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Résumé

Les Chalcogénures métalliques ont émergé comme une classe importante de matériaux en
raison de leur grand potentiel dans de nombreuses applications technologiques. Dans cette
theése, des approches faciles et peu onéreuses ont été adoptées pour développer des
nanomatériaux de chalcogénures métalliques et des films minces a partir de leurs précurseurs,
les complexes organo-métalliques. L’utilisation des nanomatériaux synthétisés et des
couches minces dans les cellules solaires et dans la purification photocatalytique de I’eau a

été discutée.

La premiere approche adoptée implique la syntheése de nanomatériaux de sulfure métallique
a partir du complexe metal-thiourée (M-TU) comme précurseur. Des nanocristaux (NCs) de
sulfure de plomb (PbS) ainsi que des nanostructures ont €t¢€ synthétisés a partir des complexes
méthanoliques plomb-thiourée (Pb-TU) via diverses techniques de précipitation basées sur
la décomposition du complexe méthanolique Pb-TU. Nous avons aussi synthétisé¢ des
nanostructures de sulfure de cadmium (CdS) par décomposition hydrothermale et
solvothermale du précurseur du complexe cadmium-thiourée mélangé a I’ACA. Les
nanostructures de CdS telles que synthétisées ont montré des activités photocatalytiques trés

efficaces pour la dégradation du méthylorange et de la rhodamine B (RhB) en milieu aqueux.

On a aussi développé des voies simples de synthése pour préparer des nanomatériaux
d’halogénure métallique a partir des complexes (M-0O). La sulfurisation des précurseurs du
complexe M-O a une température relativement basse produit des nanocristaux de sulfure
métallique tres stable vu que 1'acide oléique (OA) est chimisorbé en tant que carboxylate a la
surface des NCs. Le précurseur du complexe oléate de cadmium Cd-O a aussi été utilisé
pour préparer des NCs de CdSe. Le traitement de surface des NCs de CdSe ainsi synthétisés
avec de la pyridine et du tert-butylamine a été tres efficace pour remplacer les ligands AO a
longues chaines. Les cellules solaires a hétérojonction volumique fabriquées a partir des
NCs de CdSe a surface traitée montrent une meilleure amélioration dans les performances
photovoltaiques par rapport aux NCs de CdSe non traités. La décomposition solvothérmale

du précurseur du complexe Cd-O mélangé a la thio-urée produit aussi des nanocristaux
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composés de microsphéres de CdS en forme de chou-fleur ayant de bonnes propriétés

physicochimiques et une capacité photocatalytique a dégrader le RhB en milieu aqueux.

La technique de déposition de revétement par centrifugation ‘spin coating’ a été utilisée pour
fabriquer les films minces de CdS et de PbS a partir de leurs précurseurs, les complexes
méthanoliques M-TU. Les films obtenus avaient une surface lisse et affichaient des bandes
interdites a taille quantifiée. Les raisons possibles de la faible efficacité des dispositifs de

cellules solaires a films minces de CdS/PbS ont été discutées.
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Abstract

Metal chalcogenides have emerged as an important class of materials due to their potential
significance in many technological applications. In this work, easy and low cost approaches
have been developed to prepare metal chalcogenide nanomaterials and thin films from their
metal-organic complex precursors. The use of synthesized nanomaterials and thin films in

solar cells and photocatalytic water purification has been discussed.

The first approach adopted involves the synthesis of metal sulphide nanomaterials using
metal-thiourea (M-TU) complex precursors. Lead sulphide (PbS) nanocrystals (NCs) and
nanostructures were synthesized from methanolic lead-thiourea (Pb-TU) complex via various
precipitation techniques based on the decomposition of methanolic Pb-TU complex. We have
also synthesized cadmium sulphide (CdS) nanostructures through hydrothermal and
solvothermal treatment of aminocaproic acid (ACA)-mixed cadmium-thiourea complex
precursor. The as-synthesized CdS nanostructures were found to exhibit highly efficient
photocatalytic activities for the degradation of methyl orange and rhodamine B (RhB) in

aqueous medium.

We have also developed simple synthetic routes to prepare metal chalcogenide nanomaterials
from metal-oleate (M-O) complexes. Sulphurizations of M-O complex precursors at
relatively low temperatures produced highly stable metal sulphide NCs because oleic acid
(OA) is chemisorbed as a carboxylate onto the surface of NCs. The cadmium-oleate (Cd-O)
complex precursor was also used to prepare CdSe NCs. Surface treatments of the as-
synthesized CdSe NCs with pyridine and tert-butylamine were very effective to replace long
chain OA ligands. Bulk-heterojunction solar cells made from surface treated cadmium
selenide (CdSe) NCs showed greater improvement in photovoltaic performances compared
to those made from untreated CdSe NCs. Solvothermal decomposition of thiourea-mixed Cd-
O complex precursor also produced nanocrystals composed of cauliflower-like CdS
microspheres with good physicochemical properties and photocatalytic ability to degrade

RhB in aqueous medium.



The spin-coating deposition technique was used to develop PbS and CdS thin films from
their methanolic M-TU complex precursors. The obtained films had smooth surface and
showed size quantized band gaps. The possible reasons behind the low efficiency of CdS/PbS

thin film solar cell device were also discussed.
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Foreword

This Ph.D thesis is built in the form of a collection of scientific papers already published,

under press, or submitted at the time of the initial thesis deposit.

The thesis is divided into eleven chapters and the objectives of the thesis are elaborated at
the end of the introduction chapter (Chapter 1). Literature review is presented in Chapter
2. In the first part of this chapter, the history and the characterization of solar cells are
presented. A background and solution processing strategies of bulk heterojunctions (BHJ)
solar cells based on lead (Pb) and cadmium (Cd) chalcogenides are also reviewed. The second
and third parts respectively present a review on the preparation of cadmium sulfide
(CdS)/lead sulfide (PbS) thin film heterojunction solar cells and CdS nanomaterials for
photocatalytic degradation of organic dyes in aqueous medium. Chapter 3 summaries the

characterization techniques used throughout this Ph.D work.

Chapter 4 studies the morphology and size control of PbS nanoparticles produced using
methanolic Pb-TU complex via different precipitation techniques. This chapter is published
in Materials Chemistry and Physics 132 (2012) 747-755. I'm the first author of this

manuscript.

Chapter S presents a simple high yield solvothermal method to prepare star-shape PbS
crystals using an environmentally friendly ACA-mixed methanolic Pb-TU complex
precursor. The corresponding results are published in Materials Letters 74 (2012) 183-186.

I’m the first author of this manuscript.

Chapter 6 reports a generalized chemical route to prepare OA-capped highly dispersed metal
sulphide NCs using M-O complexes. The corresponding results are already published in

Materials Research Bulletin 47 (2012) 2016-2021. I'm the first author of this manuscript.

Chapter 7 presents a new simple route to prepare OA-capped cadmium selenide NCs and
their further application in BHJ solar cells after surface modifications. The corresponding

results are presently discussed in the form of a manuscript, which is submitted for publication
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in Journal of Materials Science: Materials in Electronics. I'm the first author of the

manuscript.

Chapter 8 presents 1) the spin-coating deposition method used to prepare PbS and CdS thin
films and CdS/PbS thin film solar cells from methanolic M-TU complexes, and ii) their
specific characterizations. A part of the characterizations used in this chapter are conducted
in collaboration with Mr. Devendra Tiwari and Prof. Tapas Kumar Chaudhuri (CHARUSAT,
India) who are also the co-authors of this manuscript, presently under preparation. I'm the

first author of the manuscript.

Chapter 9 reports a simple solvothermal route to prepare high yield cauliflower-like CdS
mesostructures using methanolic cadmium-oleate complex precursor. It also presents the
application of these mesostructures in photocatalytic degradation of RhB in aqueous medium.
The corresponding results are published in Materials Letters 110 (2013) 94-97. I'm the first

author of this manuscript.

Chapter 10 presents the synthesis of two different CdS nanostructures via hydrothermal and
solvothermal routes using ACA-mixed Pb-TU complex precursors along with their
application in photocatalytic degradation of RhB and methyl orange. The results are presently
under press in Journal of Nanoscience and Nanotechnology (2014). I'm the first author of

this manuscript.

Finally, Chapter 11 completes the thesis by presenting general conclusions and prospects

for future work.
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Power conversion efficiency
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Mono-aniline-capped-poly[ (4,4’-bis(2-ethylhexyl)dithieno[3,2-
b:2'.3'-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl],
Phosphonate functionalized poly-3-hexylthiophene
Poly(3-(ethyl-4-butanoate) thiophene)

Phenyl-C61-butyric acid methyl ester

Photoluminescence

Lead-thiourea

Poly(vinyl-pyrrolidone)

Quantum dots
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Se

Si

SeU
SEM
Se
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Te
TiO2
TCB
TEM
TGA
TOP
TOPO
TEP
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UV-vis
VB
XRD
XPS
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ZnS

XX

Sulpher

Tin sulphide

Strontium titanate

Selenium

Silicon

Selenourea

Scanning electron microscopy
Selenium

Sonochemical bath deposition
Tellurium

Titanium dioxide
1,2,4-trichlorobenzene
Transmission electron microscopy
Thermogravimetric analysis
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Thermoelectric power

Thiourea

Tert-butylamine
Ultraviolet-visible spectroscopy
Valence band

X-ray diffraction

X-ray photoelectron microscopy
Zinc oxide
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Symbols

Band gap

Wavelength

Photon energy

Planck's constant

Hertz

Frequency of electromagnetic radiation
Current density

Voltage

Maximum power

Incident light

Short-circuit current density
Open-circuit voltage

Conversion efficiency or Dynamic viscosity
Square roughness

Joule

Angstrom

Lattice plane distance

Angle of incidence

Particle size

Kinetic energy of photoelectron
Spectrophotometer work function
Absorption coefficient

Hydrodynamic diameter

Translational diffusion coefficient
Boltzmann’s constant

Temperature

Amount adsorbed at the relative pressure P/P,
Monolayer capacity

Constant related exponentially to the heat of adsorption in the first
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adsorbed layer

q1 Heat of adsorption of the first layer of gas molecules

qL Heat of the gas liquefaction

R Gas constant

Um Molecular cross-sectional area

Nm Monolayer capacity

L Avogadro constant

t Time

Kapp Apparent degradation rate constant,

Co Initial dye concentration

G Concentration measured at any time

P Hole concentration

Pno Hole concentration in equilibrium

Np Donor concentration

n; Intrinsic carrier concentration

N4 Acceptor concentration

n Electron concentration

Rno Electron concentration in equilibrium

S Siemens

pv Microvolt

K Kelvin

Nv Effactive density of state at valence band

A Constant depending on scattering

e Electronic charge

c Room temparature dark conductivity
Volt

s Second
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Chapter 1: Introduction

1.1 General Introduction

Over the last few years, the synthesis of nanomaterials has been intensively pursued, not only
for their fundamental scientific interest, but also for their various technological applications.!
Nanomaterials exhibit very interesting size-dependent electrical, optical, magnetic, and
chemical properties that cannot be achieved by their bulk counterparts. Size and shape
controlled synthesis of nanomaterials is very important for many future applications because
their physical and chemical properties are strongly dependent on their dimensions, which are
generally referred to as the quantum size effect.!? The latter is very important in
nanomaterials because their properties can be tuned by varying the size and shape. The
precise controlled synthesis of the size, shape, chemical composition, crystal structure, and
surface chemistry of nanomaterials allows access to their unique properties, which became

one of the most challenging issues faced by nanomaterial researchers.

Metal chalcogenide is a chemical compound made from comnbination of metal element and
chalcogen anion such as sulphur, selenium or tellurium. There are two different approaches
to synthesize metal chalcogenides: the top-down approach (physical processes) and the
bottom-up approach (chemical methods). The physical processes can produce nanomaterials
on large scale, whereas the synthesis of size-controlled nanomaterials is very difficult to
achieve. On the other hand, chemical methods can be used to synthesize uniform

nanomaterials with a controlled particle size.!

Especially, nanoscale metal chalcogenides have attracted significant attention due to their
unique properties, which make them suitable for many technological applications. In the past
few years, great emphasis is placed towards the synthesis of various metal chalcogenides in
form of NCs, nanostructures and thin films for potential applications in solar cells,>8 tunable
near-infrared detectors,® biological labelling and bio-diagnostics,!%!! light-emitting

17,18

diodes, !> lasers,!*!S thin film transistors,!® photocatalysis, and other nanoscale

devices.!® Metal chalcogenide NCs and nanostructures have been synthesized via various

20-22

synthesis routes, such as liquid crystals and micelles, solventless,?* microvave-

assisted,2%*> sonochemical,?* thermolysis of metal-alkanethiolate precursors,?%?” high



temperature routes based on metal-organic complexes,??®  solvothermal and
hydrothermal 3%31 hot injection,3?3% thermolysis of single-source precursors®* and green
chemical approaches3 On the other hand, the deposition of nanostructured metal
chalcogenide thin films by vacuum evaporation, sputtering, chemical vapor deposition, spray
pyrolysis, electrodeposition, and chemical bath deposition are also well known 3¢ Most of
growth methods usually require high temperature, a series of complicated procedures,
expensive equipment, surfactants, catalysts or templates, which cause a cost increase,
contamination and energy-consumption. Therefore, searching for simple, efficient, low cost,
and environmentally friendly approaches for the high-yield production of metal chalcogenide

NCs, nanostructures and thin films is necessary.

Environmentally friendly reducing agents and nontoxic solvents are some of the key issues
that merit significant consideration in a green synthetic strategy. Amino acids have special
structures and fascinating self-assembling functions, which make them an appropriate
medium for the design and synthesis of metal chalcogenide nanostructures. Recently,
biomolecule-assisted synthesis routes became promising for the production of various kinds
of metal sulfide nanomaterials.3’% Beside the reductive properties of biomolecules, they also

have strong shape or size directing functionality in the reaction process.

Up to date, there is a great challenge for the production of nanomaterials and thin films of

metal chalcogenides through simple, low cost, and environmentally friendly routes.

1.2 Objectives of the thesis

General objective:

The present Ph.D work has been undertaken with the aim of simple, low cost and
environment friendly fabrication of metal chalcogenide nanomaterials and thin films for solar

cells and photocatalysis applications.
Specific objectives:

The first objective is to develop simple, low cost, and environmentally friendly synthetic

routes to prepare metal chalcogenide nanostructures using M-TU complex precursors.
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1. The second objective is to develop simple generalized synthetic route to prepare

highly dispersed metal chalcogenide NCs using M-O complex precursors.

2. The third objective is to develop simple ammonia free deposition route to fabricate

metal chalcogenide thin films using M-TU complex precursors.

3. The fourth objective is the fabrication of BHJ and thin film solar cells.

4. Implementation of CdS nanostructures into photocatalytic degradation of organic

dyes under visible light irradiation is the last objective of this thesis.
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Chapter 2: Literature Review

2.1 History of Solar cells

The history of solar electricity has shown since 1970s that human uses a limited portion of
its electrical power without burning fossil fuels (coal, oil or natural gas) or creating nuclear
fission reactions.! The Sun provides a tremendous amount of free, environmentally friendly,
quiet and reliable energy. In comparison, Earth’s ultimate recoverable resource of oil,
estimated at 3 trillion barrels, contains 1.7x10%* joules of energy, that the Sun delivers to
Earth in 1.5 days.2 Since 120,000 TW of solar radiation strikes on the surface of Earth, solar
conversion systems (10% efficient) covering 0.16% of the land would produce 20 TW of
power, nearly twice the annual global energy consumption.® Photovoltaic (PV) energy
conversion is the most direct way to convert solar radiation into electricity and is based on
the PV effect. Edmond Becquerel discovered the PV effect in 1838, when he observed a
small voltage and current when two silver halide coated platinum plates immersed in an
acidic solution were exposed to light.# In 1877, Charles Fritts constructed the first true solar
cells (at least, the first resembling modern cell made from only solid materials) by using
junctions obtained by coating the semiconductor selenium with an ultrathin, nearly
transparent layer of gold. Fritts's device was very inefficient, transforming less than 1% of
the absorbed light into electrical energy.d Later (in 1946), Russell Ohl patented the modern
junction semiconductor solar cell.® The modem era of PV started in 1954 when Chapin,

Fuller and Pearson obtained a solar efficiency of 6% for a Si junction cell.”

PV device can generate electricity for a wide range of applications, scales, and climates; it is
a cost-effective way to provide power for remote areas and space applications. The enormous
gap between the potential of solar energy and the current underuse of this energy is due to
low power conversion efficiencies (PCEs) of PV devices and the cost of materials currently
required. The cost effective improvement of PCE is a primarily scientific challenge:
breakthroughs in fundamental understanding enable the development of materials and
methods potentially leading to PV market progress. Consequently, it is not surprising that a

lot of effort is still ongoing on the search for new materials. Requirements for the ideal solar
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cell material are: Band gap (Eg) between 1.1 and 1.7 eV to absorb along the maximum visible

spectrum,;

» Direct band structure;

» Consisting of readily available, non-toxic materials;

» Reproducible deposition technique, suitable for large area;
* Good photovoltaic PCE;

* Long-term stability

Modern research in the area of PV technologies has led to the creation of a vast spectrum of
solar cells, which are commonly classified in four generations, differing from each other
based on the materials and the processing technologies used to fabricate them. The material
used to make the solar cell determines its basic properties, including the typical range of
efficiencies. The first generation of solar cells, also known as Si wafer-based PV device, is
the dominant technology for terrestrial applications today, accounting for more than 85% of
the solar cell market. Single-crystalline and multi-crystalline wafers, used in commercial
production, allow PCEs up to 25%,® Most of the disadvantages with this first generation
comes from the manufacturing process because it requires expensive manufacturing
technologies and highly expensive crystalline Si wafers. The second generation of PV
materials 1s based on the use of thin-film deposits of semiconductors, such as amorphous Si,
CdTe, CulnGaSe; or CulnS,.° Thin-film technologies reduce the amount of material,
consequently lowering the prices. However, it may also reduce the PCE. Indeed, the
efficiencies of thin film solar cells tend to be lower compared to conventional solar cells
(around 6 to 10%), but manufacturing costs are also lower. Third generation solar cells are
potentially able to overcome the theoretical efficiency limit of 31-41% for single Eg solar
cells.1® This generation greatly differs from the previous semiconductor devices and does not
rely on a traditional p-n junction to separate photogenerated charge carriers.!»?2 Third
generation solar cells include low cost technology as found in tandem solar cell,!® dye-
sensitized solar cells, and polymer solar cell (combination of small organic molecules and
conjugated polymer).151¢ The fourth generation of solar cells known as BHJ solar cells
provides the combined advantages of both organic and inorganic semiconductors. Hybrid PV

devices contain conjugated polymers that absorb light as the donor and transport holes.!”
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Inorganic materials in bulk-heterojunction (BHJ) solar cells are used as the acceptor and
electron transporter in the structure. These BHJ solar cells have several advantageous features
over their pure inorganic counterparts: lower production costs through solution processing,
greater flexibility, lighter weight, and additional versatility provided by the ability to control
the shapes and sizes of the inorganic nanocrystals (NCs).18-2% So far, various BHJ solar cells
have been reported using ZnO,?! TiO2,22 PbSe,?® PbS,2* CdSe ,1® CdS,* CulnSez?¢ and
CulnS2*” NCs. Over the last few years, Pb and Cd chalcogenide (PbX and CdX, X=S, Se or
Te) NCs attracted more attention in BHJ solar cells due to their tunability of Eg via size
control?® and possible multiple exciton generation (MEG).2*-31 Furthermore, the performance
of Pb and Cd chalcogenide NCs based BHJ solar cells strongly depends on their size and
interface structure in the polymer matrix. The major problem with BHJ solar cells is the lack
of the absence of a desirable cooperation between the generation of charge photocarriers and

charge carrier transport during the high solubility of NCs in solution processing of films.3?

2.2 Characterization of solar cells

.
>

Current density

Figure 2.1 J-V characteristic of a typical solar cell device under illumination and typical

solar cell parameters Jsc, Voc, and Ppaxare illustrated on the graph.

Several efficiency definitions are used to describe the electrical characteristics of solar cells
under illumination. The most relevant one is the PCE, which is the ratio between the

obtainable electrical power (Pmax), and the incident light power (Ip).
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PCE = fmex » 100% @-1)

Iy

The point of P 1s located in the fourth quadrant on the current density-voltage (J-}) curve

where the product of current density J and voltage J reaches its maximum value (Figue 2.1).

In order to relate this maximum power point to the short-circuit current density (Jsc), the
open-circuit voltage (Joc), and the diode behavior of the solar cell, a fill factor (FF) is
introduced. FF describes the ratio of (or the rectangle of) P« with the product of (or the
rectangle defined by) Jsc and Voc.

FF = D (2-2)

JSC VOC

For a simple single-semiconductor photovoltaic model FF lies between 0.25 and 1.0.

Equation (2-1) can be rewritten in its most practical form as:

Al (A)

PCE x 100% 2-3)

Therefore, the optimization of the performance of solar cell involves the maximization of the
three parameters Jsc, Voc and FF. The PCE should be measured under standard test
conditions. These conditions consist of a radiant density of 100 mW/cm? with a spectral
distribution defined as “Air Mass 1.5 Global” (AM1.5G, IEC 904-3) at a cell temperature of
25°C. AM1.5 approximates the intensity of sunlight that would be received on a tilted plane
surface during a clear day, and for a model atmosphere containing specified concentrations
of water vapor and aerosol. Apart from PCE, the external quantum efficiency (EQE) is often
used. The EQE compares the number of charge carriers collected at zero bias (Jsc) to the
number of incident monochromatic photons:

EQE (1) = 1240%sc(b) 1009, (2-4)

Al (A)
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where Jsc is in mA/cm? A in nm, and /; in mW/cm?. The measure of EQE at different
wavelengths results in a spectral response of the solar cell. Because the Jsc does not
necessarily increase linearly with /;, the EQE values generally depend on the ;. of the
monochromatic light. Of course, the same hold for PCE. This explains the necessity for both
PCE and EQE measurements to be done under appropriate standard test conditions. Hence,
apart from the monochromatic light, continuous irradiation under standard test conditions is

required for meaningful comparison of the EQE spectra.

2.3 BHJ solar cells based on Pb and Cd chalcogenides

2.3.1 Materials

R=C, H.. MDMO-PPV POTTTPD

R=C.H,.. MEH-PPV

P3HT PCPDTBT n

Figure 2.2 Chemical structures of conjugated polymers used as a donor in BHJ solar cells.

So-called BHIJ solar cells are the outcome of the replacement of small organic molecules by
inorganic semiconductor NCs as electron acceptors. NCs of different size and shape such as
PbS, PbSe, PbTe, CdS, CdSe, CdTe, ZnO, TiO2, SnO; and Si are used as acceptors and
electron transporters in this type of cells. NCs synthesized in organic media are usually

soluble in common organic solvents and can incorporate conjugated polymers soluble in the

11
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same solvent. It is well known that by tuning the size of the NCs, their band gap as well as
their energy level can be varied based on the quantum size effect.3® Furthermore, quantum
confinement effect leads to an enhancement of the absorption coefficient compared to that of
the bulk materials.3* Therefore, in the BHJ solar cell, both NCs and polymer have the ability
to absorb incident photons. BHJ cells include conjugated polymers that absorb light as the
donor and transport holes.’” Figure 2.2 shows some chemical structures of p-type
semiconducting organic materials commonly used in BHJ solar cells. The device structure
and principle of BHJ solar cells are similar to those of polymer solar cells and are described

later in detail.

2.3.2 Multiple exciton generation in Pb and Cd chalcogenide nanocrystals

hw Impact
ionization

h*0

Oh*

Quantum dot

Figure 2.3 In impact ionization, a high-energy exciton created by absorbing a photon of
energy >2Eg, relaxes to the band edge via transfer of energy to a valence band electron that

is concomitantly.

The use of Pb and Cd chalcogenides has the additional advantage of the possibility of
MEG #*-31 Pb and Cd chalcogenide NCs based BHJ solar cells have the potential to reach

12


http://en.wikipedia.org/wiki/Conjugated_polymers
http://en.wikipedia.org/wiki/Electron_hole
javascript:popupOBO('CL:0000000','c0ee00143k')
javascript:popupOBO('CHEBI:60027','c0ee00143k')
javascript:popupOBO('CL:0000000','c0ee00143k')

efficiencies exceeding the thermodynamic conversion efficiency by utilizing the photon
energy above the Eg. Nanosized Pb and Cd chalcogenide crystals can provide a regime where
energetic hot carriers produce a second electron-hole pair through impact ionization. Impact
ionization is a process where a high-energy exciton, created in a semiconductor by absorbing
a photon of energy >2Eg, relaxes to the band edge via transfer of energy to a valence band
electron that is concomitantly excited above the Eg (Figure 2.3). The result of this energy
transfer is that two electron-hole pairs are formed for each absorbed photon. For impact
ionization to occur, the rate must be greater than the rate for carrier cooling and any other
relaxation process. Because of the slower carrier cooling, NCs can provide a regime where
energetic hot carriers produce a second electron-hole pair through impact ionization. Rather
than increasing the photovoltage, impact ionization has the potential to increase the
photocurrent because more than one electron hole pairs are formed per (high energy) photon.
Broad band impact ionization efficiency has been analyzed theoretically by several

authors 3336 and may give PCEs close to 40% for Eg =1 eV %7

2.3.3 Structure

-

Metal electrode

Glass

PEDOT:PPS coated ITO layer
NCo/Conjugated polymaer
nanocompasite

ITO layer

Glass substrate Metal electrode

Figure 2.4 Schematic structure of typical BHJ solar cell device.

The structure of BJH solar cell devices consist of a photoactive layer sandwiched between
two electrodes of different work functions (Figure 2.4). Transparent indium tin oxide (ITO)
substrate covered with the conducting polymer mixture PEDOT:PSS is used as the anode.
The PEDOT:PSS not only acts as a hole transporter and exaction blocker but it is also used

as an anode buffer material for smoothening the ITO surface. The smoothed ITO surface
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enhance the adhesion of the upper light absorbing layer, sealing the active layer from oxygen,
and keeping the anode material from diffusing into the active layer, which can lead to
unwanted trap sites. 334 On the top of the PEDOT:PSS, the photoactive layer is usually
deposited by spin-coating NCs/conjugated polymer nanocomposite solution to form a thin-
film of around 100-200 nm. The cathode, typically made of Al, Ca, Ag and Au is vacuum
deposited on top of the photoactive layer.

2.3.4 Working principle

Py E)
Donor | #7570 LUMO

[
% | I Acceptor |
I | LUMOJ’CB
| Iy |
(\ | ‘ - Cathode
Anode ! I m ‘ :
PEDOT PSS§ ' g | o Electrode
: I: ' Front HOMO _
N - ) Electrode HOMO/NVB
Polymer l - _' Donor Acceptor
Nanocrystal

Figure 2.5 Schematics of the different energy levels and the individual processes: (1)
excitons generation, (2) excitons diffusion, (3) charge transfer, (4) charge carrier transport

and collection.

In contrast to inorganic semiconductors, photoexcitation of organic semiconductors generally
results in a strongly bound electron-hole pair, called an exciton.##? In organic
semiconductors, these excitons are only effectively separated at an interface between a p-
type (electron donating) and n-type (electron accepting) materials. Hence, in BHJ solar cell
devices, the second step after absorption of a photon is a photoinduced electron transfer
between donor and acceptor type semiconducting materials, yielding a charge-separated
state. This photoinduced electron transfer between donor and acceptor boosts the
photogeneration of free charge carriers compared to the individual, pure materials. In general,
the exciton lifetime and diffusion length in organic semiconductors are limited by radiative
and non-radiative decay. In conjugated polymers the exciton diffusion length is about 10-20

nm.#-43 This implies that for effective charge separation, the photogeneration of excitons
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should occur within a few nanometers from a p—n junction. These short exciton diffusion
lengths impose an important condition for efficient charge generation. Anywhere in the active
layer, the distance to the interface should be on the order of the exciton diffusion length. As
shown in Figure 2.5, in BHJ solar cells, photocurrent generation is a multistep process and

occurs according to the following four main steps;

A. Absorption of photon

In the first step, incident photons (4v) are absorbed by the donor/acceptor (D/A)
nanocomposite and excite the electrons from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO) level, creating excitons with a certain

binding energy.

B. Diffusion of excitons at D/A interface

In order to generate separated positive and negative charges, the excitons need to diffuse to
the D/A interface. As discussed earlier, the exciton diffusion length of conjugated polymers
(around 10-20 nm) helps in the charge transfer and excitons dissociate into free charge

carriers before recombination takes place.

C. Charge transfer

Excitons dissociate at the D/A interface (Figure 2.5): the HOMO level of the polymer is
higher than that of the NCs and the LUMO level of the NCs is lower than that of the polymer.
The difference in both HOMO and LUMO levels must be larger than the difference between

exciton binding energy and columbic binding energy of the charge separated states.46

D. Transport of charges towards electrodes for collection

After charge transfer at the D/A interface, separated electrons and holes are distributed within
the acceptor and donor phases, respectively. Further, an internal electric field (deriving from
the Fermi level difference of the electrodes) contributes in transportation of holes and

electrons towards the respective electrodes.
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2.4 Solution processed approaches for BHJ solar cells

For the Pb and Cd chalcogenide NCs based BHJ solar cell devices, the following solution
processed approaches were investigated to fabricate NCs/conjugated polymer active

nanocomposite materials;

1. Direct blending of NCs with conjugated polymers,
2. Blending of NCs with conjugated polymers after surface modification,

3. Direct (in situ) synthesis of NCs in conjugated polymer matrix,

2.4.1 Direct blending of NCs with conjugated polymers

Pyridine Qieic acig

Trybutylamene

g
Stearic acid

1n n-octylphosphine

Thiophenol

Hexadecylamine

P

H.N
CH
o

T'n n-octylphosphing oxide Propylamine

Figure 2.6 Chemical structures of ligands used to cap NCs.

In this approach, NCs are prepared separately and blended directly with conjugated
polymers. 24 It’s well known that the size and morphology of semiconducting phase plays an
important role for efficiency improvement in BHJ solar cells.!®%7 Therefore, NCs of different

size and morphology were obtained using various types of surfactants (Figure 2.6).
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However, in the direct blending approach, the surfactant coating on NCs is incorporated
between the polymer matrix and NCs surface, which results in poor charge transfer between
NCs and the polymer matrix. Another drawback of direct blending approach is linked to co-
solvent requirement because utilization of a co-solvent affects NCs solubility as well as the

orientation of polymer chain.*

Sargent et al.*?* studied nanocomposites consisting of MEH-PPV and PbS NCs via direct
blending approach, whose optical absorption was tuned by the quantum size effect. The PV
devices consisted of a sandwich structure of glass, an ITO front electrode, a PbS NCs:MEH-
PPV active layer, and a Mg back contact. The short-circuit current EQE at 975 nm, however,
was extremely small (~0.0008%), which leaves serious doubt as to whether or not the
electron transfer between the PbS and MEH-PPYV is efficient. In fact, the same authors
showed previously that MEH-PPV with embedded PbS NCs transfers the excitation energy
rather than a charge after photoexcitation with up to 60% efficiency for ligands with
relatively short octylamine side chains.3® To improve the performance of PV devices, the
effect of thermal annealing was investigated. Annealing of PbS NCs:MEH-PPV above
160°C, leads to noticeable changes in Jsc and a ~25-fold rise of the EQE (~0.002%).5!
Another attempt was made by Wang et al.,>»3 where they have synthesized PbS
nanoparticles (NPs) and PbS nanorods using MDMO-PPV as a capping material and again
dispersed those NPs and nanorods in to MDPO-PPV. In both cases, the efficiencies were
extremely low. Jiang et al.” were the first to report a PV effect in nanocomposite of P3HT
and PbSe NCs via direct blending approach. The thin film devices showed a good diode
behavior with PCE of 0.04%, providing evidence of electron transfer between the polymer
and PbSe NCs. Also the quenching of PbSe NCs has been studied to gain more understanding
of energy and charge transfer in this system. Recently, Yang et al 6! demonstrated an
alternative aqueous processing technique to prepare nanocomposite of water soluble polymer
matrix and CdTe NCs. The PV device based on the nanocomposite of water soluble polymer
and CdTe NCs had shown PCE of 0.86%. BHJ solar cells based on Pb or Cd chalcogenide
NCs/conjugated polymers nanocomposites fabricated via direct blending approach are

summarized in Table 2.1.

17



81

Table 2.1 Summary of BHJ solar cell devices based on direct blending of Pb or Cd chalcogenide NCs.

Author’s name D A Ligand Shape (1?5 (m A’;émz) FF 1();)1;: Il(lll:ln‘;i,;l;:z(;n %f)f:
ngoeg)al' MDMO-PPV ~ PbS  MDMO-PPV  Quantumdot 0.78 0.025 0.56  0.013 100 52
ngoegt)al' MDMO-PPV ~ PbS  MDMO-PPV  Nanorod 0952  0.019 0.53  0.0094 100 53

Guc (g%ali;)et Al P3HT PbS OA Nanoparticle ~ 0.42 1 039 0.6 - 54
SE;STT' PDTPBT PbS OA Nanocrystal ~ 0.57 13.06 051  3.78 100 55
Pﬂﬁiﬁggm' PDPPTPT  PbS OA Nanocrystal ~ 0.47 125 049 29 100 56
. i?;goest)al' P3HT PbSe OA Quantum dot 0.4 0.2 043 004 100 57
C(‘;Oeotsl' P3HT PbSe 0A Quantum dot ~ 0.35 1.08 037  0.14 100 58
T(azfg)gtgi‘l~ P3HT PbSe OA Nanocrystal ~ 0.28 0.9 039 0.1 100 59
Zh(azf(‘)gl g; Al P3HT PbSe OA Quantum dot  0.76 4.16 0.35 1 100 60
Y?gg lelt)al' PNV CdTe MA Nanocrystal ~ 0.44 6.14 032 086 100 61
Yang et al. PNV CdTe MA Nanocrystal ~ 0.36 11.4 0.42 1.74 100 62

(2013)



2.4.2 Blending of NCs with conjugated polymers after surface modification

In the direct blending approach, low electron mobility transport could be due to the electronic
insulating organic ligands on the NC surface.®® Final charge transfer between NCs and the
polymer matrix depends on NCs. In NCs synthesis, long alkyl chain ligands are often use to
prevent aggregation during synthesis. Long alkyl chains forms electrically insulating layers
on NCs surface, which prevent an efficient charge transfer between NCs and the polymer
matrix, as well as electron transfer between NCs.%4%% To overcome this problem, a surface
treatment is carried out to decrease interparticle distance and helping in electron transport
through the NC domain phases.

a Regiocegular PINT

Al
CaSeP3HT Slend
| ' l
=

v
IP!DOT PSS  Substrate

Figure 2.7 The device structure of BHJ solar cell based on CdSe/P3HT nanocomposite (a),
TEM pictures of dots (b) and rods (¢ & d).13

Seo et al.® developed PbS:P3HT nanocomposite using oleic acid capped PbS NPs. In order
to improve the PCE, the BHJ solar cell film was treated with acetic acid. After treatment with
acetic acid the PCE increases up to 0.01%. CdSe NCs were the first candidate used in BHJ
solar cells and still have the highest PCE compared with BHJ solar cells made of other NCs.
A post-synthetic ligand exchange with pyridine is the most effective procedure to improve
the efficiencies of CdSe NCs based BHJ solar cells.® In this procedure, long alkyl chain
capped CdSe NCs are washed by methanol several times and then overnight in pyridine at
the boiling point of pyridine under inert atmosphere. After treatment, pyridine replaces the
insulating ligand with shorter and more conducting pyridine molecules. After treatment, the

CdSe NCs are precipitated with hexenes, recollected by centrifuging and
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Figure 2.8 Dependence of EQE on the Nanorods length (a). J-V characteristic of a CdSe

nanorod (7 nm in diameter, 60 nm in length)/conjugated polymer nanocomposite under
AM1.5G illumination (b).13

then dispersed into a mixture of chloroform/pyridine (90:10, v/v) solvent. Similar types of
treatment with other materials (such as amine, chloride and thiols) were also reported.®-72
The first examples on surface modified CdSe NCs in poly MEH-PPV showed EQEs up to
12%.73 In these cells, the surface modified CdSe NCs:MEH-PPV nanocomposite was
sandwiched between a transparent ITO front electrode and an Al metal back electrode, to
harvest the photogenerated holes and electrons, respectively. It appeared to be of extreme
importance to control the surface chemistry of the NCs. The photoinduced electron transfer
from conjugated polymers to CdSe has been studied in detail by Greenham et al.”*” using
photoluminescence and photoinduced absorption spectroscopy for three different PPV
derivatives and monodisperse NPs with diameters from 2.5 to 4.0 nm. A major improvement
of the PV effect came with the introduction of CdSe rods combined with P3HT 186576 Surface
modified CdSe rods allow a more efficient electron transport through the film, and P3HT.
Figure 2.7 shows the device layout and TEM pictures of CdSe rods and dots. For the film
preparation, the challenge is to keep these rods soluble in organic solvents. This has been
achieved after surface treatment with pyridine, making the rods soluble in pyridine-
chloroform mixtures. PV device prepared in this way shows a PCE of 1.7% (Figure 2.8).!3

One evident drawback of nanorods is that they only improve transport in the direction of their
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alignment. CdSe tetrapods, i.e., NCs with four crystalline arms in a tetrahedral configuration,
can be used to overcome this drawback, because these tetrahedral branched structures cannot
lie in a plane. Sun et al.#"’7 showed that surface treated branched CdSe tetrapods in MDMO-
PPV gives an improved electron transport compared to linear CdSe nanorods, leading to solar
cells with PCEs of 2.4 to 2.8%. They have also used treated branched CdSe NPs in
combination with a reduced Eg copolymer, APFO-3, to improve the absorption of light in
visible region.”® This has resulted in a PV device with a PCE of 2.4%. Li et al 3 has
synthesized a series of ternary tetrapodal NCs of CdSe,Tei. . with x = 0 (CdTe), 0.23, 0.53,
0.78, and 1 (CdSe), and prepared BHJ solar cells with MEH-PPV as an electron donor via
blending approach after surface treatment of NCs with pyridine.3! They found that the Voc,
Jsc, and PCE of the devices all increased with decreasing Te content in the CdSexTei. NCs.
Tetrapodal CdSe NCs and MEH-PPV (9:1 w/w) shows the highest PCE (1.13%) under
AM1.5 with an EQE of 47% at 510 nm. Recently, Chen et al.*’ reported on an air stable
device with a PCE of 3.2% fabricated from the surface treated CdTe tetrapod blended with
PSBTBT-NHo,.
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Figure 2.9 Schematic illustration of hexanoic acid treatment (a). J-}" characteristic of a
device containing nanocomposite of CdSe QDs and P3HT as photoactive layer. Inset:

photograph of the BHJ solar cell device prototype.1%?

As an alternative to this approach, improvement in the PCE of CdSe NCs/P3HT
nanocomposite based device was also achieved by shortening of the insulating ligands
by thermal decomposition.3* Fu et al.®® investigated BHJ solar cell devices based on surface

treated CdSe NCs by short-chain ligands and achieved their highest PCE of 3.09% using
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monothiol of n-butanethiol (»-BT). In a similar way, Greaney el al.* also achieved a PCE of
1.9% with a device made from tert-butythiol (BT) treated CdSe NCs blended with P3HT.
However, after surface treatment with small molecules, CdSe NCs tend to aggregate and
precipitate out from the organic solvent once the long alkyl chain ligands are replaced, which
creates stability problems for CdSe NCs:polymer nanocomposites.1¥1% Kwon et al 1"
introduced a new method to improve the performance of P3HT:CdSe nanocomposite based
device by using selenourea (SeU) for ligand exchange. SeU induces interconnection of CdSe
nanorods, which helps in efficient charge transport and results in improved PCEs from 1.71%
t0 2.63%. In a different way, Zhou et al.1??2 demonstrated a novel non-ligand exchange post-
synthetic treatment on CdSe quantum dots (QDs). According to this approach, QDs were
treated by a simple and fast hexanoic acid (HA)-assisted washing procedure. Devices based
on these QDs and P3HT nanocomposites exhibited reproducible PCEs up to 2% with
optimized ratios of QDs to P3HT (Figure 2.9). Recently, Fu et al.1% reported post- deposition
ligand exchange by acetic acid and achieved PCE of about 2% in CdSe QDs/P3HT device.
BH]J solar cells based on Pb or Cd chalcogenide NCs/conjugated polymers nanocomposite

fabricated through the surface modification approach are summarized in Table 2.2.
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Table 2.2 Summary of BHJ solar cell devices based on blending of Pb or Cd chalcogenide NCs with conjugated

polymers after surface modification.

Author’s name

Seo et al.
(2009)

Wang et al.
(2007)
Renet al.
(2011)
Huynh et al.
(2002)
Wang et al.
(2006)
Sun et al.
(2006)
Zhou et al.
(2006)
Gur et al.
(2007)
Olson et al.
(2009)

Heinemann et al.

(2009)
Dayal et al.
(2010)
Wu et al.
(2010)
Lokteva et al.
(2010)
Zhou et al.
(2011)
Zhou et al.
(2011)
Park et al.
(2011)
Zhou et al.
(2011)

D

P3HT

MEH-PPV

P3HT

P3HT

APFO-3

P3HT

MEH-PPV

P3HT

P3HT
P3HT

PCPDTBT

P3HT

P3HT

P3HT

PCPDTBT

P3HT

PCPDTBT

A

PbS

CdS

CdS

CdSe

CdSe

CdSe

CdSe

CdSe

CdSe
CdSe

CdSe
CdSe
CdSe
CdSe
CdSe
CdSe

CdSe

Treatment

Acetic acid
Pyridine
BA
Pyridine
Pyridine
Pyridine
Pyridine
Pyridine
BA
Pyridine
Pyridine
Pyridine
Pyridine
HA
HA
Pyridine

HA

Shape

Nanocrystal

Multiarmed
nanorod

Quantum dot

Nanorod

Branched
nanoparticle

Nanorod

Tetrapod

Hyperbranched
nanorod

Nanocrystal

Nanocrystal
Tetrapod
Nanorod

Quantum dot

Quantum dot

Quantum dot

Nanoparticle

Nanorod:
quantum dot

VOC
V)

0.35

0.85

0.7
0.95
0.62
0.69

0.6

0.55
0.67

0.678
0.553
0.5
0.6
0.58
0.45

0.63

JSC
(mA/cm?)

0.04
2.96
10.9
5.7
7.23
8.79

2.86

6.9
2.6

10.1

9.7

3.1
14

8.6

FF

0.36

0.46

0.35

0.4

0.38

0.5

0.46

0.47
0.36

0.51

0.49

0.49

0.56

0.55

0.36

0.56

PCE
(%o)

0.01
1.17
4.1
1.7
24
2.9
1.13
2.18

1.8

0.65
3.19
2.65
03
21
2.9
0.23

3.1

Tllumination
(mW/cm?)

90
100
100
100
100
92
30
100

100
100

100
100
100
100

100

100

Ref.
No.

66
67
68
18
78
79
31
32

69
33

84
85
86
87
87
88

39
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Table 2.3 Summary of BHJ solar cell devices based on blending of Pb or Cd chalcogenide NCs with conjugated

polymers after surface modification (continue).

Kuo et al.
(2011)

Radychev et al.

(2011)

Jeltsch et al.
(2012)

Lek et al.
(2012)
Leketal
(2012)
Celik et al.
(2012)
Park et al.
(2012)

Fuetal.
(2012)
Greaney et al.
(2012)
Qiao et al.
(2013)
Kwon et al.
(2013)
Zhou et al.
(2006)

Chenet al.
(2011)

Zhou et al.
(2010)
Fuetal
(2013)

PDTTTPD

P3HT

PCPDTBT

PCDTBT

P3HT

PCPDTBT

P3HT

P3HT

P3HT
P3HT

P3HT

MEH-PPV
PSBTBT-
NH,

P3HT

P3HT

CdSe

CdSe

CdSe

CdSe

CdSe

CdSe

CdSe

CdSe

CdSe
CdSe

CdSe

CdTe

CdTe

CdSe

CdSe

Pyridine
Pyridine
Pyridine
Pyridine
Pyridine
Pyridine
BA
n-BT
BT
Pyridine
Pyridine
Pyridine
Pyridine
HA

Pyridine &
Acetic acid

Tetrapod

Quantum dot

Nanorod:
quantum dot

Nanorod
Nanorod

Nanorod
Nanoparticle
Quantum dot

Nanocrystal

Quantum dot

Nanorod

Tetrapod
Tetrapod
Quantum dot
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2.4.3 Direct (in situ) synthesis of NCs in conjugated polymer matrix

Another solution processed approach was adopted to prepare in situ Pb or Cd chalcogenide
NCs network in conjugated polymer matrix, where the polymer matrix works as a size and
growth directing template. In this approach, NCs being synthesized directly in the polymer
matrix without surfactant and resulted nanocomposite was used to deposit an active layer.
Conversely, film layer from the precursor contained conjugated polymer and soluble
inorganic components treated thermally after deposition to convert inorganic components
into NCs.1® On the contrary, in situ synthetic approaches provide better control of
stoichiometry and prevent separation of NCs from the polymer matrix as the NCs growth is
directly promoted in the polymer matrix.1%31% However, this approach is not suitable for the
preparation of nanocomposites with flexible and large-range tunable properties because it is
not possible to control the stoichiometry of the inorganic NCs as well as to tailor their size

and size dispersion.1?’

These drawbacks are completely overcome if a unimolecular
precursor, containing both the metal and the nonmetal part of the NC, is directly introduced
into the polymer matrix, and the precursor solution or films are subsequently thermally
treated in order to induce the decomposition for the NC nucleation and growth [104-106]. In
situ decomposition of a metal sulphide precursor in the polymer matrix may also results in
strong interaction between NCs and host polymer matrix which can improve optoelectronic
properties of NCs/polymer nanocomposites. 19119 The major problem with in situ approach

is regarding the solubility of inorganic and organic materials. However, an appropriate

selection of miscible solvents in both cases may help to overcome this problem.

Watt et al. 11113 reported the in situ synthesis of PbS NCs in conjugated polymers and
achieved a PCE of 0.7 %. Another BHJ solar cell device based on PbS NCs/POP3HT-50
nanocomposite synthesized through Watts’s method was also reported with a PCE of
0.011%"16. Alternatively, metal sulphide NCs/P3EBT nanocomposite layers also prepared
via solid state in situ reaction using thiourea and metal acetates. However, performance of
the resulted BHJ solar cell devices remains modest due to formation of non-volatile by-
products after thermal treatment.!1” Recently, numerous in situ synthetic pathways have been
104,107,11-122 T a0 ot a] 118

reported for the synthesis of CdS NCs in conjugated polymers.

explored the in situ synthetic route to prepare single-crystal nanorods using P3HT matrix as
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a soft template. The nanorods with higher aspect ratios forming a connected network in P3HT
provide pathways for electron transport, improving the PCE to 2.9%. The controlled in situ
low temperature thermal decomposition of cadmium xanthate precursor is the ideal way to
form CdS network in P3HT matrix. Such a CdS/P3HT nanocomposite film has been shown
to exhibit high yield and long-lived charge photogeneration for an efficient photovoltaic
device with a PCE of 0.7% upon illumination at 100mW/cm? 1™ Further, a study of Dowland
et al.!?® showed that nanomorphology, photogeneration and PV performance of the
CdS/P3HT nanocomposite films synthesized via a cadmium xanthate precursor route are
strongly dependent on annealing temperature. They found the best PCE of 2.17% for a
nanocomposite film baked at 160 °C. The same kind of unimolecular precursor based on
cadmium-bis(benzylthiolates) was also invented for the fabrication of polymer/CdS
nanocomposite materials through a simple and inexpensive synthetic route.!"”” However this
in situ approach is not limited to PbS or CdS only but is also known for CdSe and CdTe.1%-
126 Recently, the in situ synthesis of P3HT capped superstructures and their further
application in BHJ solar cell was reported by Peng et al.!?> Importantly, the amount of P3HT
has no effect on CdSe superstructure and phases but the presence of P3HT on CdSe
superstructure surface enhances their absorption and emission properties. The PV device
based on P3HT-capped superstructures demonstrated an overall PCE of 1.32%. Similarly, in
situ synthesis of CdTe NCs in P3HT was also reported recently and further use of these P3HT
capped CdTe NCs in blending with PCBM resulted in a PV active blend with a PCE of
0.79%.126127 BHJ solar cells based on Pb or Cd chalcogenide NCs/conjugated polymers

nanocomposite fabricated via in situ approach are summarized in Table 2.3.
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Table 2.4 Summary of BHJ solar cell devices based on in situ synthesis of Pb or Cd chalcogenide NCs in

conjugated polymer matrix.

Voc Je PCE TIllumination Ref.
b
Author’s name D A Shape (V)  (mA/cm?) FF (%) (@mW/em?)  No.
WaieLal MEH-PPV PbS Nanocrystal 1 0.13 0.28 0.7 5 115
(2007)
Zlgg f{)al' POP3HT-50 PbS Nanocrystal 0.72 0.082 019 0011 100 116
Maier et al. :
2011) P3EBT Cds Nanoparticle 0.51 0.46 028  0.06 100 117
LeV(e;(gllsoe)t al. P3HT Cds Nanostructure ~ 0.61 3.54 033  0.72 100 104
Liao et al.
(2010) P3HT CdS Nanorod - - - 2.9 - 113
Dovzlzaonldgt Al P3HT Cds Nanocrystal 0.84 4.8 053 217 100 120
Pe(g% g)al P3HT CdSe Superstructure  0.54 425 0.57 1.32 100 125
Khan et al.
0011) P3HT CdTe Nanocrystal 0.8 3.88 032 079 80 127



2.5 Limiting factors and additional strategies for the PCE improvement

The performance of the BHJ solar cell devices depends on exciton generation, charge
separation and charge transport towards electrodes. Any factors supporting this procedure
are advantageous to the improvement in PCE of BHJ solar cell. NCs network within the
polymer matrix is necessary for the PCE improvement. The D/A interface structure and
interparticle distance decides the final charge transport and electron transfer. Therefore, the

morphology control of the composite film at the nanoscale level is the next important factor

for the PCE improvement in BHJ solar cells. 12812
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Figure 2.10. EQE spectra of BHJ solar cells with 90 wt% CdSe nanorods and P3HT
fabricated by using chloroform (solid line), thiophene (dashed line) and TCB (dotted line)

(a). J-V characteristics for the same devices under AM1.5G illumination (b).”®

Huynh et al.% have investigated the morphology control in CdSe NC/P3HT BHIJ
solar cells . Solvent mixtures of chloroform and pyridine were used to control the
nanomorphology of composite films. The nanoscale phase separation between NCs
and polymer could be adjusted by varying the concentration of the solvent mixture. An
optimum concentration of pyridine in chloroform of about 8% by volume was observed. In
addition, using suitable solvents for processing NCs/polymer nanocomposites has been

1.77 reported

demonstrated as another crucial approach for nanomorphology control. Sun et a
on improved PCE up to 2.8% for branched CdSe NCs/OC:1C10-PPV BHJ solar cell device

treated with TCB solvent. The CdSe tetrapods seem to favorably segregate towards the
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vertical direction to the electrodes, which is beneficial for efficient electron transport through
the NC phases.”” In a similar way, Figure 2.10 shows the comparison of EQE and .J-
V' characteristics for CdSe nanorods/P3HT BHJ solar cell devices fabricated by using
TCB, thiophene and chloroform as solvents for the materials during the spin coating of the
respective photoactive layers. By using TCB as solvent, a significant improvement in the
EQE and the Jsc of the device projected that the slow evaporation rate during the spin-

coating process results in a favorable ordering of P3HT, which improves the hole mobility.”

Annealing temperature » 215°C
0 b = Without SEU

wip— With SEU rstio of 0.033
vl With SEU ratio of 0.1

Current density (mAlcm?)
IS

_10 ' . A A o
0.2 0.0 0.2 04 0.6 08
Voitage (V) .
Flgure 2.11 TEM LUIAZOd UL CUOT/ L I11 1 HALULVULLLPJUDILE WILUUL \a) aud Wlth (b) SEU. J-

V characteristic curves of CdSe/P3HT device with and without SEU after annealing at 215
oC (C).IOI

Thermal and solvent annealing has also been found to be an effective ways to control the
nanomorphology of composite films thus enhancing PCEs of the BHJ solar cells.% 697 It is
well known that thermal annealing induces the crystallization of P3HT and improves the
absorption and hole mobility of P3HT in nanocomposite films.!3® Furthermore, the PCE of

CdSe nanorods/P3HT was improved from 1.71 to 2.63% after addition of SEU for ligand
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exchange (Figure 2.11). After thermal annealing at 215 °C, SeU was completely
decomposed into selenide and induced the interconnection of CdSe nanorods in the nanoscale
range without severe aggregation, thus electron transport toward the cathode was greatly
enhanced.!® Wu el al 3 has demonstrated an approach to enhance the charge separation and
charge transport by using chemical vapor annealing treatment. A film of CdSe
nanorods/P3HT nanocomposite was put in a closed glass vessel while the film was still
wet. Benzene-1,3-dithiol was then added at the bottom edge of the vessel and the whole
vessel was heated to 120 °C and kept for 20 min. Compared to the non-treated devices, the
PCEs improved significantly from 1.56% to 2.65%, along with an enhancement of Jsc from
5.8 mA/cm? to 9.7 mA/cm? Chen el al.?” also reported on the functionalization of the
PSBTBT-NH; with a mono-aniline-capped anchoring group and improved nanomorphology
through the BDT solvent vapor annealing of the CdTe/PSBTBT-NH: device with an
excellent PCE of 3.2%.

Polymer side chain modification is one of the ways to improve the dispersion and electronic
interaction between the polymer and NCs.!3! The amine group in the polymer provides for
interactions with NCs through covalent bonding.1%® The pyridine -treated CdSe nanorods can
form well dispersed nanocomposite with amine-terminated regioregular P3HT, exhibiting a
maximum PCE of 1.4%. The functionalized P3HT is expected to provide intimate contact
between NCs and polymer through covalent interactions, thereby enhancing the dispersion
of CdSe nanorods in P3HT matrix, and resulting in a favorable morphology improving the
charge transfer.!3? Further, the functionalization of P3HT end-groups using H/(-SH), H/Br,
and Br/allyl as terminating chemical groups have also been reported recently. BHJ solar cell
devices with CdSe QDs and Br/allyl -terminated and H/(-SH)-terminated P3HT led to
efficiencies of 0.9% and 0.6%, respectively.!®3 Dayal et al.!*® successfully synthesized
homogeneously dispersed CdSe NCs in P3HT solution directly. Photoinduced charge
separation was observed, indicating that this nanocomposite could be promising material for

BHJ solar cells.

30


javascript:popupOBO('GO:0006810','c0ee00143k')
javascript:popupOBO('CMO:0001465','c0ee00143k')
http://www.chemspider.com/21170925
javascript:popupOBO('CHEBI:26421','c0ee00143k')
javascript:popupOBO('CHEBI:60027','c0ee00143k')
javascript:popupOBO('CHEBI:24433','c0ee00143k')
http://www.chemspider.com/4575379
http://www.chemspider.com/4575379
javascript:popupOBO('CHEBI:30361','c0ee00143k')
javascript:popupOBO('CHEBI:24433','c0ee00143k')
javascript:popupOBO('CHEBI:30361','c0ee00143k')
http://www.chemspider.com/4575379

2.6 Thin film heterojunction solar cells

As an alternative to widely used Si based homojunction solar cells, research interest is
presently focused on the development of thin film based p-n heterojunction solar cells. The
easy preparation of these semiconductors by physical and chemical methods, together with
their stability and high absorption co-efficient encourages their use for solar energy
conversion. The unique interfacial structure between window (n-type) and absorber (p-type)

layer attributes the efficient conversion of light energy.

The 1I-VI and IV-VI semiconductors offer a spectrum of materials having superior optical
conversion efficiencies due to their band gap energy that covers the entire wavelength range
of solar light. These semiconductors have a direct band gap with sharp optical edge and large
absorption coefficient at above band gap wavelengths. They also have higher band gap
energy due to their larger ionicity and high carrier effective mass, while the radiative carrier

life time and carrier diffusion lengths are small 134

Silicon, an indirect band gap material
(Eg=1.1 eV), is a material of choice for more than 90 % of phtovoltaic production. However,
the major drawbacks of a silicon solar cell originate from its high fabrication cost, shortage
of silicon feedback and its low absorption coefficient (100 cm™), which require several
hundred microns of thickness to absorb most of the incident light. 133136 Although amorphous
silicon solar cells are also used, they are sensitive for degradation upon exposure to sunlight
with an efficiency loss of 10-20 %.137 Therefore, research interest is focused on the

development of other types of solar cells.

2.6.1 Device structure and working principle

p-type layer

n-type layer
ITO
Glass

Figure 2.12 Schemetic of thin film heterojunction solar cell.
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The working principle of all solar cells is essentially the same. In general, it consists of the
generation of a potential difference at the junction of two different materials in response to
visible or other radiation. Thin film heterojunction solar cell structure consists of an absorber
(p-type) layer (Figure 2.12), in which the photons of incident radiation are efficiently
absorbed, resulting in the creation of electron-hole pairs. The window (n-type) layer, which
has a large conductivity for electrons and a small conductivity of holes helps in separation of
charges. Electrons can easily flow through the n-type semiconductor, while the transport of
holes, which are the minority carriers in such material, is due to the limited recombination
processes.

n-type p-type

© O, ©°0 0 00 ©
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0000 0000
o * o *
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E, E,

Figure 2.13 Schematic representation of an isolated p-type and n-type semiconductor and

corresponding band diagrams.

Figure 2.13 shows schematically isolated fragments of a p-type and an n-type semiconductor
and their corresponding band diagrams. In both fragments, the charge neutrality is
maintained. In the n-type semiconductor, the large concentration of negatively- charged free
electrons is compensated by the positively-charged ionized donor atoms. In the p-type
semiconductor, holes are the majority carriers and the positive charge of holes is
compensated by the negatively-charged ionized acceptor atoms. For the n-type

semiconductor:
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n=n,~N, (2-5)

P=Pun= ]’:]—’D (2-6)
For the p-type semiconductor:
P=p,~N, (2-7)
n’
n=n,~ N—’A (2-8)
where n is the electron concentration

P is the hole concentration

P 1s the hole concentration in equilibrium
nno 1s the electron concentration in equilibrium
ni s the intrinsic carrier concentration

Np is the donor concentration

N4 1s the acceptor concentration

When p-type and n-type semiconductors are brought together, a very large difference in
electron concentration between the two causes a diffusion current of electrons from the n-
type material across the metallurgical junction into the p-type material. Similarly, the
difference in hole concentration causes a diffusion current of holes from the p- to the n-type
material. Due to this diffusion process, the region close to the metallurgical junction becomes
almost completely depleted of mobile charge carriers. The gradual depletion of the charge
carriers gives rise to a space charge created by the charge of the ionized donor and acceptor
atoms that is not compensated by the mobile charges any more. This region of the space
charge is called the space-charge region or depleted region and is schematically illustrated in
Figure 2.14. Regions outside the depletion region, in which the charge neutrality is

conserved, are denoted as the quasi-neutral regions.
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Figure 2.14 Formation of a space-charge region, when n-type and p-type semiconductors

are brought together to form a junction. The colored part represents the space-charge region.

The space charge around the metallurgical junction results in the formation of an internal
electric field which forces the charge carriers to move in the opposite direction than the
concentration gradient. The diffusion currents continue to flow until the forces acting on the
charge carriers, namely the concentration gradient and the internal electrical field,
compensate each other. The driving force for the charge transport does not exist anymore and

no net current flows through the p-n junction.

2.6.2 CdS/PbS thin film solar cells

Bulk PbS has a narrow direct energy band gap of 0.41 eV at 300 K. Thus the absorption edge
of PbS can be tuned to anywhere between near-infrared to violet, covering the entire visible
spectrum. Therefore, PbS thin films made of nanocrystallites having a bandgap of around 1
eV can be used as an absorber for thin film solar cells. In recent years, vigorous investigations
are being conducted to fabricate efficient solar cells based on PbS quantum dot thin films.13%
14 Tn an alternative way, chemically deposited PbS thin film layers were also used in thin

film solar cells as p-type absorber layers. 145146

The CdS is the most widely used window material for thin film solar cells. CdS acts as a
window layer relating to spectral response at shorter wavelength region. The CdS is used
either for establishing electric field at the heterojunction interface that collects the
photogenerated charge carriers or as “buffer layer” that avoids the interface mismatch
between ITO and and absorber layer. If CdS is used as “buffer layer”, its resistivity should
be high enough in order to reduce the trap state density at the interface to improve junction

properties. Earlier, Romeo et al.1*” achieved a highly efficient 14.6% CdS/CdTe thin film
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solar cell. Afterwards, Ramanathan et al.1¥® also achieved a 19.2% efficiency in a

Zn0O/CdS/CulnGaSe; thin film solar cell.

Recently, Vorobive et al.1* fabricated a CdS/PbS thin film solar cell of 1.6% efficiency
through ammonia free CBD technique. Similarly, Obaid et al.’> reported on a CdS/PbS thin
film solar cell of 1.3% efficiency via microwave-assisted CBD route. The PbS and CdS thin
films deposited via CBD method have interesting properties for solar cells. However, the
majority of CBD techniques are ammonia based, which is highly volatile, toxic and harmful
to the environment at large scale deposition. Furthermore, the volatility of ammonia results
in irreproducible film properties.!> Naoadays, the new ammonia-free simple precursors
based on large scale deposition techniques of less environmental issues are of great interest

to prepare metal chalcogenide thin films for solar cell applications.

2.7 CdS nanostructures and QDs for photocatalytic degradation of organic dyes

A wide range of organic wastes contaminate the water systems in various fields, such as
industrial, agricultural and chemical fiels. Organic dyes become a main part of the industrial
waste because of their wide use in many industrial activities. Every year, around 450000 tons
of organic dyes are produced and more than 11% are lost in wastes during manufacturing and
application stages.!>! These dyes are potentially carcinogenic and their removal from the
industrial waste is a major environmental problem.!> Various approaches have been applied
to remove the dye from waste water; these include the biodegradation, coagulation,
adsorption, advanced oxidation process, and membrane process.!>13 Compared to each
other, all these approaches have advantages or disadvantages. The development of
appropriate techniques for the degradation of organic dyes from waste waters is necessary.
Researchers started intensive studies on semiconductor photocatalysis after the discovery of

the photo-induced splitting of water on TiO; electrodes.’>

Semiconductor photocatalysis is
a potentially promising approach to solve such environmental issues.!®® In this approach,
photocatalysts used solar energy to decompose pollutants from the air and aqueous
medium 161163 The photocatalyst generates reactive hydroxyl radicals, which oxidize the

toxic organic pollutants and break them into smaller fragments. 164165

However, the high
oxidative capacity and stability of semiconductor materials are the main criteria in order to

be selected as a photocatalyst. 195166 Anatase TiO; is the most studied photocatalyst due to its
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low cost, high stability and biocompatibility.16”

However, TiO: responds to UV light only
and its wide band gap limits its practical application as photocatalyst. Therefore, an
interesting task is to find an efficient photocatalyst that can effectively degrade organic
pollutants under visible light irradiation. Metal oxides, like CdS sensitized TiO2, doped ZnO,
MgO, Fe;03, or SrTiO3 and metal sulphides, like ZnS, In2S3 or SnS; are also used as a
photocatalysts to degrade organic pollutants from the waste water 198175 For efficient
degradation of dyes, a photocatalyst that has a suitable band gap, flat band energy levels and
good absorption properties in the visible region is needed. In both respects, CdS with a direct

band gap of around 2.4 eV is a promising material to be used as a photocatalyst to decompose

organic pollutants from the aqueous medium.

2.7.1 Mechanism of photodegradation

Degradation Product

Degradation Product

Figure 2.15 Possible mechanism of photocatalytic degradation of dye pollutants by CdS
photocatalyst.

For semiconductor photocatalysts, physical and chemical mechanisms have been reported in
the literature. 1’177 In fact, the reactivity of photocatalysts depends on the number
electron/hole pairs. As the catalyst surface is photoexcited, the produced electrons in the
conduction band (CB) and holes in the valence band (VB) are transferred on the
photocatalysts sites. Concomitantly, a series of reactions take place at solid-fluid interface.
In fact, the exited electrons in CB and holes in VB are respectively captured by oxygen
molecules and OH™ or H20 species dissolved in the suspension. The transfer of electrons to

oxygen molecules generates superoxide anions and the presence of holes on semiconductor
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surface leads to the production of hydroxyl radicals (OH"). The attack of these produced
radicals to the organic dye molecules adsorbed on the semiconductor oxide surface leads to
the oxidization of pollutant molecules and their transformation to a degradated product. As a
result of this process, the dye molecules are decomposed and water treatment is completed.

Figure 2.15 presents the probable mechanism of this process by CdS photocatalyst.
2.7.2 Synthesis of CdS nanomaterials for photocatalysis

It is well known that photocatalytic properties of semiconductor photocatalyst materials is
depend not only on their particle size but also their morphology and surface area. Therefore,
different studies have been devoted to synthesize CdS nanomaterials with controlled size and
various architectures for photocatalytic applications. Di et al.!”® have prepared flower-like
CdS nanostructures through a simple solvothermal route and used them to decompose MeO
(Figure 2.16a). Recently, solvothermally synthesized lotus flower and flower-like 3D
assemblies of CdS nanostructures were also developed and used to decompose MB, MeO

and RhB (Figure 2.16b and ¢).17%130

Figure 2.16 CdS nanostructures of different flower-like shapes 178189
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Other shapes like microspheres,!8! nanowhiskers, ¥ and nanospheres'® of CdS were also
reported and used to decompose MB and RhB. Recently, the synthesis of different amino
acids capped CdS QDs were developed and used to degrade MB, RhB and CV.13+188 Taple
2.4 summarizes the details on recently reported CdS nanostructures and QDs for

photocatalytic degradation of organic dyes.
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Table 2.5 Summary on photocatalytic degradation of organic dyes by CdS nanostructures and QDs.

Catalyst Dye - Irrafilatlon Degradation  Ref.
Author Shape amount Dye concentration time (%) No
(mg/mL) (ppm) (min) )
Diectal.
(2000) Flower 0.25 MeO 40 240 68 178
Guo et al. Flower-like 1.5 MeO 10 90 88 130
(2011) 3D assemblies 1.5 RhB 10 90 79
Guo et al. 1 MB 50 90 91.6
D 184
(2011) Q 1 RhB 50 90 45
Guo et al. Nanosoher 0.6 RhB 20 120 97.44 183
(2012) e 0.6 MB 20 120 98.15
Methionine-
Guo et al. capped QD L Ebb # e S# 3 185
(2012) Valine-capped 1 RhB 50 110 80 7
QD
Aspartate-
Guo ot al. capped OD 1 RhB 50 110 98.98 a6
(2012) Glutamate- 1 RhB 50 110 99.04
capped QD
Upadhyay ¢t al. . 0.5 Cv - 105 96
(2012) Naftopasiels 05 MB - 105 87 187
Lotus-flower 0.4 MB - 90 90
Sahoo ¢t al. Hierarchical
(2013) . 0.4 MB - 90 78 179
Nanoparticle 0.4 MB - 90 94
Ardona et al. .
(2013) Nanowhisker 1 RhB 10 300 60 182
Chen et al. .
(2013) Nanoparticle 0.5 RhB 10 80 95 188
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Table 2.6 Summary on photocatalytic degradation of organic dyes by CdS nanostructures and QDs

(continue).

Eskandri et al.
(2013)

Deng et al.
(2013)

Chauhan et al.
(2013)

Nanostructure

Nanosphere

Hierarchical
rod-like

Microsphere

Nanoparticle

— e e e e e e

MB

MB
RhB
MB
RhB
MB
RhB

MB

15

10
10
10
10
10
10

10

90

120
180
120
180
120
180

300

99 189

75
65
83
50
95
90

100 191

190



2.8 Summary of Literaure Review

The use of Pb and Cd chalcogenide NCs as inorganic acceptor materials can theoretically
improve the performance of BHJ solar cells due to their enhanced absorption and MEG.
However, the efficiency of BHJ solar cells based on Pb and Cd chalcogenide NCs have been
very low compared to the best known BHIJ solar cells based on PCBM/polymer materials.
The surface chemistry of NCs is the most important factor for stability, size distribution and
dispersion in organic media. The long chain alkyl ligands are beneficial for controlled size
distribution, stability and dispersion but also responsible for poor charge separation at
interfaces and poor charge transport due to their insulating nature. Synthetic efforts have also
been made for the preparation of rods or branched structured NCs with a higher aspect ratio
for improved pathways and electron transport in the nanocomposite layer. A number of
techniques were reported for removing or replacing ligands before or after deposition of the
NCs/polymer nanocomposite layer. In general, BHJ solar cell devices that were fabricated
with smaller or without ligands showed higher PCE but the fundamental effect of ligands is
still not well understood. A new solution processed approach to grow in situ Pb or Cd
chalcogenide NCs network in conjugated polymer matrix is also reported. This new approach
shows promise to increase the quantum efficiency of BHJ solar cell devices by increasing
transport efficiency via formation of extended NCs networks in the polymer matrix without
ligands. Further, additional strategies such as the use of suitable solvents, functionalization
of polymers through chemical modification, thermal and solvent annealing were employed

to improve the nanomorphology and the PCE of the active layer of BHJ solar cell device.

The PbS and CdS thin films deposited via CBD method have interesting properties for solar
cell appications. However, the majority of CBD routes are ammonia based, and it is known
that ammonia is highly volatile, toxic and harmful to the environment at large scale
deposition. Furthermore, the volatility of ammonia generally leads to irreproducible film
properties. To prepare metal chalcogenide thin films, the new ammonia-free simple

deposition routes with less environmental issues are of great interest nowadays.

Recently, various metal oxides and sulphides have been used as photocatalysts to degrade
organic pollutants from the waste water. CdS became a promising material to be used as a

photocatalyst to decompose organic pollutants from the aqueous medium due to its suitable
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band gap and good aborption properties in the visible region. Therefore, it is very interesting

to

synthesize different CdS nanostructures for their further application in photocatlytic water

purification.
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Chapter 3: Characterizations

3.1 Introduction

The as-synthesized metal chalcogenide nanomaterials and thin films were extensively
characterized for their structural, morphological, optical, thermal and surface properties. To
accomplish the characterization work, X-ray diffraction (XRD), X-ray photoelectron
microscopy (XPS), electron microscopy such as transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) with complimentary energy dispersive X-ray
spectroscopy (EDS), ultraviolet-visible spectroscopy (Uv-vis), photoluminescence
spectroscopy (PL), thermogravimetric analysis (TGA), fourier transform infrared
spectroscopy (FTIR), gas sorption and atomic force microscopy (AFM) characterization
techniques have been used. In this chapter, the fundamental principles of the above

characterization techniques are outlined.

3.2 X-ray diffraction (XRD)

XRD is a powerful tool for material science, which provides valuable information on the
crystallographic structure and different phases of nanocrystalline products. X-rays are
generated by beam of fast electrons bombarding a metal target in an evacuated tube and
directed toward the sample. The interaction of the incident rays with the sample produces
constructive interference and a diffracted ray when conditions satisfy Bragg's Law (Figure

3.1)1

Incident wave Diffracted wave

Figure 3.1 Schematic illustration of the Bragg’s law.
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nA=2dsin0O (3-1)

Where n is the order of interface
A 1s the wavelength of X-ray (nm)
d is the lattice plane distance (nm)

0 is the angle of incidence (Degrees)

These diffracted X-rays are then detected, processed and counted. All possible diffraction
directions of the lattice should be achieved due to the random orientation of the powdered
material. The conversion of the diffraction peaks to d-spacings allows identification of the
mineral because each mineral has a set of unique d-spacings. Typically, this is achieved by

comparing the d-spacings with standard reference patterns.

The Debye-Scherrer equation is very useful to calculate the mean size of particles from XRD

peaks:
D =KA/ BcosO 3-2)

Where D is the particle size (A).
k is the shape factor (taken as 0.9).
) is the wavelength of X-ray used (1.54051 A for CuKa).
B is the broadening of line at half the intensity (Radians).

0 is the diffraction angle of line under consideration (Degrees).

3.3 X-ray photoelectron microscopy (XPS)

XPS is based on photoelectric effect and widely used for the surface analysis?. Every atom
in the surface has core electron with the characteristic binding energy, which is conceptually
equal to the ionization energy of that electron. The energy of the X-ray photon is absorbed
completely by the core electron of an atom. If the photon energy (hv) is large enough, then
the core electron will escape from the atom and emits out from the surface. The emitted
electron with kinetic energy (Ek) is referred to as the photoelectron. The binding energy of

the core electron is given by the Einstein relationship:
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h=F+E +¢ (3-3)

E =hw-E, +¢ (3-4)

Where h: Planck constant (J.s)
v: frequency of the radiation (Hz)
Ex is the kinetic energy of photoelectron (J)

¢ is the spectrophotometer work function (J)

3.4 Electron microscopy
3.4.1 Transmission electron microscopy (TEM)

This technique is most common for determining the size and shape of the nanomaterials. In
this technique, high energy electron beams are transmitted through a very thin sample to
image and analyze the structure of materials with atomic scale resolution. The electron beam
is focused with electromagnetic lenses and the image is observed on fluorescent screen or
photographed with a camera. The electrons are accelerated at several hundred kV, giving

wavelength much smaller than that of light.

3.4.2 Scanning electron microscopy (SEM)

This technique is used to obtain information about the size and morphology of the powder or
thin film samples. The primary electron beam strikes the sample and gives rise a variety of
signals, including low energy secondary electrons from the upper layers of the sample. Some
of the secondary electrons are collected, processed, and eventually translated as a series of
pixels on a cathode ray tube or monitor. The brightness of the pixel is directly proportional
to the number of secondary electrons generated from the sample surface. The samples that
are not conductive must need an additional sputter coating of gold/palladium to obtain a

reasonable image.

Due to the high energy electron irradiation, the electrons in inner shells of the atoms in the
sample are emitted and leave vacant orbits. The vacant orbits occupied by the outer shell

electrons result in the emission of X-ray photons. The X-ray emitted through this process
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provides a signature emission for elemental identification because all elements have a unique

electronic structure.

3.5 Ultraviolet-visible spectroscopy (Uv-vis)

Optical properties of the molecules provide perception into their band gap, size and shape.
The energy of photons from the visible to the near ultraviolet region can excite electrons from
the valence band to the conduction band of a semiconductor material (Figure 3.2). The

absorption of photon energy equal or more than the band gap of the semiconductor induces

a photoexcitation.

4

Conduction band

I Bandgap

Valence band

Electron energy

>

Density of States
Figure 3.2 Semiconductor band structure.
The energy band gaps (Eg) of the NCs are determined from the Tauc relation:
(ahv)' ~ hv - kg (3-5)

where a is the absorption coefficient (cm™)
h is the Plank constant (J.s)
v is the frequency of radiation (Hz)

Eg is the energy band gap of the semiconductor (eV)
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3.6 Photoluminescence spectroscopy (PL)

PL is a process in which the material absorbs photons and then re-radiates them. Quantum
mechanically, this can be described as an excitation to a higher energy state and then a return
to a lower energy state accompanied by the emission of a photon. The period between the
absorption and the emission is extremely short, in the order of 10 nanoseconds. For a direct
band gap, transition photons with enough energy excite an electron from the ground state
valence band into an excited state in the conduction band. In terms of semiconductor physics,
the incoming energy creates an electron-hole pair of positive and negative charges, and these
pairs or exciton retain that excited energy which is then released when the electron and hole

recombine.

3.7 Dynamic light scattering (DLS)

Particle size can be determined by measuring the random changes in the intensity of light
scattered from a suspension or a solution. This technique is commonly known as DLS. DLS
is most commonly used to analyze nanoparticles. Examples include the determination of
nanogold size, protein size, latex size, and colloid size. In general, the technique is best used
for submicron particles and can be used to measure particles with sizes less than a nanometer.
Small particles in suspension undergo random thermal motion known as Brownian motion.
This random motion is modeled by the Stokes-Einstein equation. The following equation is
the Stokes-Einstein relation that connects diffusion coefficient measured by dynamic light

scattering to particle size.

k,T
D,=—* (3-6)
3znD,
Where Dy, 1s the hydrodynamic diameter

Dy 1s the translational diffusion coefficient
k5 is Boltzmann’s constant
T'1s thermodynamic temperature

n 1s dynamic viscosity
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The calculations are handled by instrument software. However, the equation does serve as
important reminder about a few points. The first is that sample temperature is important, as
it appears directly in the equation. Temperature is even more important due to the viscosity
term, since viscosity is a stiff function of temperature. Finally, and most importantly, it
should be mentioned that the particle size, determined by dynamic light scattering, is the

hydrodynamic size.

3.8 Thermogravimetric analysis (TGA)

TGA measures weight changes in a material as a function of increasing temperature (or time)
under a controlled atmosphere.® Its principle uses include the measurement of a material’s
thermal stability, moisture and solvent content, and the percent composition of components
in a compound. It gives valuable information about the removal of molecules, thermal
stability of the material at certain temperature and the amount of the components present in
the sample. The weight of the sample is plotted against the temperature or time to illustrate
thermal transitions in the material such as loss of solvent, water of hydration in inorganic

materials, and, finally, the decomposition of the material.

3.9 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a technique for collecting spectra by the infrared radiation (IR) in the
range of 400 to 4000cm™ 4 IR radiation causes the excitation of the vibrations of covalent
bonds within the molecule. These vibrations include the stretching and bending modes.> The
stretching vibrations cause stronger absorptions of IR radiation compared to bending
vibrations. The spectra can be interpreted by checking the peaks with the IR database to
determine the chemical structure of the sample. In the case of nanoparticles, this technique
is very useful to know how the surfactant bonds to the surface of the nanoparticles by

comparing FTIR spectra of the pure surfactant with the FTIR spectra of nanoparticles.

3.10 Gas sorption
3.10.1 Physisorption isotherm

The isotherm is the plot of absorbed volume at the standard pressure against the

corresponding equilibrium pressure at a constant temperature. The physisorption isotherms
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are grouped in to the six types (Figure 3.3(a)). The reversible Type I isotherm is obtained
for mesoporous materials having relatively small external surfaces. The reversible Type 11
and Il isotherms forms are very common for non-porous or macroporous materials. Type IV
and V isotherms are characteristics of mesoporous materials. Type V is uncommon isotherm
related to the type III isotherm in that the adsorbent adsorbate interaction is week. Type VI

isotherm is a typical characteristic of stepwise multilayer adsorption on a uniform non-porous

surface.®
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Figure 3.3. Types of physisorption isotherms (a) and hysteresis loops (b).®

The hysteresis appearing in the multilayer range of physisorption isotherms is usually
associated with capillary condensation in mesopore structure. The hysteresis loops exhibit a
variety of shapes (Figure 3.3(b)). In type H1, the two branches (adsorption/desorption
branches) are almost vertical and nearly parallel, which are attributed to uniform cylindrical
pores with narrow pore size distribution. Type H2 is an asymmetrical loop consisting of a
desorption branch much steeper than the adsorption branch, which is assigned to ‘ink bottle’

type pores. Type H3 is associated with slit-shaped pores formed by the aggregate of plate-
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like particles. Type H4 is associated with narrow slit-like pores with nearly horizontal and

parallel branches over a wide range of P/P,.%

3.10.2 Surface area

The most common technique to measure the surface area of mesoporous materials is the
Braunauer-Emmer-Teller (BET) technique. The surface area is determined by using the
following equation’:

P/P I c¢l1_P

0 — + _ -
n(1-P/P)) n,c nmcxP0 7

Where n is the amount adsorbed at the relative pressure P/P,
nm is the monolayer capacity
c 18 a constant related exponentially to the heat of adsorption in the first

adsorbed layer.
The ¢ value is taken as:

((h -qL )/RT

c=¢e (3-8)

Where qi1 1s the heat of adsorption of the first layer of gas molecules
qr 1s the heat of the gas liquefaction
R is the gas constant

T is the absolute temperature

P/P
The BET equation gives a linear relationship between ———>—andP/P, . The values of nn

n(1-P/P,)

and c are calculated form the intercept 1/nmc and the slope (c-1)/ nmc. The surface area can

thus be calculated from the monolayer capacity on the assumption of close packing as:
A=n_o L (3-9)

Where Om 18 the molecular cross-sectional area

nm is the monolayer capacity
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L is the Avogadro constant

Generally, nitrogen is considered to be the suitable gas for surface area determination and it

is usually assumed that the BET monolayer is close-packed, giving am= 0.162 nm? at 77 K.

3.11 Atomic force microscopy (AFM)

AFM is very useful in thin film surface analysis. In this technique, the interactions of a tip
and a sample surface are used for imaging. The interaction between the tip and the sample
surface 1s of the order of nano Newton, which is not directly measured in AFM. The
displacement of the cantilever is monitored by the reflection of a laser from the back of the
cantilever, detected on a segmented photodetector. A four segment photodiode is used for

this purpose.

Feedback loop Controller

| electronics |

|Laser

2 Tube
" XY scanner

i t
Segmented| (=

; ~Ep gt
photodiode ;ﬂp‘\

detector \‘"l'/ Cantilever & tip

L J
Sample

Figure 3.4 Schematic representation of an AFM. The sample surface is scanned by the
cantilever, connected to a tubular scanner. The principle functional units in it are three
piezoelectric scanners. The deflections of the cantilever monitored are by the segmented

photodiode detectore ®

AFM is operated in two modes, the contact (tapping) mode and the non-contact mode
(intermittent). In the contact mode, the tip comes into contact with the surface. The force
between the sample surface and the tip is the product of the displacement of the tip and the

force constant of the cantilever. The contact with the surface allows an evaluation of the
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surface friction. The strong interaction may damage the surface, which makes the contact

mode difficult to be used for soft materials.

In the non-contact mode, the tip is oscillated at its resonant frequency by an actuator. The

decrease in the amplitude of the motion when the cantilever comes close to the sample surface

is used to measure the tip-sample interaction. The drop in the amplitude is set to a pre-

determined value. The intermittent contact that the tip makes is gentle and does not damage

the sample surface, though the probes are generally harder. Since it is a gentle mode of

scanning, the non-contact mode is the most often used, especially in the case of samples with

surfaces delicate such as a polished silicon wafer.®
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Résumé

Dans cette étude, des particules de sulfure de plomb (PbS) ont été synthétisées a partir du
complexe plomb méthanolique-thiourée (Pb-TU) via des techniques de précipitation variées
basées sur la décomposition du complexe thiourée-plomb méthanolique. L’influence de ces
techniques sur la morphologie, la taille et les propriétés physiques des particules de PbS a été
étudiée en détail. En général, la microscopie électronique a balayage des particules de PbS
produit par dépot conventionnel en bain chimique, déposition en bain sonochimique et la
déposition en bain chimique assistée par micro-ondes ont révélé que les particules de PbS
sont nanostructurées avec différentes tailles et formes. La diffraction des rayons X a
confirmé leur grande pureté, tandis que la spectroscopie photoéléctronique des rayons X
(XPS) a montré que ces particules de PbS étaient partiellement oxydées a cause de leur
importante énergie de surface. L’absorption optique, la microscopie électronique a
transmission, la diffraction des électrons a zones désignées et la XPS des nanoparticules de
PbS recouvert, produit via la déposition en bain chimique a recouvrement assisté en utilisant
le poly (vinyl-pyrrolidone) (PVP) et I’acide oléique (AO) ,ont indiqué que les NPs de PbS
distribuées de petites tailles absorbent fortement dans la région visible avec une phase
cristalline cubique sans aucune preuve d’oxydation de surface. La spectroscopie infrarouge
a transformée de Fourier (FTIR) des nanoparticules NPs de sulfure de plomb (PbS) recouvert
de PVP montre une forte interaction entre les NPs de PbS et la matrice de polymere, tandi
que pour les NPs de PbS recouvert d’acide oléique AO, I’AO a été chimiquement absorbé

sur la surface des NPs de PbS.
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Abstract

In this study, lead sulphide (PbS) particles were synthesized from methanolic lead-thiourea
(Pb-TU) complex via various precipitation techniques based on the decomposition of
methanolic Pb-TU complex. The influence of these techniques on the morphology, size and
physical properties of PbS particles was studied in details. In general, scanning electron
microscopy of PbS particles produced by conventional chemical bath deposition,
sonochemical bath deposition and microwave-assisted chemical bath deposition revealed that
PbS particles are nanostructured with different size and shape. X-ray diffraction confirmed
their high purity, while X-ray photoelectron spectroscopy (XPS) showed that these PbS
particles were partially oxidized due to their high surface energy. Optical absorption,
transmission electron microscopy, selective area electron diffraction and XPS of capped PbS
nanoparticles (NPs) produced via capping assisted chemical bath deposition using poly
(vinyl-pyrrolidone) (PVP) and oleic acid (OA) indicated that narrow size distributed PbS NPs
absorbed strongly in visible region with cubic crystalline phase without any evidence of
surface oxidation. Fourier transform infrared spectroscopy of PVP-capped PbS NPs showed
strong interaction between PbS NPs and polymer matrix, while for OA-capped PbS NPs, OA
was chemically absorbed on the surface of PbS NPs.

69






4.1 Introduction

It is well known that optical, electronic, and magnetic properties of semiconductor NPs are
strongly dependent on their size, shape and surface quality. Therefore, the optimization of
synthesis parameters of these NPs is important in order to improve their properties. A variety
of new synthesis methods of semiconducting nanomaterials have been reported in recent
years amongst them chemical bath deposition (CBD) and its variants, like sonochemical bath
deposition (SCBD) and microwave-assisted chemical bath deposition (MACBD) and
capping assisted chemical bath deposition (CACBD). Much attention was given to these
synthesis methods in material’s chemistry due to their industrial application for a variety of
semiconducting materials because of their low cost and simplicity.!* These techniques do

not rely on expensive equipment and can be employed for large area deposition.

Ultrasonic irradiation has been widely used to produce a variety of novel materials with
remarkable photocatalytic properties, including metal doped oxide nanomaterials.3
Nanomaterials obtained via this synthesis technique have much smaller particle size and
higher surface area than those obtained by some other reported methods.# For example,
SCBD technique was used to synthesize useful nanoscale metal chalcogenides; the shape
and size of particles obtained by ultrasonic irradiation strongly depend on the frequency of
ultrasonic irradiation. The exposure of the precursor under high intensity of ultrasonic

irradiation may also destroy the original morphology of the material .

The chemical bath deposition based on rapid thermal processing via microwave irradiation,
designated as a MACBD, is a rapid synthesis technique, which is presently used to prepare
nanostructured films and particles.% It is essentially based on microwave dielectric heating
of the precursor solution, which leads to volumetric heating of the solvents and reagents.
Hence, it is faster, simpler, and more energy efficient than conventional heating sources, such

as, water or oil baths.

The fabrication technique of nanoscale materials with controlled shape and high dispersion
using polymeric or other conventional capping materials is known as CACBD technique.

Various optically transparent polymers were already used to produce different NPs having
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exceptional optical properties.!®!! Conventional capping materials, such as oleic acid and

oleylamine, were frequently used to produce magnetic and semiconducting NPs 113

It is known that PbS is an important direct band gap semiconductor.' Bulk PbS has a narrow
direct energy band gap of 0.41 eV at 300 K with a large exciton Bohr radius of 18 nm. Thus
the absorption edge of PbS NPs can be tuned to anywhere between near-infrared to violet
(0.4 um), covering the entire visible spectrum. Large exciton Bohr radius and relatively small
band gap make PbS one of the important candidates for size quantization studies. Recently,
about 300% of quantum efficiency due to multiple exciton generation was also observed in
PbS NPs.1S Also, PbS NPs have exceptional optical properties!® and they are considered as
emerging novel materials for inorganic-organic bulk hybrid solar cells!” and tunable near

infrared detectors.18

During the recent years, PbS nanostructures and NPs have been prepared via different
chemical techniques, such as, CBD,? SCBD,® MACBD, %% surfactant assisted chemical bath
deposition,>** CACBD,!3?122 golvotherma,?® hydrothermal 2?3 electrochemical®® and
mechanochemical?” techniques. These PbS nanostructures and NPs are reported in literature
with diverse morphologies such as, nanoflake spheres,2 nanobelts,?® velvet-flower-like
NPs,!® dendritic NPs,'® nanorods,'®* wires,? cubes,? spheres,? star-shaped NPs,? tubes,?
and flower-shaped NPs.?? Also, literature shows that thiourea is a favorable sulphur source
for the controlled fabrication of semiconducting sulphide NPs, such as, CdS, CuS, ZnS,
NiS.3%33 In the case of PbS, the decomposition of Pb-TU complex under basic condition (pH
9 to 10) was already studied for controlled PbS thin-films or particles precipitation through
CBD in aqueous media.3*3 However, few of the reported synthesis techniques were based
on the decomposition of Pb-TU complex in non-aqueous media.2® It is well known that the
combination of PbAc and TU produces a metastable complex in alcoholic media;? the Pb-
TU complex is decomposed slowly into PbS NPs even at room temperature. Also, it can be
thermally decomposed at higher temperatures (50 to 60°C) and can allow two different

decomposition routes to produce PbS NPs with and without surface capping.

To the best of our knowledge, there is no systematic investigation on the synthesis of PbS
particles by CBD, SCBD, MACBD and CACBD precipitation techniques from non-aqueous

(methanolic) solution containing Pb-TU complex. In the present work, we try to show how
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the morphology, size and physical properties of PbS particles are affected by the way they

are synthesized using the above techniques.

4.2 Experimental
4.2.1 Materials

Lead acetate trihydrate (PbAc), thiourea (TU), methanol, poly (vinyl-pyrrolidone) (MW
40,000), oleic acid, oleylamine and n-hexane (purchased from Sigma Aldrich, Canada) were

used without any further purification.

Earlier, Chaudhuri et al.? showed that, by using CBD synthesis technique, methanolic
solutions of 0.1 mol/L of PbAc and 0.1 mol/L of TU (mixed at room temperature in 1:1 molar
ratio) yielded nanostructured PbS NPs. Hence, in the present investigation, a similar CBD
method was used to produce PbS particles at room temperature. In order to study the
influence of different CBD variants on the morphology, size and physical properties of PbS
particles, a similar method was used to produce methanolic Pb-TU complex solution. In a
first step, separate solutions (0.05 mol/L) of PbAc and TU in methanol were prepared. These
solutions were then mixed in equal proportions inside a beaker and stirred for few minutes

to produce a 0.025 mol/L Pb-TU complex.

4.2.2 Synthesis of PbS nanostructured particles via CBD, SCBD and MACBD

techniques

For the CBD synthesis technique, 20 ml of the above methanolic solution (0.025 mol/L) of
Pb-TU complex were taken in a beaker. The opening of the beaker was then covered with a
paraffin film and kept at room temperature (~25°C). The complex solution, which was
initially clear, slowly turned to brown during the first 15 minutes. Then after 20 minutes,
suspended brown particles became black and after 6 hours, these black particles precipitated
at the bottom of the beaker. Precipitated particles were then filtered, washed in methanol and

distilled water, then dried in warm air.

For the SCBD synthesis technique, 20 ml of the same methanolic solution (0.025 mol/L) of
Pb-TU complex were taken in a beaker then kept in an ultrasonic bath (Toshcon, SH-4) for

45 minutes. After sonication, the temperature of the mixture increased from room
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temperature by about 15 °C and black particles were formed. These particles were then

filtered, washed in methanol and distilled water repeatedly, then dried in warm air.

For MACBD synthesis technique, also 20 ml of the same methanolic solution of Pb-TU was

taken in a beaker, which was heated during 20s in a domestic microwave oven (Whirlpool,

800 W) at 50 % power level. After 20s of heating, the temperature of the methanolic solution

increased from room temperature to the boiling point of the solvent (~65°C) and black

precipitated particles were formed. These particles were then filtered and washed in methanol

and distilled water repeatedly then dried in warm air.

4.2.3 Synthesis of PbS NPs via CACBD

For CACBD synthesis technique, two different types of capping materials were used:
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1) A methanol soluble polymer (poly (vinyl-pyrrolidone) (PVP)) was used to develop
capped PbS NPs at room temperature. For this, 500 mg of PVP were mixed with 20 ml of
methanolic solution (0.025 mol/L) of Pb-TU complex. The resulting solution, initially
transparent, was left undisturbed at room temperature (~25 °C). After 10 minutes, the
color of the solution became reddish brown due to the formation of PbS NPs inside the
PVP matrix.

i1) Oleic acid was used to develop PbS capped NPs via thermal decomposition. For this,
20 ml of methanolic solution (0.025 mol/L) of Pb-TU complex were mixed with 2 ml of
OA and 10 ml of n-hexane inside a round bottom flask (capacity of 100 ml). This mixture
was then heated at 120°C under continuous stirring in an oil bath using water condenser.
After 30 minutes of heating, 2 ml of oleylamine (OM) were added to the mixture leading
to a slightly yellowish solution, which, after 10 minutes of additional heating at the same
temperature became brownish due to the formation of PbS NPs. Before the measurement
of the absorption spectrum, PbS NPs were dispersed in toluene then precipitated by adding
excess of ethanol. The precipitated PbS NPs were centrifuged then washed many times
with ethanol and hot water to remove the excess of surfactant. The final PbS NPs were
dried in a vacuum oven at 50°C for 2h then redispersed in toluene. Before optical

measurement, the solvent absorption was masked by baseline correction with toluene.



4.2.4 Characterization

The composition of produced PbS particles and PbS NPs (with CBD, SCBD, MACBD and
CACBD) was determined by X-ray diffraction (XRD) using Philips (X’Pert) X-ray
Diffractometer (with Ni-filtered Cu Kq radiation). Particle size was estimated from the

following Scherrer equation:
D =KA/ BcosO (4-1)

where, D is the particle size, k is the shape factor (taken as 0.9), A is the wavelength of X-
ray used, B is the broadening of line at half the intensity, and 6 is the diffraction angle of
line under consideration. The morphology and microstructure were studied by a Jeol (JSM-
5610LV) Scanning Electron Microscope (SEM). PbS NPs synthesized by CACBD technique
were characterized by TEM and selected area electron diffraction (SAED) using a JEOL JEM
1230 electron microscope operated at 200 kV. For TEM characterization, carbon coated
copper grids were used. Samples were prepared by dropping dilute solutions of capped PbS
NPs onto the carbon-coated copper grid. The absorption spectra of capped PbS NPs were
recorded on Varian Cary Bio 300 UV-Vis spectrophotometer. The energy band gap (Eg) of

the PbS capped NPs was determined from the following Tauc relation.
(chv)? ~Eg — hv 4-2)

where o (cm™) is the absorption coefficient, h (J.s) is the Plank constant, v (Hz) is the
frequency of radiation, and Eg (eV) is the energy band gap for direct band gap semiconductor.
XPS of PbS non-capped and capped particles was realized using Axis Ultra Kratos, X-ray
photoelectron spectrometer under a vacuum of 2-5 x10® Torr. The binding energy values
were charge-corrected to the C 1s signal (285.0 eV). Infrared (IR) spectra of PbS capped NPs

were measured using a Bio-Red FTS-165 IR spectrometer.

4.3 Results and discussion

4.3.1 Effect of CBD, SCBD and MACBD on the size, shape and surface of PbS

nanostructured particles
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Figure 4.1 Scanning electron micrographs of PbS particles produced via CCBD, SCBD
and MACBD.

Figure 4.1 shows SEM micrographs of PbS particles synthesized via CBD, SCBD and
MACBD techniques. In general, these PbS particles show a significant variation in size and
shape. Figure 4.1 shows that PbS particles produced by CBD technique are spherical with
an intricate network of flakes and their particle size is around 1.6 um. However, PbS particles
synthesized by SCBD technique are either cubic or spherical with particle size of around 0.20
um, and those synthesized by MACBD technique consist of layers of thin flakes with particle

size varying from 0.5 to 1.5 pum.
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Figure 4.2 X-ray deffractographs of PbS particles produced via CCBD, SCBD and
MACBD . X-ray deffractographs of PbS particles produced via CCBD, SCBD and MACBD.
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Figure 4.3 XPS spectra of PbS particles produced via CCBD, SCBD and MACBD: (a) a
typical XPS survey scan; (b) HR XPS scans for Pb 4f core; (¢) HR XPS scans for S 2p core.
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XRD plots of PbS particles obtained by CBD, SCBD and MACBD techniques are presented
in Figure 4.2. All these plots are similar and correspond to cubic PbS (JCPDS File No. 05-
592). The corresponding diffraction peaks are indexed as (111), (200), (220), (311), (222),
(400), (331), (420), (422), (440) and (511) planes of the cubic crystal lead sulfide. The
broadening of XRD lines indicates that the average size of PbS crystallites is in the nanometer
range. As estimated by the Scherrer equation (Eq. 4.1), PbS nanostructured particles
synthesized by CBD, SCBD and MACBD techniques have an average crystallites size of 26,

16 and 28 nm, respectively.

The XPS analysis of PbS NPs produced via these three precipitation techniques are shown in
Figure 4.3. The binding energies obtained in this analysis are corrected according to the
standard binding energy value of C 1s (285.0 eV). In wide-scan XPS spectra, Figure 4.3
(graph (a)) shows no peaks other than those corresponding to C, O, Pb and S. High-resolution
(HR) XPS spectra for the Pb 4f and S 2p regions are also recorded and respectively shown
in the same figure (graphs (b) and (c)). Graph (b) shows that, for the three techniques used,
the Pb core in spin orbit shows 4f72.1 peaks at around 137.5 eV, 4f722 shoulder peaks at
around 138.8 eV, 4f5/2.1 peaks at around 142.6 eV and 4f5,2.2 shoulder peaks at around 143.7
eV. Graph (c) also shows that, for the three techniques used, the S core in spin orbit shows S
2p32 peaks at around 160.7 eV, S 2p12 peaks at around 161.9 eV, and S (VI) peaks at around
168.1 eV. Compared to XPS spectrum of pure PbS | the additional splitting of 4f orbital in
the form of 4f7/2.2 and 4f52-2 (graph (b)) and splitting of S in the form of S 2p3/2, S 2p1/2 and
S (V1) (graph (c)) are due to the presence of PbQ 2236

The formation of solid particles inside a solution occurs only if the ionic product of the
reactants in the solution exceeds the solubility product of the solid (final solid product). First,
nucleation centers are formed homogeneously in the solution and grow into primary particles.
Then, these primary particles aggregate to form larger particles. The size and shape of these
particles depend on the rate of formation of nuclei or primary particles, the time of
precipitation, the solution temperature and the growth properties of the material. If the rate
of formation of molecules/nucleation is slow, then the time taken to complete the
precipitation is consequently long. In such case, primary particles have sufficient time to

aggregate and grow into large particles until a terminal size is reached. On the other hand,
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the precipitation time for solid particles is short when the rate of formation of nuclei or
primary particles is fast. Since the time for aggregation is very short, the solid particles

formed are small. Thus, faster formation rate leads to smaller terminal particle size.

During CBD of PbS NPs, a clear mixture was obtained when TU solution was added to PbAc
solution. The mixture remained clear till about 15 minutes after which it slowly turned to
brown. Suspended black particles appeared after 20 minutes and settled at the bottom of the
beaker after 6 hours. The phenomena can be explained as follows: When TU solution was
added to PbAc solution, a metastable complex of PbAc and TU was formed according to the

following reaction:
Pb(CH3COO), + (NH2).CS — (Pb-TU)-complex (4-3)

The Pb-TU complex obtained was metastable (the solution remains clear for first 15 minutes
then turns to brown). It decomposed very slowly (~ 6 hours) at room temperature to form

PbS nanoparticles:
(Pb-TU)-complex — PbS (4-4)

Since the decomposition of Pb-TU into PbS is very slow at room temperature, PbS nucleation
centers formed initially by decomposition of (Pb-TU) complex attract other PbS molecules
to form clusters. Then, aggregates of about 1-1.5 um size are developed due to the long

growth time.

When SCBD technique is used, the chemical effects of ultrasound arise from acoustic
cavitations, that is, formation, growth and impulsive collapse of bubbles in liquid. The
impulsive collapse of bubbles generates localized hot spots through adiabatic compression
or shock wave formation within the gas phase.3” These hot spots have transient temperature
of ~5000 K, pressure of ~1800 atm. and cooling rate in excess of around 10% K/s. Ultrasound
affects the formation of PbS particles in two ways: 1) it provides the energy to decompose the
complex to PbS and ii) it prevents the formation of aggregates. The former leads to faster
formation of PbS particles. High kinetic energy of PbS primary particles, due to ultrasound
agitation, thwarts the initial formation of large clusters and hence may lead to nanoscale

particles. PbS particles obtained from methanolic solution of Pb-TU complex presented
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shorter precipitation time (~ 0.75 hours), compared to the precipitation time measured for the
CBD technique. Particle size also decreased from 1-1.5 um to about 0.2 um, due to the effect
of ultrasonic waves on precursor solution. First, the ultrasonic radiation provided the thermal
energy needed to break the complex to form PbS primary particles at a faster rate than that
in CBD technique; and second, these PbS primary particles were imparted with high kinetic
energy so that aggregation was prevented, which ultimately led to smaller PbS particles than

obtained with CBD.

MACBD is essentially CBD at higher temperature due to rapid microwave heating of the
solvent. The exact nature of microwave interaction with reactants during the synthesis step
is somewhat unclear and speculative. Energy transfer from microwave to the material is
believed to occur either through resonance or relaxation,*® which results in rapid heating.
Electric dipoles present in such materials respond to the applied electric field. This constant
reorientation creates friction and collisions between molecules, which subsequently
generates heat. This heating mechanism is developed directly from the molecules of the
materials. Hence, compared to conventional heating in a bath, which is realized mainly by
heat conduction, microwave heating is more efficient and rapid.>¥ In MACBD technique, PbS
particles with methanolic solution of Pb-TU complex is an accelerated CBD technique and

hence led to an aggregate size varying from 0.5 to 1.5 um.

4.3.2 Effect of CACBD on the size, shape and surface of PbS NPs

l, (a) ! D

Figure 4.4 Images of vials: (a) PVP-capped PbS NPs; (b) OA-capped PbS NPs.
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As mentioned above in experimental section, the two capping materials were PVP and OA,
respectively used to synthesize PbS capped NPs at room temperature and via thermal
decomposition. Figure 4.4(a) and (b) show images of vials of PVP and OA-capped PbS NPs,
respectively. The methanolic solution of the complex remains transparent even after addition
of PVP. However, after 10 minutes, the colorless transparent precursor solution turns into
transparent reddish brown due to the formation of PbS NPs and remains stable up to three
days at room temperature with no visible agglomeration (Figure 4.4(a)). For PVP, Pb-TU
complex decomposed itself at room temperature to produce PbS NPs in the PVP matrix,
while for OA, Pb-TU complex was decomposed thermally to produce PbS NPs. In both cases,
decomposition routes are different from each other leading to an exceptional variation in the

size and shape of PbS NPs.

Figure 4.5 TEM images of (a) PVP and (b) OA-capped PbS NPs along with SAED.

Figure 4.5(a) and (b) show TEM images of PVP and OA-capped PbS NPs, respectively,
along with SAED. As shown in Figure 4.5(a), PVP-capped PbS NPs are spherical,
homogeneously dispersed and have an average size of around 3 nm. The SAED of PVP-
capped NPs consists of concentric rings with brighter spots. These rings are identified to be
those of PbS rock salt structure (JCPDS card no. 5-0592) with reflections only from (111),
(200), (220), (311), (222), (400) and (420) planes. Figure 4.5(b) shows that OA-capped PbS
NPs are spherical/cubic in shape with an average size of 8 nm. The SAED pattern of OA-
capped PbS NPs indicates that these NPs are highly crystalline with single crystal like pattern
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and rock salt structure. Their TEM image shows that PbS NPs are uniformly dispersed and

have uniform shape, as previously observed.13-°
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Figure 4.7 Absorption spectra of (a) PVP and (b) OA-capped PbS NPs. Insets show their
respective band gap plots.

Figure 4.6(a) and (b) show the XRD of PVP and OA-capped PbS NPs. All diffraction peaks
match well with the standard XRD lines of cubic PbS (JCPDS File No. 05-592) and are due
to reflections from (111), (200), (220), (311), (222) and (400) planes for both PVP and OA-

capped PbS NPs. The broadening peaks indicate that crystal size is in the nanometer range,
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as confirmed by the TEM observation. As estimated from the broadening of XRD peaks
using the Scherrer equation (Eq. 4-1), the average crystallite sizes for PVP and OA-capped
PbS NPs were respectively 2.7 and 7.4 nm, which are close to those observed by TEM.

Figure 4.7(a) and (b) show the absorption spectra of PVP and OA capped PbS NPs,
respectively. As shown in Figure 4.7(a), PVP-capped PbS NPs present a broad absorption
from about 650 nm to the UV region with two well-defined absorption peaks at 400 and 590
nm. The occurrence of these two peaks is an indication of the narrow size distribution of PbS
NPs and the large shift in the visible region is due to their strong size confinement compared
to bulk PbS. This result is in good agreement with that reported by Kuljanin et al.** and
Nenadovic et al.*1 for polyvinyl alcohol (PVA) capped PbS NPs. In an earlier work, Patel et
al 2! reported that the absorption spectrum of PVP-capped PbS NPs didn’t show any peak
because their size was widely distributed with a mixture of cubic, needle and spherical
shapes. However, in that work, PbS NPs were formed by spontaneous ion-ion reaction of
H>S and Pb (NO3): and this type of reaction is too fast for polymer matrix to restrict the
growth of PbS NPs. Similar results were also observed for other polymers, such as,
polyethylene (PE), poly (1-butene) (PB), poly (1-decene) (PD) and polystyrene (PS).1¢ The
absorption spectra of PbS NPs capped with these polymers didn’t show any significant
absorption peaks. Contrarily to those reported results, we showed that in our case, the Pb-TU
complex was slowly decomposed into PbS NPs in the PVP matrix, which restricts their
growth. As a result, we obtained PbS NPs of spherical shape with approximately a constant
diameter. For OA-capped PbS NPs, a special purification (presented in section 2.3) was done
before characterization in order to eliminate the surfactant excess. As shown by the
absorption spectrum of Figure 4.7(b), these NPs absorb strongly between 1000 to 1500 nm
due to their strong size quantization effect compared to bulk PbS. For both PVP and OA-
capped PbS NPs, their corresponding energy band gaps, respectively shown in the insets of
Figure 4.7(a) and (b), are around 1.97 and 0.81 eV. These values are in agreement with

theoretical band gap values of PbS NPs of 3 and 8 nm in diameter, respectively.#?

XPS curves of PVP and OA capped PbS NPs are presented in Figure 4.8. The Figure shows
similar peaks as those observed for uncapped PbS NPs. HR XPS scans presented in Figure
4.8(graph(b)) shows no additional splitting in the Pb 4f region other than 4f7/2 peaks at
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around 137.5 eV and 4f5/2 peaks at around 142.5 eV compared to XPS of pure PbS 2236 If
we go back to Figure 4.3(graph (b)), the additional splitting in uncapped PbS NPs was due
to PbO. Thus, it can be concluded that uncapped PbS NPs exhibit poor surface stability in
air, due to their high surface energy, which leads to partial oxidation caused by atmospheric
oxygen. The absence of oxidation in capped PbS NPs indicates that capping layers of PVP
and OA effectively prevent surface oxidation of PbS NPs. Single and un-split peaks at around
160.7 eV shown in Figure 4.8(graph(c)) correspond to S 2p of capped PbS NPs 236
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Figure 4.8 XPS spectra of PVP and OA- capped PbS NPs produced via CACBD: (a) a
typical XPS survey scan; (b) HR XPS scans for Pb 4f core; (¢) HR XPS scans for S 2p core.

Figure 4.9 shows the FTIR spectra for PVP (curve (a)) and PVP-capped PbS NPs (curve
(b)). In curve a, the stretching band of C=0 for PVP is observed at 1660 cm™ and, as shown
in curve (b), this band shows red shift of about 20 cm™ after the formation of PbS NPs in
PVP matrix. This red shift in C=0 stretching is an indication of a chemical bonding between

PbS NPs and PVP capping layer. FTIR of PVP also shows absorption bands in the region
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1500-1100 cm™, which are due to the in-plane C-H bending of different CH moieties and C-
N stretching modes. After the formation of PbS NPs inside the PVP matrix, these bands show
a remarkable change in terms of size, shape and intensity due to interaction between N and
PbS. The absorption bands due to asymmetric and symmetric C-H at 2989 and 2895 cm’!
also show some shift after PbS NPs formation. The overall FTIR absorption bands of PVP
and PVP-capped PbS NPs are summarised in Table 4.1.
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Figure 4.9 FTIR spectra of (a) PVP and (b) PVP- capped PbS NPs.

Such type of bonding was not observed in previously reported polymer-capped PbS NPs 1140

The decomposition of Pb-TU complex in a controlled manner in a polymer matrix led to a
uniform particle shape and size due to particle/matrix interaction. As reported in literature,!
spontaneous ion-ion reaction between Pb™? and S helps to break the interaction between
Pb*2 and the polymer matrix. Such reaction is too fast for the polymer matrix to prevent
diffusion and growth of particles. Also, polar functional group (like —OH and —C=0) in

polymer chains could also affect the interaction between NPs and the polymer matrix.

Further FTIR characterization was performed on OA-capped PbS NPs. First, these NPs were
washed several times with ethanol then dried at room temperature in order to investigate
whether OM plays any part in surface capping or not. Figure 4.10 (curve (b)) shows the
corresponding FTIR spectrum, together with that of OA (curve (a)). The overall FTIR
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absorption bands of OA and OA-capped PbS NPs are summarised in Table 4.1. The long
alkyl chain, the double bond between carbon atoms and the carboxylic acid group of OA are
clearly identified on curve (a). The bands at 2955 and 2852 ¢cm ! are the contributions from
the asymmetric and symmetric CH; stretching, respectively. CHz deformation and rocking
vibrations are identified by the sharp bands at 1470 and 710 cm !, respectively. The bands at
1435 and 960 cm ! are appearing as O-H in-plane and out-of-plane bands, respectively. The
band at 3010 cm ! is assigned to the stretching vibration of C-H and the sharp band at 1716
cm ! is the characteristic stretching vibration of C-O in carboxylic acid. IR spectrum of OA-
capped PbS NPs (curve (b)) shows similar bands at around 3035, 2954, 2865, 1478, and 690
cm ! These bands indicate the presence of long alkyl chains on the surface of PbS NPs.
However, the signature band (at 1716 cm 1) of carbonyl in carboxylic acid doesn’t appear in
the FTIR spectrum of OA-capped PbS NPs. In place of carbonyl band, a new band is
observed at 1525 cm !, which proves the existence of carboxylic acid salt in OA-capped PbS

NPs. Such result is supported by previously reported FTIR studies for OA-capped PbS NPs.22
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Figure 4.10 FTIR spectra of (a) OA and (b) OA- capped PbS NPs.
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Table 4.1 FTIR absorption bands for PVP, PVP-capped PbS NPs, OA and OA-capped PbS NPs.

Absorption bands (cm™)

Functional groups

Absorption bands (cm™)

OA-capped PbS Functional groups

PVP PVP-capped PbS NPs OA NPs
2989 2983 Asymmetrical and

symmetrical stretching of C- 3010 3035 Stretching vibration of C-H
2895 2880 St

H moieties
1660 1645 -C=0 stretching A ical and

2955 2954 Sy anc,
symmetrical stretching of C-

1510 1428 In plane C-H bending of 2852 2865 H moieties
1452 different C-H moieties
1360
1297 1290 . Stretching vibration of C-O in
1233 1110 S el L carboxylic acid
1181
1095
1015
935 Cyclic —C-C stretching mode 1525 Carboxylic acid salt
870
815
735 : ; 1470 1478 CH; deformation and rocking
686 52 rmfida socing hand 710 690 vibrations

Aliphatic —C-C- stretching of 1435 O-H in plane and out-of-plane
465 : p 1423

vinyl chain 960 bands



4.4 Conclusions

In this work, a systematic study has been carried out on PbS particles produced using
methanolic Pb-TU complex via different precipitation techniques. The decomposition of Pb-
TU complex is a key factor controlling the size, the shape and the stability of PbS NPs. The
different techniques used (CBD, SCBD and CACBD) to produce PbS NPs show how the
type of precipitation technique affects the self-decomposition of PbS NPs. For CBD, the Pb-
TU complex decomposes gradually and produces PbS nanostructured spherical NPs with
intricate network of flakes. The size of these NPs is around 1.5-1.7 um. In case of SCBD,
Pb-TU complex decomposes itself under ultrasonic heating and produced PbS particles either
cubic or spherical having sizes of 0.19 to 0.21 um. The ultimate reason behind the formation
of small and well-shaped PbS particles in SCBD is the ultrasonic effect. The initially formed
particles break under ultrasonic frequency and produce smaller and well-shaped particles. In
CACBD (at room temperature), first, Pb-TU complex is enveloped by PVP matrix and then,
decomposition of the complex in PVP matrix produces PbS NPs of uniform size and shape.
An interaction between particles and host polymer matrix allows the formation of

monodispersed PbS NPs.

Another set of precipitation techniques is relying on thermal decomposition of Pb-TU
complex. As discussed earlier, MACBD is the CBD at higher temperature and rapid
microwave heating of solvent is not allowing the conversion of initially formed flakes into
flaky nanostructured networks. In OA-capped PbS NPs, first Pb-TU complex is covered by
OA at higher temperature and, after addition of oleylamine, it gets precipitated as PbS NPs

with uniform size and shape.

Finally, for CACBD, in both cases, PbS NPs shows good dispersion with highly stable
surface towards oxidation compared to uncapped PbS. A proper surface coating on PbS NPs
helps them to retain their N-type nature and possibility of application for different devices

because air oxygen works as a dopent for PbS.
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Résumé

Dans ce travail, nous présentons pour la premiére fois une voie de synthese simple pour
fabriquer une structure de sulfure de plomb (PbS) contrélée a 1'aide du précurseur d’un
mélange d'acides aminés. Un rendement élevé en cristaux de PbS en forme d’étoiles a été
obtenu par la technique de la synthése solvothermale (a 170°C durant 20 h) en utilisant un
précurseur du complexe de Pb-TU méthanolique mélangé a un acide aminocaproique (ACA)
respectueux de I’environnement. Le mécanisme conduisant a ces cristaux PbS en forme
d'étoile a été discuté. Les cristaux de PbS telles que synthétisés ont été caractérisés par la
diffractométrie de rayons X (XRD), la microscopie é€lectronique a balayage (MEB), la
spectroscopie a dispersion d'énergie (EDS), et la spectroscopie infrarouge a transformée de
Fourier (FTIR). Les résultats obtenus montrent que les cristaux de PbS en forme d'étoile
synthétisés sont exempts d'impuretés et sont cristallins a phase cubique. Enfin, I’analyse par
FTIR indique que les molécules ont ét¢ délimitées sur la surface du cristal de PbS par

l'intermédiaire du doublet libre de I’azote des groupes de téte aminés.
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Abstract

In this work, we present for the first time a simple synthetic route to fabricate a controlled
lead sulphide (PbS) structure using amino acid mixed precursor. High yield star-shaped PbS
crystals were developed by solvothermal synthesis technique using an environment friendly
aminocaproic acid (ACA) mixed methanolic Pb-TU complex precursor at 170°C for 20 h.
The mechanism leading to these star-shaped PbS crystals was discussed. The as-synthesized
PbS crystals were characterized by powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), and Fourier transform infrared
(FTIR). The obtained results show that the synthesized star-shaped PbS crystals were exempt
of impurities and were crystalline with cubic phase. Finally, the FTIR study indicates that
molecules were bounded on the surface of PbS crystal via nitrogen lone pair of the amino

head groups.
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5.1 Introduction

The development of inorganic crystals with controlled morphology is becoming a highly
exciting research area because the special physiochemical properties of these inorganic
materials are tunable through the control of their size and shape.! Properties of
semiconducting materials are highly depend on their surface area. Greenham et al. showed
that branched CdSe tetrapods in MDMO-PPYV give an improved electron transport compared
to linear CdSe nanorods due to high surface area, leading to solar cells with an efficiency of
2.4-2.8%.2 PbS is considered as one of the most important semiconductors that can be
synthesized with well-controlled morphologies leading to well quantization effect. The
combination of such properties makes PbS suitable for efficient electroluminescent devices
such as inorganic-organic bulk hybrid solar cells,? tunable near-infrared detectors,* and solid
state lasers.’ During the last few years, various PbS structures have been synthesized via
solution phase methods. These structures include nanotubes, nanowires, cubes, octahedrons,
flower structures, sheet-like shape, dendrite and macrostar-like hierarchical structures.®!1
Their synthesis techniques generally include hydrothermal, solvothermal, chemical or
thermal decomposition routes with suitable surfactants or capping molecules. Recently,
biomolecule-assisted chemical route has become highly promising due to its novelty and its
environmentally friendly character for a large variety of nanomaterials and also for its strong
utility in morphology control !> Moreover, PbS nanostructures are also synthesized using
amino acids as bio-capping molecules.’>!* Among the various amino acids, aminocaproic
acid (ACA) is very useful to produce size and shape controlled particles including their

organized self-assembled nanostructure 1

To the best of our knowledge, the synthesis of PbS nanoparticles or nanostructures using
ACA as a biomolecule is not reported in the literature. In this work, we propose a simple
environment friendly solvothermal route for the synthesis of star-shaped PbS crystals with

high yield using ACA biomolecule/methanolic lead-thiourea (Pb-TU) complex precursor.

5.2 Experimental

All chemicals were purchased from Sigma-Aldrich, Canada, and were used as received

without further purification. ACA biomolecule mixed methanolic Pb-TU complex precursor
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was prepared as follows: first, lead acetate trihydrate (0.05 mmol, 1.89 gm) and thiourea
(0.05 mmol, 0.380 g) were dissolved in 100 mL of methanol to obtain a clear methanolic Pb-
TU complex solution. Further, ACA (0.1 mmol, 1.31 g) was added to this solution under
magnetic stirring at room temperature to obtain a final clear precursor solution. After 1h of
stirring, this precursor solution was transferred to a Teflonlined stainless steel autoclave
(capacity of 1L), which was filled with distilled water up to 80% of the total volume and
treated at 170 °C for 20 h then cooled naturally to room temperature. The obtained product
was filtered out, washed several times by ethanol and distilled water, and then dried at S0°C

for 1 h.

Powder XRD data of the sample was recorded on a Siemens D5000 X-ray diffractometer,
using Cu-Ka radiation (A = 1.54059 A). SEM and EDS were recorded using a Jeol JSM-
6360/LV scanning electron microscope. The sample was dispersed sonochemically in
methanol and a drop of methanolic dispersion placed on SEM stud (covered with carbon
tape) and immediately evaporated at ambient temperature. FTIR of ACA and PbS crystals
were obtained using a Nicolet (Thermo Fisher) Model 380 FTIR with an attenuated total
reflectance sampling device, model Smart Performer with a ZnSe crystal. The infrared

1

spectra were collected within the range of 650 to 4000 cm ™" with 10 scans per spectrum.

5.3 Results and discussion

NH,
» NH. S Autoclaving/Earlier stage
h;N< ~pbl NH, + >
5 “H.N 7 Nucleation
: COOH
ACA mixed methanolic Pb-TU complex precursor ACA bound PbS nuclei
Autoclaving 1 Autoclaving ‘ Autoclaving
> «de -
5 ” d 7
Aggregation ! <100> Growth ' <100> Growth

Star-shaped
PbS crystal

Scheme 5.1 The possible mechanism for the <100> directions growth process of star-

shaped PbS crystals.
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It’s well known that methanolic Pb-TU complex is metastable and is slowly decomposed into
nanostructured PbS particles at room temperature.® Controlled decomposition of Pb-TU
complex is highly beneficial to regulate the size and morphology of the PbS particles. ACA
biomolecule used in this study is composed of an alkyl chain and two head ends of -NH> and
-COOH groups, which have strong abilities for coordination with the metal ions. At the initial
stage of the synthesis, the thermal decomposition of Pb-TU complex may release Pb "2 cations
and S anions, which could form a highly active ACA bound PbS nuclei. In the primary
formation stage of the nuclei, the decomposition rate of the Pb-TU complex is slow and
crystals grow in the low Pb*2 concentration. Further, increasing Pb 2 concentrations promotes
the two-dimensional nucleation and increases the growth rates along the four <100>
directions. Finally, at the end of the synthesis, four <100> directions growth leads to star-

shaped PbS crystals, as shown in Scheme 5.1.

200

Intensity (a.u.)
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2 Theta (degree)
Figure 5.1 Powder XRD patterns of star-shaped PbS crystals.

It is well known that good crystallinity of semiconducting crystals have higher mobility of the
charges and it shows good conductivity compared to their polycrystalline or nanocrystalline
form. Powder XRD was performed to identify the composition and phase structure of the
synthesized star-shaped PbS crystals. The corresponding results are shown in Figure 5.1. The
sharp and intense diffraction patterns are a good indication of the high crystallinity of the

developed PbS crystals. All the observed peaks, indexed on the basis of JCPDS standards,
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correspond to face-centered cubic PbS (JCPDS Card No0.05-0592) and are due to the
reflections from (111), (200), (220), (311) and (222) planes. From Figure 5.1, the calculated
ratio between the intensities of the (200) and (111) diffraction peaks is 1.65, which is higher
than the standard ratio of 1.049 (according to JCPDS) indicating that PbS crystals abound in
{100} facets, and grow along the <100> directions.

Energy (KeV)

Figure 5.2 SEM images ((a) and (b)) with (c) EDS spectrum of star-shaped PbS crystals.

The morphology of the synthesized PbS crystals was examined by SEM. Figure 5.2(a) and
(b) show typical SEM images of PbS crystals. From the low magnification SEM image (Figure
5.2(a)), it is clearly seen that PbS crystals exhibit star-shaped morphology with crystal size
varying between 4 and 8 um. Higher magnification of the individual PbS crystal (Figure
5.2(b)) not only shows a star-shaped morphology, but also reveals that the star-shaped PbS
crystals are composed by single rod-like star morphology. This is completely different from

previously reported results showing star-shaped PbS crystals with multi-rod or multi-armed
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like morphologies.!”!8 As observed in SEM images of Figure 5.2, this could be due to the
sonication treatment, which destroyed their morphology during the dispersion of the sample.
In order to characterize the composition of the star- shaped PbS crystals, their EDS spectrum
was obtained (Figure 5.2(c)). This spectrum reveals that the sample contains elements of Pb

and S. The other peaks corresponding to C, Au and Pd are due to the stud and sample

metallization before SEM examination.

Transmittance (%)
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Figure 5.3 FTIR spectra of (a) ACA and (b) star-shaped PbS crystals.

FTIR spectra of pure ACA and star-shaped PbS crystals were characterized to investigate the
interaction between them. The corresponding results are respectively shown by curves (a)
and (b) of Figure 5.3. Curve (a) shows two bands at 2850 and 2930 cm™ due to C-H
stretching vibrations of methylene groups of the ACA carbon chain. The band at 3010 cm™
is due to N-H stretching mode of ACA molecules and the two bands at 1525 and 1545 cm™
are respectively attributed to the symmetric and asymmetric stretching vibrations of
uncoordinated -COQO™ terminal groups of ACA. As shown on curve (b), these bands also exist
in the FTIR spectrum of star-shaped PbS crystals at about same positions. The band at 1380
cm! on curve (a) is due to C-N stretching mode of ACA molecules. This band appears at
1360 cm™ in the FTIR spectrum of star-shaped PbS crystals, showing a red shift of 20 cm™.
Furthermore, curve (b) shows a new band at 3276 cm™, which is due to the asymmetric

stretching of N-H. This indicates the binding of -NH2 groups to the surface of PbS crystals
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through nitrogen lone pair. The same bands at 1525 and 1545 cm™ of -COO™ shown on curves
(a) also appear on curve (b), which proves that only -NH> groups of ACA molecules were
bounded on the surface of PbS crystal and the free -COOH groups were oriented outward.
From FTIR characterization, it can be concluded that only -NH> head groups of ACA
molecules were bounded on the surface of the star-shaped PbS crystals via nitrogen lone pair,

while carboxylic -COOH head groups were located at the other side of the ACA chain.

5.4 Conclusions

In summary, high yield star-shaped PbS crystals have been synthetized solvothermaly using
an environmentally friendly biomolecule mixed with methanolic Pb-TU complex precursor
at 170 °C for 20 h. A possible four <100> directions mechanism for the formation of the star-
shaped PbS crystals was evocated. Powder XRD confirms the highly crystallinity of the cubic
phase PbS crystals and SEM and EDS studies showed that these crystals are single-rod like
star-shaped without any impurities. FTIR study of the star-shaped PbS crystals indicate that

ACA molecules bound on PbS surface via nitrogen lone pair of the amino head groups.
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Résumé

Ce travail traite de la synthese de nanocristaux (NCs) semi-conducteurs a haute dispersion
de sulfure de cadmium (CdS), de sulfure de zinc (ZnS) et de sulfure de plomb ( PbS) par un
procédé simple et généralis¢ en utilisant I’acide oléique (AO) comme surfactant. Pour
synthétiser ces NCs, les complexes métal-oléate (M-O) ont été obtenus a partir de la réaction,
a 140°C, entre les acétates de métal et I’AO dans une solution d’hexane. Par la suite, les
complexes M-O ont été sulfurisés en utilisant le thioacétamide a la méme température. La
caractérisation par la microscopie €lectronique a transmission (TEM) et la diffractométrie de
rayons X (XRD) montre que les produits synthétisés ont des tailles nanométriques avec une
phase cubique a haute cristallinité. L’absorption optique des NCs du sulfure métallique
recouvert d’acide oléique confirme que la quantification de leur taille induit un grand
déplacement vers la région visible. Le spectre de photoluminescence (PL) des nanocristaux
de CdS montre une large emission de bande de bord avec les émissions faibles et a forts
piégeages, tandis que le spectre PL des NCs de ZnS révele une large émission a cause des
défauts sur la surface. Les analyses thermogravimétriques (TGA) et la spectroscopie
infrarouge a transformée de Fourier (FTIR) indiquent que les acides gras monocouche étaient
fortement liés a la surface du nanocristal an tant que carboxylate et les deux atomes
d’oxygenes du carboxylate étaient coordonnées de fagon symétrique a la surface des NCs.
La forte liaison entre 1’acide gras et la surface des NCs augmente la stabilité des colloides de
NCs. En général, cette voie généralisée a un potentiel considérable dans le développement

de sulfures métalliques a I’échelle nanométrique pour les dispositifs optoélectroniques.
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Abstract

This work deals with the synthesis of highly dispersed semiconducting nanocrystals (NCs)
of cadmium sulphide (CdS), zinc sulphide (ZnS) and lead sulphide (PbS) through a simple
and generalized process using oleic acid (OA) as surfactant. To synthesize these NCs, metal-
oleate (M-O) complexes were obtained from the reaction at 140 °C between metal acetates
and OA in hexanes media. Subsequently, M-O complexes were sulphurized using
thioacetamide at the same temperature. Transmission electron microscopy (TEM) and X-ray
diffraction (XRD) characterizations show that the synthesized products are of nanoscale-size
with highly crystalline cubic phase. The optical absorption of OA-capped metal sulphide NCs
confirms that their size quantization induced a large shift towards visible region.
Photoluminescence (PL) spectrum of CdS NCs shows a broad band-edge emission with
shallow and deep-trap emissions, while PL spectrum of ZnS NCs reveals a broad emission
due to defects states on the surface. The thermogravimetric analysis (TGA) and Fourier
transform infrared (FTIR) spectroscopy indicate that fatty acid monolayers were bound
strongly on the nanocrystal surface as a carboxylate and the two oxygen atoms of the
carboxylate were coordinated symmetrically to the surface of the NCs. The strong binding
between the fatty acid and the NCs surface enhances the stability of NCs colloids. In general,
this generalized route has a great potential in developing nanoscale metal sulphides for

optoelectronic devices.
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6.1 Introduction

Colloidal sulphide NCs belonging to II-IV and IV-VI groups have attracted a surge of interest
for their novel application in many possible technological fields, including biological
labelling and bio-diagnostics, electroluminescent devices, photovoltaic devices, light-
emitting diodes and lasers.* Since the properties of these NCs are dependent on their size
and shape, it is necessary to tailor these two parameters with respect to their particular
applications. As the size of the NCs decreases, the effect of their surface area becomes more
significant because of the increase in the volume fraction of surface atoms with respect to the

entire particle.’

The development of a stable colloidal suspension of semiconducting NCs is highly
challenging due to their high surface energy. Therefore, it is essential to use surfactants or
other capping materials during the chemical process to coat these NCs in order to prepare a
well-dispersed and stable colloidal suspension in solvent media. Over the past few years,
several groups have reported the synthesis of metal chalcogenides using various synthesis
routes, including soft templates, such as liquid crystals and micelles,®8 solventless synthesis,®

the thermolysis of metal-alkanethiolate precursors,1®!! the thermolysis of metal-oleylamine

2 13,14

complexes,!? simple surfactant assisted solvothermal and hydrothermal routes, green

15 and thermolysis single-source precursors.!® However, the above

chemical approaches,
chemical routes are not applicable as a general route for the synthesis of metal sulphide NCs.
Joo et al.!” reported later a general route for the synthesis of metal sulphide NCs based on the
thermolysis and sulfurization of metal-oleyamine complexes at around 220°C. Also, Choi et
al 18 investigated a simple generalized fabrication route for monodispersed metal sulphide
NCs using the thermolysis and sulfurization of M-O complexes in alkanethiol at 300°C. More

1.19

recently, Yu et al.'” reported a general synthesis route based on the thermolysis of metal

cysteinate at high temperature for the synthesis of metal sulphide NCs at large scale.

All of the synthesis routes mentioned above were based on the thermolysis of organometallic
complexes at high temperature (200-300 °C). Bakshi et al.2*-?2 have used low temperature
synthetic routes to produce shape and size controlled PbS/Se and CuSe NCs using various
capping materials, such as cationic twin-tail surfactants and bovine serum albumen. We

report here the synthesis of semiconducting metal sulphide NCs through the sulfurization of
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their M-O complexes. This generalized process is simple and cost effective because it
produces metal sulphide NCs at low temperature (140 °C) using less expensive reagents, such
as metal acetates, hexanes, thioacetamide and oleic acid. In this general route, OA was used
as a fatty acid to obtain M-O complexes of cadmium, zinc and lead using their respective
acetates, while thioacetamide was used to sulfurize the as obtained M-O complexes. The
synthesized NCs via this generalized route were highly dispersed and stable at room

temperature.

6.2 Experimental details
6.2.1 Materials

The following chemicals used in this study, cadmium acetate dihydrate
(Cd(CH3COO0)2-2H20, >98.0%), zinc acetate dihydrate (Zn(CH3COO)2-2H20, >98.0%),
lead acetate trihydrate (Pb(CH3COO)2-3H20, 99.0%), thioacetamide (CH3CSNH2, 99.0%),
and oleic acid (C1sH3402, 90%), were purchased from Sigma-Aldrich, Canada. Hexanes
(CsHia (mixture of isomers), 99.9%) and ethanol (C2HsO, 98%) were purchased from Fisher

chemicals, Canada. All chemicals were used as received without further purification.

6.2.2 Synthesis of CdS, PbS and ZnS NCs

In general, O-M complexes were prepared through thermal reaction between metal acetates
and OA in hexanes medium (Scheme 6.1). A 0.05 M of metal acetate was mixed with 0.1 M
of OA and 20 ml of hexanes. The mixture was then heated at 140°C with continuous stirring
in an oil bath using water condenser. After 1 hour of heating and stirring, 75 mg (~0.05 M)
of thioacetamide were added to the hot M-O complex solution. After 15 minutes of
additional heating and stirring, the colour of the solution was changed due to the formation
of metal sulphide NCs (for ZnS NCs, the solution remained transparent after sulfurization).
The obtained solution was then cooled to room temperature and excess ethanol was added
to precipitate the metal sulphide NCs. The NCs were centrifuged then washed many times
with ethanol and hot water to remove the excess of OA and unreacted matters. The final NCs

were dried in a vacuum oven at 50°C for 2h.

6.2.3 Materials characterization

TEM and selective area electron diffraction (SAED) characterizations were done using a
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JEOL JEM 1230 electron microscope operated at 120 kV. Samples were prepared by placing
a drop of diluted colloidal solution of NCs onto a 200 mesh carbon coated copper grid. The
Solution was immediately evaporated at ambient temperature. The average size and size-
distribution of the OA-capped CdS, ZnS and PbS NCs were also measured in solution at 25
°C and a detection angle of 90° using a Zetasizer Nano ZS90 dynamic light scattering (DLS)
system equipped with a red laser (633 nm) and an Avalanche photodiode detector (quantum
efficiency > 50% at 633 nm) (Malvern Instruments Ltd.). All DLS measurements were
conducted with a fixed 10 runs (of 10 s each). XRD data were recorded on a Siemens D5000
X-ray diffractometer, using Cu-Ko radiation (A = 1.54059 A). Crystal size was estimated
from the following Scherrer relation:
kA

D = 6-1
Bcos@ (6-1)

where D is the particle size, k is the shape factor (taken as 0.9), A is the wavelength of X-
ray used, B is the broadening of line at half the intensity, and 0 is the diffraction angle of the
line under consideration. The absorption spectra of NCs were recorded on Varian Cary 500
Scan UV-Vis spectrophotometer. The energy band gaps (Eg) of the NCs were determined

from the following Tauc relation:
(ahv)’ ~ hv—Eg (6-2)

where o (cm™) is the absorption coefficient, h (J.s) is the Plank constant, v (Hz) is the
frequency of radiation, and Eg (eV) is the energy band gap of the semiconductor.
Photoluminescence (PL) spectra of CdS and ZnS NCs were measured at room temperature
using Varian Cary Eclipse Fluorescence Spectrophotometer with spectral range of 190 —
1100 nm. TGA analysis of the samples was carried out from 50 to 650 °C using a TA, Q-
5000 IR instrument with a heating rate of 10°C/min. Infrared spectra of OA and OA-capped
NCs were obtained using a Nicolet (Thermo Fisher) Model 380 FTIR with an attenuated total
reflectance (ATR) sampling device (model Smart Performer) with a ZnSe crystal. The

1

infrared spectra were collected within the range of 650 to 4000 cm ™ with 10 scans per

spectrum.

115



6.3 Results and discussion

2CH,(CH,),CH=CH(CH,);COOH + M(CH,C0O0),"XH,0

ﬁtﬂ:::.:r} 140°C in C4H, solvent
L [{CH,(CH,);CH=CH(CH,);C00},M] + 2CH,COOH + XH,0
Addition of CH;CSNH;
140°C in CyH, solvent
ﬁ‘;%‘:ﬂu tos)| HCHs(CHz);CH=CH(CH,),COO},M] + 3CH,COOH + NH, + HS + XH,0
v
2CH,(CH,),CH=CH(CH,),CO0" + MS nuclei + H,

¥

S CH;(CH,),CH=CH(CH,),COOMS

Scheme 6.1 The different steps of the possible reaction mechanism during the synthesis of
OA-capped metal sulphide NCs. (i) For the two steps: M = Cd, Zn or Pb; (i1) 1st step: X =2
for M = Cd or Zn and X =3 for M = Pb; (iii) 2nd step: X =0 for M = Cd or Zn and X =1 for
M = Pb.

As shown by the general reaction mechanism presented in Scheme 6.1, OA-capped metal
sulphide NCs synthesis follows the following major two steps: during the first step, the
hydrated metal acetate salt reacts with OA at 140 °C for 1 h in hexanes media to produce M-
O complex with acetic acid and water molecules. During the second step, which takes around
15 min, thioacetamide is added directly into the reaction medium in which it is hydrolyzed
in the presence of water molecules to produce acetic acid, ammonia and H2S gas according

to following reaction:23
CH,CSNH, + 2H,0 —> CH,COOH + NH, + FHS (6-3)

The produced HoS gas reacts at the same temperature of 140 °C with M-O complex to
produce oleate ions, H2 gas and highly active metal sulphide nuclei. The latter is immediately

bounded with oleate ions to finally produce OA-capped metal sulphide NCs (see Figure 6.1).
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Figure 6.2 TEM images of OA-capped (a) CdS (b) ZnS and (c) PbS NCs along with SAED

and size distribution histogram.
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TEM micrographs and size distribution histograms of the synthesized CdS, ZnS and PbS
NCs are respectively shown in Figure 6.2(a)-(c), together with their respective SAED
patterns (insets). These micrographs clearly show that spherical NCs were obtained via this
generalized synthesis route with average diameters of about 4, 7 and 8 nm, respectively. The
size distribution histograms of these NCs indicate that these CdS, ZnS and PbS NCs do not
show a large size distribution and their respective average diameters are 5.5, 8.5 and 11.9,
which are slightly higher than those estimated from TEM micrographs. The difference could
be due to the fact that the histograms are obtained directly from solutions that contain higher
number of NCs compared to diluted solutions (one drop) used for TEM characterization.
These NCs are well defined in both size and shape compared to recently reported generalized
synthesis process.’® As shown, the SAED patterns of the three NCs consist of concentric

rings, which indicate the cubic nature of CdS, ZnS and PbS NCs.
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Figure 6.3 XRD patterns of OA-capped (a) CdS (b) ZnS and (c) PbS NCs.

The composition of the developed NCs was determined by XRD technique. XRD patterns of
the three OA-capped CdS, ZnS and PbS NCs are shown in Figure 6.3. All of these patterns
show well defined broad peaks, which confirm the high nanocrystalline nature of the three
different NCs. Moreover, these patterns confirm that CdS NCs have a cubic structure (JCPDS
Powder Diffraction File no. 5-0566), ZnS NCs have a zinc blende structure (JCPDS Powder
Diffraction File no. 75-1546) and PbS NCs have a face-centered cubic structure (JCPDS
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Powder Diffraction File no. 05-0592). The full width at half maximum (FWHM) of the (1 1
1) line of each metal sulphide was used to calculate the size of the developed NCs by using
the Scherrer equation (Eq. (6.1)). As estimated by this equation, the sizes of OA-capped CdS,
ZnS and PbS NCs were about 3.2, 6 and 7.3 nm, respectively. These sizes are in close

agreement with those estimated from TEM micrographs.
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Figure 6.4 Absorption spectra of OA-capped (a) CdS (b) ZnS and (c¢) PbS NCs. Insets show
their respective band gap plots.

In Figure 6. 4, we report the UV-vis absorption spectra of the three synthesized OA-capped
CdS, ZnS and PbS NCs. All of these spectra clearly show a blue shift in the optical absorption
edge compared to their respective bulk absorption edges. This indicates a strong quantum
charges confinement in the three NCs. It should also be mentioned that the colloidal
dispersion of these NCs remained highly stable with time since after few months, there was

no noticeable precipitation. The fundamental absorption, which corresponds to the electron
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excitation from valance to conduction bands, was used to determine the nature and the value
of the optical band gap using the Tauc relation (Eq. (6.2)). As shown in the insets of Figure
6.4, the band gaps of OA-capped CdS, ZnS and PbS NCs were around 2.95, 3.9 and 0.87 eV,

respectively.
CdS NCs ZnS NCs
E 3
5 =
z z
- g
g g
£ E
= &
iso 400 450 500 550 600 650 300 350 400 450 500 550 800

Wavelength (nm) Wavelength (nm)

Figure 6.5 PL spectra of OA-capped CdS and ZnS NCs.

It is well known that, for the II-IV and IV-VI capped NCs, the optically excited charge carrier
emits light by band-to-band and band-to-defect recombination processes.?* The latter is
mostly driven by the defects generated in the gap by surface states. In such case, the emission
is almost 1.0 eV below the energy band gap of the most common NCs.?® PL spectra of the
synthesized CdS and ZnS NCs are presented in Figure 6.5. Unfortunately, it was not possible
to measure the PL spectrum of PbS NCs since they absorb between 1300 and 1600 nm and
the available spectrophotometer cannot go up to this wavelength range. The PL spectrum of
CdS NCs shows a strong peak at around 482 nm, which is due to band-edge emission. It also
shows a weak shoulder peak at around 534 nm assigned to a shallow-trap emission. The PL
spectrum of ZnS NCs displays a broad emission between 370 and 525 nm with a peak at
around 415 nm, which is red-shifted compared to the excitonic transition around 340 nm, as
shown in Figure 6.4(b). Sapra et al.2® attributed this strong emission band to the carrier
recombination of the defect states, which are mostly on the surface of the undoped ZnS NCs

due to sulphur vacancies.
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Figure 6.6 TGA plots of OA-capped (a) CdS (b) ZnS and (c) PbS NCs.
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Figure 6.7 FTIR spectra of (a) OA with OA-capped (b) CdS (c) ZnS and (d) PbS NCs.

It is well known that the amount of the coating material at the surface of the NCs is a function
of their size and the type of the cation present on their surface. TGA characterization in the
presence of air of the three OA-capped CdS, ZnS and PbS NCs was done in order to
determine the amount of OA capped skin on the surface of the NCs (Figure 6.6). For the
three OA-capped NCs, the weight loss above 250 °C is due to the elimination of the OA skin
from the surface of the NCs. The complete decomposition of the OA skin takes place between

425 and 450 °C. From TGA curves, the weight composition of OA capping shells of CdS,
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ZnS and PbS NCs are respectively about 23 wt%, 32 wt% and 38 wt%. The sharp decrease
in the weight loss is an indication of a strongly bounded OA monolayer coating on CdS, ZnS

and PbS NCs surface.

FTIR characterization of pure OA and OA-capped CdS, ZnS and PbS NCs was done in order
to investigate the interaction between the OA and the NCs. The corresponding FTIR spectra
are shown in Figure 6.7. The FTIR spectrum of OA shows two vibration bands at 2917 and
2850 cm’!, respectively attributed to the CHz asymmetric and symmetric stretching. The band
at 2975 cm’!is assigned to the stretching vibration of C-H. CH; rocking vibration is identified
by the sharp band at 719 cm!. Similar peaks at around the same wavenumbers (2975, 2917,
2850, and 719 cm™) are also present in the FTIR spectra of OA-capped CdS, ZnS and PbS
NCs. For the OA, the intense peak at 1710 cm™ is due to the existence of the C=0 stretching
and the band at 1276 cm™ is an indication of the presence of C-O stretching. Two bands at
1452 and 927 cm™! are due to the in-plane and out-of-plane bandings of O-H. Compared to
the FTIR spectrum of pure OA, FTIR spectra of OA-capped CdS, ZnS and PbS NCs do not
show any peak at 1710 cm™ (corresponding to C=0 stretching). This indicates that no free
OA is present in these three NCs. However, two new peaks appear at 1535 and 1410 cm™ in
all the three spectra, which are characteristic of Vasymmetric (COO”) and vsymmetric (COO")
stretching 2’ The existence of these two new peaks reveals that the OA is chemisorbed as

carboxylate onto the surface of CdS, ZnS and PbS NCs.

It is clear from literature?®?’ that, when the carboxylic acid group is in contact with the metal
surface, two different bonding types may exist: (i) two symmetric bidentate bonds through
two equivalent oxygen atoms, or (ii) a monodentate bond with two inequivalent oxygen
atoms. In monodentate bonding, the C=O bond is still present and the hydrogen of the acidic
group is replaced by a metal atom. In our case, the FTIR characterization presented above
shows that the peak at 1710 cm™! of the OA spectrum disappeared in the spectra of the three
OA-capped NCs. Therefore, it can be concluded that two oxygen atoms of the carboxylic
moiety are attached symmetrically to the surface of the NCs. In addition, the interaction
between the carboxylate head and the metal atoms is categorized in four different types:
monodentate, bridging bidentate, chelating bidentate, and simple ionic interaction. 3%31 The

wavenumber separation between nasym (COQ) and nsym (COO") in the FTIR spectrum can
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be used to detect the type of interaction between the carboxylate head and metal atoms. The
largest wavenumber separation (320-200 cm™!) corresponds to the monodentate interaction
and the smallest one (less than 110 cm™) corresponds to the chelating bidentate. The
wavenumber separation in medium range (120-200 cm™) is for the bridging bidentate. In our
case, the wavenumber separation (1535-1410 = 125 cm) is ascribed to the bridging
bidentate, where the interaction between the COO moiety and NCs is covalent. The covalent
bonding of COO moiety with metal atom surface leads to a high stability of the NCs at room

temperature.

6.4 Conclusions

In summary, this study offers a simple and generalized synthesis route to develop various
kinds of nanoscale metal sulphides with high dispersity. We have successfully synthesized

OA-capped semiconducting metal sulphide NCs of CdS, ZnS and PbS through the
thermolysis and sulphurization of their respective M—O complexes via the utilization of low
cost reagents, such as metal acetates, OA and thioacetamide. The experimental results
obtained in this study show that the OA was chemisorbed as a carboxylate onto the surface
of CdS, ZnS and PbS NCs and two oxygen atoms in the carboxylate were coordinated
symmetrically to the metal atoms. The strong interaction between the fatty acid and metal
sulphide NCs enhances the stability and the dispersion of these metal sulphide NCs in non-

polar solvents.
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Résumé

Les nanocristaux (NCs) de séléniure de cadmium (CdSe) recouvert d’acide oléique ont été
synthétisés par une nouvelle voie a grande échelle. La diffraction des rayons X et la
microscopie électronique a transmission ont confirmé que des nanocristaux de CdSe
hexagonaux en forme de tiges (wurtzite) ayant une taille moyenne de 10 nm ont été obtenus
avec cette nouvelle voie. Les nanocristaux CdSe obtenus ont €té traités individuellement avec
la pyridine et le tert-butylamine (t-BA) afin d’avoir un échange de ligands. L’analyse par
spectroscopie infrarouge a transformée de Fourier de ces nanocristaux a confirmé
I’élimination des ligands AO de la surface suite au traitement par la pyridine et le t-BA. Les
dispositifs de cellules solaires a hétérojonction volumique (BHJ) ont été préparés en utilisant
des nanocristaux de CdSe ayant subi un traitement de surface et d’autres non traités,
mélangés avec le polymere poly(3-hexylthiophéne-2,5-diyl) (P3HT). Les dispositifs de
cellules solaires BHJ fabriqués a partir du mélange de P3HT avec des nanocristaux CdSe a
surface traitée ont donné des performances photovoltaiques meilleures que celles du mélange
de P3HT avecdes nanocristaux CdSe non traités. L’amélioration des performances
photovoltaiques a été obtenue grace a I’augmentation de la mobilité des électrons dans le
mélange de P3HT avec des nanocristaux CdSe suite au traitement de surface des

nanocristaux.
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Abstract

Oleic acid (OA)-capped cadmium selenide (CdSe) nanocrystals (NCs) have been synthesized
via a new high-scale route. X-ray diffraction and transmission electron microscopy
confirmed that rod-like hexagonal (wurtzite) CdSe NCs with an average size of 10 nm were
obtained via this new route. The obtained CdSe NCs were treated individually with pyridine
and tert-butylamine (t-BA) for ligand exchange. Fourier transform infrared spectra of the as-
synthesized and treated CdSe NCs confirmed the removal of OA ligands from the surface of
CdSe NCs after treatments with pyridine and t-BA. Bulk-heterojunction (BHJ) solar cell
devices were prepared using untreated and surface treated CdSe NCs blended with poly(3-
hexylthiophene-2,5-diyl) (P3HT) polymer. BHJ solar cell devices made from P3HT:(surface
treated CdSe NCs) blends showed greater improvement in photovoltaic performances
compared to P3HT:(untreated CdSe NCs) blend. The improvement in photovoltaic
performances was due to the increase of electron mobility in P3HT:(CdSe NCs) blends after

surface treatment of CdSe NCs.
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7.1 Introduction

Colloidal semiconductor nanocrystals (NCs) have attracted much attention in recent years
for their wide use in many fields such as solar cells,! light-emitting diodes,? biological
imaging,? lasers,* thin film transistors,® and other nanoscale devices.® In the past few years, a
great part of research has been done on controlling the size and shape of II-IV group
semiconductor NCs (such as TiOz, ZnO and CdSe) for their potential applications as
acceptors and electron transporters in low-cost/high-performance bulk heterojunction (BHJ)
solar cells. Such cells use the high electron mobility of the inorganic NCs to overcome
charge-transport limitations associated with polymer materials as donor phases with high
absorption coefficients. Therefore, BHJ solar cell devices can combine the advantages of
both types of materials: (i) the simplicity of solution processing of polymers, and (i1) the high

charge carrier mobility of inorganic semiconductor NCs.”

CdSe NCs were the first candidates used in BHJ solar cells and still have the highest power
conversion efficiency (PCE) compared to other types of NCs. Improvement in the
performance of BHJ solar cells based on CdSe NCs were achieved through size/shape and

812 host-deposition ligand exchange,!® introducing low band

surface alterations of the NCs,
gap conjugated polymers,!*15 the functionalization of conjugated polymers,!® and the
improvement of device structures.!’®> Among these solutions, surface modification is

considered as the best way to enhance the performance of BHJ solar cells. 1713

The synthesis of NCs and nanorods can be carried out via the pyrolysis of organometallic
reagents by their injection at high temperatures into a coordinating organic ligand solution
with a high boiling point, such as OA and n-octadecyl phosphonic acid, trioctylphosphine
(TOP), trioctylphosphine oxide (TOPO), and hexadecylamine (HDA).!® The cost of large-
scale synthesis of CdSe NCs or nanorods via these routes is very high due to the expensive
chemicals, such as TOP or TOPO. Furthermore, TOP and TOPO are hazardous and not
environmentally friendly solvents. Therefore, developing a less hazardous and simple
method for synthesizing CdSe NCs for BHJ solar cell applications remains a challenge for

materials scientists.
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The presence of organic ligands on the surface of NCs improves their dispersion in various
solvents and polymers. However, the presence of organic ligand coating on NCs surface
results in poor charge transfer between them and the polymeric matrix. Therefore, it is
necessary to remove parent organic ligands as much as possible from the NC surface in order
to reduce the distance between NC-NC and NC-polymer, avoid recombination losses, and
enhance the charge transport through the photoactive layer. A post-synthetic ligand exchange
with pyridine is the most effective procedure to improve the efficiencies of BHJ solar cells
based on CdSe NCs.!7 In this procedure, long alkyl chain capped CdSe NCs are washed by
methanol several times and then overnight treated in boiling pyridine under inert atmosphere.
After treatment, the insulating ligand are replaced by shorter and more conducting pyridine
molecules. The treated CdSe NCs are then precipitated with hexene, recollected by
centrifugation and then dispersed into a mixture of chloroform/pyridine (90:10, v/v) solvent.
Similar types of treatments with other materials (such as amine, chloride, thiols and acetic
acid) were also reported for CdSe NCs.11:29-22 Alternatively, other washing methods can also
be applied to remove excess ligands from the NCs surface.'??3 Zhou et al.!? reported a typical
synthesis of spherical CdSe quantum dots using HDA as ligand, which was subsequently
washed with hexanoic acid, resulting in salt formation and the reduction of the amount of
HDA ligand on the surface of CdSe NCs. By applying this technique to (TOP/OA)-capped
quantum dots (QDs) and HDA-capped QDs, they achieved high BHJ solar cell PCEs,

respectively 2.7 and 3.1%.2%24

Herein, we report on a new route to prepare high-scale rod-like CdSe NCs through the
injection of selenium (Se) powder in cadmium-oleate (Cd-O) complex previously prepared
in 1,2,4 trichlorobenzene. The obtained CdSe NCs were treated with pyridine and t-BA for
ligand exchange. BHJ solar cell devices were then prepared using the as-synthesized CdSe
NCs (both untreated and surface-treated) and poly(3-hexylthiophene-2,5-diyl) (P3HT) as the
polymeric matrix. These devices were then characterized and compared in terms of their

power conversion efficiency.
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7.2 Experimental
7.2.1 Chemicals

Indium tin oxide (ITO) coated glass plates (sheet resistance of 10Q/sq) were purchased from
Delta Technologies, USA. Cadmium acetate dihydrate (Cd(CH3COO)2-2H20, >98.0%), OA
(C18H3402, 90%), selenium powder (Se, >99.9%), 1,2,4 trichlorobenzene (CsH3Clz, >99%),
pyridine (CsHsN, anhydrous 99.8%), (tert-butylamine ((CH3)3:CNH2, 98%), poly(3.4-
ethylenedioxythiophene):poly(styrenesulfonate)) (PEDOT:PSS), regioregular (P3HT), and
chlorobenzene (CsHsCIl, >99%) were purchased from Sigma-Aldrich, Canada. Ethanol
(C2H6O, 98%), methanol (CH4O, 98%), hexanes (C¢His (mixture of isomers), 99.9%),
acetone (C3HsO, 98%) and isopropanol (C3HsO, 98%) were purchased from Fisher

chemicals, Canada. All reagents were used as received without any further purification.

7.2.2 Synthesis of CdSe NCs

First, Cd-O complex was prepared through thermal reaction between cadmium acetate
dihydrate and OA in 1,2,4 trichlorobenzene. A 0.025 M (1.33 gm) of cadmium acetate
dihydrate was mixed with 0.1 M of OA and 200 mL of 1,2,4 trichlorobenzene. The mixture
was then treated at 180 °C with continuous stirring in an oil bath using a water condenser.
After 3 h of heating and stirring, 0.025 M (390 mg) of Se powder was injected to the hot Cd-
O complex solution and then the mixture was treated again at 210 °C. After 5 h of additional
heating and stirring, the colour of the solution was changed in dark brown due to the
formation of CdSe NCs. The obtained solution was then cooled to room temperature and
excess ethanol was added to precipitate the CdSe NCs. The NCs were centrifuged then
washed many times with methanol and hot water to remove the excess of oleic acid and
unreacted matters. The final NCs with yield higher than 80% were dried in a vacuum oven

at 50 °C for 2h.

7.2.3 Ligand exchange procedures

For ligand exchange, the as-synthesized CdSe NCs redissolved in excess pyridine were
heated under permanent stirring in an oil bath for 24 h at 105°C. Afterward, excess hexanes
were added to precipitate CdSe NCs and then isolated by centrifugation. Similarly, the as-

synthesized CdSe NCs were redissolved in excess t-BA and stirred at room temperature for
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24 h. Afterward, the CdSe QDs were precipitated with excess of acetone and then isolated

by centrifugation.

7.2.4 Characterizations

X-ray diffraction (XRD) data of the as-synthesized CdSe NCs was recorded on a Siemens
D5000 X-ray diffractometer, using Cu-Ka radiation (A = 1.54059 A). Transmission electron
microscopy (TEM) and selective area electron diffraction (SAED) of the as-synthesized
CdSe NCs were performed on a JEOL JEM-2100F electron microscope operated at 200 kV.
Fourier transform infrared spectra (FTIR) of as-synthesized and treated CdSe NCs were
obtained using a Nicolet (Thermo Fisher) Model 380 FTIR with an attenuated total
reflectance (ATR) sampling device (model Smart Performer) with a ZnSe crystal. The FTIR

were collected within the range of 650 to 4000 cm !

with 10 scans per spectrum. The
absorption spectra of CdSe NCs and P3HT:CdSe NCs blend films were recorded on Varian

Cary 500 Scan UV-Vis spectrophotometer.

7.2.5 Fabrication of BHJ solar cell devices

The P3HT:as-synthesized CdSe NCs and P3HT:t-BA treated CdSe NCs blended solutions
were prepared by dispersing CdSe NCs (60 mg) and dissolving P3HT (15 mg) in
chlorobenzene (3 mL). P3HT:pyridine treated CdSe NCs blended solution was prepared by
dispersing CdSe NCs (60 mg) and dissolving P3HT (15 mg) in a mixture solvent of
chlorobenzene and pyridine (v:v =9:1, 3mL). All three P3HT:CdSe NCs blended solutions
were stirred overnight. P3HT:CdSe NCs BHIJ solar cell devices were fabricated on ITO
coated glass substrates (24 x 24 mm?). Prior to this, etched ITO substrates were ultrasonically
for every 15 min. The layer of PEDOT:PSS was spin-coated onto the cleaned ITO glass
substrates at 3000 rpm for 60 s and subsequently annealed at 140°C for 5 min, resulting in a
layer thickness of about 40 nm. Then the PEDOT:PSS coated ITO glass substrates were
transferred to a glove box and P3HT:CdSe NCs blends were spin-coated onto the
PEDOT:PSS layer at 2000 rpm for 2 min under nitrogen atmosphere. An Aluminum layer of
70 nm was deposited by thermal evaporation. The average thickness of P3HT:CdSe NCs
layers, determined by a profilometer (Dektak Ila Solan), was between 90 and 100 nm. The
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current density-voltage (J-})) characteristics of the BHJ solar cell devices were measured
with a computerized Keithley 2400 source meter under AM1.5G illumination at 100 mW/cm?
supplied by a solar simulator (Oriel, 1000 W). The active area of the each cell was 0.24 cm?.

7.3 Result and discussion

A typical XRD pattern of the as-synthesized CdSe NCs is shown in Figure 7.1. All the
reflection peaks can be indexed to hexagonal wurtzite CdSe (JCPDS: 08-0459). This is due
to the fact that the thermodynamically-stable hexagonal (wurtzite) phase is achieved at higher
temperature, at which thermodynamics govern the crystal growth (rather than the reaction
kinetics).?> No characteristic peaks of other phase or impurities are observed in this pattern.
The XRD pattern of the as-synthesized CdSe NCs shows broad peaks corresponding to (100),
(002), (101), (102), (110), (103), and (200) planes at 26 values of 23.9°, 25.3°, 27.1°, 35.1°,
42°, 45 .8°, and 49.6°, respectively. This broadening is mainly attributed to the small size of
CdSe NCs. In addition, the strong broad peak at 26 = 25.3° indicates that the growth direction

is along the c-axis of the hexagonal lattice.?°
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Figure 7.1 XRD pattern of the as-synthesized CdSe NCs.

Figure 7.2 shows high resolution TEM images (a, b) together with SAED pattern (¢) of the
as-synthesized CdSe NCs. The sample for TEM study was prepared by placing a drop of a
diluted colloidal solution of CdSe NCs onto a carbon coated copper grid. Figure 7.2b clearly
shows that road-like CdSe NCs were obtained with an average size of about 10 nm, and the

SAED pattern (Figure 7.2¢) shows well-defined rings of hexagonal wurtzite structure.
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Figure 7.2 TEM images (a, b) and SAED pattern (c) of the as-synthesized CdSe NCs.

The improvement of the electron transfer is related to the surface properties of the CdSe NCs,
which were studied by FTIR. Figure 7.3 shows the FTIR spectra of pure OA, CdSe NCs,
and pyridine and t-BA treated CdSe NCs. The FTIR spectrum of OA shows two vibration
bands at 2917 and 2850 cm’!, respectively attributed to the CH> asymmetric and symmetric
stretching. The band at 2975 cm™! is assigned to the stretching vibration of C-H. The intense
peak at 1706 cm™ is due to the existence of the C=0 stretching and the band at 1240 cm™ is
an indication of the presence of C-O stretching. The two bands at 1462 and 936 cm™ are due
to the in-plane and out-of-plane bandings of O-H. Compared to pure OA, the FTIR spectrum

of untreated CdSe NCs shows a small peak at 1706 cm™. This indicates that a small amount
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of free OA is present in the sample. However, two new peaks appear at 1526 and 1410 cm™,
which are characteristic of vasym COO™and vsym COO" stretching. The existence of these two
new peaks reveals that the OA is chemisorbed as carboxylate onto the surface of CdSe NCs.?’
After pyridine and t-BA treatment, the intensities of the stretching vibrations of C-H (at 2917
and 2850 cm™) and those of Vasym & sym COO™ (at 1526 and 1410 cm™) is an indication of the

removal of OA surfactant from the surface of the untreated CdSe NCs.18
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Figure 7.3 FTIR spectra of the OA (a), as-synthesized CdSe NCs (b), pyridine treated
CdSe NCs (c) and t-BA treated CdSe NCs (d).

Figure 7.4 shows the UV-vis absorption spectra, as a function of wave length, for the
untreated and surface treated CdSe NCs. The absorption spectrum clearly shows a blue shift
compared to its bulk absorption edge due to quantum confinement?® The broad features
centered in the absorption spectrum at around 450, 480 and 650 nm are probably due to the
size distribution of the CdSe NCs. The figure also shows that the absorption of both pyridine
and t-BA treated CdSe NCs are approximately identical over the whole wave length range
but slightly lower compared to untreated CdSe NCs. This is an indication that that no
oxidation, etching or aggregation of the CdSe NCs occurred after surface treatment, as

already mentioned in literature 2
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Figure 7.4 UV-vis spectra of the as-synthesized and treated CdSe NCs.

A sketch of the BHJ solar cell device and the corresponding prototype picture and energy
diagram are shown in Figure 7.5. Based on the values of CdSe in bulk and the relative shift
of the valence and conduction band edges in the NCs (due to the quantum confinement), the
estimated values of electron affinity and ionization potential of the CdSe NCs are -4.4 and -
6.3 eV, respectively.” Therefore, P3HT and CdSe NCs form a donor-acceptor heterojunction

that enables the dissociation of photogenerated excitons in the blend films.13

Figure 7.5 Schematic with prototype picture (a) and energy level diagram of the P3HT:CdSe
BH]J solar cells (b).
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Figure 7.6 shows J-V curves under dark (closed circles) and under illumination (open circles)
for three BHJ solar cell devices prepared with untreated and treated CdSe NCs. The
corresponding photovoltaic parameters (open-circuit voltage (Voc), short-circuit current
density (Js), fill factor (FF) and the PCE) are summarized in Table 7.1. For the two BHJ
devices prepared with treated CdSe NCs, a highly improved photovoltaic performance was
observed compared to the device prepared with untreated CdSe NCs, which presented very
poor photovoltaic parameters, particularly a very low PCE (0.0013%). The best performance
improvement was obtained with t-BA treated CdSe NCs, especially in terms of cell short-
circuit current density and power current efficiency that jumped from 0.016 to 2.16 mA/cm?
and from 0.0013 to 0.24% respectively. This could be explained by the fact that the long
chain OA ligands are strongly bounded on the surface of CdSe NCs and t-BA is strong
enough to replace a maximum number of these OA ligands (better than pyridine), which leads

to the best photovoltaic performances.
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Figure 7.6 J-J characteristics of BHJ solar cells prepared from P3HT:CdSe NCs blends

under dark (black circles) and illumination (red circles).
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Table 7.1 Summary of the photovoltaic parameters of P3HT:CdSe NCs BHJ solar cells.

Device K’;; (m A'Isccm_z) FF f;g

P3HT:OA-capped CdSe NCs 042 0.016 0.20 0.0013
P3HT:pyridine treated CdSe NCs 0.54 0.72 0.27 0.1
P3HT:t-BA treated CdSe NCs 0.41 2.16 0.28 0.24

Figure 7.7 compares the absorption for BHJ solar cell devices prepared with untreated and

treated CdSe NCs. It is clearly shown that surface treatment of CdSe NCs didn’t have any

noticeable change in the absorption spectra of the P3HT:(CdSe NCs) blend films over the

whole wavelength range. Therefore, the improved photovoltaic performances are not likely

to be caused by the absorption of the blended films, as already observed by Fu et al 13
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Figure 7.7 Abosrption sepctra of the P3HT:CdSe NCs blend films.

7.4 Conclusions

In conclusion, we reported in this work the detailed synthesis of OA-capped CdSe NCs via a

new high scale route. It was shown that surface treatments of the as-synthesized nanocrystals

with pyridine and t-BA are very effective to replace long chain OA ligands. BHJ solar cell
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devices made from blends of P3HT polymer and surface treated CdSe nanocrystals showed
greater improvement in photovoltaic performances compared to blends made from P3HT and
untreated CdSe nanocrystals. The improvement in photovoltaic performances is due to the
increase of electron mobility in the P3HT:CdSe NCs blends after the surface treatment of
CdSe nanocrystals.
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Résumé

Une technique simple de déposition selon la méthode de ‘Spin coating’ de films de sulfure
de cadmium (CdS) et de sulfure de plomb (PbS) a partir du complexe méthanolique de
métal-thiourée a été décrite dans ce travail. La caractérisation des films par les techniques
de diffraction des rayons X et de spectroscopie photoélectronique des rayons X a révélé que
des couches de CdS et Pbs a phase cubique pure ont été formées via cette méthode. Les deux
films sont lisses et homogenes tel qu’indiqué par la microscopie a force atomique et la
microscopie €lectronique a balayage. Les propriétés optiques montrent que les intervalles
entre les bandes d’énergie correspondant aux films de PbS et de CdS sontde 1.65et2.5 eV,
respectivement. Le film a base de PbS est de type-p avec une conductivité électrique (o) de
0.8 S/cm. La concentration et la mobilité des trous, déterminées avec les mesures de I’ effet
Hall, sont de 2.35x 1018 cm™ et 2.16 x 107 cm?V-!s7!, respectivement. Les films & base de
CdS et PbS ont tout les deux été utilisés pour développer un dispositif de cellule solaire a
films minces de graphite/PbS/CdS/ITO/verre. La caractérisation de ce dispositif montre une
efficacité de conversion d’énergie de 0.24%. La tension en circuit ouvert, le courant de court-
circuit et le facteur de remplissage correspondants, on été de 0.570 V, 1.32 mA/cm? et 0.32,

respectivement.
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Abstract

In this work, we describe a simple spin-coating deposition technique of lead sulfide (PbS)
and cadmium sulfide (CdS) films from a methanolic metal-thiourea complex. The
characterization of the films by X-ray diffraction and X-ray photoelectron spectroscopy
techniques revealed that pure cubic phase PbS and CdS layers were formed via this method.
As shown by atomic force microscopy (AFM) and scanning electron microscopy (SEM)
techniques, both films were homogeneous and presented a smooth surface. Optical properties
showed that the energy band gap of PbS and CdS films were around 1.65 and 2.5 eV,
respectively. The PbS-based film was a p-type with an electrical conductivity (o) of around
0.8 S/cm. The concentration and the mobility of holes were 2.35 x 10'® cm™ and 2.16 x 107
cm?V-Is! respectively, as determined from Hall measurement. Both PbS and CdS based
films were used to develop a thin film solar cell device of graphite/PbS/CdS/ITO/glass.
Device characterization showed a power conversion efficiency of around 0.24 %. The
corresponding open circuit voltage, short circuit current and fill factor were 0.570 V, 1.32

mA/cm?, and 0.32, respectively.
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8.1 Introduction

Recently, nanoscale PbS has gained surge of interest because of its remarkable physical
properties and potential applications in solar cells.! Bulk PbS has a narrow direct energy band
gap of 0.41 eV at 300 K with a large exciton Bohr radius of 18 nm. Thus the absorption edge
of PbS can be tuned to anywhere between near-infrared to violet (0.4 um), covering the entire
visible spectrum. A large exciton Bohr radius and a relatively small band gap make PbS one
of the most important candidates for size quantization studies. Recently, about 300% of
quantum efficiency due to multiple exciton generation was also observed in PbS
nanoparticles.? Therefore, PbS thin films made of nanocrystallites having a band gap of
around 1 eV can be used as an absorber for thin film solar cells. In recent years, vigorous
investigations were conducted to develop 2 to 5% efficient solar cells based on PbS quantum
dot thin films.3- In an alternative way, chemically deposited PbS thin film layers were also

used in thin film solar cells as a p-type absorber layer.1%11

On the other hand, CdS is considered as one of the most important II-IV semiconductors. It
has a direct band gap of 2.42 eV at room temperature and is widely used as n-type window
layer for p-type polycrystalline photovoltaic materials. Earlier, Romeo et al.!? reported on a
CdS/CdTe thin film solar cell with high efficiency (around 14.6%). Later, Ramanathan et
al.B3 successfully achieved a ZnO/CdS/CulnGaSe; thin film solar cell structure of higher
efficiency (around19.2% ). Vorobive et al.1* also developed a CdS/PbS thin film solar cell of
1.6% in efficiency through ammonia free chemical bath deposition (CBD) technique. Obaid
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et al.’ used the microwave-assisted CBD route to develop the same CdS/PbS thin film solar

cell device with an efficiency of around 1.3%.

Aqueous precursors containing metal salts and thiourea (TU) were frequently employed in
CBD of the PbS and CdS thin films.1 1618 Although these thin films have interesting
properties, the majority of CBD routes are ammonia based, and it is known that ammonia is
highly volatile, toxic and harmful to the environment at large scale deposition. Furthermore,
the volatility of ammonia generally leads to irreproducible film properties.!* To prepare metal
chalcogenide thin films, the new ammonia-free simple precursors based on large scale

deposition routes with less environmental issues is of great interest nowadays.
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Metal-thiourea (M-TU) complex precursors are simple and low cost materials used to prepare
various types of metal chalcogenide thin films. Chaudhuri et al. reported on the fabrication
of PbS.”® ZnS,? CuxZnSnS42! and CuSnS3*? thin films through the thermolysis of M-TU
complex precursors. On the other hand, spin-coating deposition technique is simple, fast and
known for uniform deposition. Moreover, it requires fewer amounts of material and
processing time compared to CBD routes. According to our knowledge, no data have been
reported in the open literature on the spin coating deposition of PbS and CdS thin films using

non-aqueous M-TU complex precursors.

This study primarily aimed to develop PbS and CdS films from M-TU complex precursors
through an easy and fast spin-coating route. After an extensive characterization of the
developed films for their structural, morphological, optical and electrical properties, these

films were used to develop thin film solar cell devices of graphite/PbS/CdS/ITO/glass.

8.2 Experimental details
8.2.1 Materials

Lead acetate trihydrate (Pb(Ac)2:3H20), cadmium acetate dihydrate (Cd(Ac)2-2H20) and TU
were purchased from Sigma Aldrich. Methanol, acetone, isopropanol and microscopic glass
substrates were purchased from Fisher chemicals. Indium tin oxide (ITO) coated glass plates
(sheet resistance of 10Q/sq) were purchased from Delta Technologies, USA. The glass
substrates and etched ITO substrates were cleaned through ultrasonically in (i) detergent, (i)
deionized water, (iii) acetone, and (iiii) isopropanol sequentially before spin coating

deposition.

8.2.2 Deposition of PbS and CdS films

Methanolic complex precursors were prepared by dissolving Pb(Ac)2-3H20 (0.1 mol/L) or
Cd(Ac)2-2H20 (0.1 mol/L) and TU (0.1 mol/L) in methanol (50 mL) one by one. Few drops
of acetic acid were added in Pb-TU complex solution to prevent decomposition at room
temperature. The cleaned glass substrates were then spin-coated with methanolic Pb-TU and
Cd-TU complex precursors at 2200 rpm for 2 min. Then both transparent precursor layer

coated glass substrates were baked individually at different temperatures in air for 10 min.
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After 10 min at 100°C, Pb-TU complex precursor layer was converted into brownish black
PbS film, while Cd-TU complex precursor layer was converted into yellowish CdS film at

200°C. The thickness of PbS and CdS films was about 70 nm and 60 nm, respectively.

8.2.3 Characterization of films

The thickness of films was measured by profilometer Dektak Ila Solan. The composition of
the layers was determined from X-ray diffraction analysis (XRD) with Siemens D5000 X-
ray diffractometer. X-ray photoelectron spectroscopic (XPS) study of films was carried out
on Axis Ultra Kratos, X-ray photoelectron spectrometer under a vacuum of 2-5 x10°® Torr.
The binding energy values were charge-corrected to the C 1s signal (285.0 eV). The surface
morphology of the films was examined by Atomic Force Microscope (AFM) (Nanoscope I11
Multimode system (Digital Instruments, Santa Barbara, CA)) and scanning electron
microscope (SEM) (Jeol JSM-6360/LV scanning electron microscope). The optical
transmittance spectra of films were recorded on Varian Cary 500 Scan UV-Vis
spectrophotometer. Electrical conductivity of the films was measured by making gap cells
with colloidal graphite ohmic contacts. The gap between the electrodes was 0.5 cm and the
field applied was 20 V/em. To determine the type of conduction, the thermoelectric power
(TEP) was also measured. The photoconductivity of the films was measured by illuminating
the samples with 80 mW/cm? light from a halogen lamp (50 W, 12 V, Phillips). The rise and
decay of the photoconductivity was recorded with a Source/Meter (Keithley 2611).

8.2.4 Fabrication of CdS/PbS thin film solar cell device

Thin film solar cell device structure with graphite/PbS/CdS/ITO/glass was fabricated using
the developed PbS and CdS thin films. Firstly, an ITO coated glass substrate (24 x 24 mm?)
was spin-coated once with CdS as window layer (~60 nm). Three layers of PbS (~210 nm)
were then coated one by one on CdS and final electrical contacts were made by painting with
colloidal graphite. To understand the contribution of both films (n-type and p-type) in the
developed solar cell device, two clean glass substrates were also coated individually with
three layers of PbS and one layer of CdS to investigate their optical and electrical properties.
The current-voltage (J-1) characteristics of CdS/PbS thin film solar cells were characterized

with a computerized Keithley 2400 source meter under AM1.5G illumination at 100

155



mW/cm? supplied by a solar simulator (Oriel, 1000 W). The active surface of the cell was
0.24 cm?,

8.3 Results and discussions

8.3.1 Structure and composition

— PbS
— CdS

Intensity (arb. Unit)

10 2'0 30 40 s'o so 70
2 Theta (degree)

Figure 8.1 X-ray diffraction patterns of PbS and CdS films.

XRD patterns of PbS and CdS films are shown in Figure 8.1. Both patterns show well
defined broad peaks. No characteristic peaks of other impurities are observed in these
patterns, indicating the high purity of the as-synthesized PbS and CdS films. The average
crystallite sizes were measured form the broadening of (111) lines using the following

Scherrer equation.
D =kA/Bcos@ (8-1)

where DD (nm) is the particle size, & is the shape factor (taken as 0.9), /4 is the wavelength
(nm) of X-ray used, f is the broadening of line at half the intensity, and @ (degree) is the
diffraction angle of the line under consideration. The XRD pattern of PbS film is similar to

that of recently reported nanocrystalline PbS film obtained by CBD route.! It shows four
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broad peaks corresponding to (111), (200), (220) and (311) planes of cubic PbS (JCPDS: 05-
592) at 26 values of 25.9° 30°, 43° and 50.9°, respectively. The corresponding average
crystallite size is 9 nm. On the other hand, the XRD pattern of CdS film shows three broad
peaks at 20 values of 26.5°, 43.9° and 51.9° identified to be due to reflections from (111),
(220) and (331) planes of cubic CdS (JCPDS: 5-0566). The corresponding average crystallite

size 1s 5 mm.
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Figure 8.2 XPS of PbS film (a) survey scan and (b) Pb 2f core level (¢) S 2p core level with
fitting profiles (black circles for data, olive green color line for peak sum, red and blue lines

for two different states).
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Figure 8.3 XPS of CdS film (a) survey scan and (b) Cd 3d core level (c) S 2p core level with
fitting profiles (black circles for data, olive green color line for peak sum, red and blue lines

for two different states).

The surface compositions of the PbS and CdS films were characterized by XPS analysis. The
wide scanning XPS of the films are shown in Figure 8.2a & 8.3a. The existence of C and O
in the films is probably due to the surface contamination under atmosphere condition.?3
Besides the presence of C and O, no other obvious impurity peaks were detected in both
spectra. The chemical state of the films has been investigated by the narrow scanning XPS
spectrum. The narrow scanning photoelectron spectra of the PbS film are shown in Figure
8.2b & c. The peaks at 137.6 and 142.4 eV are assigned to the binding energies of Pb 47,2

and Pb 4fs», which is in good accordance with data mentioned in literature>* The
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corresponding binding energies of S 2p3z2 and S 2pi/2 are respectively 160.7 and 161.8 eV,
analogous to those reported in literature for PbS.2* The other small peaks observed between
167 to 170 eV are probably due to sulphite or sulphate. Figure 8.3b & ¢ reveal the high
resolution scanning XPS spectra of the Cd 3d core and S 2p core, respectively. The two strong
peaks at 405.2 and 412 eV are attributed to Cd 3ds;zand Cd 3ds/2, which show good agreement
to the literature 23 The binding energies of S 2ps2and S 2p12are respectively 161.6 and 162.7
eV, respectively. These values are also consistent with those reported in literature for CdS 2

Like PbS, the small peaks between 167 and 170 eV could also be due to sulphite or sulphate.

8.3.2 Morphology and microstructure

X 0.200 pmidiv
Z 25.00 nm/div

X 0.200 pmidiv
Z 10.00 nm/div

Figure 8.4 Atomic force micrographs of PbS and CdS films on glass with 2-dimentinal and

3-dimentinal view.
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Figure 8.5 SEM images of PbS and CdS films.

The Atomic Force micrographs of the films on glass are shown in Figure 8.4. In general, the
films are continuous with homogeneous well-connected grains. The average grain size and
root-mean-square (RMS) roughness are respectively about 5 and 40 nm for PbS films and
15 and 1 nm for CdS films. Similar morphologies for both PbS and CdS films are also
revealed by SEM, as shown in Figure 8.5. Both AFM and SEM results depict the formation

of smooth, compact and dense films without any defects or cracks.

8.3.3 Optical, electrical and photovoltaic properties

Figure 8.6a shows the optical transmittance spectra of PbS and CdS films as a function of
wavelength. As shown, the transmittance of the thrice coated PbS film decreases rapidly
below 850 nm until about 450 nm, indicating absorption edge. On the other hand, the CdS
film exhibits a high transmittance in the visible and near infrared regions, thus making the
film suitable as window layers for thin film solar cell. It should be mentioned that high
transmittance in visible region is one of the key features of ideal window layer of a
heterojunction solar cell 26 The energy band gaps (£g) of the films were determined from the

following Tauc relation:
(ahv)* ~ hv-FEg (8-2)

where a (cm™) is the absorption coefficient, # (J.s) is the Plank constant, v (Hz) is the

frequency of radiation, and Eg (eV) is the energy band gap of the semiconductor.
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Figure 8.6 Optical transmittance spectra of the PbS and CdS films (a) and Tauc plots of
(ahv)? vs. hv for determination of energy band gaps of PbS (b) and CdS (c) films.

Tauc plots of hv vs, (ahv)? for the PbS and CdS films are shown in Figure 8.6b and c. The
band gap values of the films were deduced by extrapolating linear portion of the plots to zero.
The determined band gaps for PbS and CdS film were found to be 1.7 and 2.5 eV,
respectively. The band gap of PbS film shows significant blue shift from the bulk value of
0.41 eV due to quantum size effect induced by the nanocrystallites in the film. Thus, the
optical studies also reveal that the spin-coated PbS film is nanocrystalline. Similarly, the
value of band gap is found to increase from 2.42 to 2.5 eV for CdS film. A similar increase
in band gap was observed recently by Hegde et al. in thermally evaporated indium doped
CdS film 26 An increase in the band gap of CdS film is advantageous to enhance the

performance of the thin film solar cell.
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Figure 8.7 Rise and decay of photoconductivity of PbS film.

The room temperature dark conductivity of the PbS film is 0.8 S/cm. The thermoelectric
power (TEP) is measured to be +235 uV/K. The positive sign of TEP suggests the p-type
conduction i.e. holes as majority carriers. The electrical conductivity and TEP data are used

to calculate hole concentration and hole mobility using the following relation:
p =N, exp(A—ea,/k) (8-3)

Where, Ny is the effective density of state in valence band (6.47 x 10!7 cm™ for PbS at 300
K), A is a constant that depends on scattering (4 for impurity scattering), am 1s the
thermoelectric power, k is the Boltzmann constant (86.7 uV/K), and e is the electronic charge

(coulombs).

The mobility of holes is determined from the equation:

nL=oc/p.c (8-4)

where, u (cm™) is the mobility and ¢ (S/cm) is the electrical conductivity. Thus calculated
values for holes concentration and mobility are 2.35 x 10'® cm™ and 2.16 x 107 em?V-1s7!,

respectively.
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The rise and decay curve demonstrating the photoconductivity of PbS film is shown in
Figure 8.7. The atypical behavior of rise and decay curve, where the photocurrent first rises
to a maximum upon illumination and decreases gradually with time, is an indication of
quenching. It must be recalled here that the source of illumination is white light composed
of UV, visible and IR spectra. The entire curve can be described as an overlapping of two

phenomena:?’

1)  Upon illumination, the net generation rate of minority carrier increases, leading to a
rise in photocurrent. Upon removing the light source, generation and recombination
rates again equilibrate and the current comes back to the dark value.

i1) An excitation from a larger wavelength situated in the white light region causes the
optical freeing of the electrons from the shallow traps, leading to an increase of the

recombination rate of minority carriers, i.e., a photocurrent decrease.

Thus, illumination produces both photoconductivity due to excitation from the valence band
to imperfection levels and quenching due to excitation from the sensitizing centers to the
conduction level. Such anomalous rise and decay curves have been already observed in

literature for other chalcogenides.?’-*

The origin of traps is supposed to be due to oxygen atoms, which have been found commonly
as sensitizing centers in PbS.3% As shown XPS curve of Figure 8.2, the presence of oxygen
at the surface of PbS is evident from the small peaks in O core level at 529. 4 eV and in S at
around 167 eV. The sensitizing centers due to oxygen have been found to be located very
near the bands, within few multiple of kT (k is the Boltzmann constant and T is the absolute
temperature), and are in general shallow. The minority carrier lifetime, as deduced from the
rise decay curve, is about 10 us and is consistent with value determined from transient

photoconductivity measurement.

Conductivity of the single CdS layer (<0.1 mS/cm) is too low to be measured with the
available measurement facilities in our laboratory. However, it is known that the CdS films

without special doping are usually of n-type conductivity.1*

Figure 8.8 shows the J-V characteristic of a graphite/PbS/CdS/ITO/glass thin film solar cell.

The schematic and prototype picture of the cell prototype are shown within the J-V curve.
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The best cell prototype shows a power conversion efficiency (PCE) of 0.24%. The
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Figure 8.8 J-V characteristics of CdS/PbS solar cell under dark and illumination (AM 1.5,

100 mA/cm?). Insets show schematic and prototype picture of solar cell.

corresponding open circuit voltage (Voc), short circuit current density (Js), and fill factor
(FF) are respectively 570 mV, 1.32 mA/cm? and 0.32. Compared to Ve values currently
reported in literature for CdS/PbS thin film solar cells,!*15 our results show an evident
enhancement of Voc. On the other hand, the relatively low value of Js and FF could be due
to ohmic and recombination losses, as already observed by Hegde et al 26 The series (Rs) and
shunt (Rs) resistances are respectively 260 and 645 Q, as determined from J to V
characteristics. The low efficiency of the CdS/PbS of thin film solar cells is related to the
large value of Rs and the low value of R The first is due to ITO and window (CdS) layer.
This could be also the reason of low values of Js and FF of the cell. Nevertheless, it should
be mentioned that, for better photovoltaic properties, Rg, must be higher than Rs. A high
value of Rgh 1s also an indication that the spin-coating technique used helped us to develop a

good heterojunction free from voids, homogeneous, and having a high V.22
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8.4 Conclusions

Spin-coating deposition of PbS and CdS films from methanolic solution of M-TU complex
precursors was described in this work. XRD confirmed the formation of cubic phase PbS and
CdS layers. The PbS and CdS films were smooth and compact and presented a band gap of
respectively 1.7 and 2.5 eV. Electrical properties revealed that PbS film is p-type with an
electrical conductivity of around 0.8 S/cm. By using the developed PbS and CdS thin films,
a thin film solar cell prototype of graphite/PbS/CdS/ITO/glass was developed. This prototype
had a power conversion efficiency of around 0.24 %. Although a relatively low efficiency
due to the the large value of Ry and the low value of Ry, of the CdS/PbS thin film , this route

may useful as an alternative of CBD to deposit other metal sulphide thin films.

Acknowledgments

The authors would like to thank the Natural Sciences and Engineering Research Council of
Canada (NSERC) for financial support of this work. The authors appreciate the help of Dr.
Hamed Najari, (Department of Chemistry, Laval University) in fabrication and

measurements of solar cell devices.

8.5 References

1. N.B. Kotadiya, A.J. Kothari, D. Tiwari, T.K. Chaudhuri, Applied Physics A: Materials
Sciecne and Processing 108 (2012) 819-824.

2. R.J. Ellingson, M.C. Beard, J.C. Johnson, P. Yu, O.1. Micic, A.J. Nozik, A. Shabaev,
A.L. Efros, Nano Letters 5 (2005) 865-871.

3. J. Tang, X. Wang, L. Brzozowski, D.A.R. Barkhouse, R. Debnath, L.. Levina, E H.
Sargent, Advanced Materials 22 (2010) 1398-402.

4. JM. Luther, J. Gao, M.T. Lloyd, O.E. Semonin, M.C Beard, AJ. Nozik, Advanced
Materials 22 (2010) 3704-3707.

5. KP. Bhandari, P.J. Roland, H. Mahabaduge, N.O. Haugen, C.R. Grice, S. Jeong, T.
Dykstra, J. Gao, R.J. Ellingson, Solar Energy Materials and Solar Cells 117 (2013) 476-
482.

165



10.
11.
12.

13.

14.

15.

16.

17.

18.

19.
20.
21.
22.

166

PR. Brown, RR Lunt, N. Zhao, T.P. Osedach, D.D. Wanger, L.-Y. Chang, M.G.
Bawendi, V. Bulovi¢, Nano letters 11 (2011) 2955-2961.

K. Szendrei, W. Gomulya, M. Yarema, W. Heiss, M.A. Loi, Applied Physics Letters 97
(2010) 203501.

J. Gao, C.L. Perkins, J M. Luther, M.C. Hanna, H.-Y. Chen, O E. Semonin, A.J. Nozik,
R.J. Ellingson, M.C. Beard, Nano Letters 11 (2010) 3263-3266.

A.G. Pattantyus-Abraham, 1.J. Kramer, A R. Barkhouse, X. Wang, G. Konstantatos, R.
Debnath, L. Levina, I. Raabe , M K. Nazeeruddin, M. Gratzel, E.H. Sargent, AC'S Nano
4 (2010) 3374-3380.

H. Moreno-Garcia, M.T.S. Nair, P. K. Nair, 7hin Solid Films 519 (2011) 2287-2295.
H. Moreno-Garcia, M.T.S. Nair, P.K. Nair, 7hin Solid Films 519 (2011) 7364-7368.

N. Romeo, A. Bosio, R. Tedeschi, A. Romeo, V. Canevari, V. Solar Enrgy Materials
and Solar Cells 58 (1999) 209-218.

K.Ramanathan, M. A. Contreras, C.L. Perkins, S. Asher, F.S. Hasoon, J. Keane, Y.
David, R. Manuel, M. Wyatt, N. Rommel, W. James, A. Duda, Progress in
Photovoltaics: Research and Applications 11 (2003) 225-230.

J. Hernandez-Borja, Y.V. Vorobiev, R. Ramirez-Bon, Solar Enrgy Materials and Solar
Cells 95 (2011) 1882-1888.

A.S. Obid, M.A. Mahdi, Z. Hassan, M. Bououdina, International journal of Hydorgen
Energy 38 (2013) 807-815.

M.M. Abbas, A. Ab-M. Shehab, N-A. Hassan, A-K. Al-Samuraee, Thin Solid Films 519
(2011) 4917-4922.

J. Hiie, T. Dedova, V. Valdna, K. Muska, 7hin Solid Films 511-512 (2006) 443-447.

G. Pérez-Hernandez, J. Pantoja-Enriquez, B. Escobar-Morales, D. Martinez-Hernandez,
L.L. Diaz-Flores, C. Ricardez-Jiménez, N.R. Mathews, X. Mathew, Thin Solid Films
535 (2013) 154-157.

T K. Chaudhuri, HN. Acharya, B.B. Nayak, 7hin Solid Films 83 (1981) L169-L172.

T K. Chaudhuri, B. Pathak, Materials Letters 61 (2007) 5243-5246.

T K. Chaudhuri, D. Tiwari, Solar Enrgy Materials and Solar Cells 101 (2012) 46-50.
D. Tiwari, T K. Chaudhuri, T. Shripathi, U. Deshpande, R. Rawat, Solar Energy
Materials and Solar Cells 113 (2013) 165-170.


http://pubs.acs.org/action/doSearch?action=search&author=Levina%2C+L&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Raabe%2C+I&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Nazeeruddin%2C+M+K&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Gr%C3%A4tzel%2C+M&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Sargent%2C+E+H&qsSearchArea=author

23.
24.

25.

26.

27.
28.

29.
30.

J.W. Cheon, D .S. Talaga, J.1. Zink, Chemistry of Materials 9 (1997) 1208-1212.

J.D. Patel, F. Mighri, A. Ajji, S. Elkoun, Materials Sciences and Applications 3 (2012)
125-130.

S. Rengaraj, S. Venkataraj, S.H. Jee, Y. Kim, C-w Tai, E. Repo, A. Koistinen, A.
Ferancova, M. Sillanpaa, Langmuir 27 (2011) 352-358.

S.S. Hegde, A.G. Kunjomana, M. Prashantha, C. Kumar, K. Ramesh, 7hin Solid Films
545 (2013) 543-547.

R.H. Bube, Physical Review 99 (1955) 1105-1116.

D. Ruiz-Ledn, V. Manriquez, J. Kasaneva, R.E. Avila, Materials Research Bulletin 37
(2002) 981-989.

S K. Tripathi, A. Kumar, Journal of Electronic Materials 17 (1988) 45-51

S. Espevik, C. Wu, R H. Bube, Journal of Applied Physics 42 (1971) 3513-3529

167






Chapter 9: Fatty acid-assisted synthesis of CdS microspheres:

physicochemical properties and photocatalytic activity

Jayesh D. Patel®”, Frej Mighri®*, Abdellah Ajji® and Tapas K. Chaudhuri®

CREPEC, Chemical Engineering Department, Laval University, Quebec, QC, G1K 7P4

Canada

PCREPEC,Chemical Engineering Department, Ecole Polytechnique, C.P. 6079, Succ.
Centre- Ville Montreal, QC, H3C 3A7 Canada

‘Dr. K.C. Patel Research and Development Centre, Charotar University of Science and

Technology, Changa, Tal.-Petlad, Anand District, Gujarat 388421, India

Published in Materials Letters 110 (2013) 94-97

169






Résumé

Ce travail porte sur la syntheése de microspheres mésoporeuses (MSs) de sulfure de cadmium
(CdS) a haut rendement. La synthése a été réalisée par traitement solvothermal a 180°C du
précurseur du complexe d’oléate de cadmium (Cd-O) mélangé au thiourée (TU). Le
complexe Cd-O a subi une sulfurisation lors de la décomposition thermique du TU et a
produit des microspheres de CdS mésoporeux ayant la forme de chou-fleur et composées
de nanocristaux (NC) de CdS couverts d’acide oléique (AO) avec une taille moyenne de 1.5
um. Les MSs de CdS telles que synthétisées présentent de bonnes propriétés physico-
chimiques. En outre, ils ont une activité photocatalytique prononcée pour dégrader la
rhodamine B (RhB) en milieu aqueux. Cela suggere que les MSs CdS synthétisées peuvent
étre utilisées comme photocatalyseurs pour traiter les polluants organiques par 1’irradiation

de la lumiere visible.
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Abstract

This work deals with fatty acid-assisted high yield synthesis of cadmium sulphide (CdS)
mesoporous microspheres (MSs). The synthesis was conducted by solvothermal treatment of
thiourea (TU) mixed cadmium-oleate (Cd-O) complex precursor at 180 °C. The Cd-O
complex sulphurized upon thermal decomposition of TU and produced OA-capped CdS
nanocrystals (NCs) composed cauliflower-like mesoporous CdS MSs with an average size
of 1.5 um. The as-synthesized CdS MSs exhibit good physicochemical properties. Moreover,
the as-synthesized CdS MSs showed pronounced photocatalytic activity to degrade
thodamine B (RhB) in aqueous medium. This suggested that the as-synthesized CdS MSs

might be used as a photocatalyst to treat the organic pollutants under visible light irradiation.
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9.1 Introduction

As an important II-VI semiconductor, CdS has gained much attention due to its unique
properties and its potential applications in biological labelling, light emitting diodes, lasers,
logic gates, transistors and solar cells.!-3 It is well known that properties and applications of
the semiconducting materials significantly depend on their size and morphology. Various
studies have been devoted to synthesize a variety of CdS nanomaterials for photocatalytic
application, such as flower-like shape® microspheres,” flower-like 3D assemblies ®

mesoporous nanospheres,® dendritic hierarchical structures,! and quantum dots.!!

Anatase TiO; is the most studied photocatalyst due to its low cost, high stability and
biocompatibility.!? However, TiO2 responds to UV light only and its wide band gap limits its
practical application as photocatalyst. Therefore, an interesting task is to find an efficient
photocatalyst that can effectively degrade organic pollutants under visible light irradiation.
The photocatalyst generates reactive hydroxyl radicals, which oxidize the toxic organic
pollutants and break them into smaller fragments.!> However, high oxidative capacity and
stability are the important criteria for the semiconductor to get selected as a photocatalyst.14
Photocatalysis using nanoscale CdS material is also potentially promising strategy to solve
such environmental issues. In this strategy, nanoscale CdS photocatalyst is used to

decompose organic pollutants from the aqueous medium.6-1

Herein, a facile high yield approach is introduced to synthesize NCs composed cauliflower-
like CdS MSs via solvothermal sulphurization of Cd-O complex using TU. It is reported that
oleic acid plays an important role in the synthesis of microsphere nanostructure.! In the
solvothermal synthesis of CdS MSs reported here, oleic acid ligands cover the surfaces of
the initially formed CdS NCs; this stabilizes the CdS NCs and effectively confines their
random Brownian motions and various rotations. This results in oriented assembly of the
CdS NCs into cauliflower-like CdS MSs after 20 h. Furthermore, the as-synthesized CdS
MSs exhibit good physicochemical properties and found an efficient photocatalyst for the

degradation of RhB in aqueous medium under visible light irradiation.
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9.2 Experimental

First, Cd-O complex was prepared through thermal reaction between cadmium acetate
dihydrate (Cd (AC)2-2H20) and oleic acid (OA) in methanol. A 0.1 M of Cd (AC)2:2H20
was mixed with 0.15 M of OA and 100 mL of methanol. The mixture was then refluxed at
135°C with stirring in an oil bath using water condenser. After 1 h, 0.1 M TU was added to
the Cd-O complex solution and transferred to the Teflon lined stainless steel autoclave
(capacity of 125 mL). The Teflon lined stainless steel autoclave was treated at 180 °C for 20
h and then naturally cooled to room temperature. The obtained product with yield higher
than 90% was collected, washed several times by methanol and hot distilled water, and dried

at 50 °C for 1 h.

Powder X-ray diffraction (XRD) data of the CdS MSs was recorded on a Siemens D5000 X-
ray diffractometer, using Cu-Ka radiation (A = 1.54059 A). Scanning electron microscopy
(SEM) images were recorded with a JEOL JSM-840a scanning electron microscope. The
UV-visible absorption spectrum was recorded on Varian Cary 500 Scan UV-Vis
spectrophotometer. Photoluminescence (PL) spectrum was measured at room temperature
using Varian Cary Eclipse Fluorescence Spectrophotometer. Infrared spectra (IR) of OA and
CdS MSs were obtained using a Nicolet (Thermo Fisher) Model 380. The specific surface
area of the CdS MSs was calculated from the linear part of the Brunauer—Emmett—Teller
equation (P/P0O = 0.05-0.2). The pore diameter distribution was obtained from analysis of the

desorption branch of the isotherms using the Barrett—Joyner—Halenda model.

For photocatalytic activity evaluation, 30 mg of CdS MSs and 6 mL of freshly prepared RhB
aqueous solution (100ppm) were mixed in 24 mL distilled water. Further, the mixture was
stirred under high speed stirring in the dark for 90 minutes to establish adsorption/equilibrium
between the catalyst and the solution. The final mixture requires high speed stirring due to
hydrophobic surface of the CdS MSs photocatalyst. After 90 minutes, CdS MSs were
suspended properly under stirring in aqueous medium. Afterwards, the mixture was exposed
to the irradiation of 300 W xenon lamp for photocatalytic degradation of dye under high
speed stirring. The samples were collected at different time intervals and preserved. The

hydrophobic nature of CdS MSs helps to separate them easily from the solutions. The
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degradation of RhB was evaluated from the absorption spectrum of retrieved samples upon

separation of the CdS MSs.

9.3 Results and discussion

Figure 9.1 Powder XRD pattern (a) and SEM micrographs (b & c) of the CdS MSs.
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Figure 9.2 UV-vis (a) and PL (b) spectra of the CdS MSs.
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The XRD pattern of CdS MSs is shown in Figure 9.1(a). All of the diffraction peaks can be
readily indexed to a cubic CdS. No characteristic peaks of other impurities are observed in
this pattern, indicating the high purity of the as-synthesized product. On the other hand, the
broad peaks in XRD pattern indicate that the building blocks of CdS MSs are nanocrystalline
with small crystallite size. Figure 9.1(b & ¢) shows typical SEM micrographs of as-
synthesized CdS MSs. It is clearly seen that CdS MSs exhibit cauliflower-like shape

composed of small NCs with an average size of 1.5 um.

Figure 9.2 shows the UV-vis absorption and PL spectra of CdS MSs. The UV-vis absorption
spectrum (Figure 9.2(a)) shows that CdS MSs absorb in visible region and showing sharp
absorption age at 450 nm. The as-prepared CdS MSs exhibit strong green emissions at 580
nm upon excitation at 290 nm (Figure 9.2(b)). It also shows a weak shoulder peak at around
625 nm assigned to a shallow-trap emission. The difference in absorption and emission value

is probably due to the difference in the stoichiometric ratio of Cd/S.1

Figure 9.3 FTIR spectra (a) of the OA and CdS MSs. N2 adsorption/desorption isotherm (b)
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Figure 9.3(a) shows FTIR spectra of OA and as-synthesized CdS MSs. The FTIR spectrum
of OA shows two vibration bands at 2917 and 2850 cm !, respectively attributed to the CH»
asymmetric and symmetric stretching. The band at 2975 ¢cm ! is assigned to the stretching
vibration of C-H. For the OA, the intense peak at 1710 cm ! is due to the existence of the
C=O0 stretching and the band at 1240 cm ! is an indication of the presence of C-O stretching.
Two bands at 1460 and 936 cm™! are due to the in-plane and out-of-plane bandings of O-H.
Compared to the FTIR spectrum of pure OA, FTIR spectrum of CdS MSs don’t show any
peak at 1710 cm™!. This indicates that no free OA is present in the sample. However, two new
peaks appear at 1537 and 1410 cm™ in the FTIR spectrum of CdS MSs, which are
characteristic of Vasymmetric (COO") and vsymmetric (COO) stretching.1” The existence of these
two new peaks reveals that the OA is chemisorbed as carboxylate onto the surface of CdS
MSs. To examine the specific surface area and pore size distribution of CdS MSs, Na
adsorption-desorption isotherm measurements were performed. According to Figure 9.3(b),
CdS MSs exhibit type IV adsorption isotherm with hysteresis loop ranges P/P, = 0.4-0.9,
which is the typical characteristic of mesoporous materials.® The corresponding specific
surface area is 30m?%/g. As shown in Figure 9.3(c), the pore size distribution is 3.8 to 4.2 nm,

which agrees well with SEM characterization.
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Figure 9.4 Original degradation spectra (a) and % photodegradation (b) of RhB in the
presence of as-synthesized CdS MSs.

In order to investigate the photocatalytic activity of CdS MSs, the photodegradation of RhB
as a function of irradiation time was studied (Figure 9.4(a)). It is clear that CdS MSs exhibit

a pronounced photocatalytic activity towards photodegradation and degrade around 90% of
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RhB in aqueous medium after 180 min (Figure 9.4(b)). The concentration of dye decreased
as the irradiation time was increased (see inset of Figure 9.4(a)). The photocatalytic activity
of the CdS MSs is slower compared to previously reported CdS photocatalysts 3! It is well
known that photocatalysis is a surface reaction and photodegradation rate is depends on the
amount of dye absorb on the surface of photocatalyst. The surface of oleic acid-stabilized
CdS MSs is hydrophobic in nature, which reduces the absorption of RhB on the surface of

CdS MSs in aqueous medium and results in slow photodegradation rate.

The decolorization of dye (RhB) in aqueous suspension is initiated by the photoexcitation of
the CdS nanostructure, followed by the generation of electron-electron hole pair on the

surface of the CdS nanostructure (Eq. (9-1)).
CdS nanostructure + iv — CdS(e , +4,,) (9-1)

The high oxidative potential of the hole on the CdS nanostructure surface allows the direct

oxidation of the dye to reactive intermediates (Eq. (9-2)).
h;, + Dye — Dye™ — oxidation of dye molecule (9-2)

Another possibility is hydroxyl radical, which may have contributed in the photodegradation
reaction (Eq. (9-3)). The hydroxyl radical may generated by the decomposition of water
molecule (Eq. (9-4)) or by the reaction of the hole with hydroxyl ion (Eq. (9-5)). The
hydroxyl radical is non-selective and strong oxidant which leads to the oxidation of several

organic chemicals.

OH +Dye — Dye™ — oxidation of dye molecule (9-3)
ki, +H,0—> H' +OH" (9-4)
h, +OH — OH (9-5)

9.4 Conclusions

In summary, NCs composed cauliflower-like mesoporous CdS MSs were synthesized
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successfully through sulphurization of Cd-O complex. The as-synthesized CdS MSs has good

physicochemical properties with pronounced photocatalytic ability to degrade organic

pollutants in the waste water under visible light irradiation. Finally, this synthetic strategy

can also be useful to synthesize other metal sulphide nanostructures for different applications.
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Résumé

Le présent travail porte sur deux nanostructures de CdS différentes produites via les
décompositions solvothermale et hydrothermale du précurseur du complexe Cd-thiourée
mélangé a 1’acide aminocaproique (ACA) a 175 °C. Les deux nanostructures ont été
largement caractérisées pour leurs propriétés structurale, morphologique et optique. La
caractérisation par diffraction des rayons X a révélé que les deux nanostructures de CdS
présentent une morphologie ‘wurtzite’. La caractérisation par microscopie a balayage
électronique et par spectroscopie aux rayons X a révélé que la décomposition hydrothermale
produit des CdS sous forme de fleurs bien formées, composées de pétales a six dendrites et
que la décomposition solvothermale produit des microspheres de CdS avec une composition
a stoechiométrie chimique trés semblable. L’absorption dans ’'UV-vis et le spectre de
photoluminescence des fleurs dendritiques de CdS et des nanostructures microspheriques ont
montré que les deux nanostructures présentent une grande absorption entre 200 et 700 nm et
exhibent de fortes émissions du verta 576 et a 520 nm sous des excitations a 290 et 260 nm,
respectivement. Les caractérisations par microscopie €lectronique a transmission (TEM) et
par Brunauer-Emmett-Teller (BET) ont confirmé que les microspheres de CdS étaient
mésoporeuses et étaient composées de petits nanocristaux. Un mécanisme de croissance
possible dans la formation des nanostructures de CdS a été proposé en se basant sur
I’évolution de la morphologie en fonction du temps de la réaction. De plus, il s’est avéré que
les nanostructures de CdS ainsi synthétisées ont des activités photocatalytiques trés efficaces
pour la dégradation des teintures a base d’orange méthylique (MeQO) et de rhodamine B

(RhB).
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Abstract

The present work deals with two different CdS nanostructures produced via hydrothermal
and solvothermal decompositions of aminocaproic acid (ACA)-mixed Cd-thiourea complex
precursor at 175°C. Both nanostructures were extensively characterized for their structural,
morphological and optical properties. The powder X-ray diffraction characterization showed
that the two CdS nanostructures present a wurtzite morphology. Scanning electron
microscopy and energy-dispersive X-ray characterizations revealed that the hydrothermal
decomposition produced well-shaped CdS flowers composed of six dendritic petals, and the
solvothermal decomposition produced CdS microspheres with close stoichiometric chemical
composition. The UV-vis absorption and photoluminescence spectra of CdS dendritic
flowers and microsphere nanostructures showed that both nanostructures present a broad
absorption between 200 and 700 nm and exhibit strong green emissions at 576 and 520 nm
upon excitations at 290 nm and 260 nm, respectively. The transmission electron microscopy
(TEM) and Brunauer-Emmett-Teller (BET) characterizations confirmed that CdS
microspheres were mesoporous and were composed of small nanocrystals. A possible growth
mechanism in the formation of the CdS nanostructures was proposed based on morphology
evolution as a function of the reaction time. Furthermore, the as-synthesized CdS
nanostructures were found to exhibit highly efficient photocatalytic activities for the

degradation of methyl orange (MeO) and rhodamine B (RhB) dyes.
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10.1 Introduction

Recently, amino acid-assisted chemical route has become highly promising due to its novelty
and its environmentally friendly character for a large variety of nanomaterials. Amino acids
have unique structures with strong coordinating groups, such as amine, carboxyl, hydroxide
and thiol groups. They also have the ability to control the morphology of nanomaterials.! On
the other way, semiconductor photocatalysis is a potentially promising approach to solve
environmental issues.? In this approach, photocatalysts use solar energy to decompose
pollutants from the air and aqueous medium.3 These photocatalyst generate reactive
hydroxyl radicals, which oxidize the toxic organic pollutants and break them into smaller
fragments.%” However, the high oxidative capacity and stability are the important criteria for
the semiconductor to get selected as an efficient photocatalyst.”® Anatase titanium dioxide
(Ti02) is the most studied photocatalyst due to its low cost, high stability and
biocompatibility.? However, TiO2 responds to UV light only and its wide band gap limits its
practical application as photocatalyst. Therefore, an interesting task is to find an efficient
photocatalyst that can effectively degrade organic pollutants under visible light irradiation.
Metal oxides, like CdS sensitized TiO2, doped ZnO, MgO, Fe20s3, or SrTiO3; and metal
sulphides, like ZnS, In2S3 or SnS; are also used as a photocatalysts to degrade organic

pollutants from the waste water.1%-17

As an important [I-VI semiconductor, CdS with its large direct band gap energy of 2.4 eV at
room temperature has gained much attention due to its unique properties and its potential
applications from electronics to targeted drug delivery.!® Recently, a verity of studies have
been devoted to synthesize CdS nanomaterials with controlled size and various architectures
for photocatalytic applications, such as flower-like shape,!® microspheres,?%*! flower-like 3D
assemblies,?? lotus flower-like microflowers,?® nanowhiskers,?* nanospheres,*® quantum dots
and nanoparticles 26-31 Various amino acids were used to synthesize nanoscale CdS materials
used as photocatalysts to degrade organic pollutants from the waste water.2628 Among these
amino acids, aminocaproic acid (ACA) was used to produce size and shape controlled oxides
with organized self-assembled nanostructures.’> Qur group has recently reported a simple
solvothermal route for the synthesis of star-shaped PbS crystals with high yield using ACA-

mixed methanolic lead-thiourea (Pb-TU) complex precursor.3® This has motivated us to
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extend our work by studying the decomposition of ACA-mixed cadmium-thiourea (Cd-TU)
complex precursor via two different thermal routes. To the best of our knowledge, there is
no literature report on the two CdS nanostructures presented in this work, which were
synthesized from the single complex precursor via two different thermal decomposition
routes. As will be presented later, we were able to develop via the hydrothermal
decomposition of ACA-mixed Cd-TU complex precursor six petal CdS dendritic flowers,
which were entirely different from the previously reported flower-like CdS shapes.1?2223,34
Furthermore, the solvothermal decomposition of ACA-mixed Cd-TU complex precursor
produced nanocrystals (NCs) composed CdS microspheres, which were quite similar in shape
to our recently reported microspheres.2! A series of time dependent experiments were
performed to identify the growth mechanisms of both CdS nanostructures, which were
extensively characterized for their structural, morphological and optical properties.
Furthermore, the as-synthesized CdS nanostructures were found to exhibit highly efficient

and fast photocatalytic activities for the degradation of MeO and RhB in aqueous medium.

10.2 Experimental Section
10.2.1 Materials and synthesis

All chemicals were used as received without further purification. Cadmium acetate dihydrate
(Cd(CH3C0O0)2-2H20 or Cd(AC)2:2H20, >98.0%), thiourea (CS(NH2)2 or TU, 99.0%),
aminocaproic acid (HOOCCsHioNH2, ACA, 70%), methyl orange and rhodamine B were
purchased from Sigma-Aldrich. Methanol and ethanol were purchased from Fisher

chemicals, Canada.

Aqueous and methanolic Cd-TU complex solutions were prepared as follows: first,
Cd(CH3COO)2'2H20 (0.05 mmol, 1,33 g) and TU (0.05 mmol, 0.380 g) were dissolved one
by one in 100 mL of distilled water and 100 mL of methanol to obtain clear aqueous and
methanolic Cd-TU complex solutions. Further, ACA (0.1 mmol, 1.31 g) was added to these
solutions under magnetic stirring at room temperature to obtain final clear precursor
solutions. After 1 h of stirring, these precursor solutions were transferred to Teflon lined
stainless steel autoclaves (capacity of 125 mL). The aqueous and methanolic precursors were

respectively treated at 175 °C for 40 h and 10 h then naturally cooled to room temperature.
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The obtained products were filtered out, washed several times by hot distilled water and

ethanol, and dried at 50 °C for 1 h.

10.2.2 Characterization

Powder X-ray diffraction (XRD) data of the CdS nanostructures were recorded on a Siemens
D5000 X-ray diffractometer, using Cu-Ko radiation (A = 1.54059 A). Scanning electron
microscopy (SEM) images and energy-dispersive X-ray (EDX) analysis were recorded with
a JEOL, JSM-840a and JEOL JSM-6360/LV scanning electron microscopes. Transmission
electron microscopy (TEM) images of the solvothermally synthesized CdS nanostructure
were recorded at 120 kV with JEOL JEM 1230 electron microscope. The UV-visible
absorption spectra were recorded on Varian Cary 500 Scan UV-Vis spectrophotometer. The
energy band gaps (Eg) of the nanostructures were determined from the following Tauc

relation:
(ahv) ~hv—Eg

Photoluminescence (PL) spectra were measured at room temperature using Varian Cary
Eclipse Fluorescence Spectrophotometer. Infrared spectra (IR) of ACA and CdS
nanostructures were obtained using a Nicolet (Thermo Fisher) Model 380 FTIR with an
attenuated total reflectance (ATR) sampling device (model Smart Performer) with a ZnSe

I with 10 scans

crystal. The IR spectra were collected within the range of 650 to 4000 cm™
per spectrum. The specific surface area of the solvothermally synthesized CdS nanostructure
was calculated from the linear part of the Brunauer-Emmett—Teller equation (P/PO = 0.05—
0.2). The pore diameter distribution was obtained from analysis of the desorption branch of

the isotherms using the Barrett—Joyner—Halenda model.

10.2.3 Photocatalytic activity measurement

For photocatalytic activity evaluation, 50 mg of CdS nanostructures were suspended in 24
mL distill water individually. Further, 6 mL of freshly prepared MeO or RhB aqueous
solution (100ppm) added in the suspension and stirred in the dark for 1 h to establish an
adsorption/desorption equilibrium. Afterwards, the suspension was exposed to the irradiation

of 300 W xenon lamp for photocatalytic degradation of dyes under stirring. The samples were
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collected at different time intervals and preserved. The degradation of MeO and RhB were
evaluated by centrifuging the retrieved samples and recording the intensities of absorption

peaks of MeO (463 nm) and RhB (554 nm) relative to their initial intensities.

10.3 Results and Discussion

10.3.1 Structure and morphology characterization
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Figure 10.1 Powder XRD patterns of the hydrothermally and solvothermally developed CdS

dendritic flower and mesoporous microsphere nanostructures.

The XRD patterns of both CdS nanostructures are shown in Figure 10.1. All of the diffraction
peaks can be readily indexed to a hexagonal wurtzite-structured CdS. No characteristic peaks
of other impurities are observed in these patterns, indicating the high purity of the synthesized
products. The sharp and intense diffraction peaks of the hydrothermally synthesized CdS
nanostructure is a good indication of its high crystallinity, the strong (002) diffraction peak
is supposed to be due to the growth of wurtzite-structured CdS along the [001] direction.®
On the other hand, the weak and broad peaks of the solvothermally synthesized CdS

nanostructure is an indication of its low crystallinity and small crystallite size.

192



Figure 10.2 SEM images of synthesized CdS dendritic flower (a) and mesoporous

microsphere (b) nanostructures.

200 nm

Figure 10.3 TEM images taken on the surface (a) and after ultrasonic treatment of CdS

mesoporous microspheres (b).

Figure 10.2 shows typical SEM micrographs of both CdS nanostructures prepared by
hydrothermal and solvothermal decomposition routes. It is clearly seen that the
hydrothermally synthesized CdS nanostructure exhibits flower-like architecture composed
by six dendritic petals with sizes varying between 7 to 12 um (image a). As shown in image
b, the solvothermal decomposition of ACA-mixed Cd-TU complex precursor produced
microspheres with diameters varying between 0.5 and 1.5 pm. The high magnification SEM
image (inset of image b) reveals that CdS microspheres are composed of small NCs. The

TEM image shown Figure 10.3 (a) was taken on the surface of microsphere. It also shows a
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self-assembly of NCs in the form of a porous network, which is in good agreement with the
SEM observation. To have an idea about the structure inside microspheres, the latter were
cracked by ultrasonic treatment in a water bath for 1 h. As seen in Figure 10.3 (b), their inner

structure 1s composed of small blocks of NCs.
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Figure 10.4 EDX spectra of CdS dendritic flower (a) and mesoporous microsphere (b)

nanostructures.

Elemental analysis of both CdS dendritic flower and microsphere nanostructures was
performed by EDX (Figure 10.4). The EDX analysis confirmed that there are no elements,
other than Cd and S, were present in both samples. EDX spectra of both samples display
cadmium Lal (3.16 keV), LB1 (3.37 keV) and LP2 (3.56 keV) peaks and sulphur Kal (2.30
keV) peak. The other peaks corresponding to C, Au and Pd are due to the stud and sample
metallization before SEM examination. EDX analysis of CdS dendritic flower and
microsphere nanostructures suggest that the stoichiometry of Cd/S is approximately 1.27 and
1.08, respectively. The stoichiometry values for both synthesized nanostructures are near the
standard stoichiometry of bulk CdS, suggesting that they both have a closely stoichiometric

composition.
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10.3.2 Growth mechanism

To investigate the growth mechanism of both CdS nanostructures, time dependent
hydrothermal and solvothermal treatments were performed and the corresponding CdS

nanostructures were collected and characterized by SEM at different stages.

Hydrothermal reaction

Figure 10.5 The evolution of CdS dendritic flower morphology at different hydrothermal
reaction times. (a) 0.5 h (b) 3 h, (¢) 10 h, (d) 20 h, (¢) 30 h and (f) 40 h.

After 0.5 h of hydrothermal treatment, irregular CdS nanospheres were obtained, as shown

in Figure 10.5 (image a). Further growth of these nanospheres produced lotus-like
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microflowers after 3 h (image b). A similar type of lotus flower-like CdS microflowers was
synthesized by Sahoo et al.?® via solvothermal decomposition of morpholine-4-carbdithioate
complex of Cd at 180°C. After 10 h of hydrothermal treatment, lotus flower-like
superstructure slowly started then rapidly converted to dendritic flower-like nanostructure
(image c). As shown in images d and e, the conversion rate of the flower-like superstructure
to six petal dendritic flowers increased with increasing the reaction time from 20 to 30 h.
Finally, after 40 h, the flower-like CdS superstructures were fully converted to well-shaped

dendritic flowers, as shown in image f.

Solvothermal reaction

Figure 10.6 The evolution of CdS mesoporous microsphere morphology at different

solvothermal reaction times. (a) 0.5 h, (b) 3 h, (¢) 6 h, and (d) 10 h.

After 0.5 h of solvothermal treatment, NCs composed irregular CdS nanospheres of 50 to
100 nm in diameter were obtained, as shown in Figure 10.6 (image a). With increasing the
reaction time, the size of CdS nanospheres increased from nanometer to micrometer range,

as shown in images b and c of Figure 10.6. After 10 h, the average size of CdS microspheres
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was around 1.5 um (image d) and no further significant change was observed with increasing

the reaction time over 10 h.

CdS dendritic flower

Growth Growth Growth
Cd{NH,),CS + ACA
s oaarnsal n— — Cm— fm—
CdS nuclei CdS nanospheres Flower-like CdS CdS dendritic
superstructure flowers

CANH,1,CS + ACA Growth Self-assembly Growth
+
Sohcthermal ) [ —_— —a
CdS nuclei Cds Cds CdS mesoporous
nanocrystals nanospheres microspheres

Scheme 10.1 Possible growth mechanisms for the production of CdS nanostructures.

Based on both time dependent hydrothermal and solvothermal reactions, the possible reaction
mechanisms are schematically illustrated in Scheme 10.1. By mixing aqueous or methanolic
solutions of Cd(AC)2:2H20 and TU at room temperature, a stable Cd-TU complex is
produced. TU may act not only as the coordinate agent or sulphur source, but also as a soft
template for arranging CdS nucleus to form a dendritic nanostructure.3® In Cd-TU complex,
TU coordinated to Cd through the S atom, and forming tetrahedral or destroyed tetrahedral
coordination in the structure of Cd(SC(NH2)2)2(CH3COO)> complex.¥” Thermal
decomposition of Cd-TU complex leads to the formation of CdS nanoparticles or

nanostructures through the following reaction’®;
CA(SC(NH,),),(CH,CO0), —2>CdS + NH, +HCNS + CH,COCH, + CH,CO  (10-1)

In hydrothermal reaction, at certain temperature and reaction time, the tetrahedral Cd-TU

complex becomes weaker and slowly releases Cd'2. On the other hand, C=S bonds of
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thiourea are attracted by the nucleophilic oxygen atoms of water molecules,
leading to the weakening of the C=S double bonds. The latter will
then be broken and S anion will be developed slowly then reacts with Cd-TU complex to
form CdS nuclei. This stage is followed by crystal growth process. The final nanostructures
are then capped by the amino head groups of ACA biomolecule. The fresh CdS nuclei are
thermodynamically unstable because of their high surface energy, so they prefer to aggregate
together to minimize the interfacial energy leading to many agglomerates. It is known that
no dendrites could form if most of the S are consumed at the nucleation stage due to rapid
releasing of S-2.3¢ The slow release of reaction ions, especially S2 leads to a favored growth
along the [001] direction of the rod-like structure 3® Moreover, during the growth process, the
amino acid biomolecule may be selectively absorbed on certain facets of CdS seeds,
therefore, the growth rate is generally faster along the c-axis [001] direction for the highly
anisotropic wurtzite CdS structure.3* In the present work, CdS dendrite grows along the [001]
direction, and each array branch grows along the [110] direction, keeping the angle of the
trunk and branches at 60°. However, the CdS nanostructure prefers to grow along the [001]
direction rather than [110] direction due to its high surface energy. This makes the branch
growth direction of the CdS dendrites adjusted from the onset growth direction [110] to the
normal growth direction [001]3° During the adjustment, the organic molecules that
selectively adhere to a particular crystal face determine the conversion step of the branches.
The adherence of ACA and its degree of interaction with Cd"? decide the angle of branches
to the central trunk during the adjustment procedure. Staking faults at the connection sports
are formed from the short tubers rotating from the onset growth direction to the preferential

c-axis direction gradually 363

In the solvothermal process, the decomposition of thiourea was very fast and most of the S
ions were consumed at the nucleation stage. The initially formed Cd*? and S react and form
CdS nuclei. The fresh CdS nuclei gradually crystallized and ACA molecule was
simultaneously bounded to the surface atoms of CdS and formed ACA -stabilized CdS NCs.
Finally, during the building of microspheres, the ACA-stabilized CdS NCs were self-

assembled homogeneously to form microspheres.
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10.3.3 Optical, FTIR and BET measurement
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Figure 10.7 Absorption and PL spectra of CdS dendritic flower (a & b) and mesoporous
microsphere (¢ & d) nanostructures. Insets of absorption spectra (a & ¢) show their respective

band gap plots.

Figure 10.7 shows the UV-vis absorption and PL spectra of CdS dendritic flower and
microsphere nanostructures. The UV-vis absorption spectra (Figure 10.7a & 10.7¢) show
that both nanostructures present a broad absorption between 200 to 700 nm. The fundamental
absorption, which corresponds to the electron excitation from valance to conduction bands,
was used to determine the nature and the value of the optical band gap using the Tauc relation.
As shown in the insets of Figure 10.7a and 10.7¢, the band gaps of CdS dendritic flower and
microsphere nanostructures were around 2.75, and 3 eV, respectively. The slow increase in
Tauc plots indicates that the building blocks of both nanostructures are polydispersed in size.
The as-prepared CdS dendritic flower and microsphere nanostructures exhibit strong green

emissions at 576 and 520 nm upon excitations at 290 nm and 260 nm, respectively (Figure
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10.7b and 10.7d). The difference in band gap and PL emission values for both nanostructures
are probably due to the difference in the stoichiometric ratio of Cd/S for both

nanostructures.*?

~— CdS Dendritic flowers
— CdS Mesoporous microspheres
—— ACA

Transmittance (%)
Z
2 N

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Figure 10.8 FTIR spectra of ACA and CdS nanostructures.

To investigate the interaction between ACA and CdS nanostructures, FTIR spectra of pure
ACA and CdS nanostructures were measured. The corresponding results, presented in Figure
10.8, show bands at 2877 cm™ and 2975 cm™ due to C-H stretching vibrations of methylene
groups of the ACA carbon chain for pure ACA and both CdS nanostructures. The two bands
at 1380 cm™ and 3050 cm™! are respectively due to C-N and N-H stretching modes of ACA
molecules. These bands also exist in the FTIR spectrum of both CdS nanostructures at around
the same positions, which indicates the binding of amino (-NH2) groups to the CdS surface
through nitrogen lone pair. The two bands at 1530 cm™ and 1545 cm™ in the FTIR spectrum
of ACA are attributed to the symmetric and asymmetric stretching vibrations of
uncoordinated -COQO" terminal groups of ACA. The spectra of both CdS nanostructures also
show two bands at the same wavenumbers, which proves that only amino (-NHz) groups of
ACA molecules were bounded on the CdS surface and the free carboxylic (-COOH) groups
were oriented outward. Finally, the broad band between 3300 cm™ and 3600 c¢m™ for both

CdS nanostructures is due to the presence of adsorbed water.

200



60

- i BeT= mmig —e— Adsorption
=3 po™ s —o— Desorption
o 018, % P
5 E 3,004 | '~
‘8 40 1 ~5:1:: 1 \
g |- L M|
8 1 Pore Width (am)
o
< 20
o
£
2 10 1
0
>
0

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Figure 10.9 Nitrogen adsorption/desorption isotherm of CdS mesoporous microspheres. The

inset presents the corresponding BJH pore size distribution curve.

To examine the specific surface area (SSA) and pore size distribution of CdS microspheres,
N2 adsorption-desorption isotherm measurements were performed and the corresponding
results are shown in Figure 10.9. According to the IUPAC classification, the measured
isotherm is considered as a type IV isotherm, which is the typical characteristic of
mesoporous materials. ! As shown by the inset of the figure, the average pore size is around
3.8 nm, which agrees well with SEM characterization. The corresponding specific surface

area is 39 m?/g indicates the high active reaction sites available for the organic dyes.
10.3.4 Photocatalytic performances
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Figure 10.10 Typical blank data of MeO and RhB dyes (without photocatalysts).

201



05 0,30

a 20 min b —— 20 min
04 54 40 min 0,25 4 — 40 min
- S 60 min o 60 min
3 \ — 80 min 3 020 : —— 80 min
> 08 —— 100 min | T & 100 min
I w
c c
2 &
= =
300 400 500 600 700 300 400 500 600 700

Wavelenght (nm) Wavelenght (nm)

Figure 10.11 UV-visible spectra after photodegradation reactions of MeO with CdS

dendritic flower (a), and mesoporous microsphere (b) nanostructures inside.
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Figure 10.12 UV-visible spectra after photodegradation reactions of RhB with CdS dendritic

flower (a), and mesoporous microsphere (b) nanostructures inside.

In order to investigate the photocatalytic activities of both synthesized CdS nanostructures in
present of MeO and RhB dyes, the photodegradation of MeO and RhB as a function of
irradiation time was studied. We have first checked the UV-visible spectroscopy on our blank
dyes (Figure 10.10) and then the degradation spectra of photo degradation reactions (Figure
10.11 and 10.12). It is clear that both CdS nanostructures exhibit a pronounced and fast
photocatalytic activity towards the MeO and RhB degradation. The concentration of dyes
decreased as the irradiation time was increased. The efficiencies of photocatalysts at different
time intervals are calculated from following formula (Eq. (10-2)) and plots are shown in

Figure 10.13.
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Figure 10.13 Photodegradation of MeO and RhB in presence of CdS dendritic flower (a)

and mesoporous microsphere (b) nanostructures under visible light irradiation.
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Figure 10.14 First order plots of photocatalytic degradation under visible light irradiation
of MeO and RhB by CdS dendritic flower (a), and mesoporous microsphere (b)
nanostructures.

Table 10.1 Photodegradation after 100 min of visible light irradiation of MeO and RhB dyes
using the as-synthesized CdS dendritic flower and mesoporous microsphere nanostructures

as photocatalysts.

Photocatalyst MeO RhB
Degradation kapp (min™) Degradation kg (min™)
CdS Dendritic flowers 93% 0.026 99% 0.043
CdS Mesoporous microspheres 97% 0.018 96% 0.012
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Degradation(%) = (C, - Cp,.,)/C, (10-2)

The photodegradation kinetic of both dyes follows the following pseudo-first-order reaction

equation:

k. =In (C,/C)/t (10-3)

app

where ks, (min™) is the apparent degradation rate constant, and Cy and C; represent
respectively the initial dye concentration and the concentration measured at any time 7 (min)
of photo irradiation. The values of 4., of photocatalytic reactions were calculated from the
slope of the first order reaction plots presented in Figure 10.14 and the corresponding results
are summarized in Table 10.1, which also presents the % of MeO and RhB degradation after
100 min. As shown in the Table 10.1, after 100 min of photodegradation, both CdS
nanostructures show better and fast photodegradation ability compared to previously reported
CdS photocatalysts for MeO and RhB.1%21-2224+2 CdS dendritic flower and microsphere
nanostructures degrade 93% and 97% of MeQO, respectively. Like MeO, the degradation of
RhB also takes place effectively in the presence of both CdS nanostructures, which degrade
RhB up to 99% (by dendritic flowers) and 96% (by microspheres). The decolorization of
both dyes (MeO and RhB) in aqueous suspensions are initiated by the photoexcitation of the
CdS nanostructre, followed by the generation of electron-electron hole pair on the surface of

the CdS nanostructure (Eq. (10-4)).
CdS nanostructure + v — CdS(e,, +4,,) (10-4)

The high oxidative potential of the hole on the CdS nanostructure surface allows the direct

oxidation of the dye to reactive intermediates (Eq. (10-5)).
h, +Dye — Dye" — oxidation of dye molecule (10-5)

Another possibility is hydroxyl radical, which may have contributed in the photodegradation
reaction (Eq. (10-6)). The hydroxyl radical may generated by the decomposition of water
molecule (Eq. (10-7)) or by the reaction of the hole with hydroxyl ion (Eq. (10-8)). The
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hydroxyl radical is non-selective and strong oxidant, which leads to the oxidation of several

organic chemicals.#?

OH'+ Dye — Dye™ — oxidation of dye molecule (10-6)
h, +H,0—> H +OH (10-7)
h, +OH — OH (10-8)

It is well known that photocatalysis is a surface reaction and depends on the active surface
area available for the reaction. The as-synthesized CdS dendritic flower and microsphere
nanostructures have large surface area, which may help to enhanced photodegradation rate
of dyes and therefore, we can conclude that both CdS nanostructures have a good potential

use as photocatalysts to treat the organic dyes in the waste water.

10.4 Conclusions

Two different CdS nanostructures were synthesized from the single complex precursor via
two different thermal decomposition routes. The hydrothermal decomposition of ACA-
mixed Cd-TU complex precursor produced six petal CdS dendritic flowers, while the
solvothermal decomposition of the same precursor produced CdS nanocrystals composed of
CdS microspheres. For both nanosctructures, useful information on crystal growth and
intermediate morphology was obtained by performing a series of time dependent
experiments. Both CdS nanostructures exhibited good structural, morphological and optical
properties, and fast photocatalytic activities for the degradation of MeO and RhB in aqueous

medium.
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Chapter 11: Conclusion and Prospects

11.1 General conclusions

In this thesis, we developed simple synthetic routes for preparing metal chalcogenide
nanomaterials and thin films using metal-organic complex precursors. The use of the
developed nanocrystals, nanostructures and thin films in solar cells and in photocatalytic

degradation of organic dyes in aqueous medium has been evaluated.

The obtained results presented in chapter 4 illustrated the effect of different precipitation
techniques on the decomposition of methanolic Pb-TU complex precursor into PbS
nanomaterials. The decomposition of Pb-TU complex under different conditions played an
important role in the preparation of PbS nanomaterials of various sizes and shapes. The
solvothermal decomposition of amino acid-mixed methanolic Pb-TU complex precursor
resulted in PbS nanostructures. In chapter 5, we presented results on high yield solvothermal
synthesis of star-shaped PbS crystals using and environmentally friendly ACA-mixed
methanolic Pb-TU complex precursor. In chapter 11, we presented the solvothermal and
hydrothermal routes for the preparation of CdS nanostructures using amino acid-mixed Cd-
TU complex precursor. The hydrothermal decomposition of amino acid-mixed Cd-TU
complex precursor produced six petal CdS dendritic flowers, while the solvothermal
decomposition of the same precursor produced CdS NCs composed of CdS MSs. Both CdS
nanostructures exhibited good physicochemical properties, and fast photocatalytic

degradation of MeO and RhB in aqueous medium.

Like M-TU, M-O complex precursors are also advantageous in controlled synthesis of metal
sulphide and selenide nanomaterials. In chapter 6, a generalized chemical route for the
preparation of OA-capped metal sulphide NCs of CdS, ZnS and PbS using M-O complex
precursors was presented in details. Sulphurization of M-O complex precursors at a relatively
low temperature helped to produce highly stable metal sulphide NCs due to the presence OA
chemisorbed as a carboxylate on the surface of metal sulphide NCs. It was shown that M-O
complex precursors were useful to prepare metal selenide NCs but they required high boiling
point non-polar solvent and prolonged the reaction time. In chapter 7, we presented results

on high yield synthesis of OA-capped CdSe NCs using Cd-O complex and selenium powder
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in 1,24 trichlorobenzene. It was shown that surface treatments of the as-synthesized CdSe
NCs with pyridine and t-BA were very effective to replace long chain OA ligands. For the
BH]J devices prepared with treated CdSe NCs, highly improved photovoltaic performance
was observed compared to the device prepared with untreated CdSe NCs, which presented
very poor photovoltaic parameters, particularly a very low PCE (0.0013%). The best
performance improvement was obtained with t-BA treated CdSe NCs, especially in terms of
cell short-circuit current density and power current efficiency that jumped from 0.016t02.16

mA/cm?

and from 0.0013 to 0.24%, respectively. The improvement in photovoltaic
performances was due to the increase of electron mobility in the P3HT:CdSe NCs blends
after surface treatment of CdSe NCs. As revealed in chapter 9, surfactant-mixed M-O
complex precursor was also useful to synthesize metal sulphide nanostructures. Solvothermal
decomposition of thiourea-mixed Cd-O complex precursor produced NCs composed of
cauliflower-like CdS MSs. The as-synthesized CdS MSs had good physicochemical

properties with pronounced ability to degrade RhB in aqueous medium.

Results of chapter 8 described the spin-coating deposition of PbS and CdS films from
methanolic solution of M-TU complex precursors. The resulted PbS and CdS films presented
good structural, optical and photovoltaic properties. This route could be useful as an

alternative of CBD to deposit other metal sulphide thin films.

11.2 Prospects

There are several directions that can be further pursued in the future:

1. Study of other M-TU complex precursors to see if a single precursor can be useful to
synthesize metal sulphide nanomaterials of different sizes and morphologies via

different routes.

2. Test of mild solvothermal and hydrothermal routes by using different surfactant-
mixed M-TU complex precursors to obtaine metal sulphide nanomaterials of different

sizes and morphologies.

3. Synthesize different metal selenide NCs using M-O complex precursors.
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Study the effect of different surface treatments on photovoltaic performance of the

polymers: CdSe NCs blends in BHJ solar cells.

Studies on spin-coating deposition and properties of different metal sulphide (like

ZnS, CulnS;, CZTS etc) thin films from their metal-thiourea complex precursors.

. Itis also very interesting to study the effect of chemical doping on PbS and CdS films

to improve their performance in thin film solar cell
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