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SYNOPSIS

Thesis Title: Modified hexamethyldisilazane (HMDS) - assisted synthesis of
surfactant free metal chalcogenide nanoparticles and their applications as catalysts
and photoresponsive materials

The thesis comprises six chapters including an introduction chapter.

Chapter 1: Introduction

The chapter 1 discusses a few selective applications of nanoparticles in catalysis,
photocatalysis and photoresponsive studies. Furthermore, a brief survey of the
various reported strategies used for the synthesis of metal sulphides nanoparticles
(NPs) has been illustrated. The need of surfactant or stabilizer molecules in the
synthesis of NPs have been explained. The adverse effect of the presence of the
organic molecules on the surface of NPs pertaining to their use as catalyst and as
material to construct the solar cells is identified, which defines the problem for the
present work. Comparison on different generations of solar cells and a description on
device structure of quantum dot solar cell are also included in this chapter. The
chapter 1 also highlights the available methods and present synthetic approach used
in this thesis work to achieve the NPs without any organic capping stabilizing

agents.
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Chapter 2: Recyclable Ni3S, nanocatalyst for hydrogenation of nitroarenes

In this chapter, the synthesis of surface clean nanoparticles of Ni3S,, which is
rare phase of nickel sulphides, is described and catalytic activity of the synthesized
nanoparticles were discussed. Nanoparticles were synthesized in a single step via
hexamethyldisilazane (HMDS)-assisted method using NiCl, and thiourea as starting
materials. This synthetic method yielded phase pure, spherical Ni3S, nanoparticles of
mean size 17 (x 4) nm having clean surfaces. The nanoparticles were characterized
thoroughly by PXRD, FTIR, EDAX, and TEM analyses. Since newly produced
Ni3S4 nanoparticles in our reaction had exposed surfaces, the catalytic behaviour of
these particles was assessed by using it as a catalyst in the reduction reaction of
aromatic nitro groups. We have demonstrated Ni3S, nanoparticle as a versatile
catalyst for the nitro hydrogenation of both activated and deactivated nitrobenzenes
using hydrazine as a hydrogen source to yield corresponding amines in high yield
(~90 %). The heterogeneous catalyst, Ni3S, nanoparticles was recycled more than
ten times without any change its activity. We have ascribed the enhanced catalytic
activity of these Ni3S, nanoparticles to their clean surfaces without any surfactant

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

photocatalytic decomposition of rhodamine B

In this chapter hexamethyldisilazane assisted synthesis of CuS, Cu,S
nanostructures and photocatalytic activity of the synthesized nanostructures were
discussed. Hexamethyldisilazane assisted method yielded hexagonal CuS
nanoparticles with average size of 22 + 6 nm and cubic Cu,S nanoparticles with
average size of 52 £ 10 nm. The capping agents present on the surfaces of
nanoparticles unfavourably modify the properties of the nanostructures. Particularly
in the catalysis, most of the potential catalytic centres are screened by the capping
agents. Therefore, we have developed a novel method of synthesizing stabilizer-free
CuS and Cu,S nanostructures for photocatalytic applications. These nanostructures
were synthesized by modified HMDS assisted synthetic method at 130
°C. The CuS microflowers were constructed by self-assembly of nanoflakes which
was grown through anisotropic growth of (1 0 3) planes. We have demonstrated an
efficient photocatalytic activity of CuS nanostructures through photocatalytic
decomposition of Rhodamine B dye. The CuS flowers rapidly decomposed
Rhodamine B in solution (12 min). The efficient catalytic activity is explained by
invoking clean surfaces of nanoparticles. We have also demonstrated the influence
of illumination intensity on the efficiency of catalyst and the recyclability.

Intensity (W.m?)
{ *<g—z—x3 335 235 x4 ntensity (W.m

l—l——l—l—]\'\i 40 80 120 160
\i\i 1 1 L

gJ O Effectof Light
7 A Effect of Catalyst
64% ;

e L

Self-assembled CuS

4 —e— Photolysis i é
—a— Catalysis
—a— Photocatalysis e '
S A S | } 1.2
Irradiation Time (min) Catalyst (g.L™)

(XXiV)



Chapter 4: Effect of surfactant or support material free CdS nanoparticles on

Cr(VI1) removal

This chapter describes the production of organic surfactant molecules or
support material free CdS nanoparticles and its efficient photocatalytic activity for
the reduction of toxic Cr(VI) to the less toxic and much less mobile form of Cr(lll).
We have synthesized the template free CdS nanoparticles by adopting the solution
phase hexamethyldisilazane (HMDS)-assisted chemical synthetic method using
CdCl, and thiourea as the precursors. The nanoparticles were characterized by
PXRD, FESEM, and TEM. We have demonstrated an excellent photocatalytic
performance of as-prepared CdS nanoparticles under visible light illumination for
the reduction of Cr(VI) to Cr(lll) at acidic pH. The enhanced catalytic activity of
CdS nanoparticles was explained by the availability of clean surfaces in the absence
of insulating organic molecules as a surfactant or stabilizing agent. This situation
encouraged the efficient separation of photoexcited electron-hole pairs, which was
confirmed from the observed fast and uniform transient photocurrent response
during transient studies and less resistance on to the separation of interfacial charges
in the electrochemical impedance spectra (EIS).The catalyst also showed good
photocatalytic stability and reusability, which makes it as an excellent candidate for

waste water treatment.




Chapter 5: Photo-responsive Bi,S3 nanoflakes: Synthesis and device fabrication

at ambient conditions

This chapter describes hexamethyldisilazane (HMDS) assisted syntheses of
Bi,S; nanoflakes and its photo-responsive properties. Since the optoelectronic
devices consist multicomponent interfaces, the synthesis of nanoparticles and
fabrication of devices play a significant role in quality, cost, and fast fabrication of
devices. The wet chemical synthesis holds the great promise of controlling of these
factors. Herein, we have developed a wet chemical method for the synthesis of one-
dimensional Bi,S; nanoflakes and demonstrated its photo-responsivity by fabricating
prototype device by dry-casting of Bi,S; suspensions on the electrodes. A key
advantage of the present approach is the synthesis and fabrications were carried out

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

device fabrication

Ternary metal sulphide nanoparticles, CulnS,, Cu,SnS; and CusSnS,; were
synthesized using the modified hexamethyldisilazane (HMDS) - assisted synthetic
method. The structure, the shape and the composition of these nanomaterials were
investigated using powder X-ray diffraction (XRD), field emission electron
microscopy (FESEM) and energy dispersive X-ray analysis (EDX). PXRD pattern of
CulnS; showed tetragonal structure. FESEM images of CulnS; NPs revealed a bead
like morphology of size 10-20 nm. PXRD pattern of both Cu,SnS3; and Cu3SnS,
were showed tetragonal and orthorhombic structures respectively. FESEM images of
both Cu,SnS; and CusSnS, showed 30-50 nm aggregation of spherical NPs. The
EDAX analysis of CulnS,, Cu,SnS;and CusSnS, displayed no signal for any organic
moieties confirming the purity of the materials. The solar cells were fabricated by a
simple drop-costing method and their efficiency was measured. Based on the
preliminary analysis, the fabricated devices had only a little response as solar cell,
but the procedure needs to be standardized to achieve higher efficiency.
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Chapter 1

Abstract

The introductory chapter gives a brief review of the synthesis and applications of
binary and ternary metal chalcogenides. Some of the applications covered in this
chapter are catalysis, photocatalysis and photoresponsive materials. An account of
the various strategies available in the literature for the synthesis of NPs is also
included. The presence of organic surfactant molecules as the capping agent
covering the surface of NPs and their influence on the property and applications
are discussed in detail. The last part of this chapter sets an idea about how to
overcome the issues related the presence of organic surfactant molecules as the

synthetic strategy adopted in the present work.
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Chapter 1

Introduction

1.1.  Nanoscale materials and their properties

The study of properties of materials at the nanoscale is termed as nanoscience.
Nanoparticles (NPs) are ultrafine particles having a size in the range of 1-100 nm.
They have interesting optical, magnetic and electrical properties, which are not
found in their bulk counterparts. In modern terminology, NPs are described as
qguantum dots (QDs), artificial atoms (three-dimensionally ordered NPs), and
nanoclusters ( a group of NPs). NPs exist in the form of semiconductors (e.g. Si,
Ge, TiOy, Fe;03, ZnO) [1, 2], metals (e.g. Al, Ag, Au, Cu) [3], carbon materials
(e.g. graphene, fullerenes) [4], polymers (e.g. Polystyrene) [5], metal complexes
and biological systems (e.g. DNA, Liposomes). They also exist in different

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

Figure 1.1. Classification of nanomaterials (a) 0-D spheres and clusters, (b) 1-D
nanofibers, wires, and rods, (c) 2-D films, plates, and networks, (d) 3-D nanomaterials

Pokropivny and Skorokhod [7] classified the nanostructured materials into
0-D, 1-D, 2-D and 3-D nanoscale materials, which is illustrated in Figure 1.1. In
0-D system (quantum dot), the electrons are confined in their motion in all three
directions. Examples: spheres and nanoclusters. In 1-D system (quantum wire),
the electrons are free to travel in one direction and confined in the other two
directions. Examples: Nanofibers, nanowires, and nanorods. In 2-D system
(quantum well), the electrons can easily move in two directions but confined in
one direction. Examples: Nanofilms, nanoplates and branched structures. In 3-D

system (bulk), the electrons are free to move in all three directions, and there are
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no confinement and limitations. Example: powders, multilayer, fibrous and
polycrystalline materials wherein nanostructural elements of 0-D, 1-D and 2-D

are closely related with each other and form interfaces.
1.1.1. Surface area

Surface area is the portion of exposed area of an object. Figure 1.2 explains how
the surface to volume ratio increase by the reduction of the particle size. Thus, the
NPs have a relatively larger surface area compared to the same volume of the
bulk material. The increased surface to volume ratio [8] leads to a characteristic
change in physicochemical properties of the material such as the decrease in the
melting point, increase in the band gap [9] and significant special capabilities like
catalytic and bacterial action. The surface area of particles has a significant
influence on reaction rate since chemical reactions take place at the surface level.
A larger surface area provides more space for reactions to occur. Thus, a material
having particles in nanoscale showed better catalytic activity compared to the

same material in bulk.
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Figure 1.2. Pictorial representation explaining increase in surface area with the reduction
in particle size.
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1.1.2. Quantum confinement

An interesting change in the properties of the material in the nanoscale is the
guantum confinement. When the particle-making materials are at tiny sizes, the
electrons are confined in all direction leading to a change in electronic energy
levels from continuum to discrete and finally appear similar like atoms. Hence,
the energy gap between VB and CB increases (Figure 1.3) [10]. This observation
also explains the formation of these bands as matter grows from atoms or
molecules to NPs to bulk matter. In bulk matter, the bands are formed by the
merger of a bunch of contiguous energy levels of many atoms or molecules. As
the particle size gets smaller and reaches the nanoscale, where every particle is
made up of an only finite number of atoms, the number of overlapping orbitals or
energy levels decreases and the width of the band becomes narrow. As an extreme
case, a single atom or molecule will have very discrete energy levels that are
represented by single lines. These phenomena are explained schematically in

Figure 1.3.
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Figure 1.3. Description of sequential change in band gap from atomic level to bulk
matter.
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The change in the electronic energy levels from continuum to discrete
explains the reason why the NPs have wider band gap than the corresponding
bulk matter. With the increase in the band gap, the forbidden region becomes
larger, and hence, the NPs exhibit lower electrical conductivity. This quantum
confinement effect can easily be detected by the shift in absorption spectrum
towards the lower wavelength blue region [11]. Thus, the actual energy level of
VB and CB, as well as the band gap of the semiconductor materials, are deciding

factor to choose a material for a particular application.

1.1.3. Optical properties

Due to their quantum confinement, quantum dots (QDs) show some unique and
fascinating optical properties and high photostability. The properties of NPs are
tunable by varying the size and stoichiometry of the materials. As illustrated in
Figure 1.4, the optical properties of NPs arise because of the interaction of light
with the localized surface plasmon bound to them. Localized surface plasmons
are charge density oscillations arising in NPs when their size is much smaller than
the wavelength of light [12]. The color due to the collective oscillation of

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

A simple change in size or shape of NPs alters their optical properties.
Figure 1.5 depicts a change in optical properties of CdSe and Au NPs with the
change in size and shape respectively. It is apparent from the figure that there is a
shift in absorption maxima of CdSe NPs with different size. The largest particles
emitted in the region of red while blue emission was observed for the smallest
clusters. Similarly, the optical property of the Au NPs changes dramatically when
anisotropy is added to them especially in the growth of nanorods [13].



Figure 1.4. Surface plasmon
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Figure 1.5. (a) Fluorescence emission of CdSe quantum dots of various sizes. (b)
Absorption spectra of gold nanoparticles of various sizes and shapes [13].
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1.2. Application of nanoparticles

The nanomaterials have various applications in the whole spectrum of science
stretching from agricultural science to space technology. The size and
stoichiometric dependent properties of NPs provided options for their use in
various research fields (Table 1.1). Since the applications are vast, we have
focused our attention towards the catalytic, photocatalytic and photovoltaic

applications only.

Table 1.1. Representative applications of nanomaterials.

Application Materials Ref.
Solar cell CdSe, Cu,S, CulnS,/Se; NPs [14]
LED CdSe, CdZnSe alloy, CdSe-ZnS [15]

core shell NPs
Photodetectors CdSe, PbSe, PbS NPs [16]
Catalyst Pd, Cu, MoO,, RusPt NPs [17]
Fluorescent biological CdSe-CdS core-shell NPs [18]
labels
High energy materials Al NPs [19]
Sensors
Explosives Si nanowires
Chemosensor (gases and SnO, nanowires, SN0, Niy [20]
metals) nanowires, TiOy, In,03, TiO,-SiO;
composite

DNA CdSe-ZnS core shell
Plasmon ruler Ag and Au NPs [21]
Lasers CdSe-ZnS NPs [22]
Magnetic storage media CoCrTa, CoCrPt, SmCo NPs [23]
Carbon monoxide Co NPs [24]
dissociation(for artificial
fuels)
High performance color ZnO dispersions [25]
paints
Photocatalyst Hetero junction NPs: CdSe-CdS-Pt [26]
Finger print visualization Au NPs [27]
Nanomedicine Au NPs [28]
Electrode materials Nano metal oxides, SnSb alloy NPs | [29]
Water purification Polyurethane coated silver NPs [30]
Water splitting TiO, NPs [31]
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1.2.1. Nanoparticles as catalysts

A catalyst plays a significant role in the production of fine chemicals, fertilizers
and plastics as well as the remediation of environmental pollutants. Even though,
homogeneous catalysts are highly efficient there is an inherent problem of catalyst
separation for recycling reducing their utilization. Heterogeneous catalysis offers
a more convenient option for catalyst recovery. However, the catalytic activity is

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

The field of nanocatalysis in which the NPs are used to catalyze reactions
has undergone an exponential growth during the past decade. Because the NPs
have a large surface-to-volume ratio compared to bulk materials (Section 1.1.1),
they are attractive materials to use as catalysts. Therefore, many metal and
semiconductor NPs are employed in a variety of homogeneous and heterogeneous
catalytic and photocatalytic reactions (Figure 1.6) [32]. In 1996, the possibility of
synthesizing transition metal NPs having different shapes and the potential of
using different shapes to catalyze various reactions [33]. Narayanan and El-Sayed
have shown that shapes with more corners and edge atoms have a higher
reactivity than similar NPs with fewer corner and edge atoms in homogeneous
catalysis. Thus, the shape and crystal structure differences can lead to different
catalytic rates [34].
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Figure 1.6. Applications of nanocatalysts in different fields.

Transition metals supported by various substrates are used as catalysts in
many reactions involving heterogeneous catalysis [35, 36]. Three methods are
employed to prepare nanocatalysts for heterogeneous catalysts, viz., adsorption of
NPs onto supports, grafting of NPs onto supports and fabrication of nano-
structures onto supports by lithographic techniques. Some common supports used
in the preparation of supported metal NPs catalysts are; carbon [37], silica [38],
alumina [39], TiO, [40] and polymers [41]. Many of the fuel cell reactions have
been conducted by using transition metal NPs which are supported on various
forms of carbon [42]. Pd and Ni NPs supported on the oxidized diamond were
used as catalysts for the methane decomposition reaction to produce the carbon

nano whiskers [379].

Most of the semiconducting nanomaterials have shown higher catalytic
activity in heterogeneous catalysis. CuS quantum dots (QDs) were used as
catalysts in Biginelli reactions, and they exhibited good catalytic activity for the

synthesis of dihydropyrimidinones [43]. Flower-like Ni;S¢ NPs showed much
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higher activity and selectivity in the hydrogenations of nitrobenzene and
chloronitrobenzenes with different chlorine substituent site [44]. Single-phase
nickel sulphides such as NiS, NiS;, Ni3S, and Ni;Sg were prepared by using a
temperature controlled precursor injection method and were applied in the study
of the catalytic reduction of 4-nitrophenol [45]. Recently, it was revealed that the
activities of platinum NPs of various shapes were indeed different for the same
electron-transfer reaction in colloidal solution [46]. This potential shape
dependent catalysis adds the advantage of selective utilization of NPs as catalysts.
Of course, being small with corners and edges made their surface atoms unstable
during the chemical reaction they catalyze, leading to the change in their shape
[47].

1.2.2. Nanoparticles as photocatalysts

Semiconductor nanomaterials are the prime candidates for photocatalytic
applications since they show a strong absorption of light in the visible regime.
The semiconductor nanostructure facilitates the separation of charge carriers
generated by light absorption; these electrons and holes induce reductive and
oxidative reactions leading to photocatalysis. Nanostructured semiconductors
have faster electron migration and charge generation rate due to their higher
surface area-to-volume ratio than the bulk [48]. Titanium dioxide is an excellent
photocatalyst because of its low cost, high stability, and environmental
friendliness. However, it showed photoactivity only under ultraviolet light
irradiation, due to its large band gap energy of 3.2 eV. Therefore, the
development of new visible-light active photocatalysts is one of the most

significant subjects in photocatalysis research.

Many metal sulphide visible light sensitive semiconductor photocatalysts,
such as CdS, CuS, ZnS, Bi,S; and Sb,S; have been developed [49]. CdS
nanostructures were used as a photocatalyst for the reduction of aromatic nitro
compounds under the irradiation of blue LED (3W) [50]. The well-defined one-
dimensional (1D) CdS@MoS;, (CM) core-shell nanowires were prepared by
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hydrothermal synthesis and used as photocatalyst for photocatalytic hydrogen
evolution under illumination of visible light [51]. CdS nanowires— RGO
nanocomposites were synthesized and used for selective reduction of nitro
organics under visible light irradiation [52]. The wuniform CdS
nanospheres/graphene hybrid nanocomposites were used as photocatalysts for
selective reduction of nitro-organics in water under visible-light irradiation [53].
The highly dispersed phase of SnO;, on TiO, and Fe,O3 on Au nanopillars were
used as photocatalysts for the enhanced hydrogen generation by photocatalysis
[54].

Template free flower-like CdS NPs were synthesized by a facile
hydrothermal approach and as-prepared CdS NPs were used as photocatalyst for
the photodegradation of various organic dyes [55]. CuS NPs synthesized by
chemical dealloying method exhibited excellent photocatalytic activity towards
the degradation of rhodamine B, methylene blue and methyl orange [56].
Monodisperse CuS/ZnS nanocomposite has been synthesized successfully by an
ion-exchange method, and their photocatalytic activity was evaluated through the
photocatalytic decomposition of rhodamine B in aqueous solution under visible-
light irradiation [57]. The photocatalytic activity of nanoporous ZnS NPs was
evaluated by conducting the photodegradation of eosin B dye at ambient
temperature [58]. Many metal oxide visible-light sensitive semiconductors such
as TiO,, ZrO,, SnO,, CeO, Fe, 03 Al,O3 and In,Os;, have been studied as
photocatalysts [59]. Porous crystalline ZnO NPs were prepared by hydrothermal
treatment, and their photocatalytic activity was studied by photocatalytic
degradation of Rhodamine B in water at ambient temperature [60]. A range of
environmental clean-up technologies has been developed for wastewater
treatment, which wuses iron oxide nanomaterials as nanosorbents and

photocatalysts [61].
1.2.3. Nanoparticles in photovoltaic cells

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

sunlight directly into electric current (Figure. 1.7). The efficiency of the
11
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conversion process ranges from a few percent up to nearly 37 percent [62]
depending on the type of photovoltaic cell. In photovoltaic cells, energy
conversion happens in three steps; (i) Generation of the exciton (hole-electron
pair) by absorption of light (ii) Separation of excitons (iii) Collection of charges.
The layer of materials which absorb sunlight is called as the active layer, and it is
normally sandwiched between p and n layer materials for charge separation. The
silicon-based solar cell has been extensively studied and has been in practical use.
The high cost of manufacturing and long energy payback time hinder the large
spread silicon solar cells for PV power generation. Therefore, it is desired to
obtain relatively high conversion efficiency from inexpensive materials with low

production cost and low-energy consumption.
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Figure 1.7. Schematic representation of working of photovoltaic cell.

The thermodynamic limit or Shockley- Queisser limit established the ideal
band gap of active materials as 1.1 eV [63]. Therefore, many materials having
band gap close to this limit have been used to fabricate the solar cells. Among the
numerous materials utilized for the fabrication of solar cells, the quantum dots
(QDs) are attractive because of their suitable band gaps, efficient optical
adsorption, nonlinear optical properties, and less toxicity. Comprehensive
research is going on to increase the efficiency of QDSCs by making materials
using simple synthetic procedures and by adopting easy fabrication techniques.
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Figure 1.8. Schematic representation of CulnGaS,/Se, based quantum dot solar cell.

Ternary metal chalcogenides such as CulnS; NCs [64] and CulnGa(S/Se),
(CIGS) [65] have direct band gap with energies well matching to the solar
spectrum, high radiation stability, high absorption coefficients and low toxicity,
which make them as suitable material for PV solar cells. Solar cells showing high
efficiency of ~20% at laboratory conditions have been achieved using CIGS.
Schematic representation of CulnGaS,/Se; based quantum dot solar cell is shown
in Figure 1.8. In the fabrication of CIGS type solar cells, CIGS is a p-type active
layer, which absorbs sunlight and generates an exciton, CdS was used as the
buffer layer and ITO/FTO as electrodes. A transparent conductive oxide is used as
front contact layer while molybdenum coated by the sputtering process is used as
a back contact layer. This fabrication approach eliminated the need for processing
steps such as chemical bath deposition of the CdS layer, high-temperature post
deposition sulfurization treatment, and a cyanide bath etch step to correct phase
purity and grain size. However, the efficiency of solar cells made using NPs

depends on the purity of the materials obtained by chemical synthesis.

13



Chapter 1

1.3. Synthesis of metal chalcogenide nanoparticles

1.3.1. Stoichiometric varieties in metal chalcogenides and general synthetic

approach

The synthesis of NPs with good monodispersity, crystallinity, and purity for
targeted applications is a challenge. Various strategies of syntheses of
semiconductor nanocrystals have been developed by utilizing different metal
sources so that the composition, size, shape and surface protection can be
regulated. Two types of general approaches are used to produce NPs; one is top-
down approach, and another one is the bottom-up approach. In the top-down
method, the bulk material is brought into a smaller dimension by applying various
tools (external force), such as etching, various lithographic techniques, ball
milling and sol-gel technique. This method is very useful for the large-scale

industrial production of nanomaterials.

The bottom-up method refers to making of NPs from atoms based on the
atomic transformation or molecular condensations. The bottom-up approach can
be divided into physical and chemical methods. Physical methods are not cheap
and not easily adaptable for manufacturing. Chemical methods are favorable due
to their potential for scalability, better control in sizes, shapes, less expensive and
simple instrumentation. These chemical methods include sol-gel, co-precipitation,

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

Properties and applications of NPs are specific to stoichiometries of the
material. From the inorganic materials point of view, chalcogenides, especially
copper sulphide (Cu,S), cadmium sulphide (CdS), bismuth sulphide (Bi,S3) and
nickel sulphide (NixSy) have received considerable attention in recent years owing
to their wide stoichiometric compositions. The shape, size, stoichiometric
composition and crystal structure control the optical and electrical properties of
these sulphides. Specifically, for the past few years, various efforts have been
developed to control the architecture and spatial patterning of metal chalcogenide

semiconductor particles [66].
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The main focus of this thesis is the synthesis of metal sulphide NPs and
hence solution-based colloidal preparation of nanomaterials is highlighted in this
chapter. Some of the representative synthetic procedures for copper sulphide
(CuxS), cadmium sulphide (CdS), bismuth sulphide (Bi,S3), nickel sulphide
(Ni,Sy), copper indium sulphide (CIS) and copper tin sulphide (CTS) are
explained in the following sections.

1.3.2. Synthesis of copper chalcogenides

In the metal chalcogenides family, copper chalcogenides (CuS, Cu,S, and Cus-
xSe) are relatively cheap, less hazardous and valuable materials for device
fabrication. Copper sulphides are important p-type compounds, and they gained
much importance because of their variable stoichiometric compositions (Table
1.2), valence states, nanocrystal morphologies and the differences in the crystal
structures.

Table 1.2. Variable stoichiometries of copper chalcogenides

Name Composition Band gap (eV) Reference
covellite Cus 2.2 [66-69]
chalcocite Cu,S 1.2 [70]
anilite Cu;S, 2.11 [71]
CU1,75S
digenite Cuy S 1.75 [72]
CU985
djurleite Cuz;S1s 2.19 [73]
Cup4S

Among the eight Cu,S compositions, the most stable structures are copper
rich Cu,S (chalcocite) and copper deficient stoichiometric phases, i.e. CuS
(covellite), Cuy75S (anilite), CuygS or CugSs (digenite) and CuygeS (djurleite).
Despite their stability, a selective synthesis of a single structure of CuyxS NPs is a
challenge. Control in the synthesis to obtain a specific composition can be
achieved by altering the Cu/S ratio, temperature, changing the precursor materials

and stabilizing ligands. These copper sulphides behaved as semiconductors with
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either direct or indirect band gaps depending on the stoichiometric ratio of Cu to
S. The percentage of copper is known to control the band gap of CuxS. The band
gap of Cu,S increases with a decrease in the x (Stoichiometry) value. For
example, band gap is 1.2 eV for Cu,S, 1.75 eV for Cu; ¢S and 2.2 eV for CusS.
Concerning these band gap values, CuS can absorb maximum solar energy among
the Cu,S.

Covellite (CuS) phase has been used in solar hydrogen production, while
chalcocite (Cu,S) is widely used as a likely replacement of high-cost Pt counter
electrodes in quantum dot-sensitized solar cells (QDSSCs) [66, 68, 74].
Furthermore, CuS nanocrystals have been found as one of the possible materials
for the use in catalysis, biosensor, tissue imaging, drug delivery, Li-ion battery
and memory cell [75]. Therefore, it is imminent to synthesize Cus that is suitable
for possible applications in the solar cells and other optoelectronic devices. The
methods used to synthesize copper chalcogenides in variable stoichiometries are
listed in Table 1.3.

Table 1.3. General synthetic methods for copper chalcogenide nanoparticles

Author Scheme
Name
X. Huan 150 °C
et al & Cu(NO;),.3H,0 + (NH,),CS _ = CuS NPs
* 24 h
(76) (Covellite)
J.Yinet
al., (77) 120 °C
Cu(Oac),.H,O + CS, + HDA T CuS NPs
(Covellite)
Y. Qian NaS,CNEt,
etal., CuCl,.2H,0 + C4;Hy5SH —_ Cu,S NPs
C,7H;;COOH
(78) 1217h ?1360 °C (Chalcocite)
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B. A. Ethanol
Korgel et CuCly + CgH14S; + C42H2sSH ———— > Cu,SNPs
1. (79 1,6-hexane dodecane 185°C,15h .
al., (79) dithiol thiol (Chalcocite)
CHCI,
A. P. CU(NO3)2 + C12H253H + C7H15C00Na _— CUZS NPs
ivi 148°C,2.5h
A"Vt'salm (Chalcocite)
setal.,
(80)
N,H4.H,0
w. CuS0,.5H,0 + [BMIm][SeO,(OCH;)] ——— > Cuy,Se NPs
Zheng et H,0, 150 °C (Berzelianite)
al., (81) autoclave and 12 h
H,O/Hexanol
L. Zhu et | Cul + Na,SeO; + CTAB » Cu,,Se NPs
Ultrasonication,
al.,(82) 4h
B.G. reflux
Kumar et | CuCly + HMDS + S “on CuS NPs
al., (83)

1.3.3. Synthesis of cadmium chalcogenides

CdS is an important 1V-VI semiconductor having large effective Bohr radius
(CdS=2.4 A) and have the band gap as 2.41 eV. Because of its suitable band gap
CdS is used as photocatalyst and buffer layer in CIGS based solar cells. Various
methods are reported for the synthesis of CdS NPs, some of them are listed in
Table 1.4 below.
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Table 1.4. General synthetic methods for CdS nanoparticles

Author Scheme

Name

K. H. 120 °C- 170 °C
Whitmire | [Cd(pydc)(tu).] + Oleylamine/lCTAB ———————» CdS NPs
et al., (84) 16 h

ethylenediamine

and
H dodecanethiol
Y-Qanet | o4 64c),.2H,0 + NaS,CNE,,3H,0 > CdS NPs
al., (85) 180 °C, 48 h
Y. Li et.al,, ethyleneglycol
(86) and PEI
Cd(NO3),-4H,0 + thioacetamide > CdS NPs
120 °C, 30 min
S. Oh Cho thiourea
etal., (87) | CdCI, + N,N-dimethylformamide —— > CdSNPs
200°C,10 h

1.3.4. Synthesis of bismuth chalcogenides

Another important class of metal chalcogenides is bismuth chalcogenides, which
earned much importance especially due to its optoelectronic properties. The
family of bismuth sulphides can exist in three types of stoichiometric variable
forms such as BiS, BiS; and Bi,S; NPs. Among these phases, the Bi,S; form is
only well studied because of the stability factors. The high availability of sulphur
and bismuth in the earth crust is also an important factor for the use of Bi,S; for
optoelectronic applications. Orthorhombic bismuth sulphide (Bi,S3) is an
important semiconductor with the direct band gap of 1.3 to 1.7 eV and a large
absorbance coefficient [88]. It is used as thermoelectric, electronic, and
photoresponsive materials. Thin-films of Bi,S3 is good light-harvesting substrates
with absorption in the visible and near-IR part of the solar spectrum, which allows

their applications in photodiode arrays and photovoltaic converters [89]. While a
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significant work on the Bi,S; based photodetector is known [90], there is still
need for the search of best synthetic methods and simplicity in processing
methods [91]. Various methods are available for the synthesis of Bi,Sz NPs, some
of them are shown in Table 1.5.

Table 1.5. General synthetic methods for Bi,S3 nanoparticles

Author Scheme
Name
S. Ge et S,
al., (92 Bi(NO5);H,0 + ethylene o . hot furnace
,(92) 3)3H2 alycol(EC) 220 °C Bi NPs Bi,S, NPs
6h 400 °C, 10 min
S. chloroform-
Thirumara diethylenetriamine .
t al Tris(N,N-difurfuryldithiocarbamato-S,S') Bi,S; NPs
netat, bismuth(lll) 60 °C, 20 min
(93)
i A NaZS-QHZO
C. Hu Bi (N03)3'5H20 + LIN013'/2KN03 m Bi233 NPs
et.al., (94) 872 h
Y. Qianet ethylene
. . lycol
al‘l (95) BIC|3 + thiourea + C17H33COOK gy_» Bi2$3 NPs
(potassium oleate) 90°C.5h

1.3.5. Synthesis of nickel chalcogenides

The family of nickel sulphides has different complex phases of nickel sulphides
such as NiS (0-NiS and B-NiS), Ni3S,, NiS,, NisSs, NigSg, and Ni;Sg (Table 1.6).
The presence of various phases makes the synthesis of single-phase nickel
sulphide complicated. Nickel sulphide NPs exist in morphologies such as layer-
rolled, hexagonal, cuboids, nanobelts, three-dimensional flower-like

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

hydrogenation catalysts and electrode materials.

Table 1.6. Variable stoichiometries of nickel chalcogenides

Name Composition Reference
millerite NiS [96]
pyrite NiS; [97]
heazelwoodite NisS; [98]

polydymite NizS4 [99-104]

godlevskite NigSs [105]
godlevskite Ni-Se [106]
godlevskite NigSg [107]

Among the various stoichiometries of nickel sulphides, NizS,4 has attracted
much less attention compared to other binary nickel sulphides due to the synthetic
challenge in obtaining the single phase Ni3S4. Ni3Ss has a cubic spinel structure
and is found in nature as the mineral polydymite. The problem associated with the
synthesis of Ni3S, is obtaining it in pure phase. Ni3S4 along with NiS and NiS;
impurities was obtained through solid state reactions between Ni and S, NiS and
S, or NiS and NiS; at 200-300 °C even after extending the reaction up to 6
months. Therefore, many properties of pure Ni3S,4 are not completely known [108,
109, 110]. Manthiram and co-workers successfully synthesized NizS; at room
temperature using an aqueous nickel chloride in a sodium dithionite solution [99].
Ni3S4 has been also obtained by colloidal processes using elemental sulphur as a
precursor in oleylamine at high temperature (180 °C) [100]. Alternatively, NizSs
has been found to appear as a by-product in a solvent-less synthesis of
rhombohedral NiS nanorods and triangular nanoprisms or under hydrothermal
conditions [101]. However, the synthetic approaches mentioned above produced
either poor crystallinity or irregularly shaped particles. Much effort has been
devoted to obtaining single-phase NisS, efficiently in laboratories. Through a
selective control in the reaction conditions, Ni precursor used or capping agents
employed, it is possible to get single phase of NisS,. Recently, Tuna and co-
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workers reported the synthesis of NizS, NPs with different shapes by thermolysis
using a single-source of Ni precursor, ([bis(1,1,5,5-tetra-isopropyl-2-thiobiuret)
nickel(I1)]) in the presence of oleylamine, octadecene, or dodecanethiol [102].

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

Table 1.7. General synthetic methods for nickel sulphide nanoparticles

Author Scheme
Name
Y.
Hayakawa 210°C
Ni(NO3), 2-6H,0 + S + oleylamine —_— NiS NPs
et al., (45) 1h
N. INi(pip-dtc), ] dodecylamine
i(pip-dtc), (DDA)
Revaprasa or + tri-n-octylphosphine . Ni;S, or NizS, NPs
duetal., | [Ni(thg-dtc),] (TOP) 190°C,2 h
(111)
M. 120 °C
Salavati- [Ni(sal),] + S + oleylamine —_— NiS NPs
. . 60 min
Niasari
et.al.,
(112)
H. Zhanget | NiCl,.6H,0 + DI water + EA thiourea NLS. NPs
796
al., (113) (6 mL) (24mL) o0 °C, 12 h
EA = Ethanol amine
1.3.6. Synthesis of ternary systems
The I-111-VI group based materials; mainly CulnS; and CulnSe, have large

absorption coefficients and excellent photoconductivity [114]. The synthesis of
non-toxic ternary chalcogenides semiconducting NPs (I-111-VI) such as CulnS,,
CulnSe,, and Culn,Ga;«Se, gained much attention of researchers because they

are considered to replace the expensive silicon-based solar cells. They are also
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better than toxic semiconductors such as CdS, CdSe, CdTe, PbSe, etc. Another
important class of ternary systems is the material based on I-I\VV-VI combinations
as they have potential application in photovoltaic cells, electrochemical devices
and photocatalytic material [115]. Among them, Cu-Sn-S (CTS) system is
gaining importance because of the elements copper, tin and sulphur are nontoxic
and abundant in the earth. In CTS systems, especially Cu,SnS; and CusSnS, are
significant, and they have high absorption coefficient and tunable band gap which
cover the optimal solar spectrum [116]. The band gap of these materials can be
tuned by changing the particles size and composition, which offers the possibility
of matching a specific region of the solar spectrum [117]. Various methods are
available for the synthesis of CulnS,, CulnSe; (CIS/Se) and Cu,SnS; (CTS) some
of them are listed in Table 1.8.

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

Author Scheme
Name
B.A. OLA
CuCl +InCl; + Se —_— CulnSe,; NPs
Korgel et 240°C,4h
al., (118)
B.A.
OLA
Korgelet | o ¢+ InCl, + (NH,),CSe CulnSe, NPs
al., (66) 240°C,1h
B. Koo et oleylamine
al, (67) | CuClz *InCla* (NH2),CS - = jpog—=  CulnS;NPs
F.
MAA, Microwave
Bensebaa |\ o1 2H,0 +InCl, + Na,S/Na,Se . CulnSe,/S,
et al., (68) 90 °C, 30 min NPs
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S. Dias et 180 °C
al,, (119) 2CUC|2 . 2H20 + SHC|2 . 2H20+ 3Na28 —_— CUZSnS3
12 h
NPs
J. Xuetal,, TEG
(120) 2Cu(NO3), + SnCl, + 3S 240 °C 1 h > Cu,SnS;
’ NPs
Q. Liu et oleylamine
2CuCl + SnCl, + 38 >  Cu,SnS
al, (121) 2 o 2 3
240°C,1h NPs

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

Capping agents are surfactant molecules used during the synthesis of NPs. They
may or may not participate in the synthesis of NPs. Capping agent controls the
growth of NPs by preventing them from aggregation and precipitation due to
which the surface functionalization and stability of NPs are achieved. The
capping agent should be bulk enough to prevent agglomeration and small enough
to passivate the surface. The best capping agent would be the one with a
balancing of passivation (quenching surface) and stabilization (prevent
agglomeration) of NP surface. These capping agents create an inorganic-organic
interface, and these interfaces influence the properties of the materials and
subsequently the applications.

1.4.1. Architecture of capping agent

The capping agents are organic molecules which behave as Lewis bases. The
skeleton of capping agents has a head group with elements having a lone pair of
electrons and a tail group with a long alkyl chain (Figure. 1.9). Head groups
passivate the surface of NPs and tail groups provide the solubility to the materials.
Oleylamine, CTAB, octylamine, and pyridine are nitrogen based capping agents
or surfactants [122]. The phosphorus-based capping agents are TOPA, TOPO,
TPP, alkyl phosphonic acids and phosphazenes [123]. Long chain alcohols like
octanol, oleyl alcohol are the oxygen based capping agents [124]. The sulphur

based capping agents are long chain thiols, cysteine, and thiophenes [125].
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B eecee For example.,
(AL XX R X ]

B § 888888 (@A A NZ OLA, CTAB, Py, Octylamine

‘...:::.._‘
> o oo y %“K P=TOPA, TOPO, TPP, alkyl phosphonic acids
j ‘k 0= Octanol, oleoyl alcohol

M
u A =N, P, O orS head groups with alkyl tail
LY M

S= Thiols, cysteine, thiophenes etc.,

Figure 1.9. Systematic representation of the architecture of the capping agent.
1.4.2. Modes of stabilization
Three different modes of capping viz., passivation, stabilization, and

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

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

Complete quenching of the surface is called passivation. The maximum
thermodynamic stability of NPs is possible in passivation which can obtain by

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

Stabilizing agent prevents the agglomeration of NPs in the reaction medium by
providing inter particle electrostatic and/or steric repulsions.

Functionalization

Functionalization of NPs can be achieved by tuning the structure of capping agent
so that NPs can be used for a specific application. The general methods of surface
modification are grafting thiolated surfactants or polymers, adsorption of charged
surfactants, charged ligands or polymers, fullerenes, attachment of biological

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

The majority of NPs are produced by colloidal synthetic method [127]. A typical
reaction system for colloidal nanocrystals consists of three components:
precursor, a reducing agent, organic surfactant, and solvent. In some of the
syntheses, surfactants serve as solvents also. During synthesis of NPs, upon
heating the reaction medium to a sufficiently high temperature, the precursor
molecules chemically transform into active atomic or molecular species. These
atomic or molecular species are building units of a material (substance), and they
are known as nuclei. This process is called as nucleation. These nuclei then grow
by incorporating additional building units still present in the reaction medium.
The formation of NPs is governed by the relative rates of two competitive
processes, i.e. (i) Nucleation and (ii) Growth of nuclei to form larger particles.
The size of the particles obtained in a reaction is decided by the mechanism that

predominates in a reaction.

.3 0s’ o /

H o Agglomerate

L L

..o.‘.::o'.: s ° : R —_— . .

oo.c.°.‘ o ° . .

° \

Starting )

materials Nucleation Nanoparticles
Aggregate
(Bulk)

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

The first step in the colloidal synthesis is to choose a temperature that is
sufficient enough for the reaction to occur and a super saturated condition of
growing nuclei. It is necessary to stop (cap) the growth of nucleated particles at
the nanoscale, therefore capping agents play a role in adsorbing on the surface of
the particles and preventing the uncontrolled growth. Otherwise, NPs undergo

reversible agglomeration or irreversible aggregation (Figure 1.10 is adopted from
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Ref. [125]). Therefore, the capping agents are used in the reaction to control the
growth of particles. The surfactant molecules should be effective to stop at nano
size as well as to prevent agglomeration or aggregation. Apart from the selection
of capping agent, the selection of precursor materials and reagents, and their
solubility are also important factors. Further, it is required to maintain the reaction
mixture under reduced atmosphere to reduce metal/ sulphur source as well as to
arrest/stop the growth of NPs in the reaction mixture by the assistance of

surfactant/capping agent.

Organic surfactant molecules surround the NPs obtained by synthetic
methods called as capping agent or stabilizing agents. The presence of these
undesired capping agents hinders the chances of harnessing benefits of surface-
dependent properties to their full potential. Some of the disadvantages of capping

agent are;

(i)  Surrounding of chemically synthesized NPs by organic surfactant
molecules or any other surface coating would affect surface-related
processes such as surface recombination or charge transfer.

(i)  The presence of organic surfactants around NPs hinders the mobility of
charge carriers in the electronic devices such as solar cells, which cause
the deficiency of devices fabricated using these materials.

(iii) These molecules shield the active sites of catalyst imputing less catalytic
activity than its potential.

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

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

Another drawback in the synthesis of NPs is obtaining a specific stoichiometric
product selectively in a pure form when various stoichiometric products of the
material are available. As mentioned in Section 1.3, many methods including
template-assisted synthesis and use of sensitive organometallic precursors have

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

1.6. Scope of the thesis

As mentioned in Section 1.5, the capping agent stabilizes NPs but also affects
other properties like optoelectronic properties, crystallinity, and catalytic
application. These issues can be addressed by avoiding the organic surfactant
molecules at pre-synthetic or post-synthetic conditions. In our group, the
hexamethyldisilazane (HMDS) assisted synthesis was developed and has been
used to produce few metal chalcogenides. Since the solubility of reactants plays a
significant role in any reaction medium and decides the product(s) formation, the
method needed an improvement to control the reaction products. Therefore, in the
present work, we have modified the HMDS — assisted reaction changing the metal
precursor, sulphur source and the reaction conditions. Metal chlorides were
preferred over other metal sources due to their better solubility while thiourea was
used instead of sulphur powder again due to the solubility. As determined earlier
in our group, HMDS played multiple roles; as a solvent, reducing agent, and
capping agent in arresting the growth of particles during syntheses.

S

N

.~ \ H2N NH2
N+ MXK —» —/Si—X + M ——» Ms

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

At present, using the modified HMDS- assisted method, we have prepared a
variety of binary metal chalcogenides viz., CuS, Cu,S, CdS, NizS4, Bi,Ss, and
In,S3. The reaction was further extended to the synthesis of ternary metal
chalcogenides. All those reactions yielded binary and ternary metal chalcogenide,
semiconductor NPs without surrounding of any organic surfactant molecules.
Since these materials had free or clean surfaces, it is important to study the effect
of NPs with clean or bare surfaces on various applications. The detailed
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discussion on the study of the effect of NPs with bare surfaces on catalysis,
photocatalysis and photo-responsive behaviour is presented in this thesis. The
various topics covered in the thesis are listed below, and the same is shown

schematically in the Figure 1.11 below.

Organic functional group transformation using Ni3S, NPs as catalysts
Photocatalytic degradation of organic dyes using CuS NPs

Photocatalytic reduction of Cr(\V1) using CdS NPs

Photo-responsive behaviour of Bi,Sz NPs on exposure of light of varying
intensity

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

P wbdhpE

Products ' ’

Reactants

catalysis

Figure 1.11. Systematic representation of the different applications of synthesized NPs.
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Chapter 2

Recyclable Ni;S, nanocatalyst for
hydrogenation of nitroarenes

Abstract

In this chapter, the synthesis of surface clean nanoparticles (NPs) of Ni3S,, which is
rare phase of nickel sulphides and its catalytic activity are discussed. NPs were
synthesized in a single step via hexamethyldisilazane (HMDS)-assisted method
using NiCl, and thiourea as starting materials. This synthetic method yielded phase
pure, spherical Ni3S; NPs of mean size 17 (£ 4) nm having clean surfaces. The NPs
were characterized thoroughly by PXRD, FTIR, EDAX, and TEM analyses. The
catalytic behaviour of these particles was assessed by using it as a catalyst in the
reduction reaction of aromatic nitro groups. The Ni3S; NPs behaved as a versatile
catalyst for the nitro hydrogenation of both activated and deactivated nitrobenzenes
using hydrazine as a hydrogen source to yield corresponding amines in high yield
(~90%). The heterogeneous catalyst, NizS, NPs was recycled more than ten times
without any change its activity. The enhanced catalytic activity of these NizS; NPs

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

R/ Z

Recyclable
Ni;S, Nanoparticles
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Chapter 2

2.1. Introduction

NPs are the innovative class of catalytic materials having surface dependent catalytic
properties [1-6]. Compared with the bulk materials, the high surface to volume ratio
of NPs promotes the catalytic activity. Though, stabilizing or surfactant molecules
cover the surfaces of NPs (Section 1.4). However, as mentioned in the Section 1.2,
the presence of these undesired capping agents hinders the chances of harnessing
benefits of surface-dependent properties to their full potential [7-11]. Hence, to
enhance the catalytic activity, the capping agent might be removed from the surfaces
of NPs. On the other hand, many successful nanocatalysts used in organic synthesis

were prepared by elegant and intricate designs.

Nickel sulphide exists in various stoichiometries such as NiS, NiS;, NizS,,
NigSs, Ni;Sg, NizSs;, and NigSg. There are several efforts to synthesize nickel
chalcogenides NPs [12-19], but many of them resulted in the formation mixture of
sulphides. However, the challenge is to produce rare NizS4 phase in a simple bottom-
up synthesis selectively. Since the formation of Ni3S, is rare during the synthesis of
nickel sulphides, and there is no commercial source available, many of its properties

including the catalytic behaviour of NizS, NPs are unexplored.

Aromatic nitro hydrogenation is an important process in academia, industry,
and nature [20-22] because of the widespread occurrence of the nitro group in the
natural products and biologically active molecules. Therefore, many catalyst were
utilized in the hydrogenation. Some of the catalysts are Pt/carbon nanofibers,
Fe,Os/Au, Fe(BF,)2, Fes04, Rh3Ni, Fe, Co, Rh, Ni, Pd, Pt, Cu, Ag, Au, and Zn [23-
35]. Though various catalysts are available for hydrogenation of nitroarenes, the
performance of many of them still needs improvement. Also, some of the available
reports did not mention TOF, which needed for complete understanding the catalytic

performance.

Always there is a need for simplified method to produce catalyst, enhanced
catalytic activity, recyclability of the heterogeneous catalyst, and versatility to use
for various reactions. Many literatures indicated that the NPs as catalysts can be
easily separated and recycled with retention of catalytic activity compared to their

46



Synthesis of Ni3S4 NPs

bulk counterparts [36-39]. In the past years, many hierarchical nanostructures have
been used in catalysis. However, the dearth of simplicity in the production of
nanocatalyst compared with conventional bulk catalyst is a major hurdle for their use

in catalysis.

It was well acknowledged that a high specific surface area was constructive
for increasing the active sites. However, if the surfactant molecules block the active
sites, the catalyst would show less activity than its potential. Therefore, in pursuit of
finding a simple procedure for the synthesis of NPs, we have developed a novel
HMDS-assisted method to produce NPs having clean surfaces. In this chapter, we
have demonstrated a selective synthesis of Ni3S4 phase of nickel sulphide as NPs and

their catalytic activity in hydrogenation of nitroarenes.
2.2. Experimental section

2.2.1. Materials

The chemicals used in the syntheses, NiCl,, thiourea and hexamethyldisilazane
[HN(SiMe3);] (HMDS) were purchased form sigma-Aldrich and used without

further purification. All solvents were purified using standard procedures.

2.2.2. Synthesis of nickel sulphide nanoparticles

In a typical procedure (Scheme 2.1), nickel chloride (0.2 g, 1.5 mmol) was reacted
with thiourea (0.15 g, 2.0 mmol) and excess of 1,1,1,3,3,3-hexamethyldisilazane
[HN(SiMe3)2] (HMDS) at 130 °C in a 50 mL round bottom flask equipped with a
magnetic stirring bar and a condenser. The product started forming within 15 min
but to complete the formation of Ni3S; NPs; the reaction was continued up to 3 h.
The colour of the reaction mixture was changing steadily from orange to black
indicating the formation of nickel nanostructures. Unreacted HMDS and volatile side
products were removed by applying high vacuum. The remnant was repeatedly
washed with ethanol and acetone (10 ml x 3) to remove unreacted NiCl, and
thiourea. The resultant nickel sulphide NPs were dried in a vacuum oven at a

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

reactions, inert conditions were maintained using Schlenk line technique.

2.2.3. Hydrogenation of the nitroarenes

In a typical reaction, nitroarenes (6 mmol), NH,NH; (48 mmol), Ni3S4 (1 mol%, as
catalysts) and ethanol (10 mL) were added into a 50 ml two neck round bottom flask
equipped with a reflux condenser, where the second neck was closed after adding the
compounds. The reaction mixture was stirred under atmospheric pressure at 125 °C.
Progress of the reaction was monitored by a TLC, while the final products were
confirmed by NMR spectral data (Figure. S1- S10). Turnover number (TON) of the
catalyst was calculated by the ratio of moles of product and catalyst. TON= No of
moles of product / No of moles of catalyst. Turnover frequency (TOF) was
calculated from the ratio of TON and time (min).

2.2.4. Instruments and sample preparation

Powder X-ray diffraction (PXRD) patterns of obtained NisS,; nanocatalyst were
recorded on a Bruker D8 X-ray diffractometer [A (Cu-Ko) = 1.54 A], employing a
scan rate of 1° min™* for the range of 20 to 80°. Field emission-scanning electron
microscopy (FESEM) images and energy-dispersive X-ray spectroscopy (EDAX)
were recorded using Ultra 55 Carl Zeiss instrument) operated at variable voltages.
The NPs were dissolved in isopropanol and then dispersed on ITO plates to obtain
FESEM micrographs. TEM images were acquired by using an FEI Technai G2 20
STEM instrument at an acceleration voltage of 200 kVV. The NPs used for TEM
measurements were dispersed in isopropanol and 1-2 drops of dispersion were
dripped onto a carbon-coated copper grid (200 mesh). IR spectra were recorded with
an Alpha FTIR spectrometer. The FTIR spectra of Ni3S; nanocatalysts were
subtracted from the spectrum of the substrate. The NMR spectra of compounds were
obtained using a Bruker Avance 400 MHz FT-NMR spectrometer at room
temperature with CDCl; as a solvent. The data are reported in parts per million (3)
with reference to tetramethylsilane. Chemical composition was analysed using a
Varian Model Liberty Series Inductively Coupled Plasma-Optical Emission

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

recorded by the Quantachrome instruments.
2.3. Results and discussion

2.3.1. Synthesis of Ni3S, Nanocatalyst

We have demonstrated a novel HMDS-assisted method of synthesis of NizSy
nanocatalysts. The reaction shown in the Scheme 2.1 yielded phase pure Ni3S; NPs
at the reflux temperature (130 °C) without mixing of any other stoichiometric
products. As a replacement to the organometallic precursors, we used simple starting
materials to prepare the Ni3S; NPs (nickel (1) chloride and thiourea). Synthesis at
low temperature was possible because of the activation of metal by HMDS. Driving
force of the reaction was the ability of HMDS to function as a capping agent,
stabilizing surfactant molecule and solvent. During the reaction, two large
trimethylsilyl groups of HMDS behaved as a surfactant and prevented the growth of
Ni3Ss NPs while the lone pair of electrons on nitrogen atom effectively passivated
the surface of NPs. Unreacted HMDS was removed from the surfaces of particles by

high vacuum since it was a low boiling organic compound.

~ "HMDS ~ N

4 HMBS

HMDS \

! \
NiCl, + (Me3Si);NH + (NH3),CS ——— 3 | TY
HMDS TU HMDS I

! HM,DIS

\I.

u ’
SiMe; ~ RS-

R

Me;SiCl + Ni;:S,
Nanoparticles

3

Scheme 2.1. Schematic representation of sequence of the reaction for nickel sulphide
(NizS,) nanoparticles synthesis.
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In many reactions involving sulphur and nitrogen, albeit yielding the pure
products, there is an ambiguity on the nature of intermediate steps. However, we
have established the activation of HMDS-assisted syntheses of metal chalcogenides
through the formation of an S-N intermediate, which was formed by the reaction of
HMDS with sulphur [40- 42]. In the present study, thiourea has been used as a
sulphide source instead of elemental sulphur due to its solubility at room
temperature. Many reactions in organic and inorganic syntheses, thiourea has been
used as a source of sulphide (S%). Similarly, it might have interacted with the HMDS
and formed a similar S-N intermediate. This intermediate subsequently reacted with
nickel chloride forming nickel sulphide and in turn released trimethylsilyl chloride as
a side product [40-44]. The sequence of the reaction is shown in the Scheme 2.1.

Table 2.1: Controlled reactions for NizS4 nanoparticles synthesis

NO. Reactions Product
1. NiCl, + Thiourea + Toluene No reaction
2. Thiourea + HMDS S-N Intermediate
3. NiCl, + Thiourea + HMDS | Ni3S, nanoparticles

To confirm the sequence of reactions, we performed a few control reactions,
which are shown in the Table 2.1. In our optimized reaction condition, there was no
reaction between nickel chloride and thiourea in toluene. However, thiourea reacted
with HMDS (reaction 2, Table 2.1) yielding a compound, which is similar to the one
obtained in the reaction of S and HMDS. This observation was confirmed from the
time dependent °Si NMR spectra (Figure. 2.1) of samples withdrawn from the
reaction. The observed small multiplet peak around 3Si 6.6 ppm corresponds to the
probable S-N intermediate envisaged in the reaction S and HMDS (HMDS: &s; 2.3
ppm). After successfully synthesized and characterized Ni3S; NPs we have studied

the catalytic activity of as synthesized NPs for the hydrogenation of nitroarenes.
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12 h
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Figure 2.1. **Si NMR studies of the reaction mixture at different time intervals (HMDS &g 2.3
ppm and intermediate dg; 6.6 ppm).

2.3.2. Characterization of Ni3S; nanomaterial

The crystal structure and phase purity of just synthesized Ni3S, NPs were established
by powder X-ray diffraction studies (Figure. 2.2). The intensity and position of
diffraction lines of NPs matched with the standard pattern of the cubical phase of
Ni3Ss (JCPDS # 76-1813). There were no undesirable or additional peaks related to
other phases of nickel sulphide. Clear PXRD pattern obtained signified the
selectivity of the synthetic method. Further, any variation in the stoichiometry of
reaction did not change the selectivity of nickel sulphide formation. Phase selectivity
of the present method was further probed by a time-dependent PXRD study (Figure.
2.3). During the synthesis, NPs were isolated periodically, purified and analysed by
PXRD. In the PXRD patterns, there was no signature of any other stoichiometry at
any stage of the reaction. Thus, the time-dependent PXRD study supports the
selective formation of NizS, in the reaction from the beginning. EDAX spectra
(Figure. 2.4) of the product obtained in our reactions showed no signature of starting
materials (absence of chloride and silicon), while the atomic ratio was matching with
Ni3Ss (Ni:S = 3:4) only. Hence, the HMDS- assisted method was phase specific and
yielded only Ni3S4 NPs.
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Figure 2.2. PXRD pattern of as synthesized NisS, hanoparticles
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Figure. 2.3. Time dependent PXRD patterns of nanoparticles during the synthesis. The
Ni3S, phase selectivity was achieved from the initial stage of synthesis.

52



Synthesis of Ni3S4 NPs

Atomic Percentage
Ni:S=47.5:52.5

0 2 4 6 8 10 12 14 16 18 20
Full Scale 3064 cts Cursor: 0.000 ke

Figure 2.4. EDAX spectrum of as synthesized NisS, nanoparticles

2.3.3. Microscopic investigation of Ni3S, nanoparticles

TEM micrographs showed the aggregated spherical NPs having (Figure. 2.5)
diameter of 8-29 nm and an average size of 17 + 4 nm (Figure. 2.6). HRTEM
micrographs showed the lattice spacing of 2.8 A and 1.6 A, which was
corresponding to the inter-spacing of (3 1 1) and (4 4 0) planes of the standard
pattern (Figure. 2.7). These planes were matching with the principal planes observed
in the PXRD pattern of Ni3S; NPs. A thorough analysis of surface by HRTEM
(Figure. 2.7) showed no amorphous boundaries (signature of HMDS) on the surface
of NPs indicating the complete removal of capping agents. Selected area diffraction
showed a clear dotted pattern with (3 1 1) planes as dominating, which was
indicative of the single-crystalline nature of NisSs NPs (Figure. 2.7c). The SAED
observations were consistent with the PXRD pattern of Ni3S, NPs. FTIR spectrum
did not have any signal of amine or alkane (HMDS) confirming the absence of
capping agent on the surface (Figure. 2.8). Similarly, we did not observe the signal
of silicon (HMDS) (Figure. 2.4) in the EDAX spectra. We obtained an ICP data and
found no element other than Ni and S in our product. In summary, data from
HRTEM, SAED, EDAX, ICP and FTIR analyses confirmed the capping agent free
surfaces of NPs (Figure. 2.7 and 2.8).
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Figure 2.5. (a) and (b) are TEM micrographs of as synthesized Ni3S; nanoparticles.
Particles were well dispersed for effective catalytic activity.
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Figure 2.6. Particles distribution diagram from the TEM micrographs. Particles were mono
dispersed with the average size of 17 + 4 nm.
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Figure 2.7. Surface characterization of the NisS; nanocatalyst: (a) HRTEM micrograph of
the nanoparticles. Particles were crystalline and dominant planes matched with PXRD
pattern. (b) Individual nanoparticle (c) Selected area diffraction of the nanoparticles.
Dominant plane is indicated by the circle which is complemented with the PXRD pattern.
Dotted pattern represents the crystalline nature of the nanoparticles.
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Figure 2.8. FTIR spectra of the NizS,; nanopatrticles. Since there was no signal of the amine
(HMDS), capping agent was completely removed from the surfaces.
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2.3.4. Ni3S4 nanoparticles as the catalyst

Since nickel sulphide obtained in our reaction had clean surfaces; we assessed the
catalytic activity of Ni3Ss NPs using it as a catalyst in the reaction of hydrogenation
of nitrobenzene (Table 2.2). The reduction of aromatic amines was chosen because
of its important in the total synthesis of many organic molecules [22]. The Ni3S; NPs
displayed a remarkable catalytic activity towards the hydrogenation of nitrobenzene
to aminobenzene under optimal conditions (Table 2.2). Reduction reactions were
performed efficiently using 1 mol% of Ni3Ss NPs in ethanol using hydrazine as a
hydrogen source. It was observed that under the optimized condition, 8 equivalents
of hydrazine hydride was required to complete the reaction [19]. The maximum yield

achieved under the optimized conditions was 88% with TOF of 111 min™.

NO, cat. Ni3S, Nanoparticles (1 mol%) NH;

| N NH,NH, (8 equiv.) | N
'
N o /G
= EtOH, 125 °C, 3 h R
85-93%

R =X, OH, COOH, CH3, NH,

Scheme 2.2. Reduction of the nitroarenes using the NizS, nanoparticles as catalyst.

In control reactions, the hydrogenation of aminobenzene did not proceed
either in the absence of Ni3S, NPs or hydrazine in the reaction (Figure. 2.9). This
observation confirmed the need for both these compounds to complete the reaction.
The versatility of the catalyst was examined further in the reduction of substituted
nitrobenzenes (O,NC,H4R; R = X, CH3, NH,, COOH, OH) under optimized reaction
condition, which is shown in the Scheme 2.2. The reactions successfully yielded
corresponding aminobenzenes with high vyields (85-93%). The products were
confirmed by NMR spectral data (Figure. S1- S10). Various catalytic systems were
used for the reduction of nitrobenzenes [23-35]. Few reports demonstrated the
catalytic activity of different forms of nickel sulphides (except Ni3S, phase) (Table

2.3). However, the present work is an elaborate study on catalytic activity of Ni3S,,
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which showed the excellent result with high TOF and yield [41-43]. Thus, the study
showed the effectiveness of NisSs NPs as a catalyst towards the hydrogenation of

various substituted nitrobenzenes.

NO NH
‘ nano NizSy I 1N0: nano NS, s
" S O
NH NH, LJ NG, P
_ e I I_.
e ]
AN
NO,
NO; NH,
é nanquS“ : ©
| oK -
Z NH,NH, }
n |
(0 .
a» 8 om 'S %0 83 &0 75 78 &5 &0 %5 S0 45 40 15 18 23 20 15 1a 05 80 | pm
2] [

Figure 2.9. Controlled reaction to prove catalytic activity of NizS,; nanoparticles. Catalysis

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

Entry Substrate TOF(min™) Yield(%)
1 @_N o, 113 88
2 112 89
CI—©—N02

3 115 91
Br—@—NOz

4 113 90
~Orre.

5 108 85

6 118 93

/ HOOC—©—N02 110 87

8 114 90
H2N_©_N02

9 CH3 111 88
O

10 NO, 112 89
o,

All the reactions were carried out under the optimal conditions. Reactant = 6 mmol;
hydrazine = 48 mmol; temperature = 125 °C, catalyst = 1 mol %. Size of nanoparticles = 17
nm; Time = 3 h; solvent = ethanol, 10 ml.

58



Synthesis of Ni3S4 NPs

Table 2.3. Comparison table of numerous catalysts with various nitroaromatics.

Catalyst Substrate Time \E(l)/eol)d (I’T]%Fl) Reference
Pt/CNF CNB 5h 99 610 23
Fe,Os/Au NB 8h 90 -- 24
Fe(BF,), NB 2h 89 - 25
Fes04 PNP 8 min 99 -- 26
Rh3Ni CNB 5h 97 -- 27
Fe NB 2-3h 95 -- 28
Co NB 15h 99 -- 29
Rh NB 10h 93 -- 30
Ni NB 4h 93 -- 31
Pd NB 1h 89 -- 32
Pt PNP 3h 99 -- 33
Cu, Ag, Au PNP <10 min - - 34
Zn NB 2.5h 99 -- 35
Ni7Sg NB 24h -- -- 37
(Ni3Ss)
NiS PNP 400 sec - - 38
(Ni3Ss)
NiSz+x/0- NB 1h -- -- 39
CsNgy
NizS4 NB 3h 88 113 Present
work

CNB = Chloro nitrobenzene; NB = Nitrobenzene; PNP = p-Nitrophenol;
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In the reactions involving heterogeneous catalysis, the reacting molecules
adsorb on the catalytically active solid surface. Then the chemical bonds are broken
and formed on the surface, and finally the products are released. However, the
catalytic activity of NPs depends on various factors such as particle size, surface
area, structure-insensitivity/sensitivity, and the number of atoms/molecules in the
surface that are available for catalytic activity [45]. We determined the surface area
of NisS; NPs by BET analysis as 6.49 m%/g (Figure. 2.10). In spite of less surface
area, these Ni3S, NPs showed a significant catalytic activity. Interestingly, Radek
Zboril and co-workers [46] also observed high catalytic activity iron(l11) oxide NPs
at relatively lesser surface area for the decomposition of hydrogen peroxide. They
ascribed the reason to the absence of an amorphous phase. In the present study, the
surprisingly high catalytic activity of Ni3S; NPs having less surface area can be
attributed to the availability of more number of bare active sites at the surface since
there was no other material surrounding the NPs. These free surfaces were possible

because of the inherent advantage HMDS-assisted synthesis.

| —=— Adsorption "
—e— Desorption o
[ |

Surface Area= 6.49 m g'1 /0/

1-/

Quantity adsorbed (cm3 g'1)
Y
\

0 I ' | ' I ! I ' | ' |
00 02 04 06 08 10

Relative Pressure (P/P)

Figure 2.10. BET isotherm of as synthesized NizS, nanoparticles.

Rioux et.al [47] observed a difference in the particle sizes polymer coated Pt
determined by a chemisorption method and from PXRD lines. This observation was
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explained based on the reduced exposed surface area due to the existence of
unremoved polymer coated on the surface of Pt NPs which hindered the adsorption
of gas. This observation also supported that not only the surface area or size of the
NPs but also the availability of exposed active site at the surface are relevant to
enhanced catalytic activity observed in this present study. However, any tangible

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

2.3.5. Recyclability

For practical applications, recycling capability is desirable for any catalyst. Further,
sulphur atoms often leach from sulphur-based compounds leading to the deactivation
of their catalytic activity. Interestingly, the Ni3S; NPs prepared in our reactions
showed an excellent stability and recyclability in the reduction of nitrobenzenes.
When the reaction mixture was filtered at hot condition, a minute solubility of NizS,
was observed. However, at room temperature, the catalyst precipitated from the
solution. Therefore, we recovered and reused the catalyst more than ten times
without any activation procedures (Figure. 2.11). After the each reaction, the catalyst
was separated by centrifugation from organic layer and, washed, dried and reused.
Throughout ten cycles, the reaction yield was almost constant; then there was a
slight reduction in the yield (from 88% to 85%).

100

Yield of aniline (%)

Cycles

Figure 2.11. Stability of the catalyst. Recyclability analysis of the nickel sulphide. The yield
of the aniline was not significantly reduced even after 10 cycles.
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Thermogravimetric analysis showed that NPs were stable approximately up
to 200 °C and the catalytic activity did not destroy them (Figure. 2.12). A clear
weight loss at 500 °C seen in the TGA plot was presumable due to loss of trapped
HMDS or intermediate during the reaction. However, in the reused catalyst these

trapped compounds would have dissolved into the reaction solvent and hence there
was no sharp loss in weight.

100 —=a— As synthesized
95 ] —e— After used

90
85
80 -
75
70

Weight (%)

65 1
60
55

— 7777
100 200 300 400 500 600 700 800

Temperature (OC)

Figure 2.12. Thermal stability of the catalyst. TGA analysis of Ni3S, nanoparticles. Potential
use of catalyst at high temperature was explored.

I\fterdl 0 cycle

Figure 2.13. TEM micrograph of the reused Ni3S,; nanoparticles. Size of the particles were
retained after catalysis.
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Further, analysis of NPs by TEM after cycles of catalysis did not show any
significant change in shape and size of the particles even after ten cycles (Figure.
2.13). Presumably, retaining of size and shapes of NPs ensured a constant catalytic
activity for many cycles. In summary, the NPs were recyclable for many catalytic

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

In this chapter we have systematically explained the synthesis of Ni3S; NPs and also
successfully explained the catalytic activity of the synthesized NisS, nanomaterials.
We have developed a novel method for the production of a rare stoichiometric form
of nickel sulphide (Ni3Ss) NPs. The newly developed procedure was simple, single
step and scalable for bulk preparation. The method yielded NPs with clean surfaces,
which was characterized methodically by various techniques. We have demonstrated
hitherto unexplored catalytic activity of Ni3S,; phase of nickel sulphide NPs in the
hydrogenation of nitroarenes. The broad scope of substrates, easy recovery and
recyclability highlight the potential of NisS, as a catalyst. The high catalytic activity
of NisS4 having less surface area is ascribed to the clean, surfactant free surface of

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

Stabilizer free copper sulphide nanostructures
for rapid photocatalytic decomposition of
rhodamine B

Abstract

In this chapter hexamethyldisilazane (HMDS)- assisted synthesis of CuS and Cu,S
nanostructures and photocatalytic activity of the synthesized nanostructures were
discussed. These nanostructures were synthesized by modified HMDS assisted
synthetic method at 130 °C. The reaction yielded hexagonal CuS NPs with average
size of 22 = 6 nm and cubic Cu,S NPs with average size of 52 = 10 nm. The CuS
microflowers were constructed by self-assembly of nanoflakes which was grown
through anisotropic growth of (1 0 3) planes. We have demonstrated an efficient
photocatalytic activity of CuS nanostructures through photocatalytic decomposition
of Rhodamine B dye. The CuS flowers rapidly decomposed Rhodamine B in
solution (12 min). The efficient catalytic activity is explained by invoking clean
surfaces of NPs. We have also demonstrated the influence of illumination intensity

on the efficiency of catalyst and the recyclability.
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Synthesis of Copper Sulphide Nanostructures

3.1. Introduction

Colloidal syntheses of NPs have provided accesses to the complex nanostructures
like flowers [1, 2], dandelions [3], wafers [4], heterodimers [5], core-shell particles
[6], fibrous materials [7], porous materials [8] and other hierarchical nanostructures.
However, the reaction conditions and reagents used in the chemical syntheses decide
the dimensions and properties of the complex structures. Microflowers are 3D-
superstructures of intermediate size with remarkable properties [9-15]. Microflowers
have a unique morphology; being in microscale but constructed by nanoscale flakes
and therefore ensemble the properties of individual nanoflakes too. Thus, the
structure helps in harnessing entire size dependent properties all at the same time.
Photocatalysis was one among many fields benefitted from the flower morphology
[16-20]. Other than contribution of the nano size, flower morphology provides
porous cavities for photocatalytic activity [21]. Among various photocatalytic
materials, copper sulphide gained attention because of the low cost, abundance and
tunability. Recently, copper sulphide nanostructures showed improved photocatalytic
performance [22-30].

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

Photocatalyst

Waste water Clean water

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

In the field of environmental contamination caused by dyes (Figure. 3.1), the
heterogeneous photocatalytic process (Figure. 3.2) is an authentic technique, which
can be successfully used to oxidize the organic pollutants present in the agueous
system [36]. During the advance oxidation process, the pollutants or organic matters
are completely converted to carbon dioxide or to less harmful compounds based on
the stability of those intermediates. Experimental observations indicate that almost
complete mineralization of organic compounds to carbon dioxide, water and
inorganic anions have taken place in the photocatalytic process. Mostly, the
semiconducting nanomaterials such as ZnO and TiO; are often used as catalyst in the
photocatalytic process because of their high stability, low costs, high efficiency and
nil toxicity. However, wide band gap of the TiO, and ZnO made them active only in

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

The major research is going on to find a suitable semiconducting material
which is active in visible region to achieve higher photocatalytic activity towards the
dye degradation. As mentioned in the Section 1.2., the surfactants/capping agents

that are present around/on the surfaces of NPs unfavourably modify the properties of
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the nanostructures. Case in point, most of the potential catalytic centres in the NPs
are protected by the capping agents. However, synthesizing NPs for catalysis,
without organic surfactants but utilizing less energy, simple starting materials and
simple purification procedures is a challenging task [31, 32]. Herein, we have
developed a direct synthesis of CuS microflowers assisted by HMDS and their
photocatalytic activity. It was determined that the nanoflakes constructed these
microflowers. Using the same procedure, but by tailoring the stoichiometry of
reaction, Cu,S NPs were also synthesized. HMDS used in these syntheses is a

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

In this chapter, an efficient photocatalytic activity of CuS microflowers by
photocatalytic degradation (within 12 min) of the Rhodamine B solution is
demonstrated. We have investigated the influences of illumination intensity, amount
of catalyst and flower morphology on the photocatalytic activity and quantified
through rate constant measurements. We have also analysed the reason for the
enhanced photocatalytic activity of CuS microflowers compared to the similar
studies reported in literature [22-30].

3.2. Experimental section

3.2.1. Materials

The chemicals used in the syntheses, copper chloride (CuCl,), thiourea and
hexamethyldisilazane [HN(SiMe3);] (HMDS) were purchased form Sigma-Aldrich
and used without further purification. All solvents were purified using standard
procedures. Instrumentation and sample preparation are similar to the one discussed
in Chapter 2 and Section 2.2.4.

3.2.2. Synthesis of CuS microflowers

In a typical synthesis (Scheme 3.1), a reaction flask containing copper (I1)
chloride (0.18 g, 1.4 mmol) and thiourea (0.10 g, 1.4 mmol) was degassed and
flushed with dry nitrogen gas and then 1,1,1,3,3,3-bis(trimethylsilyl) amine
(HMDS) (5 mL, 23.8 mmol) was injected into the flask. The reaction mixture
was stirred at around reflux temperature (~130 °C) under inert condition.

Although the formation of copper sulphide was instantaneous, the reaction
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mixture was refluxed for 3 h to achieve uniform flower distribution. At the end
of reaction hour, a black precipitate was isolated. The side products and
unreacted HMDS were removed by vacuum. Then the black precipitate was
washed with methanol (20 mL x 3) followed by acetone (20 mL x 3) at
ambient temperature to remove unreacted copper (Il) chloride and thiourea
respectively. The final product was dried at 120 °C for 3 h before analysis.
Using synthetic procedure discussed here, we have synthesized copper
sulphide NPs up to 2.5 g, which showed the potential ease of method to scale

up for commercial production.

3.2.3. Synthesis of Cu,S nanoparticles

Synthetic procedure of Cu,S NPs was same as the CuS flowers except for the
reaction stoichiometric ratio (Scheme 3.1). Stoichiometry was set as 1. 0.5
excess for CuCl, (0.2 g, 1.4 mmol), thiourea (0.053 g, 0.7 mmol) and HMDS
(capping agent, 5 mL, 23.8 mmol) respectively. Since an excess of HMDS was
present in the reaction, the mole ratio of HMDS was maintained constant for
all reactions. The reaction mixture was stirred for 3h at room tem-perature to
avoid local concentration differences in the reaction mixture. A black
precipitate of Cu,S NPs was obtained after 3 h of reflux. Modification of
reaction time or temperature did not have any noticeable change in the

product.

3.2.4. Photocatalysis

Decomposition of Rhodamine B in aqueous solution was studied in the
presence of CuS microflowers as photocatalyst. All photocatalytic
decomposition experiments were conducted in a cylindrical pyrex cell which
was kept ~10 cm away from the light source to avoid thermal effect. In a
standardized procedure, 60 mg of photocatalyst was added into the pyrex cell
containing 60 mL aqueous solution of Rhodamine B of 3 M (1 g. L™
concentration. Since it was a heterogeneous catalysis, CuS was added
according to the weight ratio (60 mg of CuS per 60 mL of 3 M of RhB). The
solution was stirred before illumination under dark to create adsorption and

desorption equilibrium (15 min). Blue LED controlled by Zahner Zennium
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electrochemical workstation (Zahner, Germany) illuminated the reaction
mixture (454 nm, 200 W. m2). The reaction mixture was bubbled by constant
flow of atmospheric oxygen. Analysing environments were maintained cool to
avoid thermal assistance in photocatalysis.

The Rhodamine B concentration was monitored by colorimetry. During the
photocatalysis, samples (5 mL ) were withdrawn periodically (1 min) using
syringes. Then the samples were centrifuged to remove residual catalyst
particulates. This centrifugation process also avoided the scattering of UV
light by CusS particles in analysis. Absorption spectra were collected until no
changes were observed in the absorption maximum. Rhodamine B
concentrations in each sample were calculated by Beer Lambert law [c = A/(e
x 1)], where, A = absorbance of dye at 553 nm, e= molar absorption coefficient
[37] of Rh B (= 87,000 M *cm™), | = path length of cuvette (1 cm). All
absorption profiles were normalised for visual comparison. Rate constants
were calculated from the slopes of plot —In(C/Cp) versus irradiation time (t).
Rate constants were expressed in inverse minutes. To ensure consistency, all
analyses were repeated three times and standard errors were calculated. To
confirm recyclability, the catalyst was recovered by centrifugation after every
cycle. The recovered catalyst was purified by washing with methanol (10 mL
x 5) and acetone (10 mL x 2) and dried under vacuum for 2 h to obtain in
powder form, which was used for recycling experiments and SEM analyses.
Recycling experiments were also conducted under the standardized conditions

mentioned above.

3.3. Results and discussion
3.3.1. Modified HMDS-assisted synthetic method

It is known that the solubility of reactants play an important role in any
reaction and decides the product(s) formed from the reaction [34, 35]. We
have developed a modified HMDS-assisted method [31-33] to synthesize CuS
microflowers wherein easily soluble thiourea was used as the source of
sulphur rather than elemental sulphur. Elemental sulphur was soluble in

HMDS only at high reaction temperature. In this reaction, copper (I1) chloride

72



Chapter 3

was reacted with thiourea (1:1) in HMDS to obtain CuS microflowers
(Scheme 3.1). Since thiourea was a soluble form of sulphur source at room
temperature and its removal after the synthesis was easy. Solubility of thiourea
provided control in the present reaction and improved the quality of the
materials obtained and further provided favourable condition to perform many
reactions by adjusting the stoichiometry. While varying the stoichiometry of
the reaction, Cu,S NPs were obtained when copper (Il) chloride to thiourea
ratio in the reaction was 2:1. Thus, the “modified HMDS-assisted synthesis”
afforded a methodology for the production of both CuS microflowers and
CuzS NPs.

To explain the role of the HMDS in these reactions, a controlled reaction
(CuCl; + thiourea) was performed. In this reaction, no copper sulphide was
formed in the absence of HMDS explaining the necessity of HMDS to activate
thiourea in the reaction. Dual role of HMDS as solvent and its involvement in
arresting the growth of particles during syntheses in the HMDS-assisted
methodology was explained clearly in the previous reports from our laboratory
[33-35]. HMDS is presumed to play similar roles in this modified HMDS-
assisted synthetic methodology for the production of metal sulphide

nanomaterials.

CuCl,:TU=1:1
100 nm
S
I | |/ Reflus. 3 b Self assembled CuS
CuCl, + L + \Si _Si —_ Microflowers
H,N NH, PR NN
H
Thiourea Hexamethyldisilazane

CuCl,:TU=2:1

Cu,S nanoparticles

Scheme 3.1. Schematic illustration of synthesis of CuS and Cu,S nanoparticles.

73



Synthesis of Copper Sulphide Nanostructures

3.3.2. Characterization of CuS nanomaterial

The synthesized products CuS and Cu,S NPs were initially characterized by
PXRD. The PXRD analysis confirmed the formation of CuS nanostructures
and it crystal structure (Figure. 3.3). In PXRD pattern obtained, the peak
positions were resolved and broadened. Two dominant planes (1 0 3) and (1 1
0) were observed. Similar to the products obtained in other synthetic
procedures, (1 1 0) CuS plane grew higher than standard pattern [13, 34].
Comparing with the standard diffraction pattern, it was concluded that CuS
flowers had covellite crystal structure (JCPDS# 06-0464; hexagonal) and no
other stoichiometric copper sulphide phases were identified in the PXRD
pattern. To confirm the composition of copper sulphide, EDAX (Figure. 3.4)
spectrum was obtained, which showed the atomic ratio of flowers as Cu:S =
1:1. The absence of chlorine (CuCl,) and carbon signals in the spectrum

confirmed complete removal of starting materials in the product and its purity.
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o~ —
o 2 o Hexagonal
=
E]
2
= = ()
: & o
2 = -
£

(
(202)

|,|||| L1
I L}

50 60 70

Figure 3.3. Powder X-ray diffraction pattern of copper sulphide nanostructures. The
vertical lines represent standard diffraction pattern from JCPDS library. CuS flowers
had bulk hexagonal crystal structure.
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Figure 3.4. EDAX spectrum of CuS nanostructures. Peaks are labelled according to
the energy values. Atomic ratio was 1:1. Peaks corresponding to starting materials,
capping agent and carbonaceous materials were not observed.
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Figure 3.5. FTIR spectrum of copper sulphide nanostructures. FTIR spectrum of

HMDS is presented for visual comparison. Absence of capping agent in CuS
nanostructures was confirmed.
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The absence of signal of silicon and carbonaceous species in EDAX
spectrum and no absorbance in IR region (Figure. 3.5) relating any organic
moieties confirmed the clean surfaces of CuS flakes. Moreover, HRTEM
micrographs did not show any signature of capping agent (amorphous layer)
on the surface of nanoflakes (Figure. 3.7a). Since there was no capping agent
on the surfaces of particles, the peak broadening in PXRD pattern was only
due to the tiny sizes of particles. Although no capping agent (HMDS) was on
the surfaces of NPs, there was no agglomeration of NPs and they were stable
against oxidation. HMDS arrested the growth of nucleus formed during

reaction but was removed in post synthetic process.

3.3.3. Dimensions and flower morphology of CuS particles

Dimensions and morphology of CusS particles formed in the present synthesis
were analysed by transmission electron microscope. TEM micrographs
showed a flower like architecture of CuS particles (Figure. 3.6a, b and c). Low
magnification images showed abundance and distribution of flowers. High
magnification images showed that the flowers were constructed by nanoscale
flake shaped particles (Figure. 3.6a). Numerous flakes associated to construct
three-dimensional architectures of flowers while the number of nanoflakes
constructing flowers was not constant. Flower like structures were stable and
not dissociated by sonication or concentration variation. Flower architecture
was obtained in all reactions independent of variation in solvents and
substrates.

The width of the flakes that constituted the flower like archi-tecture was
between 9 and 35 nm with the average of 22 £ 6 nm (Figure. 3.6d). The flakes
had a constant width along the entire length of flakes. Flake widths were
monodisperse and length varied according to the flower size. Polydispersity in
length of flakes created polydispersity in the sizes of the flowers. Selected area
diffraction (SAED) analysis of flowers showed a bright dotted pattern (Figure.
3.6e). The bright dots were indexed as (1 0 3), (2 0 2) and (1 1 0) planes of the
bulk covellite structure. The dotted SAED pattern attributed to the crystalline
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nature of flakes. The obtained selected area diffrac-tion pattern was consistent

with powder diffraction pattern.

—
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Figure 3.6. (a), (b) and (c) are TEM micrograph of copper sulphide nanostructures.
The flower was constructed by flake shaped nanoparticles. (d) Distribution diagram of
Cus flowers. Flake widths were 9-35 nm (D,= 22 + 6 nm) and length of flakes varied
with the size of the flowers. (e) Selected area diffraction pattern of flowers. Dotted
pattern indicated the crystalline nature of flowers. Dominant (1 0 3) CuS plane is
highlighted by a circle.

3.3.4. Anisotropic growth of (1 0 3)cys planes: self-assembly of nanoscale

flakes

To understand the flake formation and their construction, inter-planar
distances of a flake present in the periphery of a flower were measured by
HRTEM (Figure. 3.7a). Lattice measurements of the flake showed lattice
fringe of 2.8 A (Figure. 3.7b), which corresponds to (1 0 3) planes of covellite

structure. All the flakes possessed homogenous (1 0 3) planes irrespective to
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the size of the flowers. The (1 0 3) planes have grown parallel to the flakes.
Hence, an anisotropic growth of (1 0 3) planes was responsible for flake like
shape. This observation was consistent with PXRD pattern. HRTEM images
showed that flakes were crystalline without visual defects. Further, the flakes
were magnified to the atomic level (Figure. 3.7c) and corresponding two-
dimensional fast Fourier transformation (FFT) was obtained (Figure. 3.7d).
FFT patterns were matching with patterns of PXRD and SAED.

All flakes seen in the TEM micrographs were uniform and without side
arms. This observation eliminated the possibility off lower formation from the
branching of single flake. There were no appreciable defective interfaces or
twins detected in high magnification TEM images of the flakes (Figure. 3.7c).
Thus, the flower formation did not originate from oriented attachment of
smaller NPs [38]. In all micrographs, no flakes were interfaced with other
flakes in flowers. All flakes existed individually in flowers. Hence, the flakes
were the basic building blocks of flowers. Moreover, HRTEM image of flakes
did not have amorphous layer on the surfaces (Figure. 3.7a). Hence, the
capping agent was absent on the surface of nanoflakes. To minimize the
surface energy, nanoflakes self-assembled and constructed the flowers [10,
34].
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Figure 3.7. (a) TEM image of a flake with width size of 16 nm. (b) Lattice profile of the
flake. The flake grew parallel to (1 0 3) CuS plane. (c) HRTEM image of a flake.
Lattices indicated the crystalline nature of the nanoflake. Lattices were free from
defects. (d) Two dimensional fast Fourier transformation of image (c). Dominant (1 0
3) plane is highlighted by a circle.

3.3.5. Stoichiometric modification-Cu,S nanoparticles formation

Since copper sulphides exist in different stable stoichiometries, the reaction
stoichiometric ratio was modified to understand the change in the product
formation. When the stoichiometric ratio of CuCl,: TU in the reaction is 2:1,
Cu,S NPs were formed (Figure 3.8). Other stoichiometric variations yielded
the same Cu,S NPs. PXRD and EDAX analyses (Figure 3.9 and 3.10)
confirmed successful synthesis of Cu,S NPs. PXRD pattern showed
reflections of phase pure cubic Cu,S (JCPDS # 65-2980). No traces of other
stoichiometric compounds were found. Peaks position and relative intensities
were matching with standard pattern. EDAX spectrum showed Cu to S

stoichiometric ratio in the product as 2:1. The absence of silicon signal in the
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EDAX spectrum and the absence of signature of HMDS in FTIR spectrum
(Figure 3.11) confirmed the complete removal of capping agent on the

surfaces of Cu,S NPs.
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Figure 3.8. PXRD patterns of stoichiometric variation. All attempted variations given the
pattern of Cu,S nanopatrticles (65-2980)
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Figure 3.9. Powder X-ray diffraction pattern of Cu,S nanopatrticles. The vertical blue lines
are the peak positions from JCPDS library. Cu,S nanoparticles had bulk cubic-crystal

structure.
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Figure 3.10. EDAX spectrum of Cu,S nanoparticles. Atomic ratio was calculated as
Cu:S=2:1.1.
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Figure 3.11. FTIR spectrum of Cu,S nanoparticles. Absence of capping agent on the
surfaces of nanoparticles was confirmed.
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Morphology of Cu,S NPs was investigated by TEM analysis (Figure. 3.12a-
d). Cu,S particles had a spherical shape with the diameter of 29—75 nm (Dg,=
52 £ 10 nm) (Figure. 3.12¢). SAED pattern of Cu,S NPs showed a clear dotted

pattern (Figure. 3.12f) confirming the crystalline nature of NPs.

Figure 3.12. (a, b, ¢ and d) are TEM images of Cu,S nanoparticles with different
magnifications. Abundance of particles was high. Particles had nearly spherical
shape. (e) Particle size distribution diagram. Cu,S particles had a size of 29—-75 nm
with Dg,= 52 £ 10 nm. (f) SAED pattern of Cu,S nanoparticles. Dominant plane is
highlighted by a circle.

HRTEM micrographs (Figure. 3.13a, ¢) showed one of the dominant planes
(2 0 0).The information obtained from PXRD, SAED and HRTEM regarding
crystallinity and inter planar distances were consistent with each other.
Further, two-dimensional fast Fourier transformation acquired Cu,S NPs at
higher magnification (Figure. 3.13c and d) were matching with the standard

diffraction pattern. Defect free particles confirmed single crystalline nature of
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the Cu,S NPs (Figure. 3.13d). In summary, Cu,S NPs were synthesized by
stoichiometric modification in the CuS synthesis and characterised

completely.

(200) Cu,s

Figure 3.13. (a) HRTEM micrograph of a Cu,S nanoparticle. (b) Lattice profile of
selected region of image. (a) Plane (2 0 0) of Cu,S was observed. (c) HRTEM image
showing continuous lattice points. Clear lattice points denoted the crystalline nature of
nanoparticles. The lattices were free from defects. (d) Two dimensional fast Fourier
transformation of image (c).

3.3.6. Optical properties

Optical properties of CuS and Cu,S NPs were examined by UV-Vis
spectroscopy. Solid-state spectra were recorded to understand the optical
properties since complete removal of capping agent on the surface of NPs
reduced the solubility of these materials. Solid-state UV spectrum of the CuS
flowers showed a broad reflectance, but the shape of the spectrum was similar
to the spectra reported earlier [13]. The spectrum of Cu,S NPs had a broad
reflectance peak centred on 586 nm (Figure. 3.14a). The band gap calculations
of the as synthesized CuS and Cu,S NPs were made from the absorption
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spectral data, and the band gap of CuS microflowers was 2.81 eV and Cu,S

NPs was 1.97 eV (Figure. 3.14b and c).
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Figure 3.14. (a) Solid UV-visible reflectance spectrum of CuS and Cu,S
nanostructures. (b, c¢) are optical band gap spectrum of CuS and Cu,S
nanostructures.

3.3.7. CusS flowers as photocatalyst

Photocatalytic activities of CuS and Cu,S NPs were examined by following
the photocatalytic degradation of Rhodamine B (Rh B) dye in solution. CuS
flowers exhibited photocatalytic activity under illumination by visible light
(blue, 454 nm, 200 W. m2). During analyses, colour of the solution was
changing gradually from bright pink to colourless (12 min, Figure. 3.15a inset)
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in the presence of CuS. The decolouration explained that the structure of Rh B
was destroyed during photocatalysis [39, 40]. This observation can be
attributed to the oxidative degradation of the Rh B in analytical solution [41].

Degradation of Rh B (Structure of Rh B in Figure 3.16) in aqueous solution
(60 mL of 3 M) in the presence of CuS microflowers (60 mg) was monitored
by observing the change in Rh B concentration through absorption spectra
(Figure. 3.15a and b). The Figure. 3.15a illustrates that the absorbance maxima
of Rh B (Amax= 553 nm) was decreasing rapidly without any shift and no new
absorption peak was appearing. Hence, the concentration changes and relative
concentration (C/Cy) of Rh B were calculated from the absorbance maxima.
Figure. 3.15b shows temporal progression of degradation of Rh B under
various conditions. Photocatalytic degradation (decolouration) was practically
instantaneous. Within 3 min, CuS flowers decomposed ~64% of Rh B
solution. Complete photodegradation (~99%) of Rh B occurred within 12 min.
Subsequent absorption visualized in the UV spectrum originated from the
residual fragments in analytical solution [42]. Initial phase degradation was
faster compared to the final phase of degradation. We attribute this
observation to the lack of availability of catalyst in the final phase of reaction.
This rapid photocatalytic degradation of Rh B solution showed the
effectiveness of CuS flowers as photocatalysts. Photons alone (photolysis) did
not decompose the Rh B (circles) and catalyst alone (catalysis) did not
decompose Rh B (squares). Both photons and catalyst synergistically
decomposed Rh B (triangles). Error bars were calculated from three
independent measurements. Plots of absorbance versus time is given in the
Figure. 3.17.
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Figure 3.15. Photocatalytic activity of the CuS Flowers. (a) Optical absorption profile
of decomposition of Rh B aqueous solution. Changes in the concentration can be
seen at 553 nm. Inset shows digital images of colour change during the
decomposition. (b) Controlled reactions were described using the relative
concentration of the Rh B (C/Cy).
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Figure 3.16. Structure of Rhodamine B dye. It is a toxic colorant in textile
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Figure 3.17. Normalized profiles of absorption. (a) Absorption kinetics of photolysis.
Decomposition of Rh B was carried out in the absence of copper sulphide catalyst.
Photons alone did not decompose Rh B aqueous solution. (b) Absorption kinetics of
catalysis. Decomposition of Rh B was carried out in the absence of light. Catalyst
alone did not decompose Rh B aqueous solution. (c) Absorption kinetics of
photocatalysis. Decomposition of Rh B was carried out in the presence of both
photons and catalyst. Degradation of Rh B is self-evident from the plot.
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To confirm photocatalytic activity as only the reason for degradation of Rh
B, separate catalysis and photolysis were performed. Observation from the UV
spectrum showed that changes in Rh B concentration were negligible in both
photolysis and catalysis (Figure. 3.15b). There was no appreciable decrease in
maxima of RhB in both the process even after extended reaction time (120
min, Figure. 3.17c). Hence, it was clear that the visible light irradiation alone
did not decompose Rh B (Figure. 3.15b, circles and Figure. 3.17a) and thus the
failure of direct photolysis (without CuS) excluded the possibility of Rh B
degradation by self-sensitisation. There was a slight decrease in the dye
concentration when CuS (without UV irradiation) was added to the reaction
mixture (Figure. 3.15b, squares and Figure. 3.17b). This may be due the
decomposition of dye or adsorption dye on the surfaces of catalyst particles.
Both results confirmed that independent photolysis (with photons and without
catalyst) and catalysis (with catalyst and without photons), did not influence
the decomposition of Rh B. Decomposition of Rh B was accelerated only
when both catalyst and photons were present (Figure. 3.15b, triangles). Hence,
both catalysis and photolysis synergistically influenced the decomposition of
Rh B. CuS nanostructures effectively couple photons and catalytic activity to
decompose the Rh B solution. In brief, controlled reactions clarified that CuS
flowers degraded the Rh B solution through photocatalysis.

To quantify the photocatalytic activity, the rate constant of the
photocatalytic degradation was calculated. Initial phase of the degradation
(within first three minutes) fitted well in pseudo first order kinetics [—In(C/Cy)
= k.t] [43, 44]; where C and Cy are reaction and the initial concentrations of Rh
B, respectively, t is the irradiation time, k is the apparent reaction rate
constant. Since major degradation occurred within three minutes, the rate
constant (kops) Observed at initial stage was used for all performance analyses
[45]. The calculated rate constant was 0.50 + 0.02 min™*. Larger rate constant
value revealed the effectiveness of catalyst.

To check the catalytic activity of as synthesized Cu,S NPs, we have done
an experiment for the photocatalytic degradation of Rhodamine B dye under
identical conditions which are maintained for the CuS NPs. Unexpectedly, the
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CuzS NPs showed very less activity and there was no reproducibility of
results. This unexpected behaviour is may be because of morphology of
synthesized NPs.

3.3.8. Effect of amount of catalyst and intensity of photons

When the amount (between 0.5 and 1.75 g. L*) of CuS was varied there was
increment in photocatalytic performance. The rate constants showed, the
amount of catalyst had a linear relationship with the rate constant (Figure.
3.18a). At initial variation, there may not be enough photocatalyst to enhance
the degradation. The increasing amount of catalyst will provide more catalytic
centres and hence more absorption of photons. At 1.75 g. L™, rate constant
was 4.2 times higher than the initial value. At the higher concentrations, larger
errors were observed in measurements. This observation was due to scattering
of light and opaqueness of the solution. Results suggested that the
photocatalytic activity of CuS flowers could be enhanced by increasing the
amount of catalyst.

We observed that photocatalytic performance of microflowers increased
with increasing intensity of light. Hence, we conducted the intensity dependent
studies on CuS photocatalyst by varying the intensity of the light at constant
intervals (25 W. m?). Other experimental conditions were unchanged.
Photocatalyst amount was maintained as 1 g. L™*. Rapid decolouration of Rh B
was observed along with the increasing intensity of photons. The degradation
was duly monitored by rate constant measurements. The rate constant had a
direct relationship with intensity of light (Figure. 3.18b). Variation in rate
constant along with light intensity confirmed that decomposition of Rh B had
photon assistance. At 200 W- m 2, rate constant was 3.3 times higher than the
initial value. This observation attributed to the fact that higher degree of
illumination would generate more carriers in photocatalyst. Hence, the
contribution of light in photocatalysis was more. In summary, photocatalytic
performance of CuS flowers can be improved by increasing the intensity of
light.
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Figure 3.18. Influence of photons (a) and catalyst (b) in the photocatalysis. Both
influences had a linear relationship with the rate constant. Lines represent linear fit of
the data. Error bars were calculated from three independent measurements.
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3.3.9. Recyclability

To highlight CuS microflowers as a reusable photocatalyst, we have
conducted recyclability studies. Under identical conditions, three catalytic
cycles were consecutively performed (Figure. 3.19a). We fixed the
concentrations of photocatalyst (1 g. L) and Rh B (3 uM) in the analysis.
Once Rh B degraded completely, microflowers were recovered and then used
for another fresh catalytic reaction. Since the photocatalyst was denser than
the analytical solution, it was recovered by centrifugation without impurities.
The heterogeneous nature of CuS catalyst was the key to the photocatalysis
and it simplified the recycling process. After every cycle, photocatalyst was
reused without activation. Recyclability was monitored using absorption
spectra through C/Cy plots (Figure. 3.19a). Compared to the first cycle (12
min), both second (17 min) and third cycles of decomposition had taken
longer time (31 min) for completion. This observation indicated the
deterioration of photocatalytic activity.

To compare cycles, recyclability was followed by rate constant calculations
(Figure. 3.19b and Figure. 3.20). Results showed that rate constants decreased
after each cycle of photocatalysis. The third cycle rate was 3.6 times smaller
than first cycle. The smaller rate constant value indicated the slower
degradation rate of Rh B. Hence, CuS photocatalyst was stable up to two
cycles. It should be noted that stability of photocatalyst was moderate for
recyclability. Reason for the decreased photocatalytic activity is explained in
following section. Recyclability studies showed that the photocatalytic
performance of the CuS microflowers reduced after every cycle.
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Figure 3.19. Recyclability of CuS photocatalyst. (a) Recyclability is explained by C/C,
measurements (1 g cat- L™). (b) Trend of rate constants during recyclability of
photocatalyst. After every cycle, rate constant decreased. (c) SEM micrographs after
every cycle. (d) Flower structure disrupted after each cycle. Highlighted area shows
major changes in the morphology. (e) After third cycle, nanoflakes transformed to
bulk rods. (f) Atomic ratios measurements from EDAX analysis. Atomic ratios were
compared at each cycle. Oxide formation was observed after first cycle. (g) PXRD
pattern after each cycle. The CuS phase was retained after three consecutive cycles.
Copper oxide signature was absent and it might be due to the uneven oxidation or
detection limit of PXRD measurements.
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Figure 3.20. Rate constant measurements during recycling process. Standard
conditions were utilized (1 g of CuS catalyst for 1 L of Rh B aqueous solution; light
intensity 200 W. m'z). Decreasing trend of rate constant was observed.

To explore the issues of recyclability, we investigated structural stability of
the photocatalysts. After every cycle, photocatalyst was purified and subjected
to SEM analysis (Figure. 3.19c—e). SEM studies indicated that photocatalytic
activity was sensitive to the structural change of the flowers. The stability of
flower architectures was weak and disrupted over cycles. Density of
nanoflakes gradually decreased after the first cycle (Figure. 3.19a and b). After
the second cycle, nanoflakes were separated and started growing as bulk par-
ticles. After third cycle, the nanoflakes transformed to the bulk rods (Figure.
3.19¢). Rods were with a length of 266 £ 62 nm and width of 105 £ 26 nm.
Clearly, nano regime was lost during the photocatalysis. Hence, structural
degradation was a reason for moderate recyclability.

Along with structural stability, we have duly followed the stability of
copper sulphide phase during the photocatalysis. After every cycle, copper
sulphide was subjected to the EDAX and PXRD analyses (Figure. 3.19f and
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3.19g). EDAX analysis showed that oxide formation (~8%) occurred during
the photocatalysis. Every sulphur released from CuS was quantitatively
replaced by oxygen. However, PXRD patterns did not show any oxide
formation. This observation may be attributed to uneven regional oxidation on
the surfaces of NPs and the detection limit of PXRD measurements. Hence,
the chemical instability of CuS also deteriorated the activity of the catalyst. In
summary, we identified that copper sulphide and its flower architectures
collectively contributed to photocatalytic activity.

3.3.10. Clean surfaces and enhancement of photocatalytic activity

The following factors explained the origin of structure dependence of
photocatalytic activity. Porous cavities (Figure. 3.6a-c) among the nanoflakes
in flowers behaved as additional catalytic centres [21]. Those nano cavities
could have accommodated more RhB than individual flakes and hence showed
increment in the photodegradation. Moreover, these porous nature influences
the absorbed light by multiple reflections [21, 46]. These reflections enhance
the photon harvesting capability of photocatalyst. Therefore, higher number of
photogenerated electrons and holes would be generated. This process
enhanced the photocatalytic efficiency of CuS flowers. The effective
photocatalysis also owed to self-assembly of nanoflakes forming flowers.
These flowers could efficiently harvest photogenerated charges from all
constituted nanoflakes [47]. These arguments were in accordance with
recyclability studies; once the flower architectures were lost, catalytic activity
of copper sulphide decreased (Figure. 3.19b). Based on these observations, we
propose that the efficient photocatalytic was due to the large surface area,
porous structures and self-assembly.

EDAX and TEM analyses confirmed that capping agent was absent on the
surfaces of NPs (Figure. 3.4 and Figure. 3.6). Since photocatalytic reactions
occur on the surfaces of photocatalyst, clean surfaces could facilitate the
photocatalytic activity of CuS nanostructures. NPs that were obtained using
modified HMDS-assisted synthetic method were free from capping agents and

hence all potential catalytic surfaces would be readily available for
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photocatalysis [48]. Moreover, capping agent-free surfaces would create
dangling bonds and trap states on the surfaces and thus could induce charges
on photoexcitation of the catalyst [49-52]. These charges promoted more Rh
B molecules approaching the surfaces of the photocatalyst. This was leading to
the increased degradation of Rh B solution. The whole process collectively
enhanced the photocatalytic activity of the CuS flowers. Based on
observations, we concluded that photocatalytic enhancement was due to clean

surfactant free surfaces of CusS flowers.

3.4. Summary

In this chapter, we have thoroughly explained the synthesis of both CuS and
Cu,S nanostructures and also successfully explained the photocatalytic activity
of the synthesized materials. The described methodology enables synthesis of
both CuS microflowers and Cu,S NPs from same starting materials. Cu,S NPs
were synthesized by tuning the stoichiometry of the reaction. The NPs were
free from capping agent on the surfaces. Cu,S NPs had spherical shape and
CuS NPs had flower architecture. The flower nanostructures were synthesized
without any linkers or post-modification process. Nanoflakes were a basic
building block of flower architectures. Anisotropic growth of (1 0 3) planes
was responsible for flake shape. Nanoflakes self-assembled and constructed
flower architectures. We demonstrated that CuS microflowers could serve as a
photocatalyst and rapidly degraded Rh B solution (12 min). Recyclability
studies showed that photocatalyst could be recycled upto three times. SEM
analysis confirmed that flower architectures are responsible for photocatalytic
activity. Our results also suggested that higher amount of catalyst and higher
illumination intensity enhanced the photocatalytic activity of flowers. An
enhanced photocatalytic activity was due to unique flower morphology and
clean surfaces. Facile synthesis, ease of removal of capping agent and
photocatalytic activity may influence possible applications of copper sulphide
NPs.
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Chapter 4

Facile preparation of surfactant or support
material free CdS nanoparticles with enhanced
photocatalytic activity

Abstract

This chapter describes the production of organic surfactant molecules or support
material free CdS nanoparticles (NPs) and its efficient photocatalytic activity for the
reduction of toxic Cr(V1) to the less toxic and much less mobile form of Cr(I1l). We
have synthesized the template free CdS NPs by adopting the solution phase
hexamethyldisilazane (HMDS)-assisted chemical synthetic method using CdCl, and
thiourea as the precursors. The NPs were characterized by powder X-ray diffraction
(PXRD), field emission scanning electron microscopy (FESEM), and transmission
electron microscopy (TEM). We have demonstrated an excellent photocatalytic
performance of as prepared CdS NPs under visible light illumination for the
reduction of Cr(VI) to Cr(lll) at acidic pH. The enhanced catalytic activity of CdS
NPs was explained by the availability of clean surfaces in the absence of insulating
organic molecules as stabilizing agents. The efficient separation of photo excited
electron—hole pairs was confirmed by the observed stable transient photocurrent
response during transient studies, which was further confirmed through the
experienced less resistance to the interfacial charges in the electrochemical
impedance spectra (EIS). The catalyst also showed good photocatalytic stability and
reusability, that made it as an excellent candidate for waste water treatment.
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4.1. Introduction

Nanoporous materials exhibit improved properties over their bulk counterparts
because of increased surface area [1]. The surface of the semiconductor NPs
influences the photocatalytic activity since reactants interact with the photocatalyst
surface, where the catalytic reaction takes place. Surrounding of chemically
synthesized NPs by organic surfactant molecules or any other surface coating would
affect surface-related processes such as surface recombination or charge transfer.
However, as mentioned in the Section 1.2., these molecules shield the active sites of
catalyst imputing less catalytic activity than its potential. Therefore, it is of great
importance to research not only how to produce the catalyst in some simple
processes efficiently, but also how to provide it with clean and active surfaces.

Cadmium sulphide (CdS) is one of the important 11-VI semiconductors and
an essential technological material. It has attracted significant interest because of its
appropriate band gap energy of around 2.4 eV, visible light response, excellent
stability and abundant availability [2-11]. Cadmium sulphide has been explored for
applications in many fields such as solar cells, bioimaging [12], photoconductivity
[13], chemiluminescence [14, 15] and sensing applications [16]. It is also used
extensively as a promising visible-light driven photocatalyst. However, CdS
photocatalyst has restrictions due to the photo-corrosion problem, the facile
recombination of electron—hole pairs and the less surface reaction efficiency.
Therefore, the development of stable CdS-based photocatalysts with efficient charge
separation and high photocatalytic activity is crucial to increase their potential for
practical applications.

Several hierarchical nanostructures of CdS are prepared by various methods
such as microwave assisted synthesis [17, 5], chemical vapour deposition [18],
hydrothermal route [19], chemical bath deposition (CBD) [4], UV irradiation
technology [20] and electrochemical and chemical synthesis [21-24]. Some of the
nanostructures obtained by these methods have been used in catalysis. Much
research efforts are on incorporating CdS on support materials to overcome the
constraint of its poor adsorption properties and photochemical instability when used
as a photocatalyst. These substrate-supported CdS NPs have shown improved

catalytic properties [3, 17, 25-27]. Though the available chemical methods are
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capable of preparing composite semiconductors with hetero-interfaces for charge
transfer, there is a need to produce efficient semiconductor nanomaterials with
suitable surfaces to provide more active sites for catalytic reactions. Further, it is of
interest to understand the effect of surfactant free surfaces of semiconductor NPs on
photocatalysis.

Hexavalent chromium compounds, Cr(V1), are highly toxic, carcinogenic and
a contaminant frequently found in wastewater from industrial processes such as
electroplating, pigments, metal cleaning, leather tanning, mining, and chromate
production (Figure 4.1) [28-31]. The widely recognized, promising way for the
treatment of wastewater containing hexavalent chromium compounds is
semiconductor-based photocatalytic (In Chapter 3, Figure 3.2) reduction using CdS
based materials [3, 25-27]. These materials have exceptional advantages, such as low

cost, direct use of clean and safe solar energy, and reusability [4, 5, 32, 33].

r~ i

tannery or
galvanizing plant

Figure 4.1. Pictorial representation of the water pollution by the Cr(VI) from heavy metal
industries.

In this chapter, we have discussed a facile synthesis of template free pure
CdS and the enhanced photocatalytic activity of NPs with clean surfaces. The
photocatalytic activity of unsupported and unprotected CdS was tested for the
reduction of Cr(V1) to the less toxic and much less mobile form of Cr(ll1). Besides,
we have shown the recyclability and stability of CdS NPs. In this study, we have
synthesized template free CdS NPs by adopting the solution phase HMDS-assisted

chemical synthetic method using CdCl, and thiourea as the precursors.
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4.2. Experimental section

4.2.1. Materials

The chemicals used in the syntheses, cadmium chloride (CdCl,), thiourea and
hexamethyldisilazane (HMDS) were purchased from Sigma-Aldrich and used as
received. All solvents were purified using standard procedures. Instrumentation and

sample preparation are similar to the one discussed in Chapter 2 and Section 2.2.4.

4.2.2. Synthesis of surfactant free CdS nanoparticles

All the chemicals used in the synthesis were purchased from Aldrich and used
without further purification. The reactions were performed under inert
atmosphere using standard Schlenk techniques. In a typical synthesis (Scheme
4.1) the reaction flask (two-necked round-bottomed flask) containing CdCl,
(0.188 g, 1.4 mmol), thiourea (0.106 g, 1.4 mmol) were placed and then
deoxygenated 1,1,1,3,3,3-bis(trimethylsilyl)amine or hexamethyldisilazane
(HMDS) (capping agent, 5mL, 23.85 mmol) was introduced into the flask.
The reaction mixture was refluxed for 3 h, and yellow precipitate of CdS NPs
was observed after the completion of the reaction. The side products and
unreacted HMDS were removed by applying high vacuum. The obtained
yellow precipitate was subsequently washed with methanol (3x20 mL)
followed by acetone (3x20 mL) to remove unreacted CdCl, and thiourea
respectively, and the final product was dried at 120 °C for 3 h before analysis.
This synthetic procedure was easy to scale up, and we have synthesized up to

2.5 g of cadmium sulphide NPs.
4.2.3. Photocatalytic activity test

The photocatalytic activity of the CdS was evaluated by conducting the experiment
of Cr (V1) reduction under visible light (sun light). Typically, a 30 mg photocatalyst
was suspended in a 60 mL of Cr(VI) solution (K,Cr,O7, 50 mg L™) under constant
stirring. Before irradiation, the suspension was magnetically stirred in the dark for 30
min to ensure adsorption equilibrium of the Cr (VI) on the catalyst surface. After
that, the reaction vessel was moved to expose to sun light. At specific time intervals,
3 mL aliquots were taken and centrifuged to remove the catalyst. The reduced
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solutions were examined spectrophotometrically by measuring the absorbance at 349
nm on a UV-Vis spectrometer (JASCO- V770). All photocatalytic measurements
were repeated three times to make sure the reliability of the results.

4.2.4. Electrochemical activity test

Transient measurements were conducted using Zahner-Zennium electrochemical
workstation with three electrode system, where a Pt wire as the counter electrode,
AgQ/AQCI as the reference electrode and the prepared sample on the FTO as the
working electrode. Working electrodes were prepared as follows: 25 mg of CdS NPs
were dispersed in toluene and the mixture was dispersed ultrasonically for 30 min,
then the homogeneous mixture was dispersed on 1cm x 1cm area of a cleaned FTO
glass plate. Finally, 20 pL of Nafion (10%) solution was dispersed on the coated
area. The remaining part of the FTO glass was sealed with the Teflon tape and then
allowed to dry at room temperature condition for slow evaporation, and the as-
prepared electrode was further annealed at 60 °C in a vacuum oven overnight to
remove the resin and to obtain a uniform coating on electrodes. 1 M phosphate
buffer solution (pH 7) was used as the electrolyte. Photocurrent-time curves were
recorded at open circuit potential with 20 sec light on/off cycles. To perform
electrochemical impedance measurements (EIS), we have taken 200 mg of CdS NPs
and made it into a pellet form by using pelletiser by applying 3 ton pressure. The
prepared pellet was sandwiched between the two gold coated Cu electrodes and
carried out the impedance measurements by two- probe method. The measurements
were performed over the frequency range 1-100 kHz at the open-circuit potential
and the amplitude of the applied sinusoidal voltage was 10 mV.

4.2.5. Recycling test

The recyclability studies were conducted under identical conditions described above.
Five catalytic cycles were consecutively performed. For all recyclability studies, a
fixed concentrations of catalyst (0.5 g. L™) and pollutant (50 mg. L) were used for
analysis. Since, the process is heterogeneous catalysis, the catalyst was easily
separable by centrifugation after each cycle and purified by washing with 0.5 M HCI
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solution, water and acetone for several times and dried under vacuum at 60 °C for 2
h.

4.3. Results and discussion

4.3.1. Surfactant free CdS nanoparticles

The solubility of reactants plays a significant role in any reaction medium and
decides the product(s) formation. We have utilized the modified HMDS-
assisted method [34] to synthesize CdS NPs using CdClI, as a metal source and
thiourea as a sulphur source (mole ratio = 1:1) (Scheme 4.1). Both these
precursors were soluble in HMDS at room temperature. To highlight the role
of the HMDS in the reaction, we performed controlled reactions where the
reaction of CdCl, and thiourea did not proceed without HMDS. These results
explained the necessity of HMDS to activate thiourea in the reaction. HMDS
played multiple roles; as a solvent, reducing agent, and capping agent in
arresting the growth of particles during syntheses.

High
vacuum

CdS NPs

Scheme 4.1. Schematic illustration of synthesis of surfactant free CdS NPs.
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Figure 4.2. PXRD spectrum of as synthesized surfactant free CdS NPs.

The crystallographic structure and phase purity of the as-prepared CdS NPs
were established by powder X-ray diffraction (XRD). In the XRD patterns (Figure.
4.2) all characteristic peaks were indexed to the hexagonal structure of CdS (JPCDS
No. 77-2306). The strong and sharp peaks clearly suggest that the CdS NPs were
well-crystallized. Since no other crystalline impurities were detected, the synthesized
CdS had single phase, and no crystal phase impurity existed in it. The EDS analysis
(Figure. 4.3) also showed only Cd and S with 1: 1 ratio (atomic percentage = 51.55:
48.45) indicating the purity of synthesized nanocatalyst without any impurity from

the precursor.

Fresh Catalyst

Figure 4.3. Elemental analysis by the energy dispersive X-ray spectroscopy. Atomic ratios
were matched with the theoretical values. EDAX spectrum of fresh CdS catalyst.
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Figure 4.4. Morphological study of surfactant free CdS nanocatalyst. (a) to (d) are FESEM
micrographs of CdS nanoparticles at different magnifications.

Figure 4.5. (a) and (b) TEM micrographs of as synthesized CdS NPs.
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Figure 4.6. Particles distribution diagram from the FESEM micrographs. Particles were
mono dispersed with the average size of 24 + 6 nm.

Figure 4.4 and 4.5 show the morphology of CdS NPs observed by the field
emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM). FESEM images show an overview of the spherical shape of NPs
of size about 12-42 nm in diameter with an average 24 + 6 nm which is expressed in
Figure.4.6. The TEM images also revealed the spherical shape of CdS NPs. The
precisely observed fringe spacing of 3.1 A in the HRTEM image (Figure. 4.7 and
Figure. 4.8) was in agreement with the separation of (1 0 1) lattice plane of
hexagonal Wurtzite structure (JPCDS No. 77-2306) of the CdS. And the associated
selected area electron diffraction (SAED) rings (Figure. 4.8b) identified the (1 0 1),
(112)and (1 10) planes. The circle indicated the dominating planes and those
planes matched well with the XRD pattern of the hexagonal phase of CdS (JPCDS
No. 77-2306). Further, these results showed crystalline nature of as-prepared CdS
NPs.
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(110)

(112)
(101)

Figure 4.8. Surface characterisation of the CdS nanocatalyst (a) HRTEM micrograph of the
nanoparticles. Particles were crystalline and dominant planes matched with XRD pattern. (b)
Selected area diffraction of the nanoparticles. Dominant plane is indicated by the circle
which is matched with the XRD pattern. Dotted pattern represents the crystalline nature of
the nanoparticles.

For catalytic applications, the catalyst surface must be clean from any
hindrance. In FT-IR spectrum of as-prepared CdS (Figure 4.9) NPs showed no signal
for any organic moieties confirming the absence of any organic molecules covering
the particles. Thus, our reactions yielded NPs without any surfactants surrounding
them. Our recent work [34] proved the stability of NPs even without surfactant. We
also observed that metal sulphide NPs did not agglomerate readily. The UV-Vis
diffuse reflectance spectra (DRS) were used to determine the optical properties of
the sample. Figure. 4.10 shows the UV-vis diffuse reflectance spectra (DRS) of CdS
NPs. Freshly prepared samples exhibited strong absorption in the visible region [35].
Besides, the DRS spectrum indicated that the CdS NPs could be photoexcited by
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visible-light irradiation, by which chemical redox reactions could be triggered. The
surface area of CdS NPs was determined from the BET analysis (Figure. 4.11) as
6.55 m?/g.
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Figure 4.9. FTIR spectra of the nanoparticles. Since there was no signal of the amine
(HMDS), capping agent was completely removed from the surfaces.
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Figure 4.10. (a) UV-vis diffuse reflectance spectra (DRS) of CdS NPs and (b) Band gap
image of the CdS NPs.
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Figure 4.11. BET surface area analysis of CdS NPs. Nitrogen adsorption-desorption
isotherm.

4.3.2. Photocatalytic performance

Due to its high toxicity and high mobility in water, the hexavalent chromium is a
priority pollutant requiring attention. Many approaches have been developed to treat
Cr(VI) ions [17, 36-39], but the most common remediation strategy is the
photocatalytic reduction of Cr(VI) ions to a less toxic form of Cr(Ill) using
semiconductor nanomaterials. Therefore, we have evaluated the photocatalytic
activity of the surfactant-free CdS NPs obtained using HMDS-assisted synthesis in
the photocatalytic reduction of Cr(\VI1) under visible light irradiation. A solution of
K2Cr,07 in deionized water was used as a model solution as a source of Cr(VI). The
time-dependent UV-Vis spectra (Figure. 4.12a) exemplify a steady decrease in the

intensity of absorption maxima of Cr(\VI1) confirming its reduction.

110



Synthesis of CdS NPs

1.0 - . -
: — ~—— Initial
d ' s .. lcr(vi) ——1min
: —2 min
0.8 - : ——3 min
—_ ~——4 min
=) ——5 min
< —6 min
‘E’ 0.6 ~ ——7 min
P —8 min
% ~——9 min
L 044 —10 m!n
‘o" ~———11 min
3 ——12 min
(i) ——13 min
< 0.2 ——14 min
~=15 min
0.01— LT L N L .
200 300 400 500 600 700 800
Wavelength (nm)
b l —— Photoreduced K,CrpyO7 with CdS NPs
- —— K2Crp07 Reduced with NaHSO3
=
i K2Cr207
Q
Q
c
[}
Ko
[
(o]
7]
Ke]
<
T T T T L 1 *
400 500 600 700 800

Wavelength (nm)

Figure 4.12. Photocatalytic activity of the CdS nanopatrticles. (a) Optical absorption profile of
reduction of Cr(VI) aqueous solution. Changes in the concentration can be seen at 349 nm.

(b) UV-visible spectra of PDCA treated solutions of K,Cr,0-, K,Cr,0O; reduced with NaHSOs3,
and photoreduced K,Cr,O- with nanoparticles.
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Figure 4.13. Controlled reactions of Cr(VI) reductions, a) Photolysis and b) Catalysis.

To explain the importance of the photocatalytic effect and to confirm the
reduction product, we have carried out few control reactions separately (Figure.
4.13). In these control reactions, if either catalyst or light source was absent there
was no reduction of Cr(V1) to Cr(Ill). Further, the reduction of Cr(\V1) to Cr(lll) by
CdS was confirmed by forming a metal complex with 2,6-pyridine dicarboxylic acid
(PDCA). The PDCA was known to form a unique violet colour complex with Cr(l11)
specifically [40, 41]. We have also prepared a K,Cr,0; solution (50 mg. L™) and
reduced it using NaHSO3, followed by heating the resultant solution with PDCA for
about 30 min. Both these solutions displayed a light violet colour, which was
analysed by UV-Vis spectrophotometer (Figure. 4.12b). Both the photoreduced as
well as NaHSO; reduced samples exhibited the light absorption in the range of
550—555 nm. Finally to cross check the oxidation state of chromium we conducted a
negative control reaction, in which a non-reduced K,Cr,O; solution did not show any
absorption band in this wavelength range after treatment with PDCA. The obtained
results confirmed the successful conversion of Cr(VI) to Cr(lll) under the

photoreduction conditions.

4.3.3. Significance of surface clean CdS nanoparticles

We have analysed the photocatalytic Cr(\VI1) reduction to Cr(l11) using template free
CdS NPs alone (without any support) as a catalyst. Table 4.1 displays the data about
the Cr(VI1) reduction by using CdS coupled with other moieties such as TiO,, RGO,
ZnS, etc. It is apparent from the table that the CdS NPs obtained from HMDS-

assisted synthesis worked as a suitable photocatalyst.
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photocatalytic reduction of Cr(V1) in the presence of other CdS hetero-structures.

Photo-catalytic

Catalytic

Require

materials amount | A\MOUNtofKeCroOr 17y, | Ref.
20 ml of Cr(VI)
CdS/N-rGO 3.5mg solution 25 min 3
(10 mg. LY
g (0.0025 100 ml of K,Cr,0y5, .
RGO-CdS g L-l) 1.0 x 10-5 M 80 min 4
CdO-CdS core— 7m 20 mL Cr(VI) solution 30 min 5
shell nanoboxes 9 | @omg. LY
CdS—reduced
graphene oxide 10mg |19 L* 250 min | 17
composites
| 100 mL of 10 ppm .
RGO-CdS 100 mg Cr(V1) solution 120 min | 25
200 mL of 100 ppm of
Z 55— --
nS(en)0.5-CdS 50 mg KoCr,05 (0.4 mM) 26
CdS(QDs) B 100 mL Cr(VI) solution ,
sensitized TiO, (10 mg. L) 240min | 27
CdS—grapheme 30 mL Cr(VI) solution .
nanocomposites 10 mg (20 mg. L™ 20min | 32
CdS@TiO, Core- 40 mL Cr (V1)
Shell 10 mg | suspensions 30 min 33
Nanocomposites (20 mg. LY
Hetero-system 4 .
CuFe,0,/CdS 50 mg 50mLof5x%x10 " M 250 min | 39
. 40 mL of
T'Oéclj‘g éerhg)easted- 15 mg Cr(VI)solution 60 min | 44
P (10 mg. LY.
200 mL of Cr(VI) .
CdS/a-Fe,04 50 mg solution (50 mg L ) 120 min | 45
60 mL of Cr(VI) Pres
CdS NP’s 30 mg . 1 15 min ent
solution (50 mg. L™) work
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Chapter 4

The photoelectrochemical performance of semiconductors primarily hinges
on the generation of the photoinduced electron, separation of electron—hole pairs and
efficiency of charge carrier transfer. Since the surface of the semiconductor NPs has
an influence on photocatalytic activity and the presence of organic insulators
surrounding the NPs as surfactant molecules, the charge transfer process is impeded.
Therefore, it is interesting to study photocurrent generation in the organic surfactant
free CdS NPs obtained through HMDS-assisted synthesis. The photocatalytic
activity of material can be directly echoed by the transient photocurrent generated
under light illumination. An electrochemical system (Zahner Zennium) was
employed to measure the photocurrents and electrochemical impedance spectroscopy
(EIS).

The transient photocurrent response of the products was measured using a
standard three-electrode system under visible light irradiation (LED light) of
wavelength 450 nm. The as-prepared CdS NPs were drop-casted on FTO conductive
glass and coated with Nafion polymer to produce photoelectrode (working
electrode). FTO glass was used as the current collector. The Pt counter electrode and
Ag/AgCI reference electrode were other two electrodes in the cell. The 1 M

phosphate buffer (pH 7) solution was used as the electrolyte solution.
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Figure 4.14. (a) Transient photocurrent responses of template free CdS nanoparticles under
visible light irradiation in 1 M PBS (pH 7) aqueous solution. (b) Nyquist plot obtained for
template free CdS nanoparticles by two probe method.
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No photocurrent was observed for CdS in the dark, for the blank FTO, while
the organic surfactant free CdS showed appreciable photocurrents under visible light
irradiation. As shown in Figure. 4.14a, the spikes of the transient photocurrent
responses of CdS over on—off cycles of intermittent light irradiation were observed
with no breakage for multiple times. The fast and uniform transient photocurrent
response of the products indicates an efficient separation of photoexcited electron—
hole pairs from the as-prepared template free CdS under visible light irradiation. The
intensity of photocurrent was stable and comparable to that reported in the literature
for the particles without supports [42, 43]. The increased photocurrent was due to the

clean surfaces of the CdS and was achieved without any support materials.

The effective electron transfer and recombination processes at the electrolyte
and electrode interfacial surface were investigated further by the electrochemical
impedance spectra (EIS). The spectra were obtained at the frequency of 100 kHz and
alternating current (AC) voltage amplitude of 10 mV with an open circuit potential
of 1 V. The results are represented as Nyquist plot (Z imaginary vs. Z real) in Figure.
4.14b. All the Nyquist plots contain a linear part at low frequencies that is associated
with the diffusion process and a semicircle portion at high frequencies, which
corresponds to the electron transfer limited process. It is evident from the Figure.
4.14b that as-prepared CdS NPs showed a lower resistance on interfacial charge
transfer compared to the CdS materials that were prepared with support/surfactants.
This observation confirmed the efficient separation of photoexcited electron—hole
pairs from the surfactant and support material free CdS NPs under visible light
irradiation. The surfactant-free structure of CdS NPs might have provided a path for
free run of electrons and favoured the separation and transfer of charges. The
obtained result was in agreement with the order of photocatalytic activity because

the generation of photogenerated carriers is a critical step in photocatalytic reactions.

4.3.4. Stability of photocatalyst and recyclability

The stability of the photocatalyst (CdS) during the reaction is critical for practical
application. The recycling usability of five cycles for the photoreduction of Cr(VI) to
Cr(I1) (Figure. 4.15) was carried out. The catalyst was recovered after every cycle
by centrifugation. The recovered catalyst was purified by washing with 0.5 M HCI
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solution, deionized water, and acetone for several times and then dried under
vacuum for 2 h to obtain as a powder. The re-born NPs were used to check the
recyclability and stability of the catalyst. The recyclable nature of the catalyst was
tested in the new solution of Cr(VI) under the same experimental conditions as
mentioned above. There was no noticeable decrease in the photocatalytic efficiency
up to three cycles. In the first three cycles, reduction of Cr(VI) to Cr(l11) by CdS was
occurring in 15- 24 min, after that the catalytic activity was decreasing slowly.
Reduction of Cr(VI) required nearly 42 min at the fifth cycle.

104 = 13tcycle 'izmjl:ycle 1 scycle| | athcycie| 7 5™ cycle
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Figure 4.15. Photocatalytic activity of the CdS nanoparticles.Recyclability studies. The
catalyst was stable up to 3 cycles and the activity was decreased at the 5" cycle.

It is well known that the CdS cannot sustain water oxidation reaction and
suffers severe photo-corrosion. There is no sacrificial hole acceptor present in our
system and this condition could lead to a degradation of catalyst. Therefore, we
have performed XRD, FESEM and EDS analyses of the recovered CdS catalyst after
every cycle of photo reduction. The XRD pattern was found to be same as that of as-
synthesized catalyst and thus confirmed that there was no change in the crystal
structure before and after photo reduction (Figure. 4.16). The EDS analyses (Figure.
4.17) also revealed that the elemental composition of the catalyst remained
unchanged even after five cycles. However, the FESEM image showed that the
morphology of NPs was changing slowly (Figure. 4.18). After the first cycle of
reduction, the morphology of NPs was retained, while it changed slightly after the
third cycle. After fifth cycles, the particles agglomerated fully into large particles.
These observations have proved the deactivation of photocatalyst under the reaction
conditions.
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Figure. 4.16. XRD pattern of as synthesized and recycled CdS nanoparticles. The CdS
phase was retained after five consecutive cycles.

Reused Catalyst

Figure 4.17. Elemental analysis by the energy dispersive X-ray spectroscopy. Atomic ratios
were matched with the theoretical values. EDAX spectrum of reused CdS catalyst.
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Figure. 4.18. FESEM micrographs of the reused CdS NPs. (a) FESEM micrographs after 1%
cycle. (b) After 3" cycle, spherical of particles was slightly agglomerated. (c) After 5" cycle,
spherical shape of particles was transformed into bulky shapes.

4.4, Summary

In this chapter, the HMDS-assisted synthetic methodology was tested for the
synthesis of surfactant free CdS NPs. The method was useful for the synthesis of
CdS in 2-3 g scale. We have utilized the bare CdS NPs as catalyst for Cr(\VI)
remediation in aqueous solution at acidic pH under visible light (A > 420 nm)
irradiation, and showed that the HDMS-based synthesis leads to highly active CdS
NPs, rivalling with common CdS-supported catalyst. The photocatalytic activity was
explained by the availability of clean surfaces without any organic surfactant
molecules surrounding the CdS NPs, which supported a fast separation of

photoexcited electrons under visible light illumination.

The fast charge separation was evaluated by transient photocurrent responses
over on—off cycles of intermittent light irradiation and by electrochemical impedance
spectra (EIS). The observed rapid and uniform transient photocurrent response
indicated an efficient separation of photoexcited electron—hole pairs from the as-
prepared CdS NPs under visible light irradiation. The intensity of photocurrent was

significantly higher than that reported in the literature for the particles without
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support materials. A semicircle portion of small diameter at high frequencies in

Nyquist plot showed the lowest resistance to the interfacial charge transfer. This

observation confirmed the efficient separation of photoexcited electron—hole pairs

from the surfactant and support material free CdS NPs under visible light irradiation.

To the best of our knowledge, this is the first report of effective reduction of Cr(VI)

by CdS NPs without any surfactant molecules in surrounding or support materials.
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Photo-responsive Bi,S; nanoflakes: Synthesis
and device fabrication at ambient conditions

Abstract

This chapter describes hexamethyldisilazane (HMDS) assisted syntheses of Bi,S3
nanoflakes and its photo-responsive properties. Since the optoelectronic devices
consist multicomponent interfaces, the synthesis of NPs and fabrication of devices
play a significant role in quality, cost and fast fabrication of devices. The wet
chemical synthesis holds a great promise of controlling these factors. Herein, we
have developed a wet chemical method for the synthesis of one-dimensional Bi,S3
nanoflakes and demonstrated its photo-responsivity by fabricating prototype device
by dry-casting of Bi,Ss; suspensions on the electrodes. A key advantage of the
present approach was the synthesis and fabrications were carried out under ambient

conditions.
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Chapter 5

5.1. Introduction

Material processing technology is a key industrial component for the mass
production of optoelectronic devices [1-12]. The solution processing
technology offers an advantage of making the devices at ambient conditions
because of the possibility of making devices from solution using any of the
following techniques; spray coating [1, 2], mist coating [3], spin coating [4, 5],
dry casting [6, 7], dip coating [8, 9], roll-to-roll printing [10] and inkjet
printing [11, 12]. Furthermore, these processing methods allow the fabrication
of flexible modern electronics by integrating nanomaterials with any
substrates. Thus, the nanomaterials prepared by wet chemical methods offer
the way for cheap and fast processing technology.

Photodetectors have received much attention as an important class of
optoelectronic devices owing to their extensive use in electronic eyes [13-15],
night vision devices [16], tumour detection [17], imaging [18, 19] and quality
control of industrial products [20]. Photodetectors made out of inorganic
materials will have tunable absorption, stability, and high quantum vyield.
Bi,S3 is a useful photo-responsive material with a direct band gap of 1.3 eV
[21] and a large absorption coefficient [22]. The high availability of sulphide
and bismuth in the earth crust is also an important factor for the use of Bi,Ss3
for optoelectronic applications. While a significant work on the Bi,S3; based
photodetector is known [23-32], there are still a need for the search for the
best synthetic methods [33-48] and simplicity in processing methods.

In this work, we have demonstrated a novel synthesis of Bi,Sz (bismuth
sulphide) NPs using the HMDS-assisted method. Interestingly, the Bi,S;3
nanoflakes have been synthesized in a short duration (3 h) using readily
available bismuth chloride and thiourea as starting materials. The Bi,S3
nanoflakes had width 15-82 nm with the average 48 £ 15 nm and the length up
to few microns and are obtained in a high morphological yield (~98%). The
reaction produced one-dimensional nanoflakes without any seeds or shape

selection procedures and they were free from the capping agents.
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To understand the photo-responsive properities of Bi,Sz nanoflakes, we
have fabricated a prototype of photodetectors with a configuration of
ITO/Bi,S3/ITO, by dry-casting the Bi,S; suspensions. The devices showed a
green light-induced conductivity that had a linear response to the intensity of
the light. Further, the transient measurements established a reversible "on" and
"off" switching phenomena with the rise-and-decay time as 1.11 = 0.10 ns and
2.06 £ 0.21 ns. Herein, we present the synthesis and photo-responsive study of

organic surfactant free Bi,S3; nanoflakes.
5.2. Experimental section

5.2.1. Materials

The chemicals used in the syntheses, bismuth (I11) chloride (BiCls3), thiourea and
hexamethyldisilazane (HMDS) were purchased from Sigma-Aldrich and used as
received. All solvents were purified using standard procedures. Instrumentation and

sample preparation are similar to the one discussed in Chapter 2 and Section 2.2.4.
5.2.2. Synthesis of Bi,S3 nanoflakes

We have used the HMDS-assisted method to synthesize Bi,S; nanoflakes. [49, 50,
51] In a typical method, bismuth(lll) chloride (0.20 g, 0.63 mmol) and thiourea
(0.072 g, 0.94 mmol) were added to the reaction flask. Then, HMDS (5.0 mL, 23.8
mmol) was injected into the flask and stirred for the homogeneity. Then the reaction
mixture was heated to reflux and maintained for 3 h. The black precipitate was
obtained at the end of the reaction. The reaction mixture was smelly, and the
precipitate was separated out by the filtration. (Caution: intermediate is smelly and
will widely diffuse in the air). Then the precipitate was washed with methanol (20
mL x 3) and acetone (20 mL x 2) by centrifugation (3500 rpm, 5 min). Purification
procedures were carried out under ambient conditions. The product was dried under
high vacuum (120 °C, 1 h) and the fine black powder was obtained. The reaction

procedure was reproducible, and yield was 62 + 4%.
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5.2.3. Electronic measurements

Device configuration was ITO/Bi,Ss/ITO. The prototype photodetector devices are
made from dry casting the samples on surface of the ITO plates. Conductive indium
tin oxide glass plates were used (resistance = 60 Q. sq). The active area of the
device was 1 cm x 1 cm. Before the coating, ITO plates were washed with a
detergent solution followed by the ultrasonication in acetone. Electrode area of the
device was directed by masking with teflon tape. Then etching of the device was
performed on the other ITO plate (10% of HCI solution; 3 h). Then plates were
washed with IPA solution, and the sample was coated with isopropyl alcohol
suspension of Bi,S; nanoflakes (40 mg in 1.5 mL). The coated samples were air-
dried for a uniform active layer. Finally, devices were made by binding the coated
plate with other ITO by binder clips. Two-probe method was used to study the
optoelectronic properties. The photoconductivity of the device was analysed by I-V
measurements. Green LED (532 nm, 122 W. m’, bandwidth = 22 nm) was utilized
for the illumination of the device. Green LED was controlled by Zahner Zennium
electrochemical workstation (Zahner, Germany). In transient studies, the light
intensity of 90 W. m™ was used. Reproducibility of the devices was confirmed by
three different batches of the synthesis and device making. All the analytical data
were plotted with standard error. Device measurements were conducted under
ambient conditions. For the energy level diagram, energy values were adopted from
the literature [65].

Impedance measurements were carried out in Zahner Zennium
electrochemical workstation and procedures are mentioned below. Two-probe
analytical method was utilized for the impedance measurements. The Bi,S; was
made as a pellet under pressure (3 ton) with pellet dimensions of radius = 0.8 cm and
thickness = 0.062 cm. The resistance was calculated from the impedance
spectroscopy. We utilised frequency range from 100 Hz to 4 MHz with AC
amplitude of 20 mV. The temperature was stabilized for 30 min before the
measurements. Measurements were repeated three times and standard error was
reported in this chapter. Bulk resistance was calculated from the real axis intercept of

the semicircle in the Nyquist plot.
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5.3. Results and discussion

5.3.1. Synthesis of Bi,S; nanomaterials

We have successfully synthesized organic-free Bi,S; nanoflakes by the
HMDS-assisted method with yield of 62 + 4%. We have used soluble thiourea
in the present procedure as a sulphur source due to the prospect of easy
handling in pre and post-synthetic manipulations. In these reactions, HMDS
performed duel role as a capping agent as well as a solvent. Bulk trimethylsilyl
group of HMDS acted as capping group and avoided the agglomeration of NPs
(Scheme 5.1) during their formation. Hence, HMDS stabilized the NPs and
yielded quantum confined one-dimensional Bi,S; nanoflakes. The key
advantage of the method was that capping agent (HMDS) could be removed
from the NPs efficiently by high vacuum. Thus, NPs were free from insulating
organic layer. Because of mild reaction conditions and simple purification
procedure, the present synthetic design is worthy for scale up. Thus, we have
produced 2 g of nanoflakes and used it for device fabrication. Therefore, the
current synthetic procedure is robust for large scale synthesis also offers

quantum confined Bi,Sz nanoflakes.
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Scheme 5.1. The modified HMDS-assisted synthesis of Bi,S; nanoflakes.
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5.3.2. Structure and composition of Bi,S; nanoflakes

Primarily, the acquired powder X-ray diffraction patterns (Figure 5.1)
confirmed the formation of Bi,S; in our reaction. Intensities and position of
observed lines were matching with the standard pattern of orthorhombic
structure bulk Bi,S; (JCPDS Library; Card # 84-0279); but with a preferred
orientation of (1 1 1) and (1 2 1) planes. Supported by HRTEM images
(Figure 5.7a), we have identified (1 2 1) planes as responsible for the flake
shape. The absence of signature of secondary amines or any other signals
related to organic compounds in the FTIR spectrum (Figure 5.2) ruled out the
possibility of broadening of lines by organic impurities. Therefore, broadening
of lines in diffraction patterns was attributed only to the nano-regime of the
Bi,S3 flakes. Thus, the absence of the capping agent (HMDS) on the surface of

the Bi,S; nanoflakes was self-evident.
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Figure 5.1. Primary characterization of Bi,S; nanoparticles. (a) PXRD pattern of the
nanoflakes. We observed that the obtained pattern matched with orthorhombic Bi,Ss
(JCPDS # 84-0279).
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Figure 5.2. Primary characterization of Bi,S; nanoparticles. FTIR spectrum of the
nanoflakes. HMDS spectrum was plotted for the visual comparison.

Scanning electron microscopy images of Bi,S; (Figure 5.3) showed a
uniform distribution of particles of size ranging up to 2 mm, but with a high
morphological yield of nanoflakes (~98%). Any change in reaction parameters
like temperature, stoichiometry, and solvents did not alter the morphology and
dimensions of NPs obtained. EDAX measurements showed the stoichiometric
ratio of Bi:S as 1.7: 3 which clearly showed 3% bismuth deficiency in NPs
obtained from our reactions (Figure 5.4). Bismuth ratio was not improving
even after the addition of excess BiCl;. However, the bismuth deficiency did
not influence the properties of Bi,S; nanoflakes or fabricated devices. EDAX
did not have the signature of Si and Cl, which showed the purity of NPs and
the absence of the capping agent. This observation explained that nanoflakes
were free from the insulating organic layer on the surface of the NPs.
Surprisingly, even in the absence of the capping agent, nanoflakes were well
separated and we did not observe agglomeration. Thus, the growth or
stoichiometry of the NPs and morphological yield was insensitive to the

experimental parameters.
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Figure 5.3. Primary characterization of Bi,S; nanoparticles.
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nanoflakes. Atomic ratio showed that obtained product was slightly bismuth deficient (3%).
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TEM micrographs confirmed the flake shape of the NPs obtained from the
present procedure (Figure 5.5a and 5.6a, b). TEM micrographs also showed the high
abundance of NPs (Figure 5.5a). The nanoflakes had the width of 15-82 nm with
average of 48 + 15 nm (Figure 5.5b). Also the nanoflakes had the length up to few
micrometers. Since the width of few flakes was less than Bohr radius of Bi,S; (~30
nm) [52], weak confinement along the width was observed (spectrally determined
band gap = 1.40 eV; Figure 5.8b). The width of the flakes was constant along the
length but the edges were sharp. The observed modification at the edges might be to
tolerate the strain in growth [50]. Selected area diffraction (SAED) showed a clear
dotted pattern which was indicative of the single-crystalline nature of NPs (Figure
5.6¢) and we did not observe rings characteristic of amorphous organic capping

agents indicating their absence.

15-82 nm
Dav=48 + 15 nm
N =100
20 40 60 80 100
Width size (nm)

Figure 5.5. (a) Large area TEM image of the Bi,S; nanoflakes. Abundance of the flakes was
high. Flakes were thin and less visible in the low magnification. (b) Particle distribution
diagram of the Bi,S; nanoflakes.
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Figure 5.6. (a, b) are TEM micrographs of the Bi,S; nanoparticles. (c) SAED pattern of the
flake. The circle indicates dominant (1 2 1) planes.

Parallel to the observation in the PXRD pattern, the HRTEM micrographs
(Figure 5.7a) showed (1 2 1) as dominating planes. Two-dimensional FFT (Figure
5.7b) also confirmed construction of nanoflakes by principal (1 2 1) and (1 3 0)
planes. Moreover, we have not observed any dislocation, distortion, and twins in
lattices of nanoflakes. Hence, the oriented growth mechanism did not influence the
flake shape of the NPs [53]. Since there was no capping agent on the surfaces to
minimize the surface energy of the particles, the planes might have grown to flake
shape. Nanoflakes were crystalline along the whole length of the axis as confirmed
by HRTEM studies. A curious observation is the high crystallinity was achieved
using a moderate reaction temperature. Altogether the HRTEM observations
suggested that nanoflakes were single crystals and structurally constructed to flakes
by (12 1) and (1 3 0) planes.

132



Synthesis of Bi2S3 NPs

Figure 5.7. (a) HRTEM micrograph of the Bi,S; nanopatrticles. (b) FFT analysis of whole
flake in the image (a).

5.3.3. Optical properties

The solid state optical spectrum showed broad characteristic absorption of the Bi,S;
NPs with the maxima positioned at ~602 nm (Figure 5.8a). Due to the poor solubility
of Bi,Sz NPs solid phase spectrum was recorded. The band gap of Bi,S3 was
calculated from the absorption spectra (Figure 5.8b) using the Kubelka-Munk
method by assuming Bi,S3 as a direct band gap material [54]. We determined band
gap as 1.40 eV which was slightly higher than that reported for bulk band gap (1.3
eV) [21]. Since the width size of fewer flakes is lower than the Bohr radius (~30
nm), we attributed the minor blue shift to weak confinement of carriers in the width

of the nanoflakes.
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Figure 5.8. (a) Solid state UV analysis of the Bi,S; flakes. The broad absorption spectrum
spanning the entire UV-Visible region. (b) Band gap calculation by Kubelka-Munk method.
Straight line represents the fit with R* = 0.99.
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5.4. Electronic properties
5.4.1. Device construction

The capping agent free NPs are critical for efficient optoelectronic applications [55,
56], since these capping agents will create an insulating barrier on every NP and
decrease the efficiency of the devices. Hence, we have synthesized organic-free
Bi,S; nanoflakes and built a prototype device of the photodetector (Figure. 5.9).
Among the various processing techniques, dry-casting is an attractive laboratory-
friendly technique to fabricate the devices with small substrates (~1 cm). Moreover,
the dry-casting technique does not require any costly equipment. The thickness of
the active layer in the device can be controlled by the concentration of the NPs. We
fabricated the devices by binding the dry-casted Bi,S; active layer between two ITO
electrodes with instrument configuration of 1ITO/Bi,S3/ITO, and the active area was

lcmx1cm.

Etching
D
ITO plate
Dry casting
Bi,S, flakes
\ Sandwich with g
another ITO 6

K

Figure 5.9. (a) Device making from the dry casting. Devices were made by binding the
active layer between ITO electrodes. Active area of the device was 1 cm x 1 cm.
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hv

Figure 5.10. Cross sectional view of the device with circuits.

Figure 5.9 illustrates the fabrication process of the device at ambient
conditions. At first, the active layer was made by the dry-casting of the suspension of
Bi,S3 nanoflakes (40 mg in 1.5 mL) on the etched ITO substrate. The non-active area
of ITO plates was etched to avoid shorting of the circuit while binding. We observed
the dewetting of the Bi,S; layer from the ITO substrates when more concentration
than the specified in experimental section was used for casting. Slow evaporation of
Bi,S3 suspension of the NPs helped in achieving a high-quality active layer. Then,
another ITO plate was sandwiched with binder clips to make the final device. An
identical parallel ITO electrode structure was used to support the charge collection
(Figure 5.10). Figure 5.11 explains the working principle of the device. Illumination
by light generated a photocurrent while charge separation occurred in ITO junctions.
Three devices were analysed to check the reproducibility of performance. The
performance of the device was stable in air and no degradation was observed after
two months.
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Figure 5.11. Energy level diagram of the device components.
5.4.2. 1-V Studies

We evaluated 1-V characteristics of the devices made from Bi,S3 nanoflakes. Figure
5.12 shows the representative I-V curves of devices under dark and illuminated
conditions. Illumination of device by green light (532 nm, 122 W. m™) showed the
enhanced photoconductivity compared to dark condition (I532 nm ~ 1.5x Id). Both
dark and illuminated conditions exhibited a linear response. The linear behaviour
indicated that Ohmic contact was established between the nanoflakes and the ITO
[57]. The change in slope of the curves between dark and illuminated conditions
specified increase in current with the illumination which indicates high sensitivity.
We have observed photoexcited current of 50 pA at the bias voltage of 2 V.
Compared to the photocurrent (46 HA) generated by the device of similar Bi,S;
architecture reported earlier [23], we have achieved slightly higher photocurrent of
50 YA at the increased voltage (2 V). Thus, the capping agent free nature of the NPs
enhanced the photocurrent. The observed photocurrent generation even below 1 V
can be attributed to the low resistance of the devices. Above 1 V, the difference
between the dark current and photocurrent increased because the higher voltages
enhanced the separation of photogenerated electrons and holes. The error bar in the
I-V curves exemplified the stability of the device and the reproducibility of data.
Even though ITO plates were bound physically, there was no breakdown of the

device during measurements. All these findings indicated that the capping agent free

136



Synthesis of Bi2S3 NPs

Bi,S; nanoflakes exhibit considerable photoresponse under the green light

illumination.
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Figure 5.12. Two probe I-V measurements (532 nm, 122 W. m'z).

It is to be mentioned that considerable dark current was observed in the
devices which can be attributed to trap-assisted current [58-62] and minimal
resistance (Section 5.4.5). Since the NPs did not have capping agent on the surfaces,
there were more surface traps and less resistance [57-61]. The charges might be
trapped in the devices and contribute to the current in dark conditions. It seems that
the capping agent free surfaces generated more surface traps leading to moderate
device performance. However, we have accomplished the workable photoconductor
with a simple device design. Hence, the synthetic method or fabrication procedure
requires modification to achieve a balance between surface traps and better

conductivity.
5.4.3. Intensity dependent studies

We examined the effect of illumination on the photocurrent (Figure 5.13) by
exposing the device to green light of varying intensity but at a fixed wavelength.
Interestingly, the photocurrent increased linearly with the intensity of illuminated
light according to the power law | o« P, It was observed that photocurrent rose
from 37 pA (at dark) and reached a maximum of 44 pA at the 50 W. m™ The linear
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increase in the current with the green light indicates more carrier generation in the
device. Compared with a standard Bi,S; based photodetectors (I o« P*'") [27], we
have observed little power dependence in the present system. The low
responsiveness may be attributed to the reflective ITO glass substrates [63] and
surface trap based recombination centers [64]. We have tested the device up to 50
W. m™ without damaging the device performance. These findings indicated the
stability of device without any break-down and the robust nature of the Bi,S;
nanoflakes at an incident light of high intensity. In summary, the high-intensity

illumination can improve the photoresponse of the Bi,S3 nanoflakes.
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Figure 5.13. Intensity-dependent measurement of the device.

5.4.4. Transient studies

We next evaluated the use of Bi,S; as a photodetector by transient state
measurements (Figure 5.14). Square wave pulse of 50 W. m™ with the interval of 40
s was given as an input optical signal to the device and output current was measured.
While turned on, the pulse photocurrent increased from 4.5 nA to 5.6 nA. The photo
current reached the study state and sustained until it is switched off. The
photocurrent curves replicated the pattern of input optical signals. The rise time of
the device was calculated as 1.11 + 0.10 s and decay time was 2.06 = 0.21 s (Figure

5.15 and Table 5.1). Rise time was calculated from the interval of 10-90% of its
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peak value while the decay time was calculated from the range of 90-10% of its peak
value. Since the rise and fall curves are symmetric, the device can produce reliable
photodetection. The photocurrent was almost constant during all the cycles. The
photocurrent On: Off switching current ratio was 1:1.3. Every cycle was identical
and reproducible without any detectable degradation in the device performance.
Photocurrent was switchable to the on-off ratio even after the 700 s. Reversibility
and stability of photocurrent in the transient studies exemplified the performance of
the devices. It is to be mentioned that we have achieved the rise and decay time
without any device structure optimization. All these observations indicated that
response and decay time were in seconds and the device can detect the fast varying

optical signals.
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Figure 5.14. Optoelectronic properties of the devices. Transient measurements of the
device. For the comparison, Input square pulse is also shown.
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Figure 5.15. Optoelectronic properties of the devices. A magnified cycle of the transient
studies.

Table 5.1. Transient studies of Bi,S; photodetector. Values measured from Figure.
5.15.

Cycle T, (s) Ta(s)
1 0.82 2.02
2 1.78 1.40
3 1.01 2.96
4 0.99 2.88
5 1.04 1.76
6 1.01 1.49
7 1.19 2.14
8 1.05 1.89
Mean 1.11 2.06
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5.4.5. Impedance analysis

With the intention of making electronic grade nanomaterials, we designed the
HMDS-assisted method for making capping agent free NPs [49, 50, 51]. Organic
impurity-free NPs expected to have better carrier mobility and hence good
conductivity [55]. Hence, impedance analysis was carried out to analyse the effect of
the absence of the capping agent on the surfaces. Impedance measurements were
performed using the two probe method. Fully expressed semicircles were observed
in the analyses (Figure 5.16). The resistance was directly measured by extrapolating
the semicircle at the lower frequencies in the Nyquist plot and was found to be 3.15
+ 0.02 kQ. It was in the optimal range of the device operation. There were no other
types of resistances (semicircles) observed in the measurements. The small
resistance was also responsible for good ohmic contact and linear response in I-V
studies. Thus, present synthetic procedure yielded low-resistance NPs for a better

optoelectronic application.
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Figure 5.16. Nyquist plot of Bi,S; nanoflakes. Dots are experimental data, and the solid lines
are trend line. Inset showing the measurement design (exploded view) of the impedance
analysis.
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5.5 Summary

We have developed a solution phase synthetic method for the synthesis of Bi,S3 NPs
with the capping agent free surfaces to enhance the photoresponse. Using the
HMDS-assisted method, 2 g of the Bi,S; nanoflakes was produced. The method was
a straight forward and scalable method for synthesis of Bi,S3 flakes. A prototype
device photodetector was fabricated from Bi,S; nanoflakes using dry casting
method. The device exhibited a linear response to the intensity of light under
illumination and had repose time of 1.1 s. We found that higher light illumination
can enhance photoresponse of the present system. Further, Bi,S; nanoflakes had a
resistance of 3.15 + 0.02 kQ which was in the optimal range photodetector operation.
Altogether, we have demonstrated simplicity in the synthesis, processing and device
making. We have also shown that synthesis and device making can be achieved

using a minimum energy under ambient conditions.
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Chapter 6

Synthesis of ternary metal chalcogenide
nanoparticles for solar cell device fabrication

Abstract

Ternary metal sulphide nanoparticles (NPs), CulnS;, Cu,SnSs, and CusSnS,, were
synthesized using the modified hexamethyldisilazane (HMDS) - assisted synthetic
method. The structure, shape and the composition of these nanomaterials were
investigated with powder X-ray diffraction (XRD), Field Emission Electron
Microscopy (FESEM) and Energy Dispersive X-ray Analysis (EDX). The PXRD
pattern of CulnS, showed tetragonal structure. FESEM images of CulnS, NPs
showed 10-20 nm particle of spindle-shaped morphology. PXRD patterns of
Cu,SnS; and CusSnS, showed tetragonal and orthorhombic structures respectively.
FESEM images of Cu,SnS3 and CusSnS, depicted particles having a cauliflower-like
morphology with the sizes ranging 30-50 nm. The EDAX analysis of CulnS,,
Cu,SnSs, and CuzSnS, disclosed no signal for any organic moieties confirming the
purity of the materials. A preliminary attempt was made to fabricate solar cell
devices by drop casting using these ternary metal chalcogenides and their efficiency
was measured. Based on the initial analysis, the fabricated devices were showing

some response, but the fabrication procedure needs to be optimized.
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Chapter 6

6.1. Introduction

The band gap of semiconductor NPs can be tuned by varying the particle size or by
tuning constituent stoichiometries in alloyed NPs. However, the size dependent
properties will disappear once the NPs are deposited onto a thin film and undergo
thermal process for different applications. In contrast, composition control is a
possible route to fabricate semiconductor NPs with tunable band gaps. Furthermore,
various band gaps can be conveniently achieved through variation of composition in
multicomponent NPs even under a fixed size. For example, the use of two different
metals allow access to the band gaps and not accessible to binary metal

chalcogenides [1-3].

The typical ternary metal chalcogenide system possesses two metals each

with oxidation states of +1 and +3 in permutation with a pair of chalcogens each in

oxidation state -2. This system is described as an I-111-VI,. Hence, recently
researchers have turned their attention towards ternary nontoxic I-111-VI, materials
such as CulnS; and CulnSe, NPs [4]. Among the various, I-111-VI, compounds,

CulnS; is a promising material for photovoltaic applications owing to its high
absorption coefficient, also the direct band gap of 1.53 eV, which is well matched
with the solar spectrum [5]. The latest report shows the potential use of CulnS; NPs
in solar cell devices with power conversion efficiencies reaching ~5%. Very recent
reports have demonstrated high-efficiency green QDSC based on CISZ QD
sensitizer. These solar cells show an unprecedented champion cell efficiency of
7.04% and a certified efficiency of 6.66% [6]. Also CulnS, NPs are important in
biolabeling [7] and light-emitting diodes [8] due to their size-tunable emission in the
red to the near-infrared region (550—850 nm) [9].

Another important class of ternary systems is I-1V-VI combination. They
have potential applications in photovoltaic cells, electrochemical devices and
photocatalytic material [10]. Among them Cu-Sn-S (CTS) system is a P-type
semiconductor having a high absorption coefficient (10° cm™) and tunable band gap
(1.1-1.5 eV), which covers the optimal solar spectrum [11]. They have many crystal

structures namely cubic, tetragonal, wurtzite, orthorhombic, mobhite, triclinic and
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anorthic [12]. Among these structures, tetragonal is the stable structure, while zinc
blende and wurtzite are metastable structures. The CTS system includes Cu,S-SnS,,
Cu,SnS; [13, 14], Cu,SnS, [15], CusSn7Sss [14] and Cu4SnSg [16] system.

It was observed that, efficiency of CTS based solar cells varied depending on
the adopted synthetic method. From Table 6.1, it is quite clear that there is much
greater scope to improve PCE of CTS solar cells further. However, very few reports

describe the bulk synthesis of these compositions.

Table 6.1. Reported efficiencies for the CTS based solar cells.

Method of preparation Efficiency (PCE) (%) Reference
electrodeposition 0.94 17
milling process 1.94 18
direct liquid coating(DLC) 2.00 19
coevaporation 3.66 20
coevaporation 4.63 21

Various methods like solvothermal, elemental hydrothermal methods, single-
source molecular precursor, microwave irradiation and hot injection technique are
available for the synthesis of ternary metal chalcogenides like CulnS, [22-26] and
CTS [17, 27-33]. These synthetic methods usually require high temperature, more
reaction time, special devices, and some of them use highly toxic materials. Hence,
to overcome these problems, we have developed a simple methodology for the
synthesis of suitable ternary metal chalcogenides. Similar to the discussion in
Chapter 1 (Section 1.5), it is necessary to synthesize the quantum dot NPs without
any organic molecules surrounding it as capping agents. The present chapter
describes synthesis of ternary metal chalcogenides such as CulnS,, Cu,SnS3; and
CusSnS, NPs by solution phase without using any surfactants or templates.
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6.2. Experimental section

6.2.1. Materials and instruments

The chemicals CuCly, InCls, SnCl, and thiourea were purchased from Sigma-Aldrich
and used as such without further purification. Solvents were purified according to
standard literature procedures. The reactions were carried out using a standard
Schlenk line technique. Instrumentation and sample preparation are similar to the

one discussed in Chapter 2 and Section 2.2.4.

6.2.2. Common synthetic procedure for In,S3;, CulnS;, Cu,SnS; and CusSnS,

nanoparticles

Metal sources (metal halides), thiourea and excess of 1,1,1,3,3,3-
hexamethyldisilazane [HN(SiMes3);] (HMDS) were added into a 50 mL round
bottom flask and the reaction mixture was refluxed at 130 °C (Scheme 6.1) for 3 h. It
was observed that the reaction mixture turned to black. The unreacted HMDS and
volatile side products were removed by applying high vacuum. The remnant was
repeatedly washed with methanol, tetrahydrofuran (THF), ethanol and acetone (10
mL x 3) to remove unreacted precursors. The resultant NPs were dried in a vacuum
oven at a temperature of 120 °C for 4 h before characterization. Mole ratio and exact
quantity used to synthesize various ternary metal chalcogenide are listed in Table
6.2.

Lol
Sl\ /Sl
/NN
H
Hexamethyldisilazane
MP + M'P+ TU > M M8,
Reflux, 3h, N, atm

M'P = CuCl, M'P = SnCl,, InCl; TU = Thiourea

Scheme 6.1. Generalised reaction of synthesis of ternary metal chalcogenides.
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Table 6.2. Experimental details for the synthesis of metal chalcogenides

Nanoparticle | Chemical Ratio Moles (mmol) | Weight (g)
(M’P : M”P : TU)

In,S3 IncI3 2 0.90 0.20
Thiourea 3 1.30 0.10
CulnS, CuCl, 1 1.40 0.20
InCl3 1 1.40 0.30
Thiourea 2 2.80 0.21
Cu,SnS; CUC|2 2 1.40 0.20
SnCl, 1 0.46 0.13
Thiourea 3 1.80 0.16
CuzSnS, CuCl, 3 1.40 0.20
SnCl, 1 0.70 0.09
Thiourea 4 2.10 0.14

6.2.3. Fabrication of device

Following steps are involved in device fabrication,

I. Etching of the substrate:

Commercially available 1TO/glass substrates which are having surface sheet
resistance ~10 €/square and 1.1 mm thickness were used in the solar cell device
fabrications. They were cut into pieces of 15 x 15 mm using a glass cutter. To
prevent short circuits between electrodes, some part of ITO was removed by etching,
while the other portion was covered by adhesive tape. The exposed portion of ITO
substrate was kept in an acidic mixture, containing 9 parts concentrated hydrochloric
acid, 1 part nitric acid and 10 parts of water for more than 30 min to remove the
metallic layer. Then adhesive tape was detached, and the etched substrates were
cleaned with distilled water.

I1. Cleaning the substrate:

Samples of suitable size were cleaned in acetone for 5 min, then in absolute ethanol.
Subsequently, substrates were rinsed with plenty of deionized water, after that
substrates were dried under a nitrogen flow. The samples were stored in glass
containers, which were cleaned using the similar procedure.

I11. Fabrication:

We have fabricated the device as follows. A CulnS,/PEDOT:PSS nanocomposite
counter electrode (C1S(or)CTS/PEDOT:PSS CE) was prepared by dispersing CulnS,
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(CIS) powder (0.2 g) in a PEDOT:PSS aqueous solution (0.40 g) and sonicating for
30 min to form a well-dispersed composite solution. The composite solution was
drop-cast onto ITO glass, naturally dried to evaporate water, and subsequently
sintered at 70 °C for 2 h at an ambient atmosphere. Another layer of CdS was
prepared by drop casting 0.1 g mL™* of a CdS NPs dispersion (in toluene) on ITO
conductive glass followed by drying to remove solvent (toluene) and annealing at
120 °C for 30 min at an ambient atmosphere. Al sheet was used as a back contact
counter electrode. The thickness of Al sheet was about 200 nm. A analogous

procedure was used for CTS also.
6.3. Results and discussion

6.3.1. Synthesis and characterization

In order to prepare ternary metal chalcogenides without capping agents, we
considered following factors while designing the reaction methodology.

» Compared to binary metal chalcogenide NPs, ternary or higher order metal
chalcogenide NPs synthesis needs particular attention to control the reactivity
of two or three cationic precursors. Thus, finding a suitable reaction
condition to avoid the formation of undesirable side products are more
complicated than binary compounds synthesis.

» During the synthesis of ternary and higher order metal chalcogenide NPs,
there is a chance to form corresponding binary metal chalcogenides due to
the difference in rates of reactions and metal precursors. For example, during
the synthesis of CulnS,, CusS or Cu,S and In,S3 phases are also formed.

» To attain finest crystallinity for the ternary or higher order metal

chalcogenides NPs, we need to maintain slow growth rate.

Initially, we have identified (Chapter 3) reaction condition suitable for the
synthesis of copper chalcogenides from CuCl, by reacting with thiourea in the
presence of HMDS. In next step, to understand the suitable condition for the
formation of In,S3, InCl3 was reacted with thiourea in HMDS at reflux temperature.
Interestingly, In,S; was formed within 3 hours (Scheme 6.2). The product obtained

in this reaction was characterized by powder X-ray diffraction pattern, EDAX
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analysis (Figure 6.1) and FESEM (Figure 6.2 showing particles size 20-50 nm).
Thus, the precise understanding of reactivities of various metal sources in the
synthesis of binary metal chalcogenides provided a reasonable extension of

developed methodology for the synthesis of ternary metal chalcogenides.

\S‘i O S‘i/

/ \N/ \
H
S Hexamethyldisilazane

2InCl; + 3H2N’U\NH2 > In,S;
Reflux, 3h, N, atm

Thiourea

Scheme 6.2. Synthesis of In,S3; nanoparticles.

With the aim of producing organic free CulnS,, Cu,SnS3, and CusSnS, NPs,
we chose reacting thiourea with metal sources in HMDS at reflux temperature. The
generalized reaction of synthesis of ternary metal chalcogenides is shown in Scheme
6.1, while the stoichiometric ratios are depicted in Table 6.2. Interestingly, all these
reactions yielded individual products in good yields within 3 h without using any
template or surfactant. Presumably, since the reactivities of CuCl,, InCls, and SnCl,

with HMDS were similar, it was possible to obtain the targeted products easily.

Spectrum 1

@ JCPDS # 25-0390
Tetragenal, In: S$=2:3

(109)
(0012)

Atomic Percentage
In: $=45,74:54,26

(2212)

Intensity (a. u.)

L . e —
10 20 30 40 50 60 70 80 0 1 2 3 4
20 (deg) Full Scale 1420 cts Cursor: 0.000 keV

Figure 6.1. (a) PXRD of In,S3 nanoparticles. (b) EDX spectrum of In,S; nanopatrticles.

153



Chapter 6

Figure 6.2. (a, b and c) FESEM images of In,S; nanoparticles at high magnification levels.

In the previous chapters, we obtained surfactant/capping agent free binary
NPs. By following the similar strategy, we have synthesized ternary metal
chalcogenides NPs without any capping agent. The present standardized reaction
conditions yielded tetragonal phase of CulnS,, Cu,SnS3 and orthorhombic phase of
Cu3SnS, NPs. While literature showed the use of vigorous reaction condition for the
synthesis of higher order metal chalcogenides, we obtained the ternary metal

chalcogenides NPs by maintaining simpler reaction condition.

The synthesized products were characterized using Powder X-ray Diffraction
(PXRD) Pattern, Energy Dispersive X-ray analysis (EDAX), Field Emission
Scanning Electron Microscopy (FESEM) and Fourier Transform Infrared
Spectroscopy (FT-IR). The PXRD pattern of CulnS, NPs is shown in Figure 6.3,
which showed the obtained product had tetragonal crystal structure with body-
centred lattice (JCPDS # 89-6095). The broad diffraction peaks were detected at 26
= 27.8, 32.3, 46.3 and 54.7 that correspond to (1 12),(200),(220)and (31 2)
planes of the tetragonal structure. Figure 6.4 depicts the PXRD pattern of Cu,SnS;
NPs, which showed that product had tetragonal body-centred crystal structure
(JCPDS # 89-4714). The obtained broad diffraction peaks at 20 = 28.6, 47.3, 56.1
correspond to (1 1 2), (2 2 0) and (3 1 2) planes of tetragonal structure. Figure 6.5
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represents the PXRD pattern of CusSnS; NPs, which showed that product had
orthorhombic phase primitive crystal structure (JCPDS # 36-0218). The obtained
broad diffraction peaks at 20 = 28.6, 47.5, 56.7 correspond to (2 2 2), (04 4) and (2 6

2) planes of the orthorhombic structure.

Examination of PXRD pattern of CulnS,, Cu,SnS3 and Cu3SnS, showed the
absence of any other characteristic peaks corresponding to copper chloride, CusS,
copper oxides (CuO, Cu,0), indium sulphide (In,S3) and tin sulphide (SnS). There
was no other phase of copper indium sulphide (CulnS;) and copper tin sulphide
(Cu,SnS;3 and CusSnS,) present. This observation was showing the phase purity of
products. It is interesting to observe that HMDS assisted reaction had perfect control

to produce required stoichiometric products (Cu,SnS3/CusSnSy) selectively.

&)

8 JCPDS # 89-6095 ; Spectrum 1
- Tetragonal, Cu: In: S-1:1:2
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Figure 6.3. (a) PXRD of CulnS, nanopatrticles. (b) EDX of CulnS, nanoparticles
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