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Abstract

Nanotechnology has been instrumental in finding strategies of combating some of the world’s
grand challenges. Water scarcity and the growing industrialization have made it an
imperative to find ways of cleaning water. Photocatalysis is a promising method for water
purification personified by the use of solar energy as well as nanomaterials with tailored
properties. Colloidal synthesis has made it possible to synthesize new materials with tailored
properties, in particular the single-source precursor method has been found to be a useful
method in synthesizing nanomaterials with high purity. In the synthesis of metal
chalcogenides, the single-source precursor method has an advantage of the precursor having
the desired metal-chalcogenide bond hence eliminating the possible formation of side
products particularly metal oxides. Herein, acylthiourea (ATU) and thiourea (TU) zinc
complexes were used as precursors for the synthesis of ZnS nanoparticles. Bis(N,N-diethyl-
N’-benzoylthiourea)Zn(ll)  [Zn(ATU),] and bis(diaminomethylthio)Zn(ll)  chloride
[Zn(TU).Cl,] complexes were synthesized using a conventional method and characterized
with elemental analysis, '"H NMR , 2D NMR, COSY, FTIR, mass spectrometry and X-Ray
crystallography.

The resultant precursors, Zn(ATU), and Zn(TU),Cl, complexes were then thermolyzed to
yield ZnS nanocrystals and characterized fully. Reaction parameters that included the
synthetic time, temperature, concentration and capping agents were optimized for each
single-source precursor in an attempt to control the nanoparticles yielded hence their
properties. Time and temperature studies generally demonstrated the most pronounced effect
and with an increase, they showed increasing particle sizes through the Ostwald ripening
effect. Also visible from the TEM was that the temperature had an effect on the morphology
of the nanoparticles. Increasing the precursor concentration resulted in the agglomeration of
nanoparticles, while using different capping agents yielded similar nanoparticles with
different degrees of agglomeration. Evident from the results the ATU precursor behaved
similar to the TU precursor and generally the particles obtained from the two precursors
regardless of the reaction condition were very small. Preliminary investigations into the use
of the synthesized nanoparticles obtained from the two precursors revealed potential in
photocatalytic degradation of Rhodamine B (RhB) dye in water. While smaller particles were

obtained from the synthesized nanoparticles, the degradation efficiencies were lower than the
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commercial ZnO and TiO,. This is due to the presence of the long-chained capping agents on

the synthesized particles blocking the interaction of the core ZnS and the light.
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Chapter 1: Introduction

1.1. General background

For millions of years, life on earth has been dependent on water for survival. Even though
70% of the earth’s surface is covered with water," only 3% of the water is available for
consumption. Water scarcity has been reported to be a critical concern for South Africa and
the world as whole as a consequence of the uneven distribution of both the human population
and water resources across the globe.? More recently, it has become even more apparent that
fresh water scarcity is becoming a threat to sustainable development of human society due to
the steadily increasing demand.® As a result of the rapidly increasing population, improving
living standards, changing consumption patterns and the expansion of irrigated agriculture
and consequently, water use per capita in many areas of the world, the world’s population has
been found to be currently living under physical water scarcity.* Adding on to the strain,
there has been a continued increase in the demand for water for non-agricultural uses such as
urban and industrial uses resulting in water pollution in most cases.’ Industrial activities
which are dependent on using commercial colourants generate large amounts of waste water
which if not managed properly, are discharged into rivers, landfills, and nearby water
sources.” Waste water from these industrial processes is concentrated with highly reactive
and toxic dyes which contribute as major pollutants.” The discharge of the dye-containing
effluents into the water environment is undesirable as they exhibit poor biodegradability,
therefore, considerable research has been directed towards the discovery of effective water
treatment techniques that will significantly reduce water pollution levels.® Different methods
have been employed in the effort to treat waste-water to remove organic and inorganic
contaminants. Physical, chemical and biological techniques have been investigated and these
include chemical oxidation (chlorination and ozonization), adsorption and air stripping
methods. Most of these methods have a number of limitations due to either their
corresponding energy sources, their selective treatment of pollutants and/or harmful waste

generation.®

Chemical oxidation (chlorination and ozonation) as a method of decontamination is unable to
break down all organic substances and is only economically feasible for the removal of

pollutants in high concentrations due to the high cost involved in. Chlorination results in the
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formation of disinfecting by-products (DBPs) such as trihalomethanes, which have been
identified as possible carcinogens and also result in secondary pollution.’® The efficiency of
this process is affected by the presence of nitrite and suspended solid particles which would
need high investments for filter systems.’® While ozonation does not form the hazardous
DBPs associated with the chlorination process, it was found to require highly-priced capital
costs as it has to be generated on site with strict monitoring of the gasses used and
generated.' Additionally, small amounts of bromate ions (3-68 ppb) have been discovered as
by-products and are suspected to be cancer agents.'® Economic reasons, therefore, explain
why the development of re-usable inorganic adsorbents is attracting increasing interest.
Adsorption techniques have been reported to make use of activated carbon, this has shown
great potential in effectively removing organic pollutants, but the regeneration process of this
method is also expensive.’? The effectiveness of this method has also been reduced
dramatically due to carbon being a non-selective adsorbent which adsorbs almost all natural
organic matter present in water, resulting in the incapacity to accumulate pollutants.’® Other
methods such as air stripping have been investigated. Air stripping, which decontaminates
water by extracting volatile organics has shown a good capacity to treat wastewater.
However, its downfall, is that pollutants are transferred from water into the air instead of
being destroyed.’® This poses a new environmental problem of air pollution and requires

methods that will involve air cleaning techniques.

In the last decade, premier alternatives to conventional water purification have been that of
advanced oxidation processes (AOPs), which have shown to be effective in the destruction of
refractory pollutants (e.g. microorganisms, industrial toxins).** AOPs constitute a promising
technology for the treatment of wastewaters that is characterized by their capability to exploit
the high reactivity of hydroxyl (HO) radicals in driving the oxidation process.** Of particular
interest, photocatalysis is an emerging AOP that has been widely employed for the treatment
of several dyes and has demonstrated its efficiency in the elimination of organic and
inorganic pollutants from aqueous and gaseous media.>*® The process makes use of
semiconducting metal oxides and chalcogenides to create oxidized holes, which directly
degrade the adsorbed pollutants. The small sizes and high optical activity of metal
chalcogenides make them attractive tools for applications in photocatalysis. Unlike the
traditional methods mentioned, photocatalysis makes use of the very abundant solar energy
and can be achieved under room temperature in a few hours without the formation of any

polycyclic products.™
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1.2. Literature Review

1.2.1. Introduction to semiconductor nanocrystals

The emergence of nanotechnology since the 1980’s has attracted a great deal of attention due
to its potential in the development of new industries that are based on cost-efficient materials
and contribution to a sustainable economic growth.* In general, the term nanoparticle refers
to particles containing a couple of hundred to a couple of thousand atoms, where materials in
the size regime of 1 to 100 nm bridge the gap between individual atoms and the solid state.”
Semiconductor materials generally have electrical conductivity lying between a conductor
and an insulator.”® In semiconductors nanomaterials, the highest occupied energy band, the
valence band (VB) is completely filled with electrons and the next one, which is empty is the
conduction band (CB). A unique property of these semiconductor nanoparticles is their
ability to alter their resistivity by up to ten orders of magnitude,?” a function which is either
impossible to alter or very difficult in the case of conductors and insulators. The term
semiconductor nanoparticle is used interchangeably with terms semiconductor nanocrystal
and quantum dots (QDs). The small dimensions of QDs result in material properties that are
different from their corresponding bulk materials and also enable the exploitation of the
useful properties of the crystalline materials. Because of the small sizes, QDs have a variety

of applications in areas of optoelectronics, catalysis and medicine systems to mention a few.

The bulk semiconductors are characterized by band gap energy (Eg), which is the minimum
energy required to excite an electron from the VB to the CB. (Figure 1.1) When the
absorption of the photon energy is greater than the Eg, the excitation of the negatively charged
electron (") leaves behind an orbital hole (h*) in the VB. The presence of an electric field
may then potentially mobilize the e and h* to produce a current, but their lowest energy state
is an electrostatically bound e/h* pair, known as the exciton. The relaxation of the excited
electron back to the valence band destroys the exciton and is a process known as e/h*

recombination.?®
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Figure 1.1: Electronic energy states of a semiconductor showing the transition between
molecules to QDs and bulk materials.
The exciton has a defined size within the crystal defined by the Bohr radius (ag). The Bohr
radius of the bulk exciton depends on the effective masses of the electrons m, and holes my,

and on the high-frequency dielectric constant of the material, €: (Equation 1.1)

-] 1.1

If the size of a semiconductor nanocrystal is smaller than the size of the exciton, the charge
carriers become spatially confined, which raises their kinetic energy.?® Therefore, the exciton
size defines the transition between the regime of bulk crystal properties and the quantum
confinement regime, in which the optical and electronic properties are dependent on the

nanocrystal size.

1.2.2. Optical and electronic Properties of nanocrystals

The most striking property of QDs is their massive change in optical properties as a function
of size. A well-known demonstration of the size-dependant properties of QDs is the colour
change witnessed in the aqueous solutions of CdSe/ZnS QDs dispersed in toluene (UV light
irradiation) with decreasing particle sizes (Figure 1.2).*° As size is increased, the electronic
excitations shift to a lower energy, and the oscillator strength is no longer concentrated into

just a few transitions.*
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Figure 1.2: A display of the size-quantization effect as a color change of the aqueous
solutions of CdSe/ZnS QDs. The particle sizes increase from left to right.*°

QDs with diameters ranging between 1-20 nm have become a major interdisciplinary area of

research interest. Efros et al.*?, Ekimov et al.**, Henglein et al.** and Brus et al.®

represent
QDs as a system lying in the transition regime between the bulk solid and molecules, and
report that the small dimensions of the nanoparticles result in properties differing from those
seen in the corresponding bulk materials. The reasons for this behaviour is reported to be due
to two fundamental factors.*® The first is described as the high dispersity of nanocrystalline
systems; the ratio of surface atoms to those in the interior is reported to increase as the
particles get smaller, which results in surface properties playing an important role in the
physical and optical properties of QDs. The second incident is related to the actual size of the
nanoparticles. The change in electronic properties of semiconductor nanocrystals is
inevitable; as the sizes of the particles become smaller, the band gap gradually increases as a
result of quantum confinement effects.®” This effect is a result of charge carriers that are
treated as “particles in a box”, where the size of the box is given by the dimensions of the
crystallites that gives rise to the valence and the conduction band splitting into discrete
energy levels rather than a continuous band as in the corresponding bulk material.*® The
coulombic interaction in these materials cannot be neglected; they have higher kinetic energy
compared to their bulk counterparts. The major consequence of the quantum confinement
effect in semiconductors is an increase of the apparent band gap with decrease of the particle
size which is experimentally observed as a blue shift in the absorption onset.*® This
prediction has been confirmed experimentally for a wide range of semiconductor

nanocrystallites. 2" 364043
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1.2.3. Nanoparticle preparation methods

Since the discovery of QDs, investigations into their synthesis in order to tailor their
properties by controlling their sizes and shapes have been well documented.** Particle sizes
and the method of nanoparticle preparation determine the physical, optical and electronical
properties of QDs produced, giving scientists the ability to uniquely change the electronic and
chemical properties of a semiconductor material by simply controlling particle sizes and
preparative conditions used.*” While there are a number of reported methods of synthesis, not
all methods will work well for the preparation of well-passivated and mono-dispersed QDs.
In earlier works, Matijevic* reported on the development of reproducible synthetic methods
for near mono-dispersed colloidal particles. Over the years, significant progress on the
synthesis of semiconductor nanoparticle materials showing quantum size effects has been
achieved. The colloidal synthesis of nanoparticles in a suitable solvent medium is referred to
as a “bottom-up” way to achieve nanostructured systems. Ideally, synthetic routes should
yield desired particle sizes over the largest possible range, particles with narrow size
distributions, good crystallinity, controllable surface functionalization and high luminescent

quantum yields.?®

1.2.3.1. Colloidal synthesis of QDs

The synthesis of quantum dots dates back to the 19" century, with the preparation of colloids
of relatively monodispersed gold nanoparticles by Faraday.*® The availability of reliable
colloidal routes leading to QDs that are uniform in size, composition, shape and surface
chemistry is vital for both the study of their size-dependant properties and employment in
various applications.®” Earlier work was done on group 11-VI compounds that included CdS
and CdSe.*” Initially, the arrested precipitation method was used with the strategy of
“keeping the particles small”.*® The synthesis of highly monodispersed colloids was first
explained by La Mer et al. who suggested that seeds of very small particles would collide and
grow into larger ones, which are more thermodynamically stable, thereby resulting into
monodispersed particles.”® This process was termed Ostwald ripening. The driving force of
the Ostwald ripening process is the low solubility of nanoparticles which can be achieved by
an appropriate solvent, temperature, passivating agent and pH. Brus et al.>® described the
process for the synthesis of CdS nanoparticles, which involved the reaction between aqueous
solutions of CdSO,4 and (NH4),S. Nucleation kinetics was altered using pH in order to control

the sizes of the nanocrystalline CdS particles. The method was reported to work well in the
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growth of some nanoparticles and failed for others due to air sensitivity and poor

crystallinity of the material.™*

1.2.3.2. Synthesis of QDs in a structured medium

More recently, synthesis in a structured medium have appeared in literature. Nanoparticles
are reported to grow in host materials that have defined spaces within their structure, with the
host materials acting as chambers. These include preparing nanoparticles using zeolites,
micelles, sol-gel system, polymers and molecular sieves.*® The downfall of this method is
that the host structure degrades upon the formation of the nanoparticles with particle
dimensions being decided by the restricting material. The disadvantage of this method is
the use of aqueous solvents and materials which could lead to particle degradation with

time.

1.2.3.3. Organometallic routes

A popular method for the preparation of high quality nanoparticles is the molecular precursor
method which uses organometallic and/or metal organic compounds under anaerobic
conditions. This method was first described by Murray et al. in 1993.*" In this method,
(CH3),Cd was dissolved in tri-n-octylphosphine oxide (TOPO) and a chalcogenide source,
trioctylphosphine selenide (TOPSe), the solution was injected into a hot TOPO solution at
temperatures varying from 120 °C to 300 °C. The method produced TOPO-capped
nanocrystallites of CdSe of high quality and low defects. However, this method made use of

hazardous material, (CH3),Cd, introducing drawbacks for the method.

1.2.3.4. Single-source precursor method

The single-source precursor method is a modification of the organometallic method report
above where less toxic precursors are used. Originally, most potential single-molecular
precursors were intended for use in the growth of semiconductor thin films from chemical
vapour deposition (CVD) techniques but their low volatility and lack stoichiometric control
put them at a disadvantage. Among others, Barron et al. used the gallium and indium
selenium clusters, [(‘Bu)GaSe]s and [(EtMe,C)InSe], to produce nanoparticles.”® Because of
the already present metal-chalcogenide bond within the precursor, this method provides the
opportunity to form QDs in a one-pot step which possesses great advantages over the

traditional methods. One of the method’s most attractive advantages is the ability to avoid the
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use of volatile and toxic precursors. In addition, synthesis can be achieved at lower
temperatures (up to 300 °C).3" Because this method is performed under anaerobic
conditions, the resulting nanoparticles are moisture stable. The single source precursor
method is considered a facile, reproducible route for well-defined nanocrystals.>®

The use of single-source precursor method has provided researchers with a simple route to
high quality, air stable and low toxicity samples of nanoparticles.>® This method has been
extensively studied by researchers, amongst many, Trindade and O’Brien used cadmium
dithio and diselenocarbamate (CH,NSe,/CH,NSe;) complexes as precursors for the
preparation of TOPO-capped CdS/CdSe QDs.” They reported that the formation of
nanoparticles is driven by the decomposition of precursors and the termination of
growth occurs when the precursor supply is depleted. In their earlier works, O’Brien and
group prepared metal complexes of bis(alkyl/selenocarbamato)Cd(Il)/Zn(1l) and
thermolyzed the complexes in TOPO to give metal sulphide and metal selenide
nanoparticles.”® There have been several other types of precursors having a metal sulphide
bond that have been used for the preparation of metal sulphide nanoparticles. Xanthates and
dithiocarbamates are very close in structure making them the ideal precursors for
metal sulphide nanoparticles. Metal sulphide nanoparticles of different morphologies (M =
Cd, Zn, Hg, Pb, Ni, Cu, Mn) have also been synthesized using metal alkyl xanthates in
hexadecylamine (HDA).>" The reaction time, temperature and concentration were used to
achieve size and spectroscopic tuneability of the particles. Nair et al.*® also used a Cd(ll)
complex of dithiobiurea, [Cd(NH,CSNHNHCSNH,)CI,], the precursor was decomposed in
tri-n-octylphosphine oxide to give CdS nanoparticles that show quantum confinement effects
with characteristic close to band edge luminescence, with narrow size distribution. Trindade
and O’Brien have also synthesized PbSe and PbS by using various dithio and
diselenocarbamates. Metal complexes of alkylthioureas have also proven to be very good
precursors for quantum dot synthesis.>® A series of Cd(Il) complexes with N-alkyl/aryl and
N,N’-dialkyl/aryl thioureas have been synthesized by Moloto et. al.>® From studies they
performed, they discovered the possibility of nanoparticles giving a mixture of sulphides of
two major stoichiometry’s, CuigS and Cu3S16.°° The morphology of the particles they
produced was well-defined, triangular and hexagonal in shape. Bruce, Revaprasadu and Koch
have been successful in synthesizing Cds and CdSe nanoparticles using bis(N,N-diethyl-N’-
benzoyl/seleno thioureato)Cd(l1) complexes as precursors.®® Their nanoparticles were HDA-

stabilized and took on a spherical shape. They noted that the selenourea analogue was
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somewhat less thermodynamically stable compared to the corresponding acylthiourea
analogue over a range of increasing temperature. This, to them was a confirmation of a

thermodynamic growth control of CdS and CdSe from these precursors.

More recently, O’Brien et al.®* have used bis(dialkyldithio/diselenocarbamato) cadmium and
Zinc (11) compounds as single-molecular precursors in the growth of 11-VI thin films by low-
pressure and aerosol-assisted CVD. These compounds have been shown to be good
precursors for the preparation of nanoparticles, a process that involves their decomposition in
a high boiling point coordinating solvent (Lewis base) such as tri-n-octylphosphine oxide
(TOPO) or hexadecylamine (HDA), as shown Figure 1.3.

R
Se
AN TOPO eat Heat
Cd—Me| ——— Nucleation ____ >
/ Heat of CdSe  Growth Growth
R Se
L J2

Figure 1.3: A theoretical decomposition schematic for the preparation of TOPO-capped
CdSe using a general single-source precursor.

Thiourea and N,N -diethyl-N-acylthiourea complexes of zinc have gained much attention
over the years for their potential use as single-source precursors.”® Their easy preparation and
diverse coordination modes to the metal centre make them a very interesting point of study.
They have the potential to coordinate to metals through the sulphur atom of the C-S group,
the oxygen of the C-O group (acylthioureas) and the nitrogen atom of the N-H groups.*®
Sufficient studies have shown that the coordination proceeds through the oxygen and sulphur
atoms and that they are good precursors for the preparation of metal sulphide nanocrystals.®®
Acylthioureas can be described as versatile ligands capable of binding to a wide variety of
metal ions in different coordination modes to form stable complexes.** The complexing
abilities of these ligands are very good since the oxygen, nitrogen, and sulphur donor atoms
provide a vast number of bonding possibilities.®® Acylthioureas can be considered as
substituted analogues of B-diketones acting as potential S,0-donor ligands.®. Three different
coordination modes have been found so far for acylthiourea ligands with transition metal
complexes. They may be mono-, di-, or tetra substituted derivatives depending on the extent

of the substitution on the nitrogen groups. Specifically, the mono-substituted derivatives may

Page | 9



have are monobasic bidentate or chelating mode (O, S) or neutral bidentate (O, N) modes,
which typically proceed with the deprotonation of the N-H in the ligand. Another reported
coordination mode is the neutral monodentate coordination which forms through the S donor
atom and proceeds without deprotonation.®” A study conducted by Westra et al. shows that
the majority of structurally characterized complexes where acylthiourea is the ligand,
act as bidentate O, S-monoanionic ligands.®® The coordination between the acylthiourea
derivative and metal ions is reported to proceed through a reaction where the amide group of
the ligand is deprotonated during complex formation.®® In recent years, a variety of metal
complexes having thiourea ligands have been prepared and probed as useful intermediates
used in environmental control and as ionophores in ion-selective electrodes.”® New properties
and applications for these metal complexes involve interesting luminescent properties’ and

their ability to function as precursors for metal sulphide nanoparticles, among others."

1.2.3.5. Growth Mechanism of nanocrystals

The growing demand to obtain well-passivated nanoparticles of great quality and narrow
particle size distribution is met largely by the solution route synthesis of the nanocrystals,”
due to the ease of implementation and flexibility associated with it. Understanding the
coarsening processes that lead to the growth of the minority phase within the majority phase
results in a deeper understanding of how the average sizes and size distributions depend on
the reaction parameters.’ In recent times, there has been a renewed interest in understanding

the growth process of the solid phase within another solid in aqueous media.

(@ Nucleation

The formation mechanism of nanocrystals in colloidal synthesis is governed by nucleation
and growth processes. It has been shown that nucleation is a crucial parameter for
determining the size distribution of the particles. Therefore, it is essential that it takes place
very quickly. This may be easily achieved in hot injection methods where nucleation occurs
immediately after injection of the precursor into the solvent. The nucleation process can
either be homogeneous or heterogeneous. In homogeneous nucleation, metal ions are reduced
in order to create a critical composition of atomic species. Nucleation begins when the
concentration of the atomic species is above a critical level. The process will occur by rapid

consumption of the reactants. Subsequent to that growth process will occur on the pre-
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existing nuclei. Further nucleation is ceased by a drop in the concentration reactants to below

the critical limit as depicted in Figure 1.4.>
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Figure 1.4: A schematic diagram that represents and illustrates La Mer’s theory on

nucleation.”

(b) Growth

Soon after La Mer interpreted the model for nucleation on monodispersed nanoparticles,
Reiss developed a growth model known as growth by diffusion.’”® In his model, he suggested
that the growth of spherical particles depended on the monomer flux supplied to the particles
only. He further explained that if indeed the diffusional growth is only dependant on the
monomer flux, smaller particles will grow faster in the presence of larger ones resulting in
narrow size distributions of nanocrystals (size focusing). The mechanism was however too
simplified as it did not account for effects such as aggregation, coalescence and dissolution
(Ostwald’s ripening). Sugimoto et al.”*further quantitatively extended Reiss’ model by
including dissolution effects obtaining a size-dependent growth rate by considering the
Gibbs-Thomson equation. Experimentally, Alivasitos and co-workers also deduced a size
focusing and defocusing behaviour of the size distribution for the hot injection synthesis of
CdSe QDs.” In summary, a colloidal particle grows by a sequence of monomer diffusion
towards the surface followed by reaction of the monomers at the surface of the nanocrystal.
Coarsening effects, controlled either by mass transport or diffusion, are often termed the
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Ostwald ripening process. This diffusion limited Ostwald ripening process is the most

predominant growth mechanism and was first quantified by Lifshitz and Slyozov.”

1.2.4. Size Control of the nanocrystals

To maintain sustainability, future electronic material must deliver desirable optoelectronic
properties while containing the abundant and benign elements. In order to maximize their full
potential in respective applications, size tuneability is an important character of QDs as
properties are largely size dependent. Attempts to control colloidal QDs have been made
through optimizing reaction parameters such as the length of the reaction, synthetic
temperature, precursor concentration and capping agents employed in the synthesis of QDs.

In optimizing time and temperature, careful monitoring is required for a given synthesis.’®
Many reports have shown that increasing reaction time and temperature results in the growth
of nanoparticles sizes as a result of Ostwald’s ripening.”® One such investigation that was
performed by Tang et al.®® reported the synthesis of copper indium gallium selenide
nanoparticles using hot injection method. The formation of the nanoparticles is made by a
rapid injection of precursors in oleylamine at elevated temperatures. However, higher
injection temperatures such as 270 °C favored the growth of larger particles. Controlling the
concentration of precursors and employing various capping agents has been reported to affect
the sizes and shapes of nanoparticles.®!

1.2.5. Applications in photocatalysis

Heller’s early works that focused on the development of semiconductor
photoelectrochemistry has assisted tremendously in the development of photocatalysis.’®®
The use of semiconductor nanocrystals as photosensitizers for the complete degradation of
pollutants by oxygen continues to be a growing interest in recent years.®® Because of their
unique electronic structure characterized by a filled valence band (VB) and an empty
conduction band (CB), semiconductors are able to make use of the solar energy to break
down organic compounds in wastewater. Ideally, an efficient photocatalyst should be stable
under air-saturated and water-rich environments as the photocatalytic reactions proceed under
these conditions, additionally, the photocatalyst should be able to remain physically and
chemically stable after multiple uses.®® Figure 1.5 shows a visual representation of the
mechanism by which photocatalysis follows. When a semiconductor nanocrystal is

illuminated by the sun, it absorbs photons with energy equal to or greater than its bandgap;
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the electrons in the filled VB are then excited to the empty CB. This excitation of electrons

results in the generation of a hole (h*) in the VB and the electrons (€) in the CB.%°

Photo-reduction

conduction band

charges
recombination

SUN A >E

valence band

Photo-oxidation

Figure 1.5: Photocatalytic activation of a semiconductor nanocrystal.®*

Upon the formation of the e/h", a series of reactions take place in order to facilitate the
degradation of the pollutant. The hole oxidizes the pollutant directly (Equation 1.2) or ionizes
the water to produce hydroxyl radicals, ‘OH. (Equation 1.3) These hydroxyl radicals are very

reactive and are capable of oxidizing a variety of organic pollutants.*®
h*+ organic dye — intermediate — CO, + H,O (1.2)
h*+H,0 — OH + H" (1.3)
The electron excited to the CB reduces the oxygen adsorbed on the photocatalysts to form
peroxide radicals followed by a number of steps forming H,O, or *OH radicals thus can
prevent the recombination of an electron-hole pair. (Equation 1.4(a) and (b))
HOO" + ¢ — HOO (1.4(a))

HOO + H*— H,0, (1.4(0))
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The «OH attacks organic compounds resulting in various reaction intermediates depending on
the nature of the compounds.*® The resulting intermediates further react with .OH to produce

final degradation products such as CO; and H,O. (Equation 1.5)
"OH + organic dye — intermediate — CO, + H,0 (1.5)

Since the early 1970’s, when Fujishima and Honda® revealed the possibility of hydrogen
production through water decomposition by photocatalysis, TiO, has been a subject of
growing interest in the academic and industrial fields.®’ In their work, the pair made use of
TiO, semiconductor photoanode coupled to a Pt cathode. They discovered that TiO, possesses
powerful oxidation capabilities as it is non-toxic, chemically stable and low-cost making it
the most efficient photocatalyst to date. Because TiO2 is a large bandgap material ( 3.2 eV
for the anatase and brookite phases and 3.0 eV for the rutile phase), it requires an excitation
wavelength that falls within the ultraviolet region, giving rise to a very low energy efficiency
in utilizing solar light.® The UV light only accounts for 5% of the sun’s energy compared to
the visible light (4 %) resulting in applications being limited to absorbing the small fraction
of the incident solar irradiation.® Due to this limitation, researchers have developed and used
several semiconductor photocatalysts that allow easy modification of their bandgaps for
applications in the treatment of wastewater pollutants and some of these include ZnO, ZnS,
WOs3, SnO, and CdS.** Wide bandgap materials such as ZnO and ZnS have particularly been
of interest due to their small sizes and high optical activity.® Similarly, the wide bandgap of
ZnO (3.37 eV)¥ and znS (3.7 eV)® limits light absorption to the UV region, however,
possible strategies to extend the photoabsorption of these materials by modifying the valence
band positions have been reported to narrow their band gap thereby increasing their
photocatalytic activity. Li et. al. have reported on the successful doping of ZnO nanoparticles
with Mn in order to narrow its bandgap and enhance the performance of the nanoparticles in
photocatalysis. Nitrogen doping studies were also performed on ZnS nanoparticles and results
showed an increased efficiency of these nanoparticles as photocatalysts.® While doping has
proven that its capabilities in bandgap narrowing, a simpler more effective way of valence
band modification could be to optimize reaction parameters while synthesizing these
semiconductor nanoparticles; these parameters could include time of synthesis, reaction
temperatures, varying precursor concentration and varying the capping agents used in the

nanoparticle synthesis.

Page | 14



1.3.  Project motivation

Since the discovery of TiO, for photo-electrochemical splitting of water in 1972,"" great
efforts have been directed towards the research of using TiO, as a photocatalyst due to its
characteristic powerful oxidation capacity, non-toxicity and chemical stability.® To date, the
TiO, photocatalyst has been considered one of the most efficient decontamination
technologies amongst available water-treatment plans. Even with its high efficiencies, the use
of TiO, has shown a number of limitations arising from its narrow photocatalytic region.*®
Some of these limitations include its poor affinity towards hydrophobic organic pollutants
resulting in slow photocatalytic degradations. TiO, aggregation during photocatalysis has
also been observed due to the instability of the nanosized particles, which hamper the light
incidence on the active centres and consequently reduce the catalytic activity. In addition,
TiO, has been shown to have fast recombination times.'® In order to maximize the utilization
of the visible light, several attempts to modify the TiO, catalyst have been made.?*# Efforts
to optimize the synthesis of the catalyst were explored,?? and an attempt to design and
develop the second generation TiO, with high separation abilities was attempted.® Several
countermeasures have been encountered in the process, those of which largely include short-
term efficiency of the catalyst, further decreasing the photocatalytic activity and high

modification and optimization costs, to mention a few.®

In the past two decades, the emergence of nanomaterials as new building blocks in
photocatalysis has attracted increasing attention. Wide band-gap nanomaterials such as ZnS
(340 nm) have not been studied in detail. Because of their characteristic wide band-gap, these
materials can only work under ultra violet light radiation, which accounts for a small part of
the solar energy.® However, quantum confinement effects in ZnS nanoparticles can result in
other advantageous properties such as long excitation lifetime which can minimize
recombination. In addition, colloidal synthesis of ZnS can result in capped nanoparticles
which can minimize agglomeration, result in small sizes and possibly have an affinity to

hydrophobic contaminants.
1.4.  Aim and Objectives

The aim of this project was therefore to synthesize and characterize ZnS nanoparticles from
Zn(ATU), and Zn(TU),ClI; for the photodegradation of rhodamine B.
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In order to fulfil the above-mentioned aim, the following objectives were identified:

Synthesis and characterization of the N,N-diethyl-N-benzoylthiourea ligand (ATU).
Synthesis and characterization of the zinc complexes of Acylthiourea and thiourea
(TU); Zn(ATU), and Zn(TU),Cl,.

Synthesis, characterization and optimization of the zinc nanocrystals from Zn(ATU),.
Synthesis, characterization and optimization of the zinc nanocrystals from
Zn(TU),Cl,.

Photocatalytic activity testing of the zinc sulfide nanocrystals obtained from both
Zn(ATU), and Zn(TU),Cl, against Rhodamine B and comparison to the photocatalytic

activity of commercial TiO, (anatase) and ZnO.
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Chapter 2: Synthesis and characterisation of
N, N-diethyl-N’-acylthiourea and thiourea zinc

complexes

2.1. Introduction

Thioureas and N,N-diethyl-N’-acylthiourea derivatives are interesting as single-source
precursors for semiconductor nanocrystals as they possess various potential donor sites.! The
presence of the oxygen, sulphur and nitrogen donor atoms of the multiple site reactive
systems provides a wide range of bonding possibilities,> consequently, resulting in the
possibility of forming either metal chalcogenide or a mixture. The acidic amide of the
acylthiourea ligand exposes the oxygen and sulphur donor atoms of the ligand resulting in the
ligand acting as a bidentate O-S-monoanionic ligands.® Although rare, coordination through
sulphur only has previously been observed in a few transition metal complexes.® The
monodentate coordination is stabilized by an intramolecular hydrogen bond formation

between the carbonyl atom and the NH group.

Cadmium complexes of thiourea and N-alkylthioureas have been used as precursors for the
preparation of cadmium sulphide nanocrystals.>® Studies showed that the alkyl substituted
thiourea cadmium complexes were very easy to prepare and air-stable for long periods of
time, which poses an economical and environmental advantage over previous methods that
have been used to synthesis semiconductor nanocrystals. Zinc (II) complexes of N,N’-
diisopropylthiourea and N,N’-dicyclohexylthiourea have also been found to be effective as
precursors for the preparation of hexadecylamine-capped ZnS nanoparticles.* Similarly, the
complexes were air-stable, easy to prepare and inexpensive. They were also reported to
pyrolyse cleanly to give high-quality ZnS nanoparticles. This chapter reports on the synthesis
and characterization of the thiourea (TU) and N,N-diethyl-N"-acylthiourea (ATU) complexes
of zinc (I). The thiourea and acylthiourea derivatives were varied to study the effect of the
electronic properties of the complexes and the quality of the resulting nanoparticles. Thiourea
has previously been used for the synthesis of zinc sulphide nanoparticles, however, to our
knowledge, no work has been reported on the thermolysis of the N,N-diethyl-N"-acylthiourea
complexes of zinc (I1). N,N-diethyl-N’-acylthiourea complexes consist of both the Zn-S and

Zn-0 bonds within the complex, which raises the questions of whether formation of one type
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of material over the other can be tuned or if both chalcogenide and oxide form, can the two
be separated, or is it possible to form core-shell structures? The aim of this chapter was to
therefore synthesize thiourea and N,N-diethyl-N-acylthiourea complexes of zinc (I1), for use
as single-source precursors for the synthesis of ZnS semiconductor nanocrystals.

2.2. Experimental
2.2.1. Instrumentation
'H NMR and 2D NMR experiments were done using a Bruker Avance 500 MHz
spectrometer. Infrared spectra were recorded on FT-IR Bruker spectrophotometer using ATR.
Melting points were determined using an Electrothermal 1A9300 Digital Melting Point
Apparatus. CHNS elemental microanalysis was performed on a Flash 2000 CHNS-O
Analyzer fitted with an Auto sampler. Mass spectrometry was obtained using a Advion
Expression L compact mass spectrometer. Single-crystal intensity data were collected at -100
°C on a Bruker APEX Il CCD area detector diffractometer with graphite monochromated Mo
K, radiation (50kV, 30mA). The collection method involved w-scans of width 0.5 ° and 512 x
512 bit data frames. The crystal structures were solved by direct methods. Non-hydrogen
atoms were first refined isotropically followed by anisotropic refinement by full matrix least-
squares calculations based on F2 Hydrogen atoms were first located in the difference map
then positioned geometrically and allowed to ride on their respective parent atoms. Software
used in this work were as follows: Data collection: APEX2’; cell refinement and data
reduction: SAINT; program used to solve and refine structures: SHELX-2014;® software used
to prepare material for publication: WinGX-2014.1° and PLATON."

2.2.2. Reagents

Ethanol, acetone and methanol were obtained from Kemical. Zinc chloride, thiourea,
potassium thiocyanate, benzoyl chloride, acetone and ethanol (analytical grade) obtained
from Aldrich, were used as purchased to prepare the precursors.

2.2.3. Synthesis of the N,N-diethyl-N’-benzoylthiourea ligand
The N,N-diethyl-N"-acylthiourea (ATU) ligand was prepared according to the general

1 as shown in Scheme 2.1. The method

procedure described by Douglass and Dains,*
involved a one-pot procedure where benzoyl chloride (3.50 mL) was added to a solution of

anhydrous acetone (50 mL) containing potassium thiocyanate (2.9332 g, 0.0302 mol). The
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mixture was stirred under reflux for 60 min and cooled to room temperature. Diethylamine
(3.12 mL) was added to the reaction mixture and stirred for a further 2 h. The final mixtures
were poured into a beaker of cold water to form crystals of the acylated thiourea in good
yields. The crystals were filtered, washed with water and then air dried.

0
i HN/_ I i
Cl_ KSCN @ALN=C=S — NH NN

Scheme 2.1: Schematic diagram showing the general procedure of the formation of the ATU

ligand

Yield: 4.9587 g, 70 %, m.p., 99 — 99.3 °C. FTIR (ATR)/cm™: 3288.15(N-H), 2779.88(C-H),
1647(C=0). *H NMR (8, CDCls) ppm: 8.32 (s, 1H, N-H), 7.84 (d, 2H, HY), 7.48 (t, 1H, H?),
7.40 (t, 2H, H%), 4.03 (d, 2H, H*, 3.61 (d, 2H, H*), 1.37 (t, 3H, H®), 1.30 (t, 3H, H*).
Elemental analysis calcd. (%) for C1,H16N20OS: C, 60.99; H, 6.82; N, 11.85; S, 13.57. Found
(%): C, 60.52; H, 6.32; N, 11.24; S, 12.77.

2.2.4. Synthesis of the Bis(N,N-diethyl-N’-benzoylthiourea) Zinc (11) complex

Bis(N,N-diethyl-N-benzoylthiourea) Zinc (II) was prepared according to the modified
method highlighted in Scheme 2.2 obtained from Moloto et al.'?>. The ATU ligand (2.5057 g,
0.01060 mol) and sodium acetate (0.8543 g, 0.01041 mol) were dissolved in minimum
ethanol (10 mL) and left to stir for 10 minutes at room temperature. A solution of zinc
chloride (0.7389 g, 0.005421 mol) in ethanol (5 mL) was added to the ligand solution and left
to stir for 24 h under reflux. The reaction was monitored using thin layer chromatography.
The solvent was removed by gravity filtration to yield a white precipitate which was dried

and recrystallized from ethanol by slow evaporation.
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H N 2. Ethanol
l\ NaAc

Scheme 2.2: A schematic diagram displaying the synthesis of the Zn(ATU), complex

Yield: 2.6965 g, 92.80 %, m.p. 135-141 °C. FTIR (ATR)/cm™: 2999.17(C-H), 1517.91 (C-
0). 'H NMR (8, CDCls) ppm: 8.19 (d, 4H, HY), 7.57 (t, 2H, H®), 7.35 (t, 4H, H?), 3.95 (q, 4H,
H%, 3.88 (g, 4H, H*), 1.35 (t, 6H, H°), 1.30 (t, 6H, H*). **C NMR (5, CDCl3) ppm: 131.40
(s, 1C, C*), 129.49 (s, 2C, C'), 127.78 (s, 2C, C*), 45.99 (s, 1C, C*), 45.83 (s, 1C, C%), 13.25
(s, 1C, C*), 12.78 (s, C, C°). Elemental analysis calcd. (%) for C24H3oN40,S,Zn: C, 53.77; H,
5.64; N, 10.45; S, 11.96. Found (%): C, 53.48; H 5.50; N, 9.94; S, 11.25. ESI* [M*]: 536.02
M/z

2.2.5. Synthesis of Bis(diaminomethylthio) Zinc(11) Chloride

The Bis(diaminomethylthio) Zinc(Il) Chloride complex was synthesized using high purity
grade zinc chloride and thiourea according to a procedure obtained from Rajasekaran et. al.*®
In a typical synthesis, ZnCl, (0.4491 g, 0.007037 mol) was dissolved in minimum distilled
water (5 ml) while thiourea (1 .0418 g, 0.01369 mol) was separately dissolved in minimum
distilled water (5 ml) as well. The zinc chloride solution was added to the thiourea solution
drop wise and refluxed for 3 hours. The reaction was monitored using thin layer
chromatography and terminated upon completion. The hot solution was filtered to get rid of
unreacted materials and left overnight to crystallize. The crystals were filtered, dried and
characterized by CHNS analysis, FTIR spectroscopy, *C NMR spectroscopy, single crystal
X-Ray crystallography and mass spectrometry to confirm synthesis.

Yield: 1.9342 g, 95.2 %, m.p. 154.8 — 155.1 °C. FTIR (ATR)/cm™: 2999.17(C-H), 1517.91
(C-0). °C NMR (8, 183.85 (s, 1C, HL'), 182.65 (s, 1C, Zn(TU).Cl,), Elemental analysis
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calcd. (%) for C,Hg CIoN4S,Zn: C, 8.32; H, 2.79; N, 19.42; S, 22.22. Found (%): C, 8.02; H,

2.63; N, 18.8; S, 21.26. ESI+ [M+]:: 288.56 m/z

2.3. Results and discussion

General synthesis steps that will be discussed in the following chapter:

a) Synthesis of the N,N-diethyl-N"-benzoylthiourea ligand
b) Synthesis of the Bis(N,N-diethyl-N-benzoylthiourea) Zinc (I1) complex

c) Synthesis of the Bis(diaminomethylthio) Zinc(l1) chloride

For ease of reference, Table 2.1 summarizes the complexes synthesized and their respective

ligands.

Table 2.1: Ligands and complexes synthesized with full and abbreviated names

Ligand name abbreviation

Complex name abbreviation

Q/LH)LN/\ ATU
§

N,N-diethyl-N-benzoylthiourea

Zn(ATU)

Bis(N,N-diethyl-N"-benzoylthiourea) Zinc (1)

S

Iy "

H,N NH,

Thiourea

HoN

/TN,

s Zn(TU),Cl,
cl ;‘n--s
CI/ \>—NH2
H,N

Bis(diaminomethylthio) Zinc(Il) Chloride

2.3.1. Characterization of the ATU ligand

Figure 2.1 displays the *H NMR spectrum of the ATU ligand. The *H NMR spectrum of the

ligand was assigned using assignments based on literature®* and confirmed using COSY
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(Appendix A Figure 1), **C NMR (Appendix A, Figure 2) and HSQC (Appendix A Figure 3)
experiments. The *H NMR spectrum of the ligand displayed an intense singlet at 8.32 ppm,
which was assigned to the NH proton. In the aromatic region, protons were observed at 7.84
ppm, 7.48 ppm and 7.40 ppm. The proton at 7.84 ppm was a doublet that integrated for two
protons and was assigned to H*, the proton observed at 7.48 ppm was a triplet that integrated
for one proton and was assigned to H*, and finally, the proton observed at 7.40 ppm was a

triplet that integrated for 2 protons and was assigned to HZ.
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Figure 2.1: *H NMR spectrum of the ATU ligand in CDCl; at 300 K. (Please note break
between 4.2 ppm and 7.1 ppm)

The two unresolved peaks observed at 4.03 ppm ad 3.61 ppm integrated for two protons each
and were assigned to H* and H*', respectively. The protons corresponded to the CH, groups
near the N atom. H* was assigned to the most deshielded CH, group as it was trans to the N
atom. The protons observed at 1.37 ppm and 1.30 ppm was due to the CHj3’s and was
assigned using COSY (Appendix A, Figure 1). The protons at 1.37 ppm intersected with H*
and the protons at 1.30 ppm intersected with H* which facilitated the assignment of H> and

H®, respectively.
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2.3.2. Characterization of Zn(ATU), complex

FT-IR spectroscopy was used to characterize and confirm the synthesized complex. FTIR
spectra of the free ligand and the complex are shown in Figure 2.2. The ATU ligand gave rise
to two characteristic bands in its FTIR spectrum which included the v(N-H) stretching bands
of the secondary amine which was observed at 3461 cm™ and the prominent v(C=0)
stretching of the carbonyl moiety at 1598 cm™. Complex formation lead to the loss of the N-
H proton resulting in the disappearance of the v(N-H) stretching mode and a shift of the
v(C=0) stretching to lower wavenumbers. This behavior is expected as a result of a decrease
in the double bond character of these groups. The thiocarbonyl v(C=S) stretching mode
should also display the shift to lower wavenumbers,™ but we cannot identify this shift easily
as this bond also falls within the finger print region (wavenumbers below 1500 cm™). The
bands seen at the center of 2987 cm™ which can be attributed to the v(C-H) stretching

frequency display no shift, which is in line with literature. *°

—_— ATU
1.1 5 Zn(ATU),

Transmittance (a.u)

0.1

T T T T T T
3500 3000 2500 2000 1500 1000

wavenumber (cm™)
Figure 2.2: Infrared spectrum of a) ATU (black) and b) Zn(ATU); (red).

In addition to the FT-IR spectral analysis, Zn(ATU), was further characterized using NMR
spectroscopy. The *H NMR spectrum of the complex is shown in Figure 2.3. The assignment
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of the 'H NMR of the metal complex was fairly straight forward as the ligand had already
been assigned. Zn(ATU); is a tetrahedral complex, only one half of the complex is accounted
for as the protons from the other half should be in exactly the same position due to a similar
chemical environment. In the *H NMR of the complex, a signal observed in the ligand at 8.32
ppm disappears, which was initially assigned to the proton from the N-H. This confirmed the
deprotonation of the ligand to form the complex. The doublet observed at 8.19 ppm
integrated for 4 protons and was assigned to H’, the triplet observed at 7.57 ppm integrated
for two protons and was assigned to H* and the triplet observed at 7.35 ppm integrated for 4

protons and was assigned H>.
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Figure 2.3: 1H NMR spectrum of the Zn(ATU), complex in CDCl; at 300 K. (Please note
breaks between 4.2 ppm and 7.1 ppm also between 1.8 ppm and 3.6 ppm)

The previously unresolved peaks observed in the region between 4.03 ppm and 3.61 ppm
shifted to multiplets at 3.95 ppm and 3.88 ppm and were assigned H* and H*, respectively.
The peaks were due to the CH, group nearer to the N atom and the shift was likely caused by
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the lack of sufficient rotational freedom about the N-C bond due to the nitrogen lone pair and
the delocalized electrons in the complex as compared to the previous intact thiocarbonyl
bond. As was in the ligand, the CH; group trans to the electron withdrawing N group was the
most de-shielded. The free rotation induced upon complexation also affected the methyl
(CH3’s) protons which were shifted to 1.35 and 1.30 ppm. The two triplets at 1.35 ppm and
1.30 ppm integrated for 6 protons each and were assigned using COSY.(Figure 2.4) In the
COSY, the triplet at 1.35 coupled to H*, facilitating the assignment of H> and the proton at
1.30 coupled to H*, which enabled the assignment of H> .
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Figure 2.4: 'H,'H COSY spectra of Zn(ATU)2 in CDCl; at 300 K where (a) is the
aliphatic region and (b) is the aromatic region.

So far, the assumption is that the protons from the aliphatic regions are H* and H* for the
CH, protons, and those from the CHs groups have been assigned H> and H>". Figures 2.5(a)
and (b) are enlarged spectra of HSQC spectrum of the Zn(ATU), where (a) is the aliphatic
region and (b) is the aromatic region. The HSQC was used to assign the *C NMR. From
Figure 2.5(a), it is clear that the proton at 3.95 ppm (H?), couples to the proton at 1.35 ppm
(H°); similarly, the proton at 3.88 ppm (H*), couples to the one at 1.30 ppm (H>). The
aromatic protons have been carefully assigned as well. Figure 2.5(b) shows us that the H*
protons at 8.19 ppm couple to protons at 7.57 ppm (H?). The proton at 7.35 ppm couples to
proton H>.
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Figure 2.5: *H, *C HSQC spectra of Zn(ATU), in CDCl; where (a) is the aliphatic
region and (b) is the aromatic region.
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From Figure 2.5 (a), it is evident that protons H* and H* correlate to the carbons at 45.99 and
45.83 ppm, hence assigned to C* and C*, respectively. Consequently, protons H> and H*>’
correlate to carbons C° and C” at 13.25 and 12.78 ppm. Protons H' are correlated to the
carbons centred at 129.49 ppm, thus the assignment of C. Protons H? correlate to the carbons
centred at 127.78 ppm, and to this we assign C?. Consequently, H® correlates to the carbon at
131.40 ppm, thus C>. The successful assignment of the HSQC NMR enabled the assignment
of the 3C NMR as seen in Figure 2.6.
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Figure 2.6: *C NMR spectra of Zn(ATU), in CDCl; at 300 K with an insert of an
enlarged view of the C** and C*>* carbons.

NMR spectroscopy unambiguously confirmed the synthesis of Zn(ATU),, furthermore, we
used crystallographic data as given is Table 2.2. Single crystals of Zn(ATU),, suitable for x-
ray diffraction were grown from an ethanol solution by slow evaporation at room
temperature. This yielded transparent crystals that were air stable with melting points in the
range between 135-141 °C in good yields. The structure of Zn(ATU), was consistent with
Infra-red and NMR spectroscopy. ORTEP diagrams of the complex are shown in Figure
2.7(a) and the packing diagrams were shown in Figures 2.7(b) and (c). Zn(ATU), has 8
molecules in the asymmetric unit because of the monoclinic crystal system. (Table 2.2) The
general distribution can be seen in the packing diagrams shown in Figures 2.7 (b) and (c).

The Zn atom of the complex was coordinated by two N,N-di(ethyl)-N’-benzoylthiourea

anions via the S- and O- donor atoms. Their coordination geometry is tetrahedral, with the
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tetrahedral angles being narrow 98.2 (2)° for O(1A)-Zn-S(1A) to a wide 113.1(2)° for
O(2A)-Zn-S(1A), which is expected for the presence two bulky benzoyl ligands in the
coordination sphere. Two polymorphs of the uncoordinated ligand, HL* have been reported
in literature'’ for comparison. Using this data, it is interesting to compare the former C=S and
C=0 double bond distances of 1.6767 (12) and 1.2188 (15) A, respectively with those given
in Table 2.3. A significant elongation of these bonds upon complexation is notable in the
molecule, where the C-S and C-O bond lengths are now 1.747(8) and 1.253(10) A,
respectively. These bonds display an intermediate character between a double and a single
bond length. The C-N bond due to the diethyl atoms attached to the N atoms are of single
bond character with a bond length of 1.317(11) A.
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(b) (c)

Figure 2.7: Molecular structure of Zn(ATU), where (a) is the ORTEP diagram and (b)

and (c) are the general packing diagrams.

In summary, we have confirmed that the coordination of the metal precursor to the free ligand
through the O- and S- donor atoms by FTIR spectroscopy; where we saw the disappearance
of the NH- stretching frequency upon the formation of the complex. The band corresponding
to the thiocarbonyl stretching also shifts to lower wave numbers upon complexation due to
the delocalization of electrons causing the bond to assume a one and a half bond character.
This intermediate character of the C-S and the C-O bonds are further confirmed by single
crystal x-ray diffraction where these bond lengths are in agreement with the FTIR. Even with
all this information, FTIR spectroscopy could only confirm the presence of the relevant
functional groups, but not the structure of the complex. Thus, we made use of *H, **C, DEPT
and 2D NMR spectroscopy to confirm the synthesis and confidently assign the protons and
carbons of the complex, Zn(ATU),. The correlation diagrams confirmed the explicit
assignment of our protons and carbons in the *H and C spectra, respectively. We have
further investigated the structure of our complex using single-crystal xrd. Figures 2.7 show us

the molecular structures of our complex.
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2.3.3. Characterization of the zinc thiourea chloride

Both Zn(TU),Cl, and HL? have previously been synthesized in literature'®, the FTIR spectra
of the thiourea ligand and complex are shown in Appendix A, Figure 1. The metal chloride
can bind to the thiourea ligand in two possible ways; coordination can happen through the N-
or the S- donor atoms of the ligand. However, it was previously ° been confirmed that v(NH)
bonds of thiourea are not significantly affected by upon coordination to the metal precursor,
which indicates that the metal coordinates through the S atom. The signals positioned
between 3000 and 3500 cm™ correspond to the stretching modes of the NH, grouping of the
thiourea. The bands from the thiourea ligand did not shift upon the formation of the complex,
which indicated that N-Zn bonds are not present in the coordinated species. The absorptions
observed at 1419 and 1089 in the thiourea spectrum correspond to the 1637 and 1110
absorption of the complex, respectively; these can be attributed to the N-C-N stretching
vibrations. The increase in the frequency indicates a greater double bond character of th C to
N bond when the complex forms. The bands due to the v(CS) stretching frequency for the
ligand were seen at about 638 and 519 cm™ and were shifted to lower frequencies upon
coordination to 632 and 505 cm " for the complex, respectively. The shift to lower
frequencies of v(CS) suggest the coordination of the metal is through the sulfur atom. Due to
the metal chloride binding through the S atoms, it has been reported that the *H NMR shows
little or no shift between the free and bound TU ligands, consequently, we have studied the
3C NMR to confirm the synthesis of Zn(TU),Cl,.The **C NMR of the Zn(TU),Cl, complex

and the ligand, are shown in Figures 2.8.
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Figure 2.8: *C NMR spectrum of a) Zn(TU)2CI2 and b) HL2 in DMSO-d6 at 300 K.
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The *C NMR of free TU shows a singlet at 183.85 ppm, upon complexation with the Zn

atom, the singlet shifts to 182.65 ppm. The shift is reported to be due to a lowering of the

C=S bond order, upon coordination, a shift of the electron density yields a partial double

bond character in the C-N bond.*® X-ray molecular structures in Appendix A, Figure 2,

confirm the coordination of the Zn atom through the S atom.

Table 2.2: Crystal data and structure refinement for Zn(ATU),

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

Absorption correction

Refinement method

Data / restraints / parameters

Cas Ho Ns 02 S, Zn
536.01

173(2) K

0.71073 A

Monoclinic

P 21/c

a=15.7415(3) A o= 90°.

b =20.9289(4) A B=103.1380(10)°.
c=15.9712(4) A v=90°.
5124.02(19) A3

8

1.390 Mg/m3

1.149 mm-1
2240

0.406 x 0.294 x 0.156 mm3

1.328 to 28.364°.

-19<=h<=21, -27<=k<=27, -19<=I<=21
54699

12778 [R(int) = 0.0645]

100.0 %

None

Full-matrix least-squares on F2
12778 /0/603
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Goodness-of-fit on F2 1.560

Final R indices [I>2sigma(l)] R1=0.1577, wR2 = 0.4093
R indices (all data) R1=0.1984, wR2 = 0.4282
Extinction coefficient n/a

Largest diff. peak and hole 12.742 and -1.306 e.A-3

Table 2.3: Bond lengths [A] and angles [°] for Zn(ATU),

C(1A)-O(1A) 1.253(10)
C(1A)-S(1A) 1.747(8)
C(1A)-N(1A) 1.317(11)

O(1A)-Zn(1A)-S(1A) 98.2(2)
0(2A)-Zn(1A)-S(2A) 113.1(2)
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Chapter 3: Synthesis and Characterization of
ZnS nanocrystals from Zn(ATU),

3.1. Introduction

Waste water from textile, paper and other industries contain harmful residual dyes as they are
not readily biodegradable.! Purification techniques such as ozonisation and chlorination have
previously been used but they possess a number of disadvantages.? Among the various
physical, chemical and biological techniques for treatment of waste water, semiconductor
photocatalysis has been identified as a cost-effective alternative for water purification. A
variety of semiconductor catalysts has been developed and utilized.® Their small sizes and
good optical properties also make them interesting and advantageous for application in
photocatalysis.* Several semiconductor photocatalysts have been used for the treatment of
waste water pollutants and these include TiO,, ZnO, WOs;, CdS and ZnS.®

Because of their size-dependent properties, a certain care has to be taken during the synthesis
of these semiconductor nanocrystals.® While they have been synthesized using various
methods, the single-source precursor method is of particular interest as it already contains the
metal-chalcogenide bond within the molecular precursor thus leading to a more controlled
synthesis of the nanoparticles. The single-source precursor method involves the thermolysis
of a molecular precursor in a high boiling solvent to yield the desired nanocrystals.
Acylthiourea complexes have been identified as good molecular precursors in the preparation
of semiconductor nanocrystals. Saeed et al.” have shown studies on the successful synthesis
of symmetrical and unsymmetrical nickel (II) complexes of N-(dialkylcarbamathiol)-nitro
substituted benzamide as single-source precursors for the deposition of nickel sulfide
nanoparticles. In their studies, they used the aerosol-assisted chemical vapour deposition to
synthesize the nanoparticles. Similarly, Bruce et al.® also showed the thermolysis of (N,N-
diethyl-N’-benzoylselenoureato)Cd(ll) complexes and their sulphur analogues to achieve
CdSe and CdS nanoparticles, respectively. In both studies, it was evident that the metal
complexes had the potential to form either, or both the metal oxides or metal selenide/sulfide
particles, however, reports showed that the metal chalcogenides were the preferred products.
Bruce et al. also investigated the thermolysis of the (N,N-diethyl-N’-

benzoylselenoureato)Zn(ll) complexes and their sulphur analogues. In her studies, she
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showed that ZnSe formed at reaction temperatures between 325 °C and 475 °C, however,
ZnO formed at lower temperatures. Furthermore, using the sulphur analogue allowed the
deposition of the crystalline ZnS in the hexagonal phase at temperatures of 400 °C and 475
°C and the lower temperatures yielding the cubic ZnS phase. As a “proof of concept”, Bruce
further thermolized (N,N-diethyl-N’-benzoylthiourea)Zn(ll) at 150 °C for 60 min, in her
studies, she confirmed the synthesis of cubic ZnS nanoparticles from this method. The
preliminary investigations she conducted on the use of other N,N-dialkyl-N’-
benzoyl(thio)selenourea metal complexes as single source precursors revealed that both
(N,N-diethyl-N’-benzoylselenoureato)Zn(ll) and its sulphur analogue showed the potential as
single source precursors for the formation of ZnO and ZnS nanoparticles respectively.®?
Herein, in this chapter, the (N,N-diethyl-N’-benzoylthiourea)Zn(ll) (Zn(ATU),, Figure 3.1)
has been used as a single-source precursor for colloidal synthesis of ZnS nanoparticles.
Parameters such as time, temperature, precursor concentration and capping agents were
varied to study their effect on the properties of the nanoparticles and to modify these

conditions to produce well-passivated ZnS nanoparticles.

Figure 3.1: A structure of Zn(ATU)2.

3.2. Experimental procedures

3.2.1. Chemicals
Oleylamine (OAm), dodecanethiol (1-DDT), tri-n-octylphosphine oxide (TOPO),
hexadecylamine (HDA) and trioctylphosphine (TOP) were purchased from Sigma Aldrich
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and used as received. Toluene, ethanol, acetone and methanol were obtained from Kemical
and used as received. Thiourea was (analytical grade) obtained from Sigma Aldrich and was

used as purchased to prepare the precursors.

3.2.2. Synthesis of ZnS nanoparticles using Zn(ATU), complex as a

single-source precursor
The ZnS nanocrystals were synthesized according to the method outlined in Scheme 3.1. The
synthesis of ZnS nanocrystals using Zn(ATU), as a single-source precursor was optimized by
varying certain reaction parameters to achieve the best nanoparticle size and good dispersity.
A series of experiments focussing on optimizing the time, temperature, precursor

concentration and coordinating solvent were performed.
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Scheme 3.1: A scheme showing the thermolysis of Zn(ATU), in the presence of a

capping agent to form metal chalcogenides.

In a typical experiment, OAm (3.71 mL) was degassed at 100 °C for 15 min and heated to
160 °C. 0.2014 g of the precursor was quantitatively transferred into the hot OAm. Upon
contact of the solid precursor and the OAm, a slight decrease in the temperature of the
solution was noted. The solution was allowed to stabilize at 160 °C and aliquots were
obtained at 5 min time intervals from 5 min to 30 min. The reaction was then terminated and
the resulting solutions were allowed to cool to 70 °C, methanol was then added to the
solution to form a white precipitate. The precipitate was separated from the mother liquor by
centrifugation and the particles were washed several times with methanol, and then air-dried
to yield OAm-capped ZnS nanoparticles. Time, temperature, concentration and capping
agents were varied and the conditions are tabulated in Table 3-1, 3-2, 3-3 and 3-4.
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Table 3-1: Reaction parameters for time experiments

Samples Precursor: Temperature Time (min) Coordinating
capping agent solvent
molar ratio

A 11 160 °C 5 OAm

A 11 160 °C 10 OAm

Aj 11 160 °C 15 OAm

Ay 11 160 °C 20 OAm

As 11 160 °C 25 OAm

Ag 1:1 160 °C 30 OAm

Table 3-2: Reaction parameters for temperature experiments

Samples Precursor: Temperature Time (min) Coordinating
capping agent solvent
molar ratio

A, 1:1 160 °C 20 OAmM

B 1:1 180 °C 20 OAmM

B> 1:1 200 °C 20 OAmM

Bs 1:1 220 °C 20 OAmM

By 1:1 240 °C 20 OAmM

Bs 1:1 260 °C 20 OAmM

Table 3-3: Reaction parameters

experiments

for the precursor: capping agent molar ratio

Samples Precursor: Temperature Time Coordinating
capping agent solvent
molar ratio

B, 1:1 200 °C 20 min OAmM

Cy 2.5:1 200 °C 20 min OAmM

C, 5:1 200 °C 20 min OAm

Cs 7.5:1 200 °C 20 min OAm

Cy 10:1 200 °C 20 min OAmM
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Table 3-4: Reaction parameters for the coordinating solvent experiments

Samples Precursor: Temperature Time Coordinating
capping agent solvent
molar ratio

Ci 2.5:1 200 °C 20 min OAm

D 2.5:1 200 °C 20 min HDA

D, 2.5:1 200 °C 20 min 1-DDT

D3 2.5:1 200 °C 20 min TOPO

3.2.3. Characterisation techniques

3.2.3.1. Optical characterization

The optical properties of the materials were determined by placing the toluene dispersion of
the nanoparticles into quartz cuvettes (1 cm path length). A Perkin Elmer Lambda 75S UV-
Vis—NIR Spectrophotometer was used to carry out the optical measurements. A Perkin Elmer
LS55 with a xenon lamp (150 W) and a 152 P photo multiplier tube as a detector was used to
measure the photoluminescence of the particles.

3.2.3.2. Electron microscopy

The transmission electron microscopy (TEM) images were obtained using a Technai G2
TEM Spirit operated at 200 kV. The samples were prepared by placing a drop of a dilute
solution of the sample in toluene onto carbon-coated copper grids. The samples were allowed

to dry completely at room temperature.

3.2.3.3. Powder X-Ray diffraction

X-Ray diffraction (XRD) patterns of powdered samples were measured on Bruker D2 Phaser
desktop diffractometer equipped with a LYNXEYE PSD detector (set to measure a 5° 20
angular range), 2.5° primary and secondary beam Soller slits, and Co X-ray micro-source (Ko
with L = 1.78897 A) operated at 30 kV and 10 mA. The goniometer radius of the
diffractometer was 70.7 mm. The instrument was also fitted with a secondary beam Fe filter
to attenuate Kf3 radiation and a 3 mm air-scatter slit. Diffraction data were collected in the 26
range 10-90° in 0.0260° steps and at a count time of 0.5 sec/step. Particle sizes were

estimated using the Debye-Scherrer equation (Equation 3.1),
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T = KA
_BCOSB

(3.1)

where:
e 1 is the mean size of the ordered (crystalline) domains.
e K is a dimensionless shape factor, with a value close to unity. The shape factor has a
typical value of about 0.9, but varies with the actual shape of the crystallite.
e ) is the X-ray wavelength.
e [} is the line broadening at full width at half the maximum intensity (FWHM), after
subtracting the instrumental line broadening, in radians.

e 0 is the Bragg angle (in degrees).

3.3. Results and discussion
3.3.1. Effect of time on the properties of ZnS
3.3.1.1 Structural properties

The effect of time on the properties of semiconductor nanoparticles is a well-studied
discipline. Ostwald’s ripening is considered a vital threshold to overcome when optimizing
reaction parameters such as time and temperature.’® The ripening effect results in smaller
crystals dissolving and recrystallizing on larger more stable crystals, as a result, longer
reaction times are associated with larger crystals. 1> A study on the on the size and shape
determining properties of CdS previously showed a successive growth of particles with
time.'* The effect of time on the properties of ZnS nanoparticles synthesized from Zn(ATU),
has not been reported.

X-Ray diffraction studies were conducted to unambiguously confirm the type of
nanoparticles obtained from the single-source precursor and also to establish the crystal
phases of the particles formed. The XRD patterns obtained from the different times are
depicted in Figure 3.2. The diffractograms from all the samples showed three peaks that were
indexed to a cubic zinc blende phase (JCPDS card: 01-089-2427). The peaks corresponded to
crystals planes at (111), (220) and (311). The XRD patterns gave broad peaks which were
indicative of small sizes of the nanoparticles obtained. The Scherrer equation was used to
estimate the crystallite sizes of the ZnS across all time intervals. The particles collected after

5 min and 10 min had average crystallite sizes of 2.56 nm and 2.55 nm respectively. At 15
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min, the average crystallite size was 4.32 nm, with sizes dropping again at 20 min to 2.31 nm
and slightly increasing for samples taken at 25 min (2.63 nm) and 30 min (2.75 nm). The
nanoparticles are believed to grow as a result of crystal formation and the size drop is
explained as due to nanoparticle precipitation.’* This phenomenon is due to nanoparticles
adsorbing non-specifically on to the surfaces of the growing crystals to physically slow down
their growth, as nanoparticles gradually adsorb over time on to the crystal surface, the rate of

the crystal growth also decreases.
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Figure 3.2: PXRD patterns of zinc sulfide nanoparticles collected from Zn(ATU), at (a)
5 min, (b) 10 min, (c) 15 min, (d) 20 min, () 25 min and (f) 30 min in OAm at 160 °C.

The morphology of the nanoparticles was investigated using TEM. The micrographs

displayed in Figure 3.3 showed the particles across all time intervals were needle-like in
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shapes. The TEM micrographs also revealed that the particle sizes were very small. This was
consistent with the trend obtained from the Scherrer calculations. It is important to note that
the Scherrer equation was developed to estimate crystallite sizes for spherical and cubic
particles where the shape factor K was estimated to be 0.89 and 0.94 for spherical and cubic
particles respectively, however, it is generally accepted that for unknown particles, the

estimated K value is 0.9.
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|

Figure 3.3: TEM micrographs of zinc sulfide nanoparticles collected from Zn(ATU), at
(@) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, (e) 25 min and (f) 30 min in OAm at 160 °C.
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3.3.1.2. Optical properties

The absorption and emission spectra of the ZnS nanoparticles synthesized at different times
are shown in Figures 3.4 (a) and (b), respectively and summarized in Table 3-5. The
absorption spectra of the samples showed that the particles had band-edges ranging between
325 nm and 338 nm. Table 3-5 shows that all the band-edges were blue-shifted from the bulk
band-edge of ZnS that is 340 nm; the blue-shift in the band-edges indicates that the sizes of
the nanoparticles were indeed in nanoscale regime and the excitons are under quantum
confinement. The 5 min, 10 min and 25 min samples had a tailing shape which is indicative
of a higher degree of poly-dispersity in these samples which was confirmed by the emission
spectra, where the FWHM values listed in Table 3-5 were relatively higher for the above-
mentioned samples. The emission Gaussian shape and relatively narrow size distribution in
the samples indicated minimal to no surface defects, however, the 15 min sample had a
broader emission peak, indicating a possible presence of surface defects perchance, caused by
vacancies in the larger crystals as suggested by the Scherrer equation. The emission maxima
were observed at 410 nm, which were red-shifted from the absorption spectra, also in
agreement with the UV-Vis spectra that the nanoparticles are in nanoscale regime. The

FWHM values revealed that the 20 min sample had a higher degree of monodispersity.
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Figure 3.4: (a) Absorption and (b) emission spectra (Aexc= 250 nm) of zinc sulfide
nanoparticles collected from Zn(ATU); at 5 min, 10 min, 15 min, 20 min, 25 min and 30
min in OAm at 160 °C.
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Table 3-5: Optical properties of ZnS nanocrystals of the time experiments synthesized
from Zn(ATU),

Time Band Edge Emission FWHM
(minutes) (nm) max. (nm) (nm)

5 325 410 93

10 325 410 91

15 338 410 77

20 326 410 69

25 327 410 80

30 328 410 77

3.3.2. Effect of temperature on the properties of ZnS
3.3.2.1. Structural properties

Using the optimal synthesis time of 20 min, a study on the effect of the reaction temperature
was carried out. The single-source precursor method offers an impressive advantage of being
able to control the properties of the nanoparticles by modifying the temperature. In her thesis,
J. Bruce® reports the use of Zn(ATU), as a single-source precursor for the deposition of ZnS
nanoparticles, temperature conditions in this study ranged from 250 °C to 475 °C, these
conditions were very high due to the Aerosol Assisted Chemical Vapour Deposition
(AACVD) method she uses. The method makes the use of very high temperatures and
complex processes, for that reason, the hot-injection method was used to study temperature
and other parameter variations for this study. In her work, N. Moloto®® reports that the
synthetic temperature is highly determined by the capping agent where, in this case, OAm has
a melting temperature of 21 °C and a boiling temperature of 364 °C and can thus be used
within this range, herein this section reports on the hot-injection of Zn(ATU), in OAm at
temperatures ranging from 160 °C to 260 °C, with 20 °C intervals between the temperatures.

The X-Ray diffraction patterns are displayed in Figure 3.5. The nanoparticles synthesized at
all temperatures were indexed to a cubic zinc blend phase (JCPDS card: 01-089-2427).
Increasing the temperature from 160 °C across to 260 °C, a successive increase in the
sharpness of the peaks is notable, which suggests that the crystallinity of our samples is also

increasing. This undoubtedly meant that as the temperature was increased, the particle sizes
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also increased. Using the Scherrer equation, average particle sizes from 160 °C to 260 °C
were estimated to be 2.31 nm, 3.95 nm, 2.21 nm, 2.23 nm, 2.32 nm and 2.35 nm,
respectively. The average particle sizes were seen to increase from 2.31 nm to 3.95 nm when
increasing temperature from 160 °C to 180 °C, thereafter, at temperatures 200 °C and 220 °C,
average particle sizes dropped to 2.21 nm and 2.23 nm, respectively and then increase again
at 240 °C and 260 °C to 2.32 nm and 2.35 nm respectively. This scenario when nanoparticles
increase in size until a certain threshold and then decrease again is described by Jiang et. al.*
as caused by the fusion growth process. This is explained as a phenomenon when
nanoparticles aggregate or come in contact and they fuse together like droplets to increase the
total surface energy and form larger particles, upon frequent collision (which can be caused
by increased temperatures), smaller particles are then formed from the bigger ones.™ The
growth of the nanoparticles after the formation of the smaller particles is then driven by

Ostwald’s ripening.
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Figure 3.5: PXRD patterns of zinc sulfide nanoparticles collected from Zn(ATU), at (a)
160 °C, (b) 180 °C, (c) 200 °C, (d) 220 °C, (e) 240 °C and (f) 260 °C in OAm.
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The morphologies of the nanoparticles were determined by TEM as shown in Figure 3.6. The
TEM micrographs show that the particles that were previously needle-like at 160 °C, became
rather undefined at 180 °C more like there is a transition between needle-like and spheres. At
higher temperatures, i.e. 200 °C, 220 °C and 240 °C, the particles became spheres. As the
temperature was further increased, the needle-like nature of the particles reappeared. It is also
interesting to note that as the temperature was increased, the particles seemed to be more
mono-dispersed. Also evident from the TEM is that there is an increase of nanoparticles sizes
from 160 °C to 180 °C, subsequently, a decrease in sizes from the 180 °C — 240 °C samples
is observed, however, there is a slight increase is observe for the 260 °C sample. These
observations are in agreement with the results obtained from XRD and the Scherrer
calculations. The fusion growth process is validated by the clear increase of the nanoparticle

sizes at 180 °C and the subsequent decrease in sizes from 200 °C onwards.
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Figure 3.6: TEM micrographs of zinc sulfide nanoparticles collected from Zn(ATU)2 at
(a) 160 °C, (b) 180 °C, (c) 200 °C, (d) 220 °C, (e) 240 °C and (f) 260 °C in OAm after 20

min
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3.3.2.2. Optical properties

The optical characterization of the ZnS synthesized at different temperatures is shown in
Figure 3.7 and summarized in Table 3-6. The absorption curves in Figure 3.7(a) range from
326 nm to 332 nm. According to the curves, the band edge of samples synthesized at 160 °C
that were previously 326 nm increased to 332 nm at 180 °C, which suggested that
nanoparticles increase in size at 180 °C. Thereafter, the band edges of the materials
synthesized at 200 °C and 220 °C decreased to 310 nm and increase again at 240 °C and 260
°C to 330 nm and 331 nm, respectively. The band edges of the nanoparticles synthesized
suggest the nanoparticles start by increasing in size at 180 °C, particle sizes dropped
dramatically at temperatures 200 °C and 220 °C, and then an increase was later observed
again when temperature was increased to 240°C and 260 °C. The trend observed in the band
edges of these nanoparticles and consequently the particle sizes, was well in agreement with
the trend observed in the TEM of the nanoparticles in Figure 3.6. From the optical spectra,
curves of nanoparticles synthesized at 200 °C and 220 °C were tailing as compared to the
curves obtained at temperatures 160 °C, 180 °C, 240 °C and 260 °C, the tailing behaviour of

the nanoparticles was indicative of poly-dispersed samples.

The photoluminescence spectra were displayed in Figure 3.7 (b). The peaks from all the
samples were red-shifted from their corresponding band-edges. The emission maxima for all
temperature samples was at 410 nm, the Gaussian curves being relatively narrow for all
samples except the samples synthesized at 260 °C which could be attributed to the
development of the needle-like nature of the nanoparticles seen in the TEM images in Figure
3.6 causing surface defects in these nanoparticles. It is important to note that the FWHM
(Table 3-5) decreases as temperature increases, suggesting that the particle size distribution
becomes more mono-dispersed with increasing temperature. These findings were in

agreement with the TEM observations in Figure 3.6.

Page | 56



100 -

(b)

754

Absorbance (a.u)
Intensity (a.u)
g
1

N
(3,
1

0 I I I I 1 1
400 500 600 700 300 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Figure 3.7: (a) Absorption and (b) emission spectra of zinc sulfide nanoparticles (Aexc=
250 nm) collected from Zn(ATU), at 160 °C, 180 °C, 200 °C, 220 °C, 240 °C and 260 °C
in OAm.

Table 3-6: Optical properties of ZnS nanocrystals of the temperature experiments
synthesized from Zn(ATU),
Temperature Band Edge Emission FWHM

(°C) (nm) max. (nm) (nm)
160 326 410 73
180 331 410 75
200 310 410 86
220 310 410 87
240 330 410 78
260 331 410 111

Evident from Figure 3.7 and Table 3-6, the optical properties of the nanoparticles at varied
temperatures showed that the preferred temperatures were both 200 °C and 220 °C, however
the 200 °C temperature was chosen to continue with precursor concentration studies for the
main reason of saving energy by using low temperature yet still obtaining well passivated

particles.
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3.3.3. Effect of precursor concentration on the properties of ZnS
3.3.3.1 Structural properties

Having determined the optimum temperature, ZnS nanoparticles were synthesized at 200 °C
for 20 min through varied precursor concentrations in OAm. The precursor and capping agent
ratios were varied according to 1:15, 2.5:15, 5:15, 7.5:15 and 10:15 ratios. The XRD patterns
of the synthesized particles are shown in Figure 3.8. The XRD patterns of the samples at a
1:15 ratio was indexed to the cubic ZnS (JCPDS card: 01-089-2427), however, the rest of the
samples were indexed to the hexagonal phase of ZnS (JCPDS card: 01-089-2212). The peaks
of the ZnS particles in XRD were largely broad, but for the 10:15 sample, there was a
presence of sharp peaks that were not indexed and were considered impurities. The
composition of these impurities could not be resolved; one could deduce that the impurities
could be due to unreacted inorganic materials that cannot be indexed.'®The ZnS peaks in the
10:15 sample had also shifted in comparison to the other ratios under study. This could have
been a result of defects forming in nanoparticles or impurities due to materials that might not
have reacted as the precursor concentration was high.'” The size of nanoparticles was
determined using the Scherrer equation where for ratios 1:15, 2.5:15, 5:15, 7.5:15 and 10:15,
average nanoparticle sizes were found to be 2.21 nm, 1.98 nm, 2.01 nm, 2.09 nm and 2.03 nm
respectively. Evident from particle size calculations, the nanoparticle sizes drop at the ratio of
2.5:15, and slowly increase when the concentration is increased to 5:15 onwards. The
increase in precursor concentration results in a reduced mean spacing between the molecules
and nanoparticles,'” which results in faster nanoparticle adsorption, consequently leading to

slower crystal growth.™
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Figure 3.8: PXRD patterns of zinc sulfide nanoparticles collected from Zn(ATU), at (a)
1:15, (b) 2.5:15, (c) 5:15, (d) 7.5:15 and (e) 10:15 in OAm.

The TEM micrographs of the synthesized ZnS at various concentration ratios revealed that
particles generally agglomerated with increasing concentration as shown in Figure 3.9.
Because nanoparticles have a high surface area to volume ratio, increasing the concentration
results in surface atoms exhibiting stronger attractive forces between their nearest neighbours
on the surface and hence the agglomeration witnessed™® in the TEM images, confirming and

agreeing with the results obtained from the XRD in Figure 3.8.
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Figure 3.9: TEM micrographs of zinc sulfide nanoparticles collected from Zn(ATU), at
(a) 1:15, (b) 2.5:15, (c) 5:15, (d) 7.5:15 and (e) 10:15.
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3.3.3.2. Optical properties

The UV-Vis absorption spectra of the ZnS prepared at different ratios were assembled in
Figure 3.10 (a). The particles synthesized gave blue-shifted absorption band edges which
ranged between 310 nm to 338 nm (Table 3-7). The particles synthesized gave blue shifted
absorption band edges suggesting strong quantum confinement effects. The band edges of the
concentration ratios from 1:15 to 10:15 were 310 nm, 310 nm, 312 nm, 313 nm and 315 nm
respectively. The concentration ratio of 1:15 and 2.5:15 showed the highest blue-shift of all
samples indicating the presence of smaller nanoparticles at these ratios; however the
absorption curve of the 1:15 sample showed some degree of tailing, indicating polydispersity
in the population of this sample, consequently, making the 2.5:15 ratios more favourable over
the 1:15 ratio. These results are well in agreement with the TEM results observed in Figure
3.9. The photoluminescence spectra of the considered ratios were red-shifted from their
corresponding band edges as shown in Figure 3.10 (b). The emission peaks were at maxima
of nearly 410 nm for all ratios, there were slight differences in the maxima of the emission
peaks (Table 3-7), from the emission maxima, it was noted that the more red-shifted the
emission peaks from the corresponding band edges, the smaller particles.’* The FWHM
values have been summarized in Table 3-6 and have revealed that the particles synthesized
with the ratio, 2.5:15 were more mono-dispersed and this was in agreement with the obtained
TEM results in Figure 3.9.
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Figure 3.10: (a) Absorption and (b) emission spectra of zinc sulfide nanoparticles (hexc.=
250 nm) collected from zinc (11) diethyl acylthiourea at 160 °C in OAm for various
ratios (1:15, 2.5:15, 5:15, 7.5:15 and 10:15)
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Table 3-7: Optical Properties of ZnS nanocrystals of the concentration experiments
synthesized from Zn(ATU),
Precursor: Band Edge Emission FWHM

capping (nm) max. (nm) (nm)
agent molar

ratio

1:15 310 410 86
2.5:15 310 412 74
5:15 313 410 73
7.5:15 315 410 69
10:15 318 413 70

3.3.4. Effect of capping agent on the properties of ZnS
3.34.1. Structural properties

Capping agents are often used in the colloidal synthesis of nanoparticles to inhibit
nanoparticle growth and aggregation as well as to control the structural characteristics of the
resulting nanoparticles precisely.*® Capping agents have also been reported to influence the
reactivity hence the nucleation of the particles by binding to the surface of the nuclei either
weakly or strongly. Additionally, they can have preferential attachment to specific
crystallographic planes consequently resulting in the growth of anisotropic particles.'® This
section seeks to determine the effect that varying the capping agent has on the resulting ZnS
nanoparticles, this was done by first replacing OAm with HDA and then with 1-DDT.

Scheme 3.2 shows the structures and the functional groups that each capping agent possesses.
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Scheme 3.2: Different capping agent molecules and their functionalities

Several attempts to study the effect of TOPO on the nanoparticles were unsuccessful, reaction
conditions were modified to try and produce TOPO-capped nanoparticles with fail. Reaction
times were extended, upon failure to produce any nanoparticles, then the reaction temperature
was increased and as a last resort, the precursor concentration was varied still with no
success. The crystallinity, phase composition and impurity detection of the synthesized ZnS
particles were studied using XRD. Figure 3.11 shows the XRD diffractograms of the
synthesized particles. As previously discussed, the XRD pattern of the OAm-synthesized
material was indexed to the hexagonal ZnS phase (JCPDS card: 01-089-2212). Similarly, the
DDT-synthesized sample was indexed to the same phase as the OAm sample. The HDA-
synthesized particles were also indexed to the hexagonal ZnS phase, with a different JCPDS
card number of 01-089-2145, indicating that the synthesized particles had different
crystallographic planes from those synthesized from the OAm and HDA sample.’® This
comes as no surprise as the structure of 1-DDT introduces the presence of a sulfur atom
(Scheme 3.2) that was previously not present in OAm and HDA hence changing the growth
and nucleation kinetics of nanoparticles in the DDT solution. The crystallite sizes were
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estimated from the Scherrer equation from the corresponding XRD diffractograms, these
gave average sizes of 1.98 nm, 1.95 nm and 2.33 nm for the OAm-, DDT- and HDA-
synthesized particles respectively.
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Figure 3.11: PXRD patterns of zinc sulfide nanoparticles collected from Zn(ATU); in (a)
OAm, (b) 1-DDT and (c) HDA after 20 minutes at 160 °C at a 2.5:15 ratio.

The TEM images displayed in Figure 3.12 showed that the nanoparticles were generally
spherical when using the three different capping agents. The population in all the three
samples was all fairly mono-dispersed. Evident from the micrographs, the HDA-synthesized
particles were much larger and more well-defined and the 1-DDT gave the smallest
nanoparticles in terms of size. The TEM results were well in agreement with the obtained

XRD patterns (Figure 3.11) that showed narrow peaks for the HDA samples indicating a
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higher degree of crystallinity and larger nanocrystals and much broader peaks from the DDT

and OAm samples indicating much smaller particles in this regard.

Figure 3.12: TEM micrographs of zinc sulfide nanoparticles from Zn(ATU), in (a)
OAm, (b) 1-DDT and (c) HDA after 20 minutes at 160 °C at a 2.5:15 ratio.

3.34.2. Optical properties

The optical absorption and photoluminescence spectra of the ZnS nanoparticles synthesized
in OAm, 1-DDT, and HDA were assembled in Figures 3.13 (a) and (b), respectively and

summarized in Table 3-8. The absorption curves showed that band edges of the samples
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synthesized from OAm, 1-DDT and HDA were 310 nm, 308 nm and 313 nm, respectively.
All band edges observed were blue-shifted from the bulk band edge of ZnS (340 nm)
indicating strong quantum confinement effects and also confirming and consolidating data
obtained from the XRD data (Figure 3.11) and TEM data (Figure 3.12). Particles synthesized
from 1-DDT had the highest blue-shift which was attributed to smaller particles. The
emission spectra in Figure 3.16 (b) showed that the peak due to OAm-capped nanoparticles
was broad compared to the ones due to the DDT and HDA-capped particles (FWHM in Table
3-8). The broad peak indicated that the OAm-capped sample had a higher degree of poly-
dispersity in their population; however, this was not visible in the TEM images (Figure 3.12),
which showed that populations from all samples were mono-dispersed. Nevertheless, some

particles did show some degree of elongation.
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Figure 3.13: (a) Absorption and (b) emission spectra of zinc sulfide nanoparticles (hex.=
250 nm) collected from zinc(ll) diethyl acyl thiourea at 160 °C for various capping
agents (OAm, 1-DDT, and HDA)

Table 3-8: Optical Properties of ZnS nanocrystals of the capping agent experiments
synthesized from Zn(ATU),

Capping Band Edge Emission FWHM

agent (nm) max. (nm) (nm)
OAm 310 410 78
1-DDT 308 410 52
HDA 313 410 53
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Time and temperature tend to affect the sizes of nanocrystals through Ostwald ripening as
stated earlier. The Ostwald ripening process is a thermodynamically driven spontaneous
phenomenon where smaller particles re-dissolve and deposit on energetically more favorable
larger particles.’ Figure 3.14 shows size dependency of the nanoparticles to reaction
parameters such time, temperature, concentration and the nature of the capping agent. It is no
surprise that the particles sizes are mostly affected by time and temperature whilst a nearly
linear trend is observed for the concentration and capping agent. The concentration and the
nature of the capping agent tend to have a marked effect on the shapes of the nanocrystals,
particularly if the reaction is under kinetic conditions. The kinetic growth regime is usually
achieved at low reaction temperatures with higher monomer concentration. The
thermodynamic growth regime tends to produce isotropic nanocrystals such as spheres
whereas the kinetic growth regime would produce anisotropic nanocrystals such as rods.?%
The chemisorption of the capping agent on the nanocrystal surface can also determine the
resultant morphology. The growth of the nanocrystal can be hindered on the chemisorbed
face hence resulting in directed crystal growth. Hexadecylamine, for instance, has been
shown to adsorb preferentially on the (100) crystallographic plane hence resulting in the
formation of nanorods.?> Whilst needle-like morphologies have been observed in this study, it
must be noted that their aspect ratios are quite small hence they constitute isotropic growth
with 3D confinement similar to spheres. Therefore, thermodynamic conditions are evidently
more prominent, consequently, the constant trend seen for concentration and capping agent

curves.
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Figure 3.14: Size trends of the nanoparticles extracted from XRD using the Scherrer

equation as a function of varying reaction conditions

As the time is increased from 5 to 15 min, there is an increase in particle sizes, a trend that is
readily observed in colloidal synthesis. As the time is prolonged to 20 min, a sharp decrease
in particle size is observed and thereafter a steady growth is observed from 25 to 30 min. The
growth of the nanocrystals can generally be divided into two stages. The first stage being the
burst nucleation followed by diffusional growth.”® The nuclei form from a supersaturated
solution of monomers. Over time, these nuclei can grow due to the Ostwald ripening process
through diffusion hence resulting in an increase in particle sizes. However, as the time
proceeds, there is a decrease in monomer concentration, resulting in nuclei falling way below
the supercritical sizes. This triggers another nucleation process with new nuclei forming and
growing overtime.’® This therefore results in separate size distributions which can be

extracted over time as seen in this case. Temperature can also be used to control the size of
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the resultant nanocrystal. At higher temperatures, the reaction is thermodynamically driven.
This therefore translates in such a manner that as the temperature of the reaction increases,
there is an increase in disorder. To overcome this disorder, the particles tend to coagulate
together and form bigger, stable particles.?* Hence the increase in particle sizes at 200 °C. As
the temperature is increased further, the average kinetic energy of the reaction is supposed to
increase, however, due to the bigger particle sizes, there is a slight decrease in kinetic energy,
thereby resulting in a minor increase in the particle sizes. The particles synthesized at 240 °C
and above show a slight decrease in sizes; this is probably due to the increase in the rate of

nucleation and diffusion which result in smaller nuclei.

3.4. Conclusions

Relatively small nanoparticles were obtained from the thermolysis of Zn(ATU),. Even with
the varied reaction conditions, the production of ZnS nanoparticles were favoured over the
ZnO nanoparticles. This can be attributed to the electron-rich nitrogen atom bonded to the
thiocarbonyl and the ethyl groups; the electron-rich nitrogen atom has the potential to donate
its electrons to the thiocarbonyl bond, resulting in a stronger bond between the Zn and the S
hence favouring the formation of ZnS. The influence of the time, temperature, precursor
concentration, and capping environments as parameters affecting the morphology and size of
the nanoparticles were investigated. It was observed that with the increase in time, particle
sizes increased while increasing the temperature had an influence on both the morphology
and the particle sizes. The morphology of the particles evolved from needle-like to an
undefined morphology and proceeded to become spherically shaped particles, while the
particle sizes increased with the undefined morphology and decreased with the spherical
particles. An increase in precursor concentration showed the evidence of increasing
agglomeration of the particles whilst the capping environment had an impact on the particle

sizes and the phase of the ZnS.
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Chapter 4: Synthesis and Characterization of
ZnS nanocrystals from the Zn(TU),Cl,

complex

4.1. Introduction

Thiourea (Figure 4.1a) and thiourea derivatives (Figure 4.1b) show diverse coordination
possibilities due to their conformational isomerism, their stearic effects and the presence of
multiple donor sites on their derivatives and intramolecular interactions.’ In addition, their
ability to coordinate to a range of metal centres as either neutral ligands?, monoanions® and
dianions* make them an interesting focus. Their ease of synthesis and ready modification of
the substituents on the nitrogen have rendered them previously quite fascinating. Recent
studies however, are more interested in the preferential coordination through the sulphur
donor atom instead of the nitrogen during complex formation, making these complexes easy

targets of sulphur sources in the synthesis of metal sulfides.

(@) S (b) S

HoN NH, RN NR,

Figure 4.1: The structure of (a) thiourea and (b) a general structure of substituted
thiourea ligands.

There have been many studies on thiourea and substituted thiourea coordinated to metals
through sulphur. Amongst several studies, Rosenheim and Meyer® have described the
coordination of Fe (I1) with thiourea and found that the complex formed through the sulphur
donor atom. In their long-standing research, Moloto et al.%" have also reported on a series of
N-alkyl substituted thioureas coordinating to metals that include lead, copper and cadmium.
In their work, they made use of the thioureas and their constituents for the preparation of
metal sulfides through thermal decomposition of the corresponding complex. They are
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primarily used as sulphur sources in complexes because their advantages in this regard are
that they are fairly easy to synthesize, stable for long periods and yield good quality

semiconductor nanocrystals.

Semiconductor nanocrystals act as good photocatalysts in the application of photocatalysis.
Although not well-studied, zinc sulphide has been identified as a potentially good
photocatalyst. It is a wide-bandgap material with a band edge of 340 nm®, because of this
wide bandgap light absorption is only limited to the UV region. In the previous chapter, bis
(N,N-diethyl-N’-benzoylthiourea)Zn(Il) (Zn(ATU),) was used as a single source precursor to
synthesize the metal chalcogenides. From the study, we discovered that even though the
metal was coordinated to both an oxygen and sulphur atoms, ZnS was the preferred product
under all the varied conditions. In this chapter, our interest is to investigate whether a
precursor with only one sulphur would yield better quality zinc sulfide nanoparticles by using
the thiourea zinc (I1) complex (Zn(TU),Cl,) as a single-source precursor which is shown in
Figure 4.2. In the attempt to modify and optimize the properties, effect of temperature,
precursor concentration and capping agent were investigated.

HoN NH,

~

CI/////

s NH,

Cl

NH,

Figure 4.2: A structure of Zn(TU),Cl.,.
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4.2. Experimental procedure

4.2.1. Chemicals

OAm (Oleylamine), 1-DDT (dodecanethiol), TOPO (tri-n-octylphosphine oxide), HDA
(hexadecylamine) and TOP (trioctylphosphine) were purchased from Sigma Aldrich.
Toluene, ethanol, acetone and methanol were obtained from Kemical. Thiourea was
(analytical grade) obtained from Sigma Aldrich, were used as purchased to prepare the

precursors.

4.2.2. Synthesis of ZnS nanoparticles using the Zn(TU),Cl, complex as a

single-source precursor
In a typical experiment, OAm (5.70 ml) was injected in a clean 3-neck round bottom flask
and heated to 160 °C. 0.2510 g of the precursor was quantitatively transferred to the hot
OAm and a slight decrease in temperature of the solution by 5 — 10 °C was observed. The
solution was allowed to stabilize at 160 °C and heated for 20 minutes at that temperature. The
reaction was terminated and the resulting solution was allowed to cool to 70 °C methanol was
added to form a white precipitate. The precipitate was separated from the mother liquor by
centrifugation and the particles were washed several times with methanol, and then air-dried
to yield OAm-capped ZnS nanoparticles. The synthesis time of the ZnS nanoparticles was
obtained from Chapter 4, where the effect of time on the properties of the nanoparticles was
studied and confirmed that even though there was no significant effect, the optimal synthesis
time for these types of reactions is 20 minutes. Furthermore, the effect of temperature,
precursor concentration and capping agents were studied but only the extreme conditions
were considered as this the full studies had been carried out in Chapter 4. Temperature
reactions were summarized in Table 4-1, Precursor concentration and coordinating solvents

reactions were summarized in Tables 4-2 and 4-3, respectively.
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Table 4-1: Reaction parameters for temperature experiments

Samples Precursor: Temperature Time (min) Coordinating
capping agent solvent
molar ratio

A 1:15 160 °C 20 OAm

A 1:15 200 °C 20 OAm

Aj 1:15 260 °C 20 OAm

Table 4-2: Reaction parameters for the precursor: capping agent molar ratio

experiments

Samples Precursor: Temperature Time Coordinating
capping agent solvent
molar ratio

A 1:15 160 °C 20 min OAmM

B 2.5:15 160 °C 20 min OAmM

B, 5:15 160 °C 20 min OAmM

Bs 7.5:15 160 °C 20 min OAm

B4 10:15 160 °C 20 min OAmM

Table 4-3: Reaction parameters for the coordinating solvent experiments

Samples Precursor: Temperature Time Coordinating
capping agent solvent
molar ratio

B 2.5:15 160 °C 20 min OAmM

C, 2.5:15 160 °C 20 min HDA

C, 2.5:15 160 °C 20 min 1-DDT

4.2.3. Characterisation Techniques

4.2.3.1. Optical characterization

The optical properties of the materials were determined by placing the toluene dispersion of
the nanoparticles into quartz cuvettes (1 cm path length). A Perkin Elmer Lambda 75S UV-
Vis—-NIR Spectrophotometer and an Analytica Jena Specord 5D UV-Vis Spectrophotometer

were used to carry out the optical measurements. A Perkin Elmer LS55 with a xenon lamp
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(150 W) and a 152 P photo multiplier tube as a detector were used to measure the

photoluminescence of the particles.

4.2.3.2. Electron microscopy

The Transmission Electron Microscopy (TEM) images were obtained using a Technai G2
TEM Spirit operated at 200 kV. The samples were prepared by placing a drop of a dilute
solution of sample in toluene onto the carbon-coated copper grids. The samples were allowed
to dry completely at room temperature.

4.2.3.3. Powder X-Ray diffraction

X-Ray diffraction (XRD) patterns on powdered samples were measured on Bruker D2 Phaser
desktop diffractometer equipped with a LYNXEYE PSD detector (set to measure a 5° 20
angular range), 2.5° primary and secondary beam Soller slits, and Co X-ray micro-source (Ko
with A = 1.78897 A) operated at 30 kV and 10 mA. The goniometer radius of the
diffractometer was 70.7 mm. The instrument was also fitted with a secondary beam Fe filter
to attenuate Kp radiation and a 3 mm air-scatter slit. Diffraction data were collected in the 26
range 10-90° in 0.0260° steps and at a count time of 0.5 sec/step. Particle sizes were
estimated using the Scherrer equation. (Equation 4.1)

kK2
T_ﬁCOSH

where:
e 1 isthe mean size of the ordered (crystalline) domains.
e K is a dimensionless shape factor, with a value close to unity. The shape factor has a
typical value of about 0.9, but varies with the actual shape of the crystallite.
e )\ isthe X-ray wavelength.
e [ is the line broadening at half the maximum intensity (FWHM), after subtracting the
instrumental line broadening, in radians.

e 0 is the Bragg angle (in degrees).
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4.3. Results and discussion
4.3.1. Temperature effects on the nanoparticles using Zn(TU),Cl, as a
single-source precursor method

4.3.1.1. Structural properties

Having established in the previous chapter that temperature plays an inherent role in the
synthesis of zinc sulfide nanoparticles, the effect of temperature in synthesizing ZnS
nanoparticles when using Zn(TU),Cl, as a single-source precursor was investigated. In this
section, three temperatures were taken into account 160 °C, 200 °C and 260 °C, in order to
monitor temperature effects on the resulting nanoparticles. XRD diffractograms were
obtained for samples across all temperatures so as to confirm the synthesis of the
nanoparticles, their phases and their crystallinity. Figure 4.3 displays XRD patterns obtained
at different temperatures, the p-XRD patterns of the synthesized nanoparticles confirmed the
synthesis of ZnS nanoparticles and that samples obtained at each temperature corresponded to
cubic ZnS ( JCPDS card: 01-077-2414). Evident from Figure 4.3(a) are the broad peaks for
the samples synthesized at 160 °C, this was an indication of the small nature of the samples at
this temperature. Increasing the temperature, the peaks became sharper indicating the growth
of the nanoparticles and the improving crystallinity of the samples. Average nanoparticle
sizes were calculated using the Scherrer equation, nanoparticle sizes were 1.95 nm, 2.11 nm
and 4.01 nm for samples synthesized at 160 °C, 200 °C and 260 °C, respectively. The growth
process was consistent with Ostwald’s ripening, unlike in Chapter 4, where nanoparticles
went through the fusion growth process. The Ostwald’s ripening effect is a readily observed
trend in the synthesis of nanoparticles.’
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Figure 4.3: PXRD patterns of zinc sulfide nanoparticles collected from Zn(TU),Cl, at
(a) 160 °C, (b) 200 °C and (c) 260 °C.

TEM micrographs obtained for samples at different temperatures are displayed in Figure 4.4.
The TEM images obtained show that nanoparticle sizes steadily increased with increasing
temperature. The morphology of the nanoparticles across all temperatures seemed to be a
mixture of spherical and triangular particles. The obtained images were in good agreement

with the results drawn from the XRD patterns.
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Figure 4.4: TEM micrographs of zinc sulfide nanoparticles collected from Zn(TU),Cl;
at (a) 160 °C, (b) 200 °C and (c) 260 °C.

4.3.1.2. Optical properties

The optical properties of particles prepared at different temperatures are shown in Figure 4.5
and summarized in Table 4-4. The band edges of the nanoparticles were all blue-shifted from
the bulk ZnS, indicating that nanoparticles were in nano-size regime. The absorption spectra
of samples synthesized from 160 °C to 260 °C have band-edges of 312 nm, 318 nm and 348
nm respectively. The increasing band-edges as temperature was increased was indicative of
increasing nanoparticle sizes, this was consistent with information obtained from TEM and
XRD. The emission maxima of particles across all temperatures were red-shifted from their
corresponding absorption band edges, this is attributed to quantum confinement effects.® The
FWHM of the photoluminescence peaks can be an indication of the size distribution of the
nanoparticles,** polydispersity in nanoparticles is generally characterized with a FWHM
greater than 90 nm.** The FWHM of nanoparticles obtained at 160 °C, 200 °C and 260 °C
were 89 nm, 62 nm and 50 nm, respectively. A notable trend in the size distribution of the
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nanoparticles is that increasing the temperature, results in the increased degree of

monodispersity, a similar pattern has been reported in the previous Chapter.
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Figure 4.5: (a) Absorption and (b) Emission spectra of zinc sulfide nanoparticles

collected from Zn(TU),Cl, at different temperatures.

Table 4-4: Optical properties of ZnS nanocrystals of the temperature experiments
synthesized from Zn(TU),Cl,

Temperature Band Edge Emission FWHM

(°C) (nm) max. (nm) (nm)
160 312 410 75
200 318 413 62
260 348 415 50

4.3.2. Precursor concentration effects on the nanoparticles using TU as a
single-source precursor method

4.3.2.1. Structural properties

From the results obtained from the temperature study, 200 °C was identified as the most
favourable temperature to continue studies on how increasing the precursor concentration
would affect the properties of ZnS. At this temperature, nanoparticles were fairly small,
crystalline and mono-dispersed, displaying better quality over the 160 °C and 260 °C
nanoparticles. At 200 °C, the concentration used was a 1:15 Zn(TU),Cl,:OAm ratio, the
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Zn(TU),Cl, concentration was further increased to 2.5:15, 5:15, 7.5:15 and 10:15 ratios. XRD
diffractograms of the nanoparticles synthesized accordingly were assembled in Figure 4.6.
Samples across all concentrations were indexed to a cubic ZnS phase (JCPDS card: 01-077-
2414). The XRD peaks of the 1:15 sample are sharp and well-defined, increasing the
concentration to 2.5:15 led to broader peaks and each time the concentration was increased,
peaks seemed to broaden even further, this was an indication that nanoparticles became
smaller and smaller with increasing concentration. Using the Scherrer equation, average sizes
were 2.11 nm for the 1:15 sample as previously calculated, 2.01 nm for the 2.5:15 sample,
1.81 nm for 5:15, 1.41 nm and 1.61 nm for the 7.5:15 and 10:15 ratios, respectively.
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Figure 4.6: PXRD patterns of zinc sulfide nanoparticles collected from Zn(TU),ClI, at

different precursor concentrations.

Page | 81



The TEM images of the synthesized nanoparticles are shown in Figure 4.7. The spherical
morphologies of the nanoparticles remained consistent across all concentrations. Increasing
the precursor concentration ultimately results in the agglomeration of the nanoparticles, this
behaviour is commonly spotted when increasing precursor concentrations in nanoparticle
synthesis.*? It has been concluded that this is due to the fact that as the volume fractions
increases, the addition of nanoparticles increases concurrently and then the surface tension of
the nanoparticle solution increases consequently, hence resulting in nanoparticles

agglomerating.®®
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Figure 4.7: TEM micrographs of zinc sulfide nanoparticles collected from Zn(TU),Cl;
at (a) 1:15, (b) 2.5:15, (c) 5:15, (d) 7.5:15 and (e) 10:15 precursor to capping agent molar

ratios.

4.3.2.2. Optical properties
The absorption and emission spectra of the different concentration samples are displayed in
Figure 4.8 and summarized in Table 4-5. The band edges of the samples were all blue-shifted

from bulk ZnS. The band edge of the particles started by decreasing when concentration was
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increased to 2.5:15, however, further increasing the precursor concentration resulted in the
increase of the band edge which indicated that nanoparticles sizes were increasing when the
precursor concentration was increased. The results obtained were not in agreement with the
data obtained in XRD and TEM. The emission spectra of the ZnS nanoparticles synthesized
show that nanoparticle size distribution was fairly monodispersed at all concentrations. Even
though the emission peak of the 2.5:15 sample is wider compared to the rest of the samples,
indicating a lower degree of polydispersity, the FWHM of the sample is still well below a
100 nm. From these results, the 2.5:15 samples were deemed optimal due their creditable

optical and structural properties and consequently used for capping agent studies.
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Figure 4.8: (a) Absorption and (b) Emission spectra of zinc sulfide nanoparticles

collected from Zn(TU),CI, at different precursor concentrations.

Table 4-5: Optical Properties of ZnS nanocrystals of the concentration experiments
synthesized from Zn(TU),Cl,

[Precursor]: Band Emission FWHM
[capping Edge (nm) max. (nm) (nm)
agent]

1:15 318 410 62
2.5:15 310 400 74

Page | 84



5:15 324 410 62
7.5:15 324 410 62
10:15 331 410 65

4.3.3. Capping agent effects on the nanoparticles using TU as a single-
source precursor method

4.3.3.1. Structural properties of the oleylamine capped ZnS

Using specific capping agents has been reported to significantly reduce nanoparticle sizes and
consequently contribute to their stability.™* The mechanisms is reported to proceed through
the formation of strong covalent bonds between the capping agent and the surfaces of the
nanoparticles that is responsible for stearic hindrance by which nanoparticles remain stable
for long periods of time.™ Interestingly, the sizes of nanoparticles have also been found to be
inversely proportional to their reactivity and hence resulting in the enhancement of
photocatalytic activities.® For these reasons, the effect of OAm, 1-DDT and HDA have been
investigated in the synthesis of the ZnS nanoparticles and the XRD diffractograms have been
assembled in Figure 4.9. The XRD of the nanoparticles were indexed to cubic ZnS in
accordance with JCPDS card: 01-077-2414. The HDA-capped nanoparticles yielded broad
XRD peaks indicating that nanoparticles were small while the OAm- and DDT-capped
particles gave sharp XRD peaks indicating well-crystallized particles but larger in size. As
discussed in the previous section (Section 4.3.2.), the average sizes of the OAm-capped
nanoparticles as calculated by the Scherrer equation was 2.01 nm, while the DDT- and HDA-

capped particles were around 2.03 nm and 1.95 nm, respectively.
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Figure 4.9: PXRD patterns of zinc sulfide nanoparticles collected from Zn(TU),Cl, at

different precursor concentrations.

The TEM images of the particles capped with different surfactants are shown in Figure 4.10.
The morphology of OAm capped nanoparticles were as previously mentioned a mixture of
spherical and triangular shaped. The 1-DDT and HDA capped nanoparticles showed spherical
morphologies and some agglomeration of ZnS nanoparticles was consistent in all surfactants.
Size distribution in the obtained samples was difficult to comment due to the agglomeration

and the small nature of the particles as a result, photoluminescence spectroscopy (Figure

4.11(b)) was used as an indicator of size distribution.
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Figure 4.10: TEM micrographs of zinc sulfide nanoparticles collected from Zn(TU),Cl;
in (a) OAm, (b) 1-DDT and (c) HDA.

4.3.3.2. Optical properties

The optical properties of the synthesized zinc sulfide nanoparticles are shown in Figure 4.11
and summarized in Table 4.6. All band edges were blue-shifted from the bulk band edge of
340 nm. Consistent with XRD, the absorption curves showed that the HDA-capped particles
were most blue-shifted with a band edge of 305 nm, suggesting that nanoparticles synthesized
in this regard were the smallest. As previously discussed, nanoparticles synthesized from
OAm had a band edge of 310 nm which was similar to the band-edge of the DDT-capped
particles. The absorption curves of nanoparticles capped with OAm and DDT were slightly
tailed indicating that particle distribution within these samples was almost poly-dispersed.
The FWHM of the emission peaks however were well under a 100 nm, suggesting a fairly
mono-dispersed sample distribution in all nanoparticle populations. From this study, HDA-
capped nanoparticles seemed to yield best quality nanoparticles; hence they were used for
photocatalysis testing to complete the study.
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Figure 4.11: (a) Absorption and (b) Emission spectra of zinc sulfide nanoparticles
collected from Zn(TU),Cl, at different capping agents

Table 4-6: Optical Properties of ZnS nanocrystals of the capping agent experiments
synthesized from Zn(TU),Cl;

Capping Band Edge Emission FWHM

agent (nm) max. (nm) (nm)
OAmM 310 400 74
1-DDT 310 400 68
HDA 305 410 69

The effect of changing the reaction conditions on the resulting nanoparticles have been
summarized in Figure 4.12, where the graphs show the particle size vs the reaction
conditions. According to the particle size vs temperature graph, increasing temperature
results in the successive growth of the nanoparticles, which is a similar trend observed in the
previous chapter when Zn(ATU), was used. These results were attributed to a mechanism
based on Ostwald’s ripening as previously discussed in which diffusion is followed by

nucleation on the nucleating sites leading to the formation of larger nanoparticles.*’
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Figure 4.12: Size trends of the nanoparticles extracted from XRD using the Scherrer

equation as a function of varying reaction conditions.

The size dependency of the nanoparticles on increasing precursor concentration as depicted in
Figure 4.12 revealed a decrease of the particle sizes until 7.5:15 and was followed by an
increase when the concentration was further increased to 10:15. The increase in precursor
concentration results in a reduced mean spacing between the molecules and nanoparticles,*®
which results in faster nanoparticle adsorption and leading to slower crystal growth.'? After

nucleation and growth, the average particle size and size distribution may change by aging.*?

4.4. Conclusions

The Zn(TU),Cl, complex was successfully used as single-source precursor for the
preparation of zinc sulfide nanoparticles. Temperature studies revealed that the most
preferred temperature when synthesizing nanoparticles in this chapter as 200 °C. At this

temperature, nanoparticles were fairly small, crystalline and mono-dispersed. When varying
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capping agents in this chapter, the HDA-capped nanoparticles yielded the smallest

nanoparticles. Capping agents typically play crucial roles in the particle size and size distribution.

4.5,
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Chapter 5: Photocatalytic degradation of
Rhodamine B using the as-synthesized ZnS
photocatalysts

5.1. Introduction

The photocatalytic oxidation of organic and biological molecules is considered one of the
most efficient methods used for the treatment of wastewater from the toxic pollutants
released from textile and other industrial processes.® The quick oxidation, high efficiencies
and no formation of polycyclic products makes the photocatalytic technique advantageous
over the previously used traditional techniques.? The photocatalytic activity of semiconductor
materials can be controlled by three key factors: light absorption property, the rate of
reduction and oxidation of reaction substrates by, the electron and hole, and the rate of
electron—hole recombination. These factors are mostly governed by the crystal structure,
particle size and surface texture of the semiconductor. The structure of semiconductors
depends upon the synthesis methods and conditions. The size effects originate primarily from
the size quantization in nanoscale that can change the band gap of semiconductor and size-
related surface characteristics such as surface area and defects. The redox potential of the
reaction substrates, which adsorbed on the surface varies to the surface chemical structure
and the amount of adsorbed substrates, depends more directly on the specific surface area.
Thereby the high surface area to volume ratio of particles in nano-size regime appears to be
an important parameter for seeking to synthesize photocatalytic materials in nanoscale.® An
ideal photocatalytic material would operate on a combination of high activity regarding the
relevant process of interest and high efficiency of solar energy conversion. The photocatalyst
materials should also be stable over a long period of the operation. However, no such

material or system currently ever exists to satisfy all these requirements.”

TiO, is an excellent photocatalyst for the degradation of organic contaminants in water and
air. Most organic compounds are degraded to CO,, H,O, and appropriate inorganic ions on
exposure to TiO, in the presence of light and oxygen.> A distinct hindrance, however, for

more widespread application of TiO, as a catalyst is its lack of absorption in the visible
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spectrum and its relatively low efficiency due to fast recombination rates.® TiO, has three
common crystalline polymorphs: anatase, rutile and brookite. The crystalline phase, brookite
iIs known to be inactive for water treatment, while studies have been made intensively in
order to determine the most active crystalline phase, anatase or rutile, it is widely held that
anatase (band gap = 3.2 eV, absorption < 385 nm) is the most active photoca‘calys‘[.7
Semiconductor nanoparticles such as ZnO and ZnS bear the potential to have many of these
right entities. ZnO has been reported to be a suitable alternative to TiO, since its
photodegradation mechanism has been proven to be similar to that of TiO,.2 In fact, ZnO has
been reported, sometimes, to be more efficient than TiO,, its efficiency has been reported to
be particularly noticeable in the advanced oxidation of pulp mill bleaching wastewater.? ZnS
nanocrystals are also believed to hold the potential to be effective photocatalysts, resulting
from their rapid generation of electron—hole pairs and the highly negative redox potentials of
excited electrons.® While ZnO and TiO, photocatalytic activities have been widely

reported,**°

very little work has been carried out on the photocatalytic activity of ZnS
nanoparticles. One study performed by Soltani et al.® which aimed to enhance the
photocatalytic activity of ZnS nanoparticles by coating them with polyvinyl pyrrolidone
(PVP) revealed that while the photocatalytic activity improved compared to the uncapped
particles, the PVP-capped ZnS nanoparticles were still quite inefficient in the degradation of
the methylene blue (MB) dye. They observed that only a little fraction (~ 10 %) of the dye
had been degraded after 3 hours of the photocatalytic reaction. He et al.' enhanced the
photocatalytic activity of ZnS nanoparticles by immobilizing the nanocrystals on the surface
of fluoropolymer resulting in the formation of nanocomposites and observed a complete
degradation of MB after 6 hours. They postulated that degradation proceeds through an
adsorption—migration photodegradation, where the dye was first adsorbed by the
fluoropolymer nanofibers, then migrated to the ZnS nanoparticles and finally degraded by the
ZnS catalyst under UV irradiation. Zegeye’s study involved the doping of the ZnS
nanoparticles with nitrogen and revealed that only 50% of the MB dye was degraded after 3
hours.™ In our study of ZnS and by using different precursors to synthesize the ZnS. The aim
of this work was therefore to evaluate and compare the photocatalytic degradation rates when
using the commercial TiO, (anatase), commercial ZnO and the previously synthesized ZnS
nanoparticles from the acylthiourea and thiourea complexes. Also, to determine whether there
was any advantage in using the acylthiourea complex to synthesize the ZnS nanoparticles

over the thiourea complex. The results obtained should be considered preliminary as they
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merely provide a good starting point for further investigation on the understanding about the

role of the ZnS nanoparticles in determining photocatalytic effectiveness.

5.2. Experimental

1.5.1. Chemicals
For the photocatalytic reactions, Rhodamine B (RhB, C,sH31CIN2O3, and Figure 5.1) was

chosen as a pollutant for these studies. Zinc oxide (ZnO) and anatase-titanium dioxide (TiO2)
were of analytical grade and were purchased from Sigma Aldrich. ZnS nanoparticles that
displayed optimal properties synthesized from both the ATU and TU ligand were used for
photocatalysis testing, conditions used have been summarized in Table 5-1 From the ATU
ligand, the nanoparticles used were synthesized for 20 minutes. De-ionized water was

obtained from the labs.

Figure 5.1: The chemical structure of RhB.

Table 5-1: Reaction conditions used to prepare the a-synthesized ZnS nanoparticles
from both the ATU and the TU precursors.

Reaction Condition ZnS-ATU ZnS-TU
Time (min) 20 20
Temperature (°C) 200 200
Concentration: 2.5:15 2.5:15

[precursor]:[capping agent]
Capping agent OAmM HDA
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1.5.2. Photocatalytic degradation of RhB over commercial and the a-

synthesized photocatalysts
The photocatalytic activity of the nanoparticles was investigated by the decomposition of
RhB and monitored by the decreasing absorbance of a 20 ppm aqueous solution of RhB. The
characteristic optical absorption peak of RhB at 554 nm was used to monitor the
photocatalytic degradation process. The reactions were performed by first sonicating a
suspension of 0.25 g of the photocatalyst in 100 mL of the RhB solution in the dark. The
sonication was carried out for 30 minutes and stirred in the dark for another 1 hour prior to
starting the reaction to ensure that all the active sites of catalysts were in contact with the dye
solution. The solution was then illuminated with light from the 180-W Xenon arc lamp with
continuous stirring. Sampling was performed before the illumination and after illumination;
thereafter, samples were obtained periodically to determine the degradation of RhB. The
photocatalytic decomposition of RhB was investigated over commercial TiO, (anatase),
commercial ZnO and the two ZnS samples previously synthesized from the ATU and TU

precursors. (Please see Table 5-1)

1.5.3. Characterisation Techniques
5.2.1.1. Powder X-Ray diffraction

X-Ray diffraction (XRD) patterns of powdered samples were measured on Bruker D2 Phaser
desktop diffractometer equipped with a LYNXEYE PSD detector (set to measure a 5° 20
angular range), 2.5° primary and secondary beam Soller slits, and Co X-ray micro-source (Ko
with A = 1.78897 A) operated at 30 kV and 10 mA. The goniometer radius of the
diffractometer was 70.7 mm. The instrument was also fitted with a secondary beam Fe filter
to attenuate K radiation and a 3 mm air-scatter slit. Diffraction data were collected in the 20

range 10-90° in 0.0260° steps and at a count time of 0.5 sec/step.

5.2.1.2. Optical characterization
The optical properties of the materials were determined by placing the toluene dispersion of
the nanoparticles into quartz cuvettes (1 cm path length). A Perkin Elmer Lambda 75S UV-

Vis—-NIR Spectrophotometer was used to carry out the optical measurements.
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5.2.1.3. Electron microscopy

The transmission electron microscopy (TEM) images were obtained using a Technai G2
TEM Spirit operated at 200 kV. The samples were prepared by placing a drop of a dilute
solution of the sample in toluene onto carbon-coated copper grids. The samples were allowed

to dry completely at room temperature.

5.3. Results and discussion

Rhodamine B has been shown using mass spectrometry to degrade to form H,O, CO;,, NO3
and NH;" as shown in Scheme 5.1.
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Scheme 5.1: Mechanism of photocatalytic mineralization of Rhodamine B."
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The photocatalytic degradation of RhB was tested against the two a-synthesized ZnS
nanocrystals synthesized from the TU and ATU complexes and activities were compared to
those of commercial ZnO and TiO, (anatase). ® X-ray diffraction data displayed in Figure 5.2
confirmed the good crystallinity of the commercial samples. The diffractions of the ZnO
indicate the presence of wurtzite structured ZnO (JCPDS card No. 76-0704). Broadening of
the XRD peaks in both the ZnS samples in comparison to the commercial samples indicates
the smaller sizes in the synthesized ZnS particles. The average crystallite sizes estimated
from the planes of the ZnO and TiO, (anatase) by the Scherer equation were 39 nm and 45

nm, respectively.
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Figure 5.2: XRD pattern of (a) ZnS QDs synthesized from the ATU ligand, (b) ZnS QDs
synthesized from the TU ligand, (c) commercial TiO, (anatase) and (d) commercial

Zn0O.

Figure 5.3 shows the TEM micrographs of the synthesized ZnS nanoparticles and the
commercial samples obtained from ZnO and TiO,. The TEM images show the larger particles
from the commercial samples and the much smaller samples from the as-synthesized samples
clearly in nanosized regime. The results are in accordance with the information deduced from
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X-ray diffraction. The TEM micrographs revealed that the ZnO nanoparticles were rod-like
in shape and the anatase particles consisted of spheres and cubes while the ZnS nanoparticles

remained spherical as previously discussed.

Figure 5.3: TEM micrographs of (a) ZnS QDs synthesized from the ATU ligand, (b)
ZnS QDs synthesized from the TU ligand, (c) commercial anatase and (d) commercial
Zn0.

The photocatalytic degradation of RhB using commercial TiO, and ZnO nanoparticles were
initially studied in order to compare the photocatalytic activity of the as-synthesized particles.
The corresponding time-dependent absorption spectra of RhB aqueous solutions under the
irradiation of UV light are shown in Figure 5.4 and the concentration degradation rates are
shown in Figure 5.5. The absorption peaks of RhB when using TiO, and ZnO (Figures 5.4(a)
and (b), respectively) disappeared completely after 30 min and 15 min, respectively, while it
took around 3 and a half hours for the ATU and TU-synthesized ZnS to effectively degrade
the RhB.
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Figure 5.5: Photocatalytic degradation kinetics of RhB using different photocatalysts
under visible light. (Co and C are the equilibrium concentrations of RhB before and

after irradiation, respectively).

Compared to the commercial catalysts, the synthesized ZnS photocatalysts required longer
times to degrade the dye. Since the photo-assisted degradation of dyes occurs predominantly
on the surface of the photocatalyst 2, the commercial photocatalysts which were not capped
by any surfactant had a greater advantage in this regard, hence the better photocatalytic
activity. Furthermore, the lack of surfactant on the commercial photocatalysts makes them
more hydrophilic and able to absorb more RhB molecules in water,"® as opposed the
hydrophobic surfactants used in the synthesis of the ZnS nanoparticles. The ZnO
photocatalyst showed better photocatalytic activity over the TiO, photocatalyst probably due
to the larger surface area as a result of the rod-like particles.

5.4. Conclusions

The ATU-synthesized ZnS nanoparticles displayed marginally higher photocatalytic activity
compared to the TU-synthesized ZnS. These results may not have shown the complete
degradation of RhB, and times may have been longer. The photocatalytic activity may not be
ideally fast but certain parameters can be monitored and varied in order to improve it, these
parameters include the pH of the solution, the loading of the photocatalyst and the intensity of

Page | 100



the light used to degrade the dye. In addition, the small sizes of the nanoparticles versus the

long-chained ligands can possibly result in poor interaction of the light with the ZnS core.
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Summary and Recommendations

The synthesis and structural characterization of the ATU ligand has been completed. The
coordination of the ATU ligand to the Zn metal center has been studied in detail, together
with the coordination of the TU ligand to the Zn metal center. Elemental analysis, NMR,
FTIR and mass spectrometry have been used to confirm the successful synthesis of the Zn
complexes. Studies on the thermolysis profiles of (N,N-diethyl-N’-benzoyl(thiourea) Znll)
and bis(diaminomethylhio)Zn(Il) complexes suggest the formation of ZnS nanoparticles,
confirming their potential as single-source precursors for the synthesis of ZnS quantum dots.
Optimization studies revealed that the formation of ZnS nanoparticles from the thermolysis of
their respective precursors takes place over a range of different temperatures, time,
concentration and capping agents. A direct correlation between thermolysis reaction
parameters and nanoparticle diameter was evident, this being further reflected in the size-
dependent emission of the nanoparticles. From these investigations it was apparent that
varying the reaction conditions had little influence on the morphology. Preliminary
investigations into the use of the ATU- and TU- synthesized ZnS nanoparticles as
photocatalysts in the degradation of Rhodamine B (RhB) were successfully carried out. ZnS
nanoparticles that displayed optimal properties from each precursor were used and their
photocatalytic activities were compared to the commercial TiO; and ZnO. The degradation
times of the RhB dye when using the ZnS nanoparticles were on average 3 hours, showing
the potential to use ZnS nanoparticles synthesized from single-source precursors as
photocatalysts. While commercial photocatalysts still displayed better degradation times and
photocatalytic activities with total degradation of the dye after 30 min, this was seen as an
opportunity and an open door for further investigation in the optimization of the synthesis and
the preparation of monodisperse, evenly passivated material.

In future, it would be interesting to alter the chemistry of the benzene ring in order to
influence the reactivity of Zn-O bond by adding electron donating and electron withdrawing
groups. The photocatalytic activities could potentially be improved by using less bulky
capping agents as they may interfere with the interaction of the light with the core ZnS. This
can be achieved through ligand exchange, by removing the long chained organic ligands

(OAmM, HDA and etc.) to shorter chained ligands such as ethanethiol or mercaptopropionic
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acid for example. The post ligand exchange is necessary as it has been shown that direct
synthesis using shorter chained ligands yields nanoparticles with inferior quality which are
polydispersed and agglomerated samples are usually obtained. It would also be of great
interest to determine with high-resolution Mass Spectrometry what the degradation products

are.
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