.,
2017; Rajashree et al., 2016; Suganya et al., 2016). However, at Bi doping between 70 and
80% a mixture of PbS and Bi»Ss patterns were observed. This may be due to the excess Bi ions
within the crystal lattice of PbS. No such high dopant concentration have been reported. A
further increase to 90% Bi doping produced a p-XRD pattern which matched closely to an
orthorhombic Bi,S3 phase.

From Figure 5.25, the crystallite sizes decreased gradually as the % Bi doping increased
presupposing that the Bi had smaller dimensions as compared to the PbS nanoparticles.
Literature reports that the crystallite size of PbS nanoparticles decrease with increasing dopant
concentration (Balu et al., 2017; Rajashree et al., 2016; Yucel and Ytcel, 2017). This decrease
in crystallite size may be attributed to the distortion induced in the PbS lattice due to the ionic
radii mismatch between the dopant and host ions which prevent grain growth (Suganya et al.,

2016).

There was a gradual increase in the dislocation density as the % Bi doping increase from 0 to
100%. This is as a result of the decreasing crystallite size and hence the increasing

imperfections (Begum et al., 2012).
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Figure 5.25 Effect of % bismuth content in the injection mixture on Scherrer size (circles) and

dislocation density (squares) of PbS nanoparticles

The lattice parameters for the samples are presented in table 5.5 below. Up to 60% Bi doping,
the p-XRD patterns corresponded to a cubic phase. For such a phase, the lattice parameters ‘a’,
were calculated using equation 3.3. There was a gradual decrease in lattice constant as the %
Bi doping increased from 10 to 60. This might be due to the substitution of large sized Pb?*
ions by smaller Bi* ions as reported elsewhere in literature (Suganya et al., 2016). The p-XRD
patterns for the 70 and 80% Bi doping showed a mixed phase therefore making it difficult to
calculate the lattice constants. At 90% Bi doping, the p-XRD pattern was similar to a pure

orthorhombic phase hence lattice parameters were calculated using equation 3.4.

Table 5.5 Effect of %Bi doping on lattice constant
% Bi content in injection mixture  Lattice constant ‘a’ (A)

165



0 6.057712

10 5.971942
20 5.969228
30 5.965962
40 5.964030
50 5.963751
60 5.962146

At 90% Bi doping, the lattice parameters given as a, b and ¢ were 11.102838, 11.253814 and
3.942346 A whereas the pure Bi,Ss had 11.102981, 11.264792 and 3.951003 A as the lattice
parameters. These values are comparable to the literature values of bulk Bi»Ss which are

a=11.14, b=11.30 and c=3.98 A (Fan et al., 2008a).

5.9.2 Transmission electron microscopy images of Bi doped PbS nanoparticles

The morphology of the as-synthesized nanoparticles were investigated with the TEM. TEM
images of the PbS nanoparticles showed predominantly cubes with sizes ranging from 10 to 30
nm (Figure 5.26). Earlier report on the use lead piperidine dithiocarbamate in oleylamine at
230 °C using hot injection method, gave cubic morphology with an average diameter of 24.53

nm (Nyamen et al., 2012).

The rapid growth of Bi>Sz along the (301) plane in the p-XRD has been reported to give rise to
the growth towards 1-dimensional nanorods, which is an inherent property due Bi-S chain type
structure (Tian et al., 2008). Several researchers have reported on the formation of Bi»Sz rods

(Lui et al., 2015; Tian et al., 2008; Zhang et al., 2011).
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Figure 5.26 TEM images of Bi doped PbS nanoparticles at %Bi doping of (a) 0, (b) 50, (c) 80,
(d) 90, (e) 100

The morphology of the Bi doped PbS revealed a mixture of cubes and rods depending on the
composition of the injection mixture. Generally, the quantity of rods increased with increasing
Bi content in the injection mixture (Figure 5.26). Addition of 50% of Bi showed predominantly
cubic morphology further confirming the p-XRD pattern that matched to an overall PbS pattern
at this doping percentage. However, a mixture of cubes and rods were observed at 80% Bi
doping into the PbS nanoparticles as seen from the p-XRD pattern as a mixture of cubic and
orthorhombic phases. Only rods were observed in the TEM image at 90% Bi doping. This
confirmed the p-XRD pattern which was similar to that of the pure Bi»Sz nanoparticles. The

Bi.S3 consisted of rods with average dimensions of 20 nm in diameter and 80 nm in length.

Aspect ratio is defined as the surface to volume ratio (Padilha et al., 2013). The calculated

aspect ratio from the TEM image of Bi>Ss was 4. Higher aspect ratio corresponds to higher
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surface energies and therefore the tendency for agglomeration (Nyamen et al., 2011;

Ramasamy et al., 2013b).

5.9.3 Energy dispersive X-ray spectroscopy of Bi doped PbS nanoparticles

EDX analyses of the nanoparticles produced signals from Pb or/and Bi and S atoms within the
detection limit of the instrument, further confirming the purity of the as-synthesized ternary

nanoparticles.
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Figure 5.27 Representative EDX spectrum of Bi doped PbS nanoparticles

Quantifying the EDX spectrum gave weight percent of 55.11, 30.1 and 14.7 for Pb, Bi and S
respectively. Converting these values to atomic percentages gave 30.6, 16.6 and 54.7 for Pb,

Bi and S respectively, indicating that a slightly sulfur rich alloy was formed.

5.9.4 Inductively coupled plasma analyses of Bi doped PbS nanoparticles
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The exact dopant content in the nanoparticles grown using hot injection was quantified using
inductively coupled plasma optical emission spectrometry (ICP-OES). The Bi** content
measured by ICP indicates successful incorporation of the Bi ions during the syntheses
followed by the substitution into the PbS crystal lattice. As seen from Table 5.6, there was not

100% incorporation of the Bi ions into the PbS lattice.

Table 5.6 Percentage incoorperation of Bi into the PbS crystal lattice
% Bi content in injection mixture % Bi incorporated into the PbS crystal lattice

0 0
10 3.86
20 9.85
30 12.81
40 15.75
50 20.51
60 26.72
70 31.23
80 36.59
90 37.59

100 38.59

Deviation between the injection and alloy ratios of Pb:Bi can be attributed to a favoured
incorporation of Bi in the PbS structure i.e. cation exchange reactions during the nanoparticle
formation and growth, or/and formation of Pb?* vacancies upon Bi®*" incorporation in the
nanoparticle structure as a charge compensation mechanism (Papagiorgis et al., 2016). There
was approximately, 40% incorporation of the Bi ions into the PbS crystal lattice which confirms

earlier research by Papagiorgis and co-workers (2017). Stavrinadis et al., (2013) have also
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reported on the successful incorperation of about 40% Bi doping into PbS quantum dots using
colloidal method. However, the growth of Bi doped PbS thin films using an in situ
solutionprocessed method revealed the incorperation of about 30% Bi ions into the PbS lattice

(Abdelhady et al., 2016).

5.9.5 Optical properties of Bi doped PbS nanoparticles

Quantum confinement in nanoparticles is evident when the dimensions of the nanomaterial is
smaller than the Bohr exciton radius of the bulk (Pejova et al., 2008). Bulk PbS is a direct band
gap semiconductor which has a Bohr exciton radius of 18 nm. This means that at the nanometer
regime, the optical band gap can be blue shifted significantly from the 0.41 eV of the bulk.
Bulk Bi2Sz on the other hand has a direct band gap between 1.3-1.7 eV (Arumugam et al., 2017;
Han et al., 2015). Since both parent materials are direct band gap semiconductors, a plot of
ahv? against hv is expected to show a linear portion that corresponds to the energy of the optical
band gap when extrapolated to the /v axis. The optical absorption of the nanoparticles extend
from the visible to the near infra-red region of the electromagnetic spectrum as presented in

Figure 5.28 below.
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Figure 5.28 Absorption spectra of Bi doped PbS nanoparticles

The estimated optical band gap for the PbS nanoparticles was 0.72 eV which has been blue
shifted from the bulk band gap of 0.41 eV. This blue shift is as a result of the relatively small
size of the nanoparticles (Figure 5.26). The optical band gaps of the Bi>S3 nanoparticles were
estimated to be 1.94 eV, also indicating a blue shift from its bulk value which lies between 1.3
to 1.7 eV. Earlier research on Bi>S3 with similar dimensions have estimated band gaps of 1.82

and 1.87 eV by Arumugan et al., (2017) and Han et al., (2015) respectively.
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Figure 5.29 Representative Tauc plots of PbS and Bi>S3 nanoparticles

The alloy exhibited an increase in band gap from that of the binary PbS based on the
incorporation of Bi ions (Figure 5.30). This linearity confirms that unit cell parameters vary
linearly with composition for a continuous substitutional solid (Capan et al., 2010). At 80 and
90% Bi doping, the estimated band gaps were 1.53 and 1.69 eV respectively. It has been
reported that nickel doped PbS nanoparticles also showed blue shifting in the band gap values

with increasing nickel dopant concentration from 2.45 to 2.67 eV (Kumar et al., 2015).
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6.1 Conclusions

Different single source precursors namely lead alkyl xanthates [ethyl (1), propyl (2), butyl (3),
hexyl (4), octyl (5) and dodecyl (7)], bismuth ethyl xanthate (9) and its nitrogen adducts
[TMEDA (10), triethylamine (11), 1, 10 phenanthroline (12), pyridine (13)], ureas [bis(N,
Ndiethyl- ~ N'-naphthoylselenoureato) lead(ll) (15) and bis(N, N-diethyl- N"-
naphthoylthioureato) lead(ll) (17)] and metal piperidine dithiocarbamates [lead (19) and
bismuth (20)] have been synthesized. Characterization of these complexes using micro
elemental analyses, nuclear magnetic resonance, infrared spectroscopy and thermogravimetric
analyses all confirmed the purity of the complexes and their suitability for use as starting

materials for the syntheses of their respective metal chalcogenides.

The effect of alkyl chain on the properties of PbS thin films synthesized from complexes (1) to
(7) above have been studied. SEM showed the formation of nanocubes for PbS from complexes
(1) to (4) with side length that decreased with increasing alkyl chain length in the starting
precursor. For a particular precursor, an increase in temperature was found to cause
agglomeration in the nanocubes and hence an increase in size. The PbS from the octyl
derivative, (complex (5)) resulted in the formation of a rod with a cube at the tip whereas those
from complex (7) produced a fibrous structure with cubes arranged along its entire length. The
choice of alkyl chain caused a significant effect on the dimensions of the cubes formed with

the ethyl derivative having the largest dimensions.

Complexes (9) to (13) showed anisotropic growth of Bi»Sz thin films. From their SEM images,
the choice of the type of nitrogen adduct had a great effect on the properties of the thin films
deposited when subjected to the same reaction conditions. Bi»Sz structures ranging from wires
(TMEDA adduct) to cluster of rods (triethylamine and pyridine) to dots (1, 10 phenanthroline

adduct) were seen from the SEM images.
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Complexes (7) and (15), and complexes (15) and (17) were combined in the syntheses of
PbSxSe(1-x thin films and nanoparticles respectively. There was a gradual shift in the 2 theta
values from PbS to lower values of PbSe as the mole fraction of selenium in the precursor
mixture increased from 0 to 1. EDX analyses further confirmed the formation of the ternary
PbSxSeqx at different values of x. A mixture of complexes (19) and (20) confirmed the
formation of Bi doped PbS nanoparticles using hot injection method. From the p-XRD patterns,
there was a change from cubic to an orthorhombic phase as the percentage of complex (20) in
the injection mixture increased over 80%. A change from a cubic to a rod-like morphology was
seem from the TEM analyses. In all the nanomaterials, the optical band gaps were blue shifted

from their bulk materials.
The key findings from this study are:

(a) Anisotropic growth of PbS nanomaterials have been demonstrated through the choice
of alkyl chain length in lead xanthate SSPs from cubes to a rods.

(b) Single crystal structures of bismuth ethyl xanthate and its 1, 10 phenanthroline adduct
have been determined to have trigonal prismatic and tetrahedron geometries
respectively.

(c) The effect of N-adduct on the morphology of Bi2Ss thin films have been shown to
change from wires (TMEDA) to clusters of rods (triethylamine and pyridine) to dots (1,
10 phenanthroline).

(d) Selenourea (15) has been used as a dopant to xanthate (7) and thiourea (17) to synthesize
PbSxSe@x thin films and nanoparticles respectively with rodlike and cubic

morphologies.

(e) Band gap of PbS nanoparticles from lead piperidine dithiocarbamate (19) has been
widely tuned from 0.72 to 1.69 eV by changing the concentration of bismuth piperidine

dithiocarbamate (20) used as dopant.
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6.2 Recommendations

Further work should be done on:

(@) the morphology of the PbS thin films using TEM.

(b) magnetic properties of the Bi doped PbS nanoparticles should also be carried out.

(c) interms of the xanthate SSPs, longer alkyl chain length such as hexadecyl and octadecyl
should be investigated to know their effect on the shape and size on the nanomaterials
formed.

(d) since the alloyed nanoparticles and thin films showed improved properties as compared
to their parent binaries, further investigations on the use of these nanoparticles in the

fabrication of solar cells should be exploited.
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