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Abstract

This thesis presents a fine insight into many aspects of nanostructures and their applications in
photocatalysis. Au/Ag — Cadmium sulfide (CdS) nanostructures viz., nanospheres, nanorods and
nanowires of different dimensions have been synthesized to investigate the effect of size, shape,
nature and spatial orientations of co-catalyst onto the change in photophysical, (absorbance,
photoluminescence, relaxation lifetimes) and photocatalytic properties to achieve the best

information in CdS nanostructures. The present thesis is divided into eight chapters:

Chapter 1: Introduction

The first chapter introduces the brief aspects and literature survey on semiconductor
nanostructures with photocatalysis as an application point of view. Specific attention has been
paid on cadmium sulfide (CdS) vis-a-vis their structure, morphology, their heterocomposites with

coinage metals.

Chapter 2: Synthesis and Experimental Techniques

The second chapter gives a brief description of various techniques used for synthesis and
characterize pure and Au/Ag-CdS nanocomposites. CdS nanostructures of different
morphologies viz.; nanospheres, nanorods and nanowires have been synthesized by reverse
micelles method, solvothermal and anodic alumina membrane (AAM) template techniques.
Coinage metals were introduced onto CdS surface by means of in-situ deposition,
photodeposition, impregnation and doping techniques.

To understand the potential of CdS nanostructures, a deeper knowledge of their overall
properties is required. Therefore, the synthesized materials have been characterized by UV-vis,
Diffused absorbance, Photoluminescence and Time resolved spectroscopy, Scanning electron
microscope (SEM), Field emission-electron microscope (FE-SEM), Low resolution (TEM) and
High resolution (HRTEM) Transmission microscope, BET surface analyzer, X-ray diffraction
study. Electrical properties (resistance, current, voltage and conductance) were studied by
current-voltage (IV) characteristics curves. Photochemical reactions were tested under both UV
and direct sunlight irradiations. Products and intermediates have been identified by UV
spectroscopy, High performance liquid chromatography (HPLC), Gas chromatography-Mass
spectroscope (GC-MS) and Gas chromatography (GC) measurements.



Chapter 3: Enhanced Photocatalytic Activity of Coinage Metal-Cadmium Sulfide Nanorod
Composites under Sun Light Irradiation

It deals with the influence of size, shape and nature of co-catalyst, pH and concentration of
solution, catalyst amount, and light intensity for optimum photooxidation of salicylic acid (0.5
mM) by CdS nanostructures. The bare CdS nanorod exhibited higher photoactivity as compared
to low activity of bare CdS (~10 nm) nanosphere and Au & Ag photodeposition highly improved
the CdS nanorod photoactivity compared with Cu deposition. The fluorescence emission of CdS
nanorod at 479 nm is also quenched due to metals deposition. It is observed that Au-CdS-
nanorod composites completely degrade salicylic acid within 2 h of sun light exposure. The
significant effect of Au-CdS photocatalytic activity on the various sizes (3.5 & 2 nm) of Au
deposits has been observed during salicylic acid photodegradation.

Chapter 4: Fine-tuning the Photoluminescence and Photocatalytic Properties of CdS
Nanorods of Varying Dimensions

The effect of aspect ratio, crystallinity, band gap energy, surface area and Au/Ag loading on the
various photoactive properties of CdS nanostructures have been discussed here. CdS nanorods
having different aspect ratio viz., 17 (length ~170 nm and width ~10 nm) and 28 (length ~140
nm and width ~5 nm) has been synthesized by solvothermal technique at different time intervals
(2-10 h). The photocatalytic activity for salicylic acid oxidation under UV irradiation is
gradually improved with the increasing crystallinity of CdS nanostructures, length (140 < 170
nm), exposed area (2358 < 5722 nm?) per particle and decreasing surface area (158 < 122 < 76
m?g™), surface to volume ratio (0.82 < 0.41 nm™) and aspect ratio (28 < 17). The deposition of
1-2 wt% Au (~3.5 nm) and Ag (~1.8 nm) nanoparticles onto CdS drastically quenched the
emission and enhanced the photocatalytic activity.

Chapter 5: Study of Excited Charge Carrier’s Lifetime for the Observed
Photoluminescence and Photocatalytic Activity of CdS Nanostructures of Different Shapes
This chapter demonstrates the influence of the relaxation time of photoexcited charge species on
the photoluminescence and photocatalytic activity for oxidation—reduction reactions by CdS
nanostructures of different dimensions. CdS nanospheres (size ~10 nm) and different aspect
ratio (17 and 23) CdS nanorods have been prepared by two different techniques. CdS nanorods
formed by autoclaving is found to be more lengthy, wider (length ~170 nm and width ~10 nm)
and having better crystallinity than CdS nanorods (length ~126 nm and width ~5.5 nm) prepared

by refluxing under similar conditions. Relaxation lifetime of photoexcited electron—hole pairs is



measured to be 20, 24 and 116 ps for CdS nanosphere, shorter and longer CdS nanorod,
respectively, seems to be responsible for the observed fluctuation in photoluminescence and
photocatalytic activity. The photooxidation rate of salicylic acid (0.5 mM) and photoreduction of
p-nitrophenol (0.2 mM) are significantly improved with increasing dimensions of CdS nanorods
despite having a comparable surface area (81 and 76 m? g %) and CdS nanospheres (18 m? g %)
exhibit poor photocatalysis. The better delocalization of charge species along the radial as well
as longitudinal dimensions of CdS nanorods, higher crystallinity and delayed recombination time
facilitate electrons or holes for active participation in the photoinduced reactions, and Au
deposition always displayed superior photoactivity.

Chapter 6: Highly Enhanced Photocatalytic Activity of Au Nanorod-CdS Nanorod
Heterocomposites

This chapter signifies the importance of different shapes of Au and CdS-nanoparticles for
fabricating Au-CdS heterocomposites {prepared by mixing or impregnation of Au-nanosphere
(9.1 nm), Au-nanorod (20 nm x 8.6 nm; L x W), CdS-nanosphere (10-12 nm) and CdS-nanorod
(126 nm x 5.5 nm)} onto the photoluminescence and photocatalytic study. Second derivative
absorption spectra’s exhibit precise onset at 441 nm (CdS-nanosphere) and 469.5 nm (CdS-
nanorod) that are significantly red-shifted to 509 nm (Au-nanosphere—CdS-nanosphere), 485 nm
(Au-nanosphere-CdS-nanorod), 520 nm (Au-nanorod-CdS-nanosphere) and 485.5 nm (Au-
nanorod—CdS-nanorod) depending upon interfacial contact-area. XRD patterns reveal the
hexagonal phase of pure and Au—-CdS nanocomposites. Photoluminescence of CdS nanorods has
been effectively inhibited by modifying its surface with Au-nanoparticles (0.002-0.04 wt%).
Relaxation lifetime of photoexcited charge-carriers found to be improved ca. 12.5 us for Au-
nanosphere—CdS-nanorod and 34 ps for Au-nanorod-CdS-nanorod due to effective charge
transfer Kinetics at the interface, in contrast to prompt charge-recombination (2.7 ps) in CdS.
Under UV light (10.4 mW/cm?) irradiation, Au-nanorod—CdS-nanorod exhibits the best
photocatalytic activity for the oxidation of salicylic acid (86%, k =9 x 10 min*) and reduction
of p-nitrophenol to p-aminophenol (53%) as a function of improved stability and better current—
voltage (I-V) characteristics suitable for rapid charge transfer process during photoreaction.
Chapter 7: Woollen Bun like CdS Microspheres Wrapped with Lengthy Nanowires Exhibit
Superior Photoactivity for Dye Degradation Under Sunlight

This chapter deals with the synthesis of woollen buns like CdS microspheres (2-5 um) wrapped

by lengthy, broader and crystalline hexagonal CdS nanowires (8—10 um x 50-80 nm; L x W) via

Vi



anodic alumina membrane to achieve the best photoactivity for the decomposition of rhodamine
B (50 pM) and methylene blue (20 uM) dyes under sunlight (50 mWcm™) irradiation in
comparison to CdS nanospheres {cubic (~12 nm) and hexagonal (~15 nm) phase} and nanorods
(170 nm x 10 nm). Higher crystallinity, least surface defects, better charge separation as evident
from longer relaxation lifetime (3.6 ns) of photoexcited electron—hole pairs seems to be the cause
for its outstanding performance and maximum (>80%) photoluminescence quenching. The
largest surface area (1.42 pm?), more surface exposed CdS molecules (2.5 x 10° and higher dye
coverage (4.9 x 10°) per-CdS nanowire led to the drastic improvement in the photoactivity.
Many intermediate products and a linear increase in CO, production are quantified during
rhodamine B degradation by CdS nanowires under different time periods of solar exposure.
Chapter 8: Preparation of Coinage Metal Doped CdS Nanorods for Highly Improved
Photocatalytic Oxidation and Reduction Processes

This chapter introduce the doping of Au, Ag and Cu into CdS hexagonal nanorods with different
mol ratio of metal/Cd** {M,Cd,S (x = 0, 0.01, 0.02, 0.03, 0.05, 0.1)} by a facile solvothermal
method. Results show that absorption and photoemission spectra of CdS exhibit a significant red-
shift (506—532 nm) with luminescence quenching over 80% by varying the content and nature of
dopant. Distortion in hexagonal crystal structure of CdS has been interestingly observed due to
lattice mismatching of introduced coinage metal ions. The rate of photooxidation of
salicyldehyde and photoreduction of nitroaromatics was remarkably influenced by the nature and
concentration of doping metal. Many important parameters such as surface area, current-voltage
characteristics, lattice distortion, magnetic properties, and crystallite size are correlated with

photocatalytic properties.
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Chapter 1: Introduction

1.1. Photocatalysis

The influential brief note on the electrochemical photolysis of water into H, and O, using
titanium dioxide (TiO) as a semiconductor (SC) published by Fujishima and Honda [1] in
1972 initiate the development of semiconductor photocatalysis for a wide range of
environmental and energy applications. Followed soon, a series of studies [2,3] were initiated
to dispute on ideal TiO, in terms of its nature and the site at which the reaction occurs. In
1984, for the very first time, Serpone et al. showed [4-6] that the combination of two
semiconductors such as CdS and TiO;, led to a remarkable improvement in charge separation
through interparticle electron transfer (IPET) pathway. Breakthrough of the 1990°s studies by
O’Regan and Graetzel in photosensitizing TiO, with a dye to produce electrical power, bring
revolution in this area [7]. Thereafter, consistent efforts have been employed with pros and
cons to develop visible light sensitive semiconductors or push the absorption onset of pristine
TiO; toward longer wavelengths by surface modification with metal (M) and non-metal
nanoparticles (NPs) [8-15].

Photocatalysis, light of energy greater than or equal to the band gap (the energy
difference between the VB and the CB) of a semiconductor, excites an electron (e”) from the
valence band to the conduction band (CB) by leaving a positive hole (h*) in the valence band
(VB). These photogenerated charge carriers either can recombine on the surface (or in the
bulk) of the particle in a fraction of seconds or capture in the surface states where they can
react with donor or acceptor species to initiate various oxidation- reduction reactions.
Mechanism of photocatalysis
Valence band positive holes can oxidize water molecules present at the surface to produce

*OH radicals, which consequently oxidize organic species to CO, and H,0.

hv .
SC =———> SC (¢"¢g T h'yg) =™ Recombination

SC (h'yp) + H,0O —— OH'+H'
OH’ + substrate ——> H,O + CO,

1



Conduction band electrons can be rapidly trapped by molecular oxygen adsorbed on the
semiconductor particle, and as a result, superoxide radicals (O*") are formed which may

further react with H to generate hydroperoxyl radical (*OOH).

SC (e yy) + Oyt HY —> SC+ HO," =2 SC + O, + I
0,”+H" — *O0H

*OOH +*O0H — H,0,+ 0,

H,0,+ SC (¢7yg) —» OH'+ OH"

p— 0,
e B i N % 9]
z L TR ‘
2 || E =
: | = '
= | \+/ g_ 1
+ h (=] =+ v
-P.-Y.---.,’ VB _l_l _______ h_ +/, Ht + OH
SC r ?
o/
@ )
g o
i N
e- e- \ e- e- e- e- e- .
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Fig. 1. Schematic illustration of charge-separation in various bare and M-SC nanocomposites.

Recently, it has been observed that the fate of optoelectronic, photophysical and
photochemical properties of SC particle has been drastically changed by their size-, shape-
and surface modifications with metal nanoparticles. The charge transfer at the bare SC and
M-SC interface as a function of their geometrical modifications are presented in four cases

(namely; case I, case II, case III, case IV) in Fig. 1.



Case I: First generation photocatalyst

In conventional photocatalysis, metal oxide (say TiO,) semiconductor NP’s were mainly
investigated with a view of its nature of oxidative agent and the reaction sites [16-18]. But,
instant recombination of photogenerated charge carriers and only absorb in the UV region
was the major limitation in such type of single component semiconductor photocatalysis as it
dilute the overall quantum efficiency [19-21]. During the recombination period, the excited
electron reverts to the valence band without reacting with adsorbed species and dissipating
the energy as light or heat. Several strategies have been adopted to sort out this problem, and
improving the photocatalytic efficiency of single component material as either by
morphological modifications, such as increasing surface area and porosity.

Case I1: Metal-semiconductor heterocomposites

Low quantum efficiencies due to fast recombination of excited e/h" pairs and lack of
satisfactory visible light response in a single component system give a strong thrust in the
direction of M-SC heterocomposites [22-24]. Metal-semiconductor (M-SC) interface
provides a unique pathway for capture, storage and discharges of photogenerated electrons
[25-27]. In actual, metal in contact with semiconductor serves as a reservoir of
photoelectrons, thus improving the interface charge-transfer process, which helps in retarding
the recombination of photoexcited e /h* pairs [28,29]. When the work function of M is more
than SC, there is a barrier formed at their interface, called the Schottky barrier and electrons
will flow from SC to M until Fermi levels of M and SC are energetically aligned at the same
level [30]. Choice of metal is done on the basis of their reduction potential, so that the metals
which have lower reduction potential than SC photocatalyst are preferred, as more and more
electrons get transferred to the metal and further to the reacting species. In this respect,
spherical metal-semiconductor nano/ micro composites were mainly investigated to study
their optical properties.

Case I11: Importance of elongated nanostructures

It is well known that the CB and VB positions of a given SC are noted to vary depending on
the size of particles. If the size is enough small, e.g., in the range of a few nanometers, it
result in size quantization effect, smaller the size is the higher and lower is the positions of

CB and VB, respectively, and hence the larger is the energy gap between the CB and VB.

3



Similarly, it is also well known that the Fermi energy of M-NPs changes with size and shifts
to the negative direction with decreasing NPs size [29]. Hence, the charge transfer process by
Fermi energy equilibrium at the M-SC interface is size and shape dependent as a function of
their spatial arrangements.

Much emphasis has been done very recently to study various one dimensional (1D)
elongated SC nanostructures, such as Nano— rods, wires, tubes, towers etc. [31-34]. Compared
to spherical NP’s, elongated morphologies of semiconductor have a higher potential due to
higher photon absorption cross sections, controlled porosity, restrain aspect ratio, superior
delocalization, higher relaxation lifetime and polarized light absorption scattering & emissions
[31,35,36]. These 1D nanostructures, especially nanorods (NR) that are located between 0D
quantum dots (QDs) to 1D nanowires (NW) found to be most suitable geometry in terms of the
quantum confinement in radial or longitudinal direction due to limiting nanoscale dimensions,
the superior delocalization of the charge carriers which reduces the e/h* overlap and exposed
surface area of the NR that increases the probability for surface trapping. Furthermore
continuous efforts are employed in the direction of making suitable geometry of spherical (M)
nanoparticles — (SC) nanorod for drastic improvement in charge separation.

Case IV: Importance of metal — semiconductor interface

Difficulty in stabilization of small particles of monodisperse size by the use of conventional

procedures often led to the aggregation of particles into large ones, which obscures their

size-dependent photocatalytic activity. Time to time, different strategies have been adapted to

control over their particles size and shape. Very interestingly, limited control over the size,

shape and their distribution has been overcome by a simple ex-situ approach, where the NPs

with different shapes are synthesized first, purified and deposited over the SC surface [37]. By

considering different geometries with different orientation of M-SC nanocomposites, M-NR —

SC-NR (rod-rod combination) supposed to have additional benefits owing to:

1. Double charge rectification - First, the 1D geometry leads to a fast and long-distance
electron transport and which is supposed to rectify further by M-NR particle.

2. Extend the scope of charge transfer through a larger contact area of the interface,
developed by NR-NR.

3. The light absorption and scattering can be obviously enhanced because of the high
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length-to-diameter ratio of the elongated structure, which can be further improved by
depositing metal with different shape.
A large number of metal oxides and sulfides have been examined as photocatalyst for a
variety of applications. The major obstacle to progress in the development of a photocatalyst
has been fulfilled by the following conditions;
» Band gap narrower than 3 eV for optimum absorption of light.
» Band edge potentials suitable for redox reactions.
» Stability during the overall photocatalytic reaction.
Absorption in the UV light (A < 380 nm; approximately 3-4% of the solar radiation energy)
and fast recombination of photoexcited charge carriers (e7h*) in the wide band gap metal
oxides (Eq > 3 eV, TiO,, WO3 and ZnO etc.) impair their applications to a greater extent
[20,21]. In contrary, metal chalcogenides, especially, CdS emerge to be suitable material due
to suitable band gap energies that are sufficiently low to permit absorption of visible light
and having appropriate conduction and valence band positions for reduction and oxidation
reactions.
1.1.1. CdS as a Photocatalyst and its crystallography
The direct band gap of CdS (bulk band gap 2.42 eV), simple tailoring of structures,
anisotropic growth, visible light-driven sensitivity and suitable band edge positions gives it
much more importance over others. Due to its suitable oxidation potential (+2.0 eV vs NHE),
it is usually used for the wastewater treatment and decolourization and mineralization of
dyes. It is also known to be one of the most potential photocatalyst because of their high
reduction potential over Nitro group (-0.5 V). The conduction band position relative at
negative potential (-0.4 eV) offer CdS excellent photocatalytic activities for the
photoreduction of H* to H, and NO, to NH, [38,39]. Energy band positions of CdS in
comparison to commonly used semiconducting materials, including the conduction and
valence band positions, and the various parameters of the noble metals are given in Fig. 2.
Nevertheless, the photocatalytic efficiency of CdS is seriously restricted by the
immediate recombination of e/h” pairs and its photocorrosion during the reaction, which
resulted from itself oxidization by holes [39,40]. To shed light out this problem, elongated
CdS nanostructures have been studied with the benefits of the extendable delocalization of
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charge carriers, which prevents immediate charge recombination, contrary to nanospheres
(NS) and secondly various metal NPs such as Au, Ag, Pt, Mn, Ni and Zn were deposited/
doped in the CdS-NPs to prevent the accumulation of charge [41-46]. In contrast to other
metals, fascinating resonant behavior exhibited by Au, Ag and Cu after interacting with UV
and visible light photons, stability, and size-, shape, Fermi level equilibration and
composition dependent plasmonic interactions with solar spectrum [47-52] make them a

promising candidate (act as antennae) for integrated with CdS.
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Fig. 2. Energy band positions of common semiconducting materials and Fermi energy, work
functions and reduction potential of the noble metals.

CdS have two kinds of structures, namely, the zinc blende crystal structure (cubic) and
the wurtzite structure (hexagonal) as shown in Fig. 3. The stacking sequence of the
close-packed planes of zinc blende is represented by the ABCABCABC repeating pattern,
while that of wurtzite is represented by the ABABAB repeating pattern. The cadmium and
sulfur atoms are four coordinate in both of these forms. The lattice constants and angles in
the cubic and hexagonal systemarca=b=c,a=f=y=90°anda=b#c,a=p=90° y=

120° respectively.



| e -
c = i ;

o? S % lej®e e
QO """"""""" jiifQO [ °.e
C\)Q """"" O O s

a\o&aﬁ() Q&a\) ________ O g4

Hexagonal (Wurtzite) Cubic (Zinc blende)
() Cd atoms - S atoms

Fig. 3. Hexagonal and cubic crystallographic structure of CdS.

1.2. Introduction to Nanomaterials

The word ‘Nano’is to a Greek prefix meaning dwarf or something very small and depicts
one billionth (10°) of a unit. Nanomaterials, therefore, refers to the class of materials
having at least one of its dimension in the nanoscale (1—100 nm).

1.2.1. Classification of nanostructured materials

Nanomaterials can be classified into four types according to their dimensionality

(morphology & composition); 0D, 1D, 2D and 3D as shown below in Fig. 4.

y

3D 2D 1D _ 0D

Fig. 4. Schematic diagram of classification of nanostructures.



1.2.2. Quantum confinement effect

Quantum concepts generally refer to energy levels, bandgaps, and conduction and valence
band positions. Nanoclusters are comprised of a number of atoms and atoms have their well
known atomic orbital’s. Each of N atoms contributes with its atomic states to a band so that,
although the width of a band increases slightly when more atoms are added, the density of
states (DOS) within a band is basically proportional to the number of atoms. Size
quantization of SC particles will lead to the change in the position of CB and VB to higher

and lower values, respectively which result in widening of the band gap (Fig. 5).

Conduction
band

Valence
band

Bﬁlk [ > Nano

Decreasing particle size

Fig. 5. Change in band gap and the density of states as the number of atoms in a system
decreases.

1.3. Literature survey
Cadmium sulfide (CdS), a direct wide band gap semiconductor, found to be of special
concern and investigated regarding of its synthesis and applications in a variety of

disciplines.



Li et al. have successfully reported the controlled synthesis of CdS nanocrystals (NC) by
controlling the reaction conditions such as reaction temperature, precursor concentration
monomer linkage [53]. Kar et al. have discussed [54] the single crystalline CdS nanoribbons
(width 200-400 nm and length few hundred micrometers) with a hexagonal wurtzite phase
that have been achieved by thermal evaporation of CdS powder on Si wafers. Several
techniques such as electrochemical deposition template method [55], hydrothermal [56],
solvothermal [57], CVD-template assisted [58], thermal evaporation process [59] have been
employed for the growth of CdS nanostructures; nanowires, nanorods, nanotubes, nanobelts,
nanoribbons etc.

Time resolved emission studies of Ag-adenine-templated CdS (Ag/CdS) nanohybrids were
investigated by the Yang group in detailed [60]. The observed changes in fluorescence
behavior in terms of intensity, lifetime and spectral shift are nicely discussed by considering
electronic interaction between Ag and CdS phases. Makori et al. attempted to selectively
grow the Au-NC onto the CdS surface to avoid the growth of metal clusters over the entire
rod, with less selectivity for the tips. Matchstick, dumbbell and double dumbbell like
fascinating morphologies of Au-CdS has been successfully optimized by this group [61,62].
Au growth on the CdS nanorods by thermal and light induced routes has been reported by
Uri Banin group for the observed change in photoluminescence [63].

Photo-catalytic H, production activity of CdS nanorods was tested and compared with
bulk CdS, calcined CdS, noble metal (0.2% Pt) loaded CdS by Janet et al. Surface area, pore
volume and band gap were correlated to justify the observed change [38]. Growth mechanism
and optical properties of CdS nanostructures as a function of reaction time and surfactants
(cationic and anionic) were studied by Pandey et al. They have found that size of CdS-NPs
increased with an increase in reaction time, and a dramatic shape conversion from spherical to
triangular, star-shaped, and geodesic spheres has evolved on prolongation of reaction time
[65].

Reduction of nitrobenzene to azoxybenzene [39] yield (28%) by CdS-NPs was increased
up to 68% by Rh loaded core-shell structure of CdS nanocomposites. It was found that
nitrosobenzene was the main product without loading of Rh metal. H. Yang et al. nicely
reported [66] the solution phase synthesis of CdS nanorods and Au nanocrystals of ~ 2 nm in
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diameter were grown on the CdS surface in the presence of NaBH,. The deposition of Au-NC
on the CdS nanorods resulted in a dramatic quenching of luminescence. Khon et al. scrutinized
the nature of exciton-Plasmon interactions in Au-tipped CdS nanorods and observed that
strongly coupled systems promote mixing of electronic states at semiconductor-metal domain
interfaces, which causes a significant suppression of both Plasmon and exciton excitations of
carriers [67].

The satisfactory information on the benefits of nanorods over nanospheres as a function of
the increased delocalization of charge carriers along the length and their large surface area has
been nicely given by Sitt et al [36]. A thin layer of silica was successfully coated (1-1.3 nm)
over the CdS-NR surface [39,68] to improve its stability and activity for a long term, as CdS
undergo photo dissolute under UV light irradiation. Similarly, doping of Ni, Zn [44,45] into
CdS was investigated for facilitates electron/hole pair separation and to prevent its
photocorrosion.

1.4. Motivation of Thesis

From the critical literature review it has been found that most of the work is done regarding the
synthesis of Au and CdS nanostructures of different shape and sizes. Up to this date, much
effort has been employed to elucidate the growth mechanism, optical, structural, fluorescence
emission properties to achieve the best information on CdS and Au-CdS nanostructures. It has

been concluded that:

» Mainly optical and structural properties of CdS-NR were studied, but very few reports on
their size and shape dependent photo-oxidation and reduction reactions.

» The correlation of the photoluminescence and photoactivity of CdS as a function of their
tunable aspect ratios, surface and structural parameters, defects has not been considered.

» Au/CdS nanocomposites are mainly investigated for growth mechanism, interactions, and
their photoluminescence properties, but their impact onto the controlled photoredox
reactions is rarely observed.

» Spherical Au-NPs were mainly investigated over the CdS surface, but impact of other
asymmetric arrangements of Au-CdS nanostructures for the overall change in

optoelectronic and photochemical properties are never discussed.
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Out of four possible combinations i.e., sphere (M) — sphere (SC), sphere (M) — rod (SC), rod
(M) —sphere (SC) and rod (SC) — rod (M) for the metal (M) — semiconductor (SC) alignments,
only first two nanostructures has been studied in the literature. To the best of our knowledge
there is no report about the other two alignments and their optical and photocatalytic
properties. Therefore, it should be very interesting to align or assemble this size and shape
dependent heterocomposites and study their optical absorption, fluorescence emission and

photocatalytic redox reactions.

1.5. Objectives
Keeping in view the above points, the following objectives have been designed.
[1] Synthesis of Au/Ag and CdS nanoparticles of different sizes and shapes.
[2] To study and characterize alignment of Au/Ag nanoparticles on CdS nanostructures.
[3] To investigate the photocatalytic activity of M-SC composites for the photodegradation of

phenol/salicylic acid and photoreduction of nitroaromatics.
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Chapter 2: Synthesis and Experimental Techniques

2.1. Materials
(1) Cadmium sulfide precursors
1) Cadmium nitrate tetrahydrate (Cd(NO3),.4H,0)
2) Cadmium chloride (CdCly)
3) Cadmium acetate (Cd(CH3COO),. 2H,0)
4) Sodium sulfide (Na,S.9H,0)
5) Thiourea (SC(NH,),)
(1) Solvents used for the catalyst preparations
1) Ethylenediamine (H,NCH,CH,;NH,)
2) Heptane (C7H1g)
3) Toluene (C;Hg)
(111)Materials used for the catalysts washing process
1) Ethanol (C;Hs0OH)
2) Methanol (CH30H)
3) Acetone (C3HgO)
4) Milli-Q water with conductivity 35 mho cm ™ at 25°C
(1V) Materials/solvents used in photodeposition techniques
1) Hydrogen tetrachloroaurate (111) hydrate (HAuCl4.xH,0)
2) Silver nitrate (AgNO3)
3) Cupric nitrate (CuNO3.4H,0)
4) Isopropanol (C3H;OH)
5) Milli-Q water
(V) Surfactants used
1) Cetyltrimethylammonium bromide (CTAB)
2) Sodium di(2-ethylhexyl)sulfosuccinate (AOT)
(VI) Silica precursors used
1) Tetraethoxysilane (TEOS)
2) 3-mercaptopropyltrimethoxysilane (MPTMS)
(VII) Reducing agents used
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1) Sodium borohydride (NaBHy)
2) Ascorbic acid (CgHgOg)
(V1) Filterss/membranes used during washing/preparation conditions
1) Anodic alumina membrane (AAM) of approximately 50 nm in pore size
2) Cellulose of 0.22 um pore size
(IX) Model organic compounds/pollutants
1) Salicylic acid (CgH4(OH)COOH)
2) Rhodamine B (C2sH3:CIN,O3)
3) Methylene Blue (C16H1sN3SCI)
4) Salicyldehyde (C;HsO,)
5) p-nitrophenol (CgHsNO3)
6) p-aminophenol (C¢H;NO)
7) m-dinitrobenzene (C¢H4N207)
8) m-nitroaniline (CgHgN20,)
9) m-phenylenediamine (C¢HsgN,)
10) p- nitrobenzaldehyde (C7TH5NO3)
(X) Solvents used in HPLC
1) Water (H,0)
2) Methanol (CH3;0H)
3) Acetonitrile (C2H3N)
(XI) Materials used in solar cells
1) TiO, (P25, Degussa)
2) Acetyl acetone
3) Fluoride-doped tin dioxide (SnO,:FTO)
4) Triton —X 100
5) Ruthenium-polypyridine dye
6) Chloroplatinic acid hexahydrate (H,PtClg)
7) lodide electrolyte solution
(XI1) Purging sources for inert atmosphere
1) Nitrogen
2) Argon

16


http://en.wikipedia.org/wiki/M-Phenylenediamine
http://en.wikipedia.org/wiki/Tin_dioxide
http://en.wikipedia.org/wiki/Ruthenium
http://en.wikipedia.org/wiki/Pyridine
http://en.wikipedia.org/wiki/Dye
http://en.wikipedia.org/wiki/Iodide

X111) Additional solvents used

1) Nitric acid (HNO3)

2) Sodium hydroxide (NaOH)

3) Ammonium hydroxide (NH,OH)
Most of the chemicals were purchased from Loba Chemicals and Sigma Aldrich and used
without any further purification.
2.2. Methods for the preparation of bare CdS and metal-CdS nanostructures
2.2.1 Synthesis of CdS nanospheres
Cadmium sulfide (CdS) nanospheres (CdS-NS) with cubic phase have been synthesized by a
reverse micelle [1] method: Typically 1.3 ml (1.0 M) aqueous solution of Cd (NO3),.4H,0 and
Na,S.9H,0 was added separately to 200 ml of heptane solution containing 14 g of sodium di(2-
ethylhexyl)-sulfosuccinate (AOT) and 5.7 ml of water. After that each of solution was stirred for
1h, and mixed together with homogeneous stirring, which resulted in the formation of yellow
colored suspension. Then resulting solution was centrifuged, and washed with distilled water and
methanol repeatedly to get rid of the extra surfactant. The final product was dried in an oven at
50 "C.
CdS-NS with hexagonal phase has been prepared (chapter 1, ref. 65) as; A solution of cadmium
acetate (5 mmol; 1.33 g in 50 ml) was prepared. To an aqueous solution of thiourea (20 mmol;
1.52 g in 100 ml), an aqueous solution of NaOH was added to make it (pH = 9.5) alkaline and
added to above Cd (I1) solution. Surfactant CTAB (1mmol; 0.365 g in 20 ml DI water) was
added to the resulting mixture in order to control the particles growth. The reaction mixture was
refluxed on a water bath for 0.5 h at 90 'C in constant supply of water cooling. As obtained final
product was centrifuged, washed with distilled water and methanol repeatedly and dried in an
oven at 50 ‘C.
2.2.2 Synthesis of CdS nanorods of different aspect ratios
CdS nanorods (CdS-NR) of a different aspect ratio were successfully synthesized by phase
growth solution method [2]. Typically, mixture of cadmium nitrate (0.888 g) and thiourea (0.438
g) and ethylenediamine (72 ml) were put into Teflon-lined stainless steel autoclave of 80 ml
capacity and treated at 120 ‘C for different time periods i.e., 2, 6 and 10 h to get the desired
product (namely CdS-2h, CdS-6h and CdS-10h). Similarly, CdS-NR with different dimensions

was prepared by refluxing of corresponding salts in ethylenediamine under the similar
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conditions. The reaction was cooled to room temperature and yellow precipitates were washed

repeatedly with methanol and DI water and dried in oven at 50 °C

a2t
/NH2 ,NH, -
CH, “\_‘ & fliH
Cd .
o s Lo | s+ = cds
2 7 ~ /
™ NH, NHJ

____________________ o
................... >
~ 2h
g :> Growth Stage
Cd (NO;),.4H,0 2 e
+ NHE—CHE—CHE—NHZ :> _J ¢ Snm
+ NHE_CS_NHZ 120 °C 10 h 140 nm
=) ) $100m
>
170 nm

Fig. 1. Proposed reaction mechanism for the growth of CdS nanorods

Mechanism of CdS nanorods growth: The ethylenediamine nonagueous solvent plays an
important role in controlling the nucleation growth of CdS nanorod [3,4]. Initially, solvent
molecule may act as a bidentate ligand to form a very stable Cd?* complex (Fig. 1). The stability of
the Cd?*- en complex is believed to be decrease with the increase of the temperature above 120 "C.
At some high temperature, sulfur may coordinated to the above complex to form a one
dimensional CdS-NR.

2.2.3 Synthesis of one dimensional (1 D) CdS nanowires

Two compartment cells were used for the synthesis of CdS nanowires (NW) and the alumina
anodic membrane (AAM) of 50 nm fixed pore size was placed in between them [5] as shown in
Fig. 2. An aqueous solutions of 50 ml CdCl, (0.01 M) with a few drops of 0.01M NH4OH and 0.01
M Na,S was allowed to diffuse for 2 h at room temperature. The template was finally removed by
dissolving in 1 N NaOH solution, and the resulting sample was then washed several times with

distilled water.
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Fig. 2. Schematic illustration of two compartments cell for the template assisted synthesis of
CdS nanowires.

2.2.4. Deposition of Au, Ag and Cu nanoparticles onto CdS nanorods

Photodeposition: As prepared 50 mg of CdS powder was suspended in 5 ml of an aqueous solution
of isopropanol (50 vol%) in a test tube. An aqueous solution of metal salt (HAuCl, .xH,O or
AgNO; or Cu (NOs3),) was injected (255 pl corresponds to 1 wt%) into above test tube. Test tube

was sealed with a rubber septum and purged under argon (Ar) atmosphere for 15-20 min to remove

| p
- 3
&%"“.deS powder -5 Metal deposited

CdS

Reaction conditions: Metal salt (0.01 M); 50% isopropanol solution; 15 min inert

atmosphere; UV light exposure for 2 h

Fig. 3. Schematic illustration of photodeposition technique.



any traces of oxygen (Fig. 3). Resulting solution was photoirradiated by UV light (125 W Hg arc-
10.4 mW/cm?) under magnetic stirring for 2 h. The metal was reduced by photogenerated electrons
on CdS surface. The resultant powder was washed repeatedly with distilled water and ethanol then
dried in oven at 80 °C for 30 min.

In-situ deposition: A solution of HAuCl, (depending upon wt%) in 10 ml of ethylenediamine was
added to the solution containing the CdS-NR, and stirred for 15 min at room temperature. This
solution was added to 20 ml of distilled water, which contain 0.9 mg of NaBH, and the immediately
mixture turned dark gray which indicating that Au nanocrystals had formed. CdS nanocrystals were
collected by centrifugation and washed with distilled water.

2.2.5. Preparation of silica coated CdS (SiO,@CdS) nanorods

As synthesized CdS-NR were dispersed thoroughly in 250 ml toluene under constant stirring.
Then, MPTMS (100-150 pl) was added to above solution to modify the CdS surface, followed
by TEOS (0.7 mM) addition to increase the thickness of silica shell as reported (chapter 1, ref.
68) elsewhere. The solution was refluxed at 80 "C for 2 h and meanwhile hydrolysis was carried
out by drop wise addition of water, resulting in precipitation of SiO,@CdS. Finally, sample was
dried out by repeatedly washing with methanol.

2.2.6. Doping of Au**, Ag* and Cu?" into CdS-NR

Cd (NO3).4H,0 and corresponding metal salt (total sum of 0.4 mmol) and thiourea (0.8 mmol)
dissolved in 10 ml of ethylenediamine and stirred for 2 h. The mixture was transferred into
autoclave, which was maintained at 120 "C for fixed 10 h. Thus obtained product was repeatedly
washed with DI water and ethanol and dried to get metal doped CdS powder.

2.2.7. Synthesis of Au nanoparticles of different shapes

The Au nanoparticles of different sizes and shapes were synthesized by seed-mediated approach.
For the synthesis of Au nanospheres, Au seeds [6] were first prepared by adding 250 pl (0.01 M)
HAuUCIl, to 9.5 ml (0.1 M) cetyltrimethylammonium bromide (CTAB), followed by reduction
with 600 pl (0.01 M) NaBH, solution under magnetic stirring for 2 min. The growth solution
was prepared by treating a mixture of 500 pl (0.01 M) HAuCl,4, 9.5 ml (0.1 M) CTAB and 75 pl
(0.01 M) AgNOs3 with 55 pl ascorbic acid (0.1 M). Then, 12 pl of above Au seed solution was

introduced into the growth solution.
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Au nanorod has been synthesized [7] by the same seed approach method at 70 ‘C. The Au
nanoparticles were repeatedly washed with deionized water under four cycles of centrifugation at
8500 rpm for 10 min and then used for photocatalytic reactions.

2.2.8. Synthesis of spatial alignment of Au-CdS nanostructures

Direct assembly: Specific amount of Au NPs (10 pl) and CdS NPs (10 mg) having spherical as well
as rod-like shape were mixed together with homogeneous stirring at room temperature to get
desired product.

Impregnation: 10 pl of Au and 10 mg of CdS— NPs were dissolved in 2-3 ml of water, and the
resulting solution was stirred for 2 h. Immediate after that solution was evaporated to dryness and
was sintered at 200 °C for additional 2 h to get the desired product.

2.2.9. Au** doped CdS/ TiO, solar cells preparation

Commercial available TiO, (350 mg; P25, Degussa) is mixed with 2 ml water, acetyl acetone (2
drops) and finally grind with mortar pestle for half an hour. TiO, paste is then spread on fluorine
doped tin oxide (FTO) coated glass substrates using doctor blade method [8]. The film is annealed
at 450 °C for 30 minutes in air. 5% Au®*" doped CdS (or pure CdS) powder (150 mg) is mixed with
2 ml water, acetyl acetone (2 drops) and 1 drop of Triton —X 100 and finally grind with mortar
pestle for half an hour. The prepared paste of CdS sample is deposited on the TiO, substrate and
annealed at 200 °C for 30 minutes. After sintering, the Au**-CdS/TiO, films are immersed in 0.3
mM of ruthenium dye solution for overnight.

The platinum coated counter electrode is prepared by dispersing a drop of 5 mM
chloroplatinic acid hexahydrate (H,PtClg) in isopropyl alcohol on separate FTO substrate and
calcinating it at 450 °C for 15 min. A liquid electrolyte with redox couple I /I3 is sandwiched
between both electrodes. A thin coating of parafilm is used as a spacer to avoid short circuiting
between these two electrodes. A binder clip is fixed externally to maintain the mechanical grip of

the cell without any further sealing, which finalized the assembly of the DSSC.

2.3. Characterization: Sophisticated instrumental techniques had been carried out to characterize
nanomaterials and nanostructures to get an idea of their size, shape, crystal character, crystallite
size, lattice constants, defects and surface area etc.

2.3.1 UV-vis spectrophotometer
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UV-vis absorption is a very first method to acquire information about the size and the band gap of
NPs, which is founded on the principle of absorption of light with suitable energy by sample
molecules, which result in the promotion of an electron to a higher energy level. Analysis has been
done on Analytikjena Specord 205 instrument by taking 1mg/ ml sample powder in aqueous or
acetone dispersion of the sample in 3.5 ml quartz cuvette within the range of 190—1100 nm.
Bandgap calculations of as prepared samples were done by using Tauc equation [9,10],
ohv = A(hv - Eg)"

where a is the absorption coefficient of the material, which represents the absorption ability of a
material for a certain wavelength; h is the Planck constant; v is the frequency of light; A is a
constant, which depends on temperature, photo energy and phonon energy; Eq is the band gap; the
exponent n is a characteristic of the type of electrons transition process (n = 1/2 for a direct allowed
transition & n = 2 for an indirect allowed transition process). As CdS is direct band gap
semiconductor, hence the band gap was determined by extrapolating the linear portion of the plot of
(0th)2 versus hv.

2.3.2 UV-vis diffuse reflectance Spectrophotometer

Diffuse reflectance occurs when the surface reflects light in many different directions, giving the
surface a dull finish. The absorbance of solid powder was carried on Avantes Diffuse reflectance
spectrophotometer. Sample (2-5 mg) was taken on a glass slide and and the light source probe was
placed over the sample to record its absorbance/ reflectance spectra by using BaSOy, as a reference.
2.3.3 Photoluminescence (PL) measurement

Photoluminescence technique deals with the transitions from the excited state to the ground state,
complementary to UV-vis spectroscopy. Perkin-Elmer LS55 spectrofluorimeter was used to study
the possible defect and emission in as-synthesized materials. For PL analysis, 1mg/ml acetone
dispersion of as-prepared samples were photoexcited at 380 nm by using a slit width of 2.5: 5 with
an average scan rate of 4 times.

2.3.4 Time resolved spectroscopy

Time resolved spectroscopy is the study of dynamic processes in materials. Tektronix TDS 1012
oscilloscope was used to record fluorescence decay curves by preparing a thick paste of CdS
powder (~50 mg) with a few drops of acetone to make it as a solid mass. Thereafter, stub having
solid mass was suspended vertically for laser pulsation (excited at 490 nm) and an average lifetime

was recorded and calculated using following equation [11,12];
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2.3.5 Scanning electron microscopy (SEM)
JSM-7600F (0.1-30 kV) SEM instrument was used for surface morphology analysis of sample by
treated powder with ultrathin coating of electrically conducting Au material, which was deposited
on the sample by low-vacuum sputter coating. After that, conducting material was mounted rigidly
on a specimen holder called a specimen stub for surface analysis.
2.3.6 Energy Dispersive X-ray (EDX) spectrophotometer
EDX analysis was carried on JEOL JSM-6510LB. At least three analyses at different spots
were performed for each sample in order to obtain an average value.
2.3.7 Transmission electron microscopy (TEM)
The specimens were prepared by depositing a drop of a dilute methanol or ethanol dispersion of
nanoparticles on carbon-coated copper grids and allowing the solvent to evaporate rapidly. Low
magnification TEM (Hitachi 7500 model) was performed at operating voltages of 20-200 kV with
2.4 A’ resolutions and High Magnification-TEM (HR-TEM) was carried at with resolution 2 A’
operating at voltage 120 kV on JEOL, JEM 2100.
2.3.8 X-ray diffraction analysis
Structural and phase identification was carried out with Cu-Ka (k = 1.54060 A°) radiation operated
at 45 kV within the range of 10-90° on PANalytical X’Pert PRO. XRD samples were prepared by
grinding dried CdS powder in a pestle and mortar to form fine powders. The average size of the
particles was calculated using the Scherrer’s equation [13];
L = kAP cos O,
where L is the average particle size, k is a constant of 0.9, A is the wavelength of X-ray (1.5418 A°),
B is the Full-Widths at Half-maximum (FWHM) of the (hkl) diffraction peak and 0 is the Bragg
angle.
2.3.9 Surface Area Analysis
BET surface area analysis was carried out in order to measure the surface area of the solids. The
analysis of the porous surface was carried out by N, adsorption/desorption techniques at 77 K.
Adsorption isotherms were determined using a Smartsorb 92/93 instrument where 100 mg of
samples are regenerated at 150 °C for 1 h.

2.3.10 Current-voltage (I-V) characteristic
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I-V measurements were carried out using an 8 point-probe measuring box positioned within a
hermetically sealed device holder KEITHLEY source meter, 4200-SCS, attached to ZYVEX
S100 Nanomanipulator.

2.3.11 High Performance Liquid chromatography (HPLC) was carried out by using Agilent,
1120 Compact LC technologies with C-18 column (250 mm x 4.5 mm). The mobile phase used
for the analysis was methanol and water in ratio of 65:35 and 70:30 with a flow rate of 1 ml/min at
220 and 254 nm wavelengths for the detection of p-nitrophenol and m-dinitrobenzene reduction
products, respectively.

2.3.12 Gas chromatography-mass spectroscopy (GC-MS) was carried out on Shimadzu, GC-2010
and GC-MS-QP 2010 plus with RTX-5Sil-MS column (30 mm x 0.25 mm x 0.25 um) to confirm
the products/intermediates. As obtained aqueous solution of substrate after final UV-light exposure
was centrifuged, filtered through cellulose filter (0.22 um) and then extracted three times with
dichloromethane. Residue thus obtained was re-dissolved in methanol. Helium was used as a carrier
gas with a flow of 1ml/min through capillary column. Injector was maintained at 240 "C. Oven was
programmed at 60 'C to 300 'C @ 6 C/min rise of temperature.

2.3.13 Gas chromatography (GC)

The CO; evolution was determined by injecting 1 ml of the gaseous mixture from the reaction vessel
into the gas chromatography using Propak-Q column, NUCON-5765 (30 mm x 0.32 mm x 12.00
um) with nitrogen as carrier gas (30 ml/min) and Thermal Conductivity Detector (TCD). Column
oven was maintained at 40 'C while injector and detector were at 70 and 80 "C, respectively.

2.3.14. Magnetic susceptibility is determined by Goy’s method by packing the (dry) sample
carefully into the glass tubes having sample length in the range 2.0 - 3.0 cm. Add the sample to the
tube in small amounts, tapping the base of the tube on the wooden bench a number of times between
additions to shake the solid down and ensure even packing. After that, mass (m) and length (L) of

the sample was recorded and magnetic susceptibility.

2.4. Photocatalytic reaction setups

2.4.1. Photocatalytic reactor with Hg (UV) light source

It is composed of a UV light source (125 W) of low pressure mercury vapor lamp that emit mainly
at 254 nm. Low-pressure lamps normally operate at temperature range from 40-50 'C and emit two

wavelengths at 253.7 nm and 184.9 nm. The emission at 185 nm is of no use, as it is absorbed by
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the quartz which surrounds the lamp; therefore the only interesting line emission is 253.7 nm and
for this cause these lamps are consider to be monochromatic.

The Hg lamp (125 W; intensity 10.4 mW/cm?) connected to power cords was set inside a water-
jacketed quartz tube as shown in Fig. 4. A continuous flow of cold water was circulating in this
outer jacket to make sure it cool over the longer time. Maximum 5 ml of reaction sample was
taken in 15 ml capacity test tube that is placed at a distance of 2-3 cm from light source under
magnetic stirrer for homogeneous stirring. The distance between magnetic stirrer and lamp was
minimized to get optimum flux. The whole set up was placed in a wooden box to prevent the UV

exposure as a safety purpose.

Voltage supply
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Wateroutlet - — «— Waterinlet

Test tube
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!
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Fig. 4. Pictorial design of the UV photochemical reactor.

2.4.2. Sunlight as a visible light source

The experiment was carried out by homogeneous stirring of 10 ml of substrate solution in a 25 ml
capacity beaker (exposed area = 12.56 cm?) with 20 mg catalyst. The whole setup was placed
under the direct exposure of sunlight at the terrace between 12.00 pm — 4.00 pm times. Sunlight
intensity (flux) was measured by using Lux meter. The reaction samples are analysed with UV-

visible spectrophotometer for different time intervals.

25


http://en.wikipedia.org/wiki/Mercury_lamp

Sun

Beaker ----- >

Magnetic
Stirrer

Fig. 4. Pictorial design of experimental
setup under direct sunlight.
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Chapter 3: Enhanced Photocatalytic Activity of Coinage
Metal-Cadmium Sulfide Nanorod Composites under Sun Light
Irradiation

3.1. Introduction

The metal and semiconductor nanomaterials (1-100 nm) exhibit unique optoelectronic,
mechanical, antibacterial and photocatalytic properties which differ from those of their bulk
behavior [1-9]. Numerous studies have been concentrated on the properties of nanomaterials that
affect their catalytic performance such as their size, interaction with their support, and their
oxidation state [10-12]. In contrary to this, much less research elucidates the influential role
played by the NP shape [13-15]. Tuning the shape result in alteration of the arrangement of
atoms, and thereby confinement of electrons and many surface related parameters such as surface
area, surface to volume ratio, and surface exposure etc. Fascinatingly, different reactivity’s and
selectivity’s may be expected on distinct facets of NPs with different shapes [15]. For an
example, Ag-NPs with cube like morphology has been found to be 14 times more active for the
oxidation of styrene than its plates like morphology, and 4 times more active than its spherical
form [14]. Thus, various semiconductors such as ZnO, TiO,, ZnS, CdS, WO; etc. and metallic
nanoparticles such as Au, Ag, Cu, Pt, Pd, Rh etc. with different geometries have been become a
part of a recent study in a variety of applications.

Cds, a well-known visible-light-sensitive material with direct band gap of 2.42 eV has been
widely studied after TiO, and ZnO material as its physical properties are very close to ZnO,
including crystal structures, lattice constants, and so on [16]. In particular, CdS-NR has found
some special applications [4-6] in photoelectric conversion in solar cells, light emitting diodes
for flat panel displays and H, evolutions etc. [17-19]. It is well known that the photocatalytic
efficiency of CdS is seriously restricted by the immediate recombination of e/h™ pairs and its
photocorrosion during the photochemical reaction [20,21]. Hence, deposition of noble metal (M)
co-catalysts onto CdS surface is believed to accelerate the photochemical reaction rate by
preventing the recombination of photoexcited electron-hole pairs [22,23]. Intriguing optical
properties of Au, Ag and Cu NPs originating from surface plasmon absorption in the visible
range, make them a promising candidate to couple with CdS [Chapter 1, ref. 47-52]

nanostructures. As a result, nanostructures composed of mentioned metals and CdS would show
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much more interesting properties including optical and detoxification of water from a number of
organic pollutants.

In the present study, salicylic acid (SA) was chosen as a model organic compound/pollutant to
study the possible degradation trends and kinetics with bare and M-CdS (M= Au, Ag and Cu)
composites because of following reasons. Firstly, industrial effluents contain a number of
important organic compounds such as dyes, phenols, aromatic acids. Salicylic acid, being an
important organic compound has been identified as a water pollutant which arises from a number
of resources including cosmetic, paper milling and pharmaceutical industries [24]. Secondly, it is
insignificant reacting with molecular ozone, hence readily degraded by generating hydroxyl
radicals and thirdly, salicylic acid formed chelating complex with CdS, which resulted in better
adsorption and hence degradation. Interestingly, the effect of various parameters such as catalyst
morphology, pH, catalyst amount, concentration of salicylic acid, nature of metal as co-catalyst
under both UV (10.4 mW/cm?) and sunlight (40-50 mW/cm?) irradiations have been studied.

3.2. Experimental section

3.2.1. Synthesis of CdS nanospheres and nanorods

Bare CdS-NS was prepared as discussed in chapter 2, section- 2.2.1. CdS-NR was synthesized as
mentioned in chapter 2, section- 2.2.2.

3.2.2. Deposition of Au, Ag and Cu NPs onto CdS-NR

1 wt% Au, Ag and Cu was deposited onto CdS-NR surface by photodeposition and in-situ
deposition techniques as mentioned in section- 2.2.4 of chapter 2.

3.2.3. Photocatalytic reactions

Photocatalytic activity was tested for the oxidation of 5 ml of 0.5 mM salicylic acid with 10 mg
of bare and M deposited CdS catalysts in a test tube under UV light irradiations with intensity
10.4 mW/cm? for different time intervals. The experiment under sunlight (intensity, 40-50
mW/cm?) was carried out by homogeneous stirring of 10 ml of 0.5 mM salicylic acid solution in
a 25 ml capacity beaker with 20 mg catalyst for different time periods. The reaction aliquots
were taken from the test tube and beaker at regular intervals of time. The reaction sample was
analyzed by UV-vis spectrophotometer (Amax = 298 nm for salicylic acid) after filtration with
0.22 um cellulose filter. The photodegradation efficiency of salicylic acid was calculated by
following equation,

Degradation (%) = [(Ao— At) / Ao] x 100
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Where Aois the initial absorbance and Atis the absorbance at certain time t.

3.2.4. Characterization

As prepared CdS and metal loaded-CdS nanostructures were characterized by UV-vis absorption,
diffuse reflectance and photoluminescence spectrophotometer. Morphological study of size and
shape analysis was done by TEM. BET surface area was measured by N, adsorption technique.
X-ray diffraction study was carried out for phase identifications. The amount of CO, produced
on mineralization of salicylic acid was measured by GC with a TCD as a detector. All techniques
are mentioned in detailed in chapter 2, section 2.3.

3.3. Results and discussion

3.3.1. Optical study

Fig. 1 showed the Diffused absorbance and fluorescence emission spectra of CdS-NS and NR
with corresponding band gaps. The absorption onset (Fig. 1a) of CdS-NR & NS appears at
515-525 nm. It is observed from the spectrum that absorption onset edge found to be at lower
wavelengths (blue shift) than bulk CdsS, indicating the quantum confinement effect in CdS-NS
and NR. The band gap of CdS was determined from the Tauc plot by extrapolating the linear
portion of the plot of (ahv)® versus hv. The band gap of CdS nanospheres and nanorods was
calculated to be 2.46 and 2.51 eV.
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Fig. 1. (a) Diffuse reflectance spectra with corresponding bandgap in inset, and (b) fluorescence
emission spectra of bare and Au & Ag photodeposited CdS-NR.

Photoluminescence (PL) spectra have been performed to investigate the luminescence properties
of CdS nanostructures at excitation (Aex;) = 360 nm. It is observed that PL spectra (Fig. 1b) of
CdS-NR consist of a band located at 479 nm and very small hump at 520 nm due to band edge
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emission and trap luminescence at the surface trap sites. This green emission band was
associated with emission due to electronic transition from CB to acceptor level due to interstitial
sulfur ions. Moreover, photodeposition of 1 wt% Au and Ag onto CdS-NR dramatically
quenched the fluorescence emission due to the prevention of electron-hole recombination owing
to rapid electron capture by the deposited Au and Ag NPs onto CdS surface. Hence, an
electron-transfer from the CdS to metal NPs reduced the surface defects & trap sites and thereby
changes the optical properties.

3.3.2. Morphological study

TEM images in Fig. 2a showed the monodisperse spherical particles of CdS within range of
10—12 nm. Fig. 2 (b-c) evidencing the rod-like shape of CdS-NPs. The average length and width
of NR has been found to be 116 nm and 5.6 nm which corresponding to aspect ratio 21 (average
size was calculated manually by considering individual 20 particles).

Fig. 2 (d-e) representing the 1 wt% Au deposited CdS-NR that are prepared by the in-situ

Fig. 2. TEM |mages of CdS (a) nanospheres '. ~(b c) nanorods (d-e) 1 wt% Au (~3.5 nm)
deposited-NR by NaBHj, reduction and (f) 1 wt% Au (~2 nm) photodeposited NR.

approach by the reduction of Au™ ions by reducing agent NaBH,. Uniform spherical Au
nanodeposits (black) onto CdS-NR of average size 3.5 nm are clearly noticed. Small Au-NPs of
average size ~2 nm (black spot) are deposited throughout the CdS-NR surfaces that are
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aggregated on drying process after photodeposition (Fig. 2f). The surface area and surface to
volume ratio of the CdS-NR are measured to be ~81 m?/g and 0.41 nm™ {surface area/ volume;
(2nr® + 2nrh)/ (nr®h)} respectively, which is quite high as compared to conventional CdS-NS and
bulk materials.

3.3.3. Photodegradation of salicylic acid

3.3.3.1. Effect of catalyst shape

Fig. 3 displayed the changes in absorption spectra of (0.5 mM) SA during its photocatalytic
activity (PCA) by CdS-NS and NR under UV light irradiations with intensity 10.4 mW/cm? (125
W Hg arc-lamp).
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Fig. 3. Change in absorbance spectra of 0.5 mM salicylic acid by CdS (a) nanospheres, (b)
nanorods under UV light irradiations for different time periods.

It is demonstrating here that geometrical effect from NS to NR led to a remarkable change
(>50%) in the salicylic acid degradation trend. Even after 3 h of UV light exposure CdS-NS
exhibited insignificant changes in the absorbance of SA. In contrast, CdS-NR almost
photooxidized 0.5 mM SA within 3 h of UV light irradiations. Notably, these results highlight
the importance of catalyst shape additionally to its size. Different crystallographic facets,
proportion of surface atoms, surface area, delocalization of charge carriers and their relaxation
lifetime expected to be changed by tuning the shape [14,15] from NS to NR, which have a
pronounced effect on reactions that occur on the surface such as adsorption and catalysis. Higher
surface area (~81 m?/g) and crystallographic growth along {002} plane in CdS-NR resulted in
long_term photoseparation of charge carriers along elongated c-axis.

3.3.3.2. Effect of solution pH
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Photodegradation of SA was studied out at different pH conditions (Fig. 4a) by adjusting with
HCI and NaOH.
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Fig. 4. (a) Effect of (a) pH and (b) catalyst loading on the photocatalytic degradation of salicylic
acid.

It has been noted that optimal adsorption and hence degradation of SA was achieved at neutral
pH (7.0). Salicylic acid was observed to be about 82% degraded at pH 7.0 after 180 min of UV
light irradiations (reaction conditions: SA = 0.5 mM; catalyst = CdS-NR (2.0 g/L); incident
wavelength = 254 nm; absorbance measured at 298 nm). On the other side, the increase and
decrease in pH to 8.5 and 5.5, resulted in 72% and 40% degradation. Our results are consistent
with reported by Rao et al. for the decomposition of SA by ZnO [25], who suggested that
salicylic acid exists as its anion when the pH > pKa (pKa = 2.97). As expected, the electrostatic
attraction between the catalyst and salicylic acid increases the adsorption and photodegradation
rate.

3.3.3.3. Effect of catalyst amount

Fig. 4b shows the effect of variation in amount of CdS-NR on the photodegradation of the SA in
the range of 1.0-4.0 g/L (reaction conditions: SA = 0.5 mM; pH = 7.0; reaction time = 180 min;
incident wavelength = 254 nm; absorbance measured at 298 nm). A noteworthy increase in the
amount of SA oxidized was found with an increase in the catalyst weight from 1.0 to 2.0 g/L
after 180 min of UV light exposure. Thereafter, increase in catalyst amount resulted in the nearly
comparable reaction rate. In contrary, loading of CdS-NR catalyst above 3.0 g/L results in a

reduction of degradation of salicylic acid due to decrease in UV light penetration because of
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excess catalyst in the solution.
3.3.3.4. Effect of concentration

The possible photodegradation trend of SA was analyzed by C/C, plots at different initial
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Fig 5. (a) Effect of (a) concentration and (b) light intensity on the photocatalytic degradation of
salicylic acid

concentrations (0.25 to 0.75 mM) as shown in Fig. 5a (reaction conditions: catalyst = CdS-NR
(2.0 g/L); pH = 7.0; incident wavelength = 254 nm; absorbance measured at 298 nm). With an
increase in concentration from 0.25 to 0.5 mM, the rate of photodegradation of salicylic acid was
found to be significantly increased. But a further increase in concentration to 0.75 mM resulted
in a decrease in the SA degradation. This can be explained on the basis of their different
adsorption rate at different concentrations. The more and more number of molecules of SA are
adsorbed on the surface of CdS as initial concentration increases. This is due to large numbers of
active sites available for the adsorption, which results in higher generation of hydroxyl radicals,
for photooxidation of SA. On further, increase in concentration of the SA solution to 0.75 mM,
extra number of SA molecules beyond their adsorption interrupted the photons that are reaching
at the catalyst surface; consequently the degradation rate is reduced.

3.3.3.5. Effect of light intensity

Fig. 5b shows the effect of light intensity on the reaction rate of SA (reaction conditions: catalyst
= CdS-NR (2.0 g/L); pH = 7.0; Concentration = 0.5 mM; absorbance measured at 298 nm). It
has been noted that without irradiations of light or only in dark, insignificant change in reaction

rate has been observed. Under UV light irradiations of 10.4 mW/cm? intensity, the rate of
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formation of hydroxyl radicals increases, which result in the overall reaction rate of SA. As
expected under similar conditions but under direct sunlight with intensity of 25-30 mW/cm?
(normal sunny day) the number of oxidized moles of salicylic acid increased indicating the well
matched band gap of CdS (2.45 eV) with the visible region of solar spectrum. The significant
difference in the production of hydroxyl radicals and hence the reaction rate has been observed
further under similar conditions but on an intense day having intensity 40-50 m\W/cm?.

3.3.3.6. Effect of nature of metal deposition

The Au deposition greatly improved the photocatalytic activity of CdS-NR as evident from the
rapid decrease in absorbance of SA with irradiation time. The Au-CdS composites took 2 h light
exposure to completely degrade 0.5 mM SA, in comparison to less reactive bare CdS-NR under
identical conditions. In the absorption spectra, some low intense absorption bands at 250—270
nm are observed due to the formation of hydroxylated products that are gradually disappearing
due to complete degradation of SA to CO, & H,O by Au-CdS composites within 2 h sun
exposure.

The photodegradation rate of SA displayed by CdS-NS, NR and Au deposited CdS-NR both
under direct sunlight (40-50 mW/cm?) are shown in Fig. 6a. It is observed that CdS-NS (~10 nm)
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Fig. 6. (a) Histogram displaying degradation% of SA by various CdS and Au-CdS catalysts
under 3 h of sunlight irradiations, and (b) corresponding production of CO, at different time
intervals.

exhibits negligible photocatalytic activity as compared NR. Moreover, two different sizes of Au

co-catalysts, namely, ~3.5 nm & 2 nm depositions onto CdS-NR (namely Au-in-situ-CdS &
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Au-PD-CdS) highly improved the photocatalytic rate of SA in different extent as a function of
the Au co-catalyst sizes. The photodeposited Au nanodeposits of smaller size (2 nm) imparted
higher co-catalytic activity to CdS-NR than larger size (3.5 nm) of Au deposition by NaBH,
reduction.

Fig. 6b showed the production of CO, by 1 wt% Au, Ag and Cu photodeposited CdS-NR for
the photodegradation of SA at various time intervals. In all cases of metal photodeposition on to
CdS-NR, photoactivity found to be enhanced as compared to bare CdS-NR. Au and Ag
photodeposited CdS-NR was found to be highly efficient in terms of decomposition of SA and
CO; production in comparison to less activity of Cu deposition. This enhanced rate of SA by
M-CdS-NR can be explained on the basis of electrons capture by metal deposits from irradiated
CdS surface that prevented the recombination of photoexcited electron-hole pairs and thereby,
increased the degradation of SA by strongly oxidizing holes. The photo energetics and electronic
properties of metal co-catalysts play a vital role in transferring the photoexcited charge carrier at
the metal-CdS nanojunctions formed by the small metal NPs deposition whose Fermi energy is
size dependent.

The dissimilar PCA of Au, Ag and Cu loaded CdS can be attributed to the variation in
co-catalytic activity of the respective metals as a function of their Fermi energy level
equilibrium, work functions, reduction potentials and electron affinities which controlling the
electron accepting capacity from photoexcited CdS to surface bound metal deposits (chapter 1,
Fig. 2). In Au-CdS nanocrystals; Au core can serve as an effective electron scavenger for CdS
shell due to its lower Fermi energetic level (+0.5 V versus NHE) than the conduction band of
CdS (—1.0 V versus NHE). As a result, the Fermi level equilibrium takes place quickly and rapid
electron transfer from CdS to Au-NPs even than for both Ag and Cu that are located at around
+0.15 V versus NHE lower in energy states [26-28] than the conduction bands of bulk CdS (-1.0
V versus NHE). Moreover, due to large variation in percentage of surface active atoms and
surface-to-volume ratio of two unlike sizes of Au co-catalysts, might have altered the kinetics of
electron transfer process at the Au-CdS interface resulted in the difference in PCA between two
Au (3.5 & 2 nm)-CdS-NR composites as shown in Fig. 6a.
3.3.3.7. Kinetics study: The photocatalytic degradation of salicylic acid obeyed first order
kinetics as shown in Fig. 7. A linear graph of 1/r versus 1/C, is plot by using the modified form

of Langmuir-Hinshelwood kinetics.
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where ki, k; and C, are adsorption constant, specific rate constant and initial concentration of

salicylic acid respectively.
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Fig. 7. Plot of 1/r versus 1/Co for observed change in SA.

Thus it is demonstrated that fluctuation of size, shape and nature of metal co-catalysts, pH and
concentration of solution, catalyst loading, and light intensity could be beneficial in designing
highly active photocatalyst for optimum reaction conditions for complete detoxification of
organic pollutants.
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Chapter 4: Fine-tuning the Photoluminescence and Photocatalytic
Properties of CdS Nanorods of Varying Dimensions
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4.1. Introduction

To control the morphologies of materials at the nanoscale size has attracted considerable interest
during the past few years. Among these morphologies, one dimensional (1D) nanostructures,
such as nanowires, nanorods, nanobelts and nanotubes have drawn great attention because of
their excellent physicochemical properties and practical applications in nanodevices [1-4]. An
effective delocalization of charge species i.e., electrons and holes along the length of 1D-
elongated nanostructures makes them a superior candidate in a variety of fields. In spherical
crystals, benefits arising from higher surface-to-volume ratio with decreasing the particle size are
significantly offset by the increased e/h* recombination probability at surface trapping sites. As a
consequence, lower photocatalytic quantum yields are observed in spherical nanocrystals (NC)
smaller than a certain dimension. The higher surface-to-volume ratio in NR in comparison to NS
would guarantee a high density of active sites available for surface reactions as well as a high
interfacial charge carrier transfer rate.

Cadmium chalcogenides; especially CdS having a relatively small band gap and thus are
capable of harvesting photons in the visible region [chapter 1, ref. 38,39]. High aspect ratio
CdS-NRs are particularly interesting as electrons are restrained in a specific direction which
further influences their optical and electronic properties [5-7]. Currently, tailored and
multifunctional nanostructured materials that comprise two or more different components such as
Pt-CdS, PtNi-CdS, and PtCo-CdS hybrid nanostructures are at the forefront of research on
nanomaterials [8-11]. It has been found that Pt deposition appears to occur preferentially on the
tip of CdS-NR and the photo reactivity is higher at the tips than along the body of the CdS-NR
due to the increased surface energy. Also surface modification of CdS-NR with coinage metals
such as Au/Ag-CdS, Au-CdTe or Au-CdSe nanostructures and its composites like B-Fe,03/CdS
exhibited interesting optoelectronic properties because of better charge separation [12,13] has
been reported.

Recently, hexagonal CdS-NR of different sizes are synthesized by many chemical routes and
their visible light photoactivity for hydrogen production water splitting and dye degradation are
studied by Au and Pt deposition [14,15]. However, the role of aspect ratio, band gap energy,
surface area, crystallinity and metal co-catalysts deposits on the photoactivity of CdS-NR and
their comparative variation has been not concisely investigated. Herein, we demonstrate the

synthesis of CdS nanostructures of different aspect ratios and study the effects of above
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mentioned physical parameters on the optical and photocatalytic properties of Au/Ag deposited
CdS nanocomposites.

4.2. Experimental details

4.2.1. Synthesis of CdS-NR of different aspect ratios and Au and Ag (1-2 wt%) photodeposition:
CdS-NR with different aspect ratios were successfully prepared as mentioned in section- 2.2.2 of
chapter 2. Metal loading onto these particles was done by using a photodeposition technique as
mentioned in chapter- 2, section- 2.2.4.

4.2.2. Photocatalytic activity

Photocatalytic efficiency of as prepared catalysts (10 mg) was carried out by degradation of 5 ml

of 0.5 mM salicylic acid under UV light irradiations for different time intervals. The reaction
sample was analyzed by UV-vis spectrophotometer (Amax = 298 nm for salicylic acid) after
filtration with 0.22 pm cellulose filter.

4.2.3. Characterizations

As synthesized bare CdS and M-CdS nanostructures with different dimensions were
characterized by UV-vis, PL, XRD, TEM, EDX and SAED techniques. The specific surface area
was determined by the N adsorption method.

4.3. Results and discussion

4.3.1. Morphological analysis

The morphological study of synthesized CdS-NR has been carried out using transmission electron
microscope (TEM) as shown in Fig. 1. It clearly reveals the formation of spongy glass wool/ or
brush like CdS morphology when the precursor solution was heated only for 2 h (CdS—2 h). A
close look at of same at higher magnification shows the grass leaf like morphology. This is in
accordance with Ostwald ripening; mass transfer occurring from smaller particles to the largest
NC [16]. Crystalline growth of CdS nanostructures observed with an increase in reaction time.
Therefore to see the effect of reaction time on the morphology and crystallinity of CdS
nanostructures, the precursors were heated for different time (2-10 h).

CdS-NR formed after autoclaving for 6 h (CdS—6 h) reveals the formation of some bunches of
NW (at low resolution) which are found to be lengthy rod-shape particles of average length 140 +
10 nm & width 5 nm (aspect ratio 28 + 2, calculated by considering 20 individual particles) at high
resolution. After 10 h autoclaving, aggregated sticks like CdS-NR (CdS—10 h) are seen (low

magnification). The crystalline growth of a much longer (length 170 + 10 nm) and wider (10 nm)
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CdS-NR (aspect ratio 17 + 1) having distinct lattice (inset) plane (002) than CdS—6 h samples are
observed at high resolution. This obviously demonstrated that the length and width of CdS-NR s
increased with reaction time, hence, the aspect ratio decreased and CdS become more crystalline in

Fig. 1. TEM images of various CdS nanostructures synthesized during 2—10 h reaction at
different magnifications.
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nature. Selected area electron diffraction (SAED) pattern of above samples (Fig. 2) shows the
more distinctive and prominent pattern for CdS—10 h NR. The concentric rings are more diffused
and less intense because of the polycrystalline nature of CdS—2 h and CdS—6 h samples. In case of
CdS—10 h sample, the diffraction rings are clearly separated and brighter individual ring/spots are
visible due to high crystallinity of CdS nanorods which grow along the (002) direction. The
calculated dny values as per the respective diffraction rings are found to be 0.36 nm (100), 0.33 nm
(002), 0.314 nm (101), 0.25 nm (102), 0.2 nm (110) and 0.17 nm (112). HRTEM image of a
CdS—10 h sample further corroborate the high crystallinity; as the HRTEM of entire NR is found
to compose of many (002) lattice planes orientation of spacing 0.33 nm confirms the hexagonal

crystal structure of CdS.

Fig. 2. Selected area electron diffraction (SAED) patterns of various CdS
morphology and HRTEM image of a CdS-10 h nanorod.

Hence, the CdS-10 h sample was taken for the photo-catalytic study owing to their high
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crystallinity, high length, fully grown with well defined morphology.

TEM images of 2 wt% Au and Ag photodeposited CdS—10 h NR are depicted in Fig. 3. Small
spherical Au and Ag nanodeposits have been seen to be uniformly distributed throughout the
surface of CdS-NR. Particle size histograms were built manually by measuring the diameter of 20

particles respectively, on TEM photographs.

Average size = 3.5 nm

2 wt% Au-CdS

No. of particles
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Fig. 3. TEM images, EDX pattern and corresponding particle size distribution
histograms of 2 wt% Au and Ag photodeposited CdS—10 h nanorods



The average size was determined by fitting the corresponding histogram with a Gaussian
distribution function. The Au nanodeposits with an average size 3.5 nm and Ag-NPs of smaller
size around 1.8 nm found to be deposited over a bunch of CdS-NR. However, the elemental
analysis carried out using EDS confirmed the presence of 1.76 atomic weight% of Au on the
surface of Au-CdS-NR.

4.3.2. Structural analysis

All the diffraction peaks (Fig. 4) of synthesized CdS-NR were strongly indexed to wurtzite
structure having a hexagonal phase of CdS with lattice parameters (a=b = 4.042 A, and ¢ = 6.741
A), which is in good agreement (JCPDS No. 41-1049). No additional peaks of impurities were
detected, indicating the high purity of the synthesized product. In addition to this, strong intense
and sharp diffraction peaks observed in CdS—10 h XRD patterns which suggest the obtained
product possesses high crystallinity. The diffraction peak (002) becomes more intense and
narrower in CdS—10 h than the peaks from other planes, which indicated its growth and higher
crystallinity along the c-axis [17].

The diffraction planes consistently matched with the SAED pattern as discussed above. It is seen
that the CdS become more crystalline with increased reaction time as confirmed by the XRD peak
intensity variation. CdS—2 h diffraction peaks are very low intense due to the amorphous nature of
smaller CdS nanostructure having no specific shape as shown in TEM images.

However, the enhancement of peak intensity with increasing reaction time from 6 to 10 h,
evidencing the growth of more crystalline CdS-NR structure having different aspect ratios. As a
result, the color intensity (Fig. 4 inset) of the different CdS nanostructures is also changed
(greenish yellow to intense yellow) because of its varying dimensions and quantum size effect.
Specific surface area (Fig. 4a inset) of CdS—2 h, CdS—6 h and CdS—10 h samples found to be 158,
122 and 76 m?g’*, respectively, which gradually decreased with the failing aspect ratio from 28 to
17 of CdS samples prepared at different reaction time. However, the calculated geometric surface
area per particle is 2358 nm? for CdS—6 h and 5722 nm? for CdS—10 h samples.
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Fig. 4. XRD patterns, surface area and color of CdS
powders having varying aspect ratio.

4.3.3. Optical properties

The absorption spectrum of as-prepared CdS-NR sample in comparison to CdS-NS is shown in
Fig. 5a. The absorption onset of different CdS nanostructures synthesized at different reaction time
clearly shows a blue-shift relative to ~540 nm for bulk CdS nanospheres (size > 10 nm) due to the
quantum confinement effect. The measured absorption onset are dependent on the average sizes,
i.e., ~485, 504 and 520 nm for CdS—2 h, CdS—6 h and CdS—10 h samples, respectively, that is
increased with the decrease in aspect ratio. The corresponding band gap are 2.55, 2.41 and 2.35 eV
for CdS-2 h, CdS-6 h and CdS-10 h samples, respectively, which are higher than 2.31 eV for bulk
CdS-NS of size < 10 nm. This difference in band gap energies may change the energetic & location
of conduction and valence band in varied extent. Hence, the photoexcited charge species
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responsible for various photophysical processes may exhibit fascinating optoelectronic properties

due to quantum confinement effect [17,18].
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Fig. 5. (a) Diffuse absorbance spectra and (b) band gap energies of different CdS samples.

In fact, the CdS—2 h sample is found to be highly fluorescent in comparison to CdS—6 h and
CdS—10 h NR as displayed in Fig. 6a. The photoluminescence (PL) spectra are measured at 380 nm
excitation using 1 mg/ml of CdS in solvent acetone, diethyl ether and n-hexane in which acetone
exhibits highly intense emission. Only trapped emission is observed [19] in case of protic solvents,
whereas both excitonic and trapped fluorescence occur in aprotic solvents.

As shown in Fig. 6a, excited by the 380 nm UV light, all CdS nanostructures (acetone dispersion)
of different aspect ratio, exhibit a wide green emission band from 460 nm to 570 nm. A strong PL
emission peak at 485 nm (2.55 eV) for CdS-NS, 501 nm (2.47 eV) for CdS—2 h and 509 nm (2.43 eV)
for CdS—6 h and 516 nm (2.40 ¢V) for CdS—10 h nanostructure is observed (Fig. 6a) along with a
weak band at 527 nm. The intense PL peak of different CdS samples arises due to the excitonic
fluorescence (band edge emission) most likely occurs from the radiative recombination of thermally
detrapped electrons with valence band holes [19,20].

This is in well consistent with the respective CdS absorption onset value (2.55, 2.41 and 2.35 eV) as
seen in Fig. 5a. In case of CdS-NS, the emission bands are quite intense and distinctly separated as
compared to different aspect ratio CdS. This weak band at 527 nm can be ascribed to the radiative

recombination of trapped charge carriers at the defect sites on the surface [20]. It is important to note
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that the emission peak is gradually red-shifted from 485 to 516 nm and the luminescence intensity is
also reduced by decreasing aspect ratio (increasing length) and increasing crystallinity of CdS-NPs
having less surface defects. This blue-shifted absorption and red-shifted emission band as compared
to bulk CdS arises due to quantum confinement effects that are in accordance with the previous works
[21].

2004 485 an-CaS nanosphere 200+ 515.;um Bare CdS-10 h
= 527 nm -~ b
S Cds-2h S (b)
= 501 nm” CdS-6h (3003 &
> 600 " 509 nm @ > 1501
2 2005 8 445 "ch\in% it
£ 400 g = 2 wi%h u deposition
2 Z 8 Ag deposition
2 | cds-10h. [100°= @ 501 2
£2007 Ss16nm =
i £ 3
0 - T T T T === -0 0‘ T T T T T T T
450 500 550 600 650 400 440 480 520 560 600 640
Wavelength (nm) Wavelength (nm)
Fig. 6. Fluorescence emission (Aext = 380 nm) of different (a) bare and (b) 2 wt% Au & Ag
photodeposited CdS samples.

One can observe that the PL intensity of CdS-NS and CdS—2 h nanostructure is stronger than
CdS—6 h/10 h samples, which occur due to radiative emission by the recombination of trapped
electrons/holes at the unreacted S or Cd*? trap sites on the grown-up CdS surfaces. Similar PL
emission of CdS nanorods having a different aspect ratio is also reported by Sun et al. who
observed strongest surface-trap emission at ~550 nm, with the 450 nm band-edge emission
occurring only as a shoulder peak. Another crucial factor as reported is the superior delocalization
of photoelectrons along the entire length of longer CdS-NR may retard the recombination rate.
Hence, quench the radiative emission at 509 and 516 nm for lengthy CdS—6 h and CdS—10 h NR,
respectively, as compared to CdS-NS and CdS—2 h morphology. The fluorescence excitation and
absorption spectra of the CdS nanostructures are in good agreement indicating both a narrow
particle size distribution and a contribution of all the particle sizes to the observed fluorescence
[22,23].

The large extent of PL quenching of exciton emission by 2 wt% Au and Ag photodeposited
CdS-10 h NR samples are shown in Fig. 6b. The intensity of the PL peak (band edge emission) of

49



the Au/Ag-CdS heterocomposites is significantly reduced as compared with bare CdS—10 h, this is
due to the intimate contact of the CdS-NR with Au/Ag, facilitating the transfer of photogenerated
electrons from the CdS to Au/Ag, and reducing the charge recombination [24]. The Ag deposition
highly quenches the emission (526 nm) intensity than Au loading (529 nm) onto CdS—10 h
surface. The PL peak position is red-shifted as compared to bare CdS—10 h (515 nm) NR because
of the electronic interactions between the surface Plasmon band of Ag (~420 nm) and Au (540 nm)
nanodeposits with CdS exciton. Moreover, the quenching ability is likewise dependent upon the
size of Au (~3.5 nm) & Ag (~1.8 nm) nanodeposits formed on the CdS surface because the Fermi
level equilibrium and charge transferability are size dependent.

4.3.4. Photochemical activity of CdS samples

It is well known that properties of CdS such as crystalline phase, size, morphology, specific
surface area and defects can affect its PCA. Generally, hexagonal phase of CdS is preferred over
cubic phase for better PCA . Matsumura et al. [25] found that 2% Pt-loaded CdS hexagonal crystal
structure is much more efficient than that of cubic crystal structure. Fig. 7a showed the effect of
aspect ratio for the photooxidation of salicylic acid by various bare and 2 wt% Au deposited
CdS-NR under UV light irradiation.

It is observed that salicylic acid degradation rate gradually improved with the increasing length &
crystallinity and decreasing aspect ratio of CdS-2 h to CdS-10 h NPs. Moreover, 2 wt% Au
photodeposition on CdS-NR highly enhanced the photoactivity of respective bare samples. It is
found that the CdS photoactivity is gradually increased with the decreasing surface area as 158
>122 >76 m? g for the CdS—2 h, CdS—6 h and CdS—10 h nanostructures, respectively. However,
the exposed geometrical surface area per particle is 2358 nm? for CdS—6 h and 5722 nm? for
CdS—10 h samples may lead to increase the salicylic acid absorption for improved PCA of lengthy
CdS-NR. Despite having highest surface area (158 m%g) and no shape specific morphology, the
CdS-2 h catalyst exhibited lowest photoactivity.

It is known that sulfides with small surface areas of <10 m°g™ showed good photocatalytic
efficiency because of their good crystallinity and less crystal defects that can largely reduce the
bulk electron—hole recombination during the migration of electrons and holes to the surface of
CdS. High yields of hydrogen could be obtained with CdS samples with very large (>> 100 m?/g)
or very low (< 6.7 m?/g) specific surface areas. The diminishing surface to volume ratio from 0.82

nm™ of CdS-6 h to 0.41 nm™ of CdS-10 h, the sample would not be able to reasonably explain the
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high activity of longer & wider CdS-NR. This relation of surface area and PCA suggests that the
improved crystallinity and rapid delocalization of photogenerated charge carriers along the length
of CdS-NR probably slowed down the electron-hole recombination and hence, increased the PCA.

Fig. 7b shows the effect of amount of Au and Ag deposits on the PCA of CdS—10 h NR. The
deposition of noble metal promotes interfacial charge-transfer processes in composite systems
because charge accumulation in the metal deposit led to Fermi-level equilibration [26,27] at the
metal-semiconductor interface and thereby, enhances the PCA. The photoinduced holes and
electrons in the CdS-NC migrate to the NPs surface easily, and they are effectively trapped at the
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Fig. 7. Photocatalytic oxidation of 0.5 mM salicylic acid by (a) bare & 2 wt% Au photodeposited
CdS samples and (b) effect of amount of metals loading on the photoactivity of CdS—10 h NR.

Au/Ag-CdS interface where they are captured by the reactants in the solution. As a result strongly
oxidizing h* could be available for photooxidation of adsorbed salicylic acid effectively at a better
rate. As the Fermi level of Ag metal is closer to the conduction band position of CdS, the electron
transfer occurs from CdS to Ag more rapidly than Au, resulting in a uniform Fermi energy level in
Ag-CdS composites. Furthermore, the difference in size of deposited Au (~3.5 nm) and Ag (~1.8
nm) co-catalysts also alter the co-catalytic activity because Fermi energy is size dependent. As the
amount of Ag co-catalyst loading is increased from 1 to 2 wt%, the degradation efficiency (Fig.
7b) is also improved due to active participation of optimum number of Ag-CdS composites in
photoinduced charge transfer processes.

Fig. 8 displayed the relationship between PCA (salicylic acid oxidation) and PL (Aex.. = 380 nm
in acetone dispersion) of various CdS nanostructures as described above. It is verified that the PCA
increases while photoemission decreases with the crystallinity, length, BET surface area, surface
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to volume ratio, molecular area and after Au and Ag deposition.
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Fig. 8. Correlation of photooxidation of salicylic acid (0.5 mM) and photoluminescence of
various CdS and Au/Ag-CdS nanostructures.

The Ag (2 wt%) photodeposition onto CdS-10 h NR exhibit lowest luminescent property and
highest photoactivity. The correlation between PL and PCA can be well explained on the basis of
size-, shape- of CdS and also on the nature and size of co-catalyst. By tuning the morphology from
spherical to CdS-NR, lifetime of photogenerated charge carriers (e'/h") is expected to be increased
by their delocalization along elongated (longitudinal) side, which was further improved by
increasing the length. Additionally, coinage metals such as Au and Ag in contact with CdS serves
as a reservoir of photoactivated electrons, thus improving the interface charge-transfer process and
hence retards the recombination rate. Consequently, the long term separation of the charge carriers
leads to reduction in fluorescence quenching and avail the number of holes for superior
photooxidation of salicylic acid.

The growth of CdS nanostructures of tunable aspect ratio can be controlled by controlling the
reaction time at a particular temperature of autoclaving. The effect of surface area, surface to
volume ratio, crystallinity and aspect ratio and nature of co-catalyst was well correlated with

photoluminescence and photoactivity.
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Chapter 5: Study of Excited Charge Carrier’s Lifetime for the
Observed Photoluminescence and Photocatalytic activity of CdS

Nanostructures of Different Shapes
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5.1. Introduction

The fascinating properties of nanomaterials are strongly influenced by their particle size, shape
and surface modifications [1-3] as already discussed in the above chapters. Numerous efforts
have been devoted to understanding the charge carrier relaxation dynamics in semiconductor
nanostructures as a function of their size, shape, composition and surface properties [4-6]. The
time-resolved photoluminescence (PL) spectroscopy has been set up to be a quantitative tool for
the analysis of charge carrier dynamics in NCs in the recent research. As the CB and VB
positions of a given crystallite depending upon the particle shape and size, it would therefore be
possible to control the redox ability of NPs by changing their dimensions [7], which are very
sensitive to the preparation techniques.

The direct band gap of CdS (2.42 eV), ease of crystallization, anisotropic growth, and higher
electron mobility and facile tailoring of structures gives it an edge over other semiconductors.
Several techniques have been used to synthesize CdS nanostructures such as sol—gel, multiple
injection process and hydrothermal approach. But precise control over the size, shape and
crystallinity of nanostructures made solvothermal and wet chemical routes more feasible to the
others. The recombination of photoexcited electron-holes are slowed down in case of cylindrical
symmetry of the rod-shaped morphology, thereby, improved the photophysical processes. Size
dependent time-resolved PL decay of colloidal CdSe NCs and their correlation with the
fluorescence lifetime have been discussed by Zhang et al. [8]. Mohamed et al. [9] have reported
the shape-dependent relaxation dynamics of CdSe nanocrystals including NR and nanodots and
found faster carrier relaxation dynamics in nanorods than nanodots due to the lowering of
symmetry. Furthermore, the Mclaren group reported the influence of the size and shape of ZnO
nanocrystals on photocatalytic activity and clearly suggests that the terminal polar faces are more
active surfaces for photocatalysis than the nonpolar surfaces perpendicular to them [3].

Another approach to modifying the CdS-NR surface is the deposition of noble metal that
improves photocatalytic efficiency by enhancing the interfacial charge transfer process as already
discussed in chapter 4. Therefore, nanostructures composed of both Au and CdS would expect to
be show much more interesting results than the individual constituents.

In this context, CdS-NS and NR of varying length and width have been deviced to measure the
photoexcited charge carrier’s lifetime by time resolved fluorescence spectroscopy and studied its

effect on the luminescence property and photocatalytic activity for the oxidation—reduction
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reactions. The role of Au deposition onto CdS nanocrystals has been also investigated for the
electron—hole recombination time in correlation with their photoactivity.

5.2. Experimental details

5.2.1. Synthesis of CdS nanostructures and their surface modifications

CdS-NS and two different CdS-NR (CdS-NR(RF) & CdS-NR(AC)) were prepared as discussed in
the section- 2.2.1 and 2.2.2 of chapter 2. 1 wt% Au nanoparticles were loaded on CdS-NR by
photodeposited method (section-2.2.4).

5.2.2. Preparation of silica coated CdS (SiO,@CdS) nanorods

A thin layer of silica was coated onto CdS-NR surface as described in chapter 2, section-2.2.5
5.2.3. Photocatalytic activity

The catalytic activity was tested for the photooxidation of 5 ml (0.5 mM) salicylic acid and
photoreduction of (0.2 mM) p-nitrophenol with 10 mg catalyst (bare CdS, Au-CdS,
SiO,@CdS-nanostructures) in a test tube under UV light irradiation with constant magnetic
stirring for different time periods. The reaction sample was analyzed by UV-vis
spectrophotometer after filtration with 0.22 um cellulose filter. The alcoholic suspensions (5 ml,
50%, v/v) containing 0.2 mM of 4-nitrophenol along with catalyst were thoroughly purged with
nitrogen before irradiation. The reductions of p-nitrophenol to p-aminophenol were determined
using high performance liquid chromatography using C-18 column, 220 nm wavelength and
MeOH: H,0 (50:50) as the mobile phase with a flow rate of 1 ml/min.

5.2.4. Characterizations

Synthesized catalysts were characterized by UV-vis, PL, XRD, FE-SEM, TEM, and SAED
techniques. The specific surface area was determined by the N, adsorption method. Time
resolved luminescence spectra have been recorded using N,-laser excitation wavelength 490 nm.
5.3. Results and discussion

5.3.1. Morphological and structural characterization

YD ER Y M ':
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Fig. 1. FE-SEM images of (a) CdS-NR(RF) and (b) CdS-NR(AC) particles.




The FE-SEM surface morphology of CdS-NR prepared by two different techniques is shown in
Fig. 1. CdS-NR fabricated under refluxing (Fig. 1a) conditions, and under controlled pressure in
an autoclave (Fig. 1b) at 120 "C achieved the uniform growth along radial as well as longitudinal
facets. The aspect ratio of as synthesized CdS-NR under SEM analysis consistently well matched
with TEM photographs.

2 1/nm

Fig. 2. TEM images of (a) CdS-NS, (b and c) CdS-NR(AC), (d) 1 wt% Au
photodeposited CdS-NR(AC), (e) lattice fringes and (f) SAED pattern.
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The CdS-NRs prepared by autoclave (CdS-NR(AC)) are found to be longer in length and width
as compared to that those are prepared by the refluxed method (CdS-NR(RF)). Fig. 2a shows the
TEM images of CdS-NS of uniform size ca. 10-12 nm and shape and the size of CdS-NR having
an average length ~170 nm and width ~10 nm corresponding to an aspect ratio = 17 are
obtained by autoclaving as seen in Fig. 2b and 2c. Fig. 2d represents the TEM images of 1 wt%
Au photodeposited CdS-NR(AC) which shows that spherical Au-NP of size ~3.5 nm are
randomly deposited over some of the CdS surface along with few aggregated Au deposits are
also formed. However, the number of Au islands and their distribution is not same for each CdS
particle. An enlarged view (inset) from the marked area clearly evidencing Au-NP deposition
onto CdS-NR. The HRTEM image in Fig. 2e shows two overlapped CdS-NR having
characteristic lattice fringes of ca. 0.33 and 0.37 nm for (002) and (100) lattice planes,
respectively, for hexagonal crystal structure. The SAED pattern in Fig. 2f consists of many
concentric bright rings and spots, further confirming the high crystallinity and presence of
distinctive lattice planes of hexagonal CdS of polycrystalline in nature.

The HR-TEM images in Fig. 3a revealed that a bunch of CdS-NR(RF) and a clear distinct

surface morphology of many lengthy CdS-NR having an average length ~126 nm and width
~5.5 corresponding to an aspect ratio ~23 were obtained by refluxing method as seen in Fig. 3b
and 3c. The Au (1 wt%) deposited CdS-NR in Fig. 3d revealed that many small Au nanodots of
size ~2-3 nm are deposited throughout the CdS nanorods. The HRTEM image in Fig. 3e also
shows lattice fringes having inter planner distance of 0.33 nm corresponds to the growth of (0 0 2)
plane of CdS-NR crystals along the crystallographic c-axis.
The SAED pattern in Fig. 3f consists of relatively broad diffuse diffraction rings of CdS-NR(RF)
as compared to well resolved bright rings (Fig. 2d) of CdS-NR(AC), indicating higher
crystallinity of CdS-NR(AC) formed due to a high pressure condition in an autoclave.The
circular diffraction rings can be indexed to (1 00),(002),(102), (110)and (10 3) planes
corresponding to their measured dnq values of 0.37 nm, 0.33 nm, 0.25 nm and 0.21 nm,
respectively, for hexagonal CdS morphology in accordance with the XRD patterns.
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Fig. 3. TEM i
CdS-NR(RF), (e) lattice fringes and (f) SAED pattern.

However, the specific surface area of these two CdS-NR are an almost same ca. 76 m’g "
(CdS-NR(AC)) and 81 m?g * (CdS-NR(RF)), despite having a notable difference in their aspect
ratio. The structural analysis of the synthesized CdS-NR has been carried out using XRD as

shown in Fig. 4.
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The diffraction peaks suggest that CdS-NR possess a wurtzite structure having lattice parameters
a=b=4.042 A°, and c = 6.741 °A which are in good agreement with JCPDS No. 41-1049 data
card. It could be notice that all the diffraction peaks of CdS-NR(AC) are more intense and
sharper than CdS-NR(RF) having relatively broader XRD peaks. The Au photodeposition,
substantially diminishing the intensity of CdS-NR(AC) diffraction peaks, probably, due to the
suppression of electron scattering of CdS by heavier Au metal attached to the CdS surface. The
measured dny values of the respective diffraction planes: 0.36 nm (100), 0.33 nm (002), 0.314
nm (101), 0.25 nm (102), 0.2 nm (110) and 0.17 nm (112) has consistently matched with the
SAED patterns (Fig. 2f and 3f) and TEM images. A little variation in the growth of lattice planes
and crystallinity between two CdS-NRs is evident to the broadness and the peak intensity
difference. Especially, the more intense and stronger (002) diffraction peaks of CdS-NR(AC)
indicates preferential growth [7] along the crystallographic ¢ axis and seems to be more
crystalline than CdS-NR(RF) as found in XRD data and TEM shape analysis.

002 Refluxed s

101 (a)

100 \F‘
A 110 103 112
\M\M
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Intensity (a.u.)
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20 30 40 50 60 70
26 (degree)

Fig. 4. X-ray diffraction pattern of (a) CAS—NR(RF), (b)
CdS—NR(AC) and (c) Au—CdS nanorods.
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5.3.2. Optical spectroscopy

It is well-known that semiconductors exhibit quantum size effects, when the size of the particle is
smaller than the bulk exciton radius as a result of the spatial confinement of the charge carriers.
The change in the absorption of CdS samples with respect to their size and shape and surface

modification with 1 wt% Au co-catalyst is shown in Fig. 5a.
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Fig. 5. (a) Solid state absorption spectra and (b) band gap energy of various CdS & Au—CdS
nanostructures (inset—colour changes).

CdS-NS displayed absorption onset at 480 nm while both CdS-NR(AC) and CdS-NR(RF)
exhibited onset around 518 nm with exciton bands at 417 nm and 437 nm, respectively. However,
after Au deposition onto CdS-NR(AC) surface, the CdS exciton band disappeared and does not
show the evolution of any characteristic surface Plasmon band due to Au nanodeposits as already
discussed in chapter 4. As compared with that of the bulk band gap of CdS (2.42 eV), the
calculated band gap values 2.77, 2.75, 2.73 and 2.71 eV for CdS-NS, CdS-NR(RF), CdS-NR(AC)
and Au—CdS-NR(AC), respectively, clearly indicate the significant change in the band energies
that may display quantum-size effects in the prepared CdS nanostructures. The variation in color
intensity (Fig. 5b — inset) of various CdS nanostructures reflects their observed optical absorption
at different wavelengths owing to their variation in dimensional morphology.

The fluorescence emission (Aexx = 380 nm) spectra of different bare and Au loaded CdS
nanostructures dispersed in acetone (1 mg/ml) at room temperature are shown in Fig. 6a.

Generally, the photoluminescence originates either from band edge or recombination of surface
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Fig. 6. (a) Photoemission spectra of CdS and Au-CdS nanostructures in acetone dispersion at excitation 380
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nm and (b) Time resolved fluorescence decay curves of different bare and Au-CdS nanostructures.

state energy levels. In our case, emission bands in CdS-NS are highly intense and distinctly
separated as compared to CdS-NRs synthesized by autoclaving and refluxing techniques.
CdS-NS exhibited one strong band at 487 nm arises due to recombination of thermally
de-trapped electrons with holes (band edge emission) and the other weak band at 527 nm
ascribed to the radiative recombination of trapped charge carriers at the defect sites on the CdS
surface. However, in case of CdS-NR, the band gap emission appeared around 512-516 nm and
very weak surface traps at 525-528 nm occur due to the defect’s site is not distinctive as
compared to CdS-NS luminescence, which leads to its crystalline structure.

With the decrease in an aspect ratio of CdS-NR from 23 to 17, or increase in length/width of
NR (126 nm/5.5 — 170 nm/10 nm), the luminescence intensity is gradually decreased owing to
the de(localization) of charge carriers along the elongated side as well as the reduction in crystal
defects. Au deposition onto CdS surface significantly quenched the luminescence intensity;
seemingly, an electron-transfer from the CdS to the Au metal dots reduced the surface defect
sites. The small Au deposits actually blocking the shallow surface traps that prevent the
electron-hole pair recombination rates. In other words, low PL intensity suggests a low density
of recombination centers and consequently, long lifetime of photogenerated carriers. Moreover,
CdS excitons—Au Plasmon interactions are suppressed as a result of ultrafast carrier trapping by

the interfacial states and hence, quenched the emission intensity.
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To understand the luminescence dynamics of photogenerated charge carriers in terms of their
residence time and recombination time with respect to the size and shape, time-resolved
emission was measured and compared. Though, some reports are available regarding the
luminescence study of cysteine-mediated Ag@CdS nanocolloids [10] and Cd;-y)-yZnxMnyS [11]
nanocrystals, still the influence of size and shape onto the band edge and trapping states still
remains a challenge. The luminescence is found to arise from two distinct and parallel channels
such as band edge excitonic emission and trapping state emission. The charge carrier’s relaxation
dynamics of these spheres, rods-like and Au photodeposited CdS-NPs are shown in Fig. 6b,
which is measured by pulse excitation method. Samples are exposed to nitrogen laser
(wavelength = 490 nm) and time resolved decay curves are obtained from where lifetime values
of the various excited states have been calculated. It is worth pointing out that the average
lifetime 1, is related to band edge lifetime t; and trapping or defect states given by the

following equation

Ty = 41T T a0,/ a; + a

where a; and a, denote the amplitude of band edge and trapping state emission, respectively. The
estimated average lifetimes are in the range of few hundreds of nanoseconds, i.e., 20, 24, 29 s
for CdS-NS, CdS-NR of length 126 nm and width 5.5 nm, and Au-CdS-NR(RF), respectively.
An increase in relaxation time of photoexcited electron-hole pairs is observed with the shape
change from spherical CdS-NPs to lengthy rod like cylindrical symmetry, manifested to
retardation of recombination time, which was further improved by depositing Au-nanodots.
Furthermore, when the dimensions (length 170 nm and width 10 nm) of CdS nanorods
(CdS-NR(ACQ)) is increased as compared (length 126 nm and width 5.5 nm) to CdS-NR(RF),
lifetime of charge carriers is highly enhanced to 116 ps.

The average lifetime of order picoseconds and nanoseconds is attributed to band edge
emission only. In our case, lifetime of CdS nanostructures is observed in the range of
microseconds, thus, it is very difficult to conclude the luminescence originated due to band edge
excitonic emission only. Hence, non-radiative trap state emission is another possibility [chapter 4,
ref. 18,19]. Although having crystalline structure, CdS-NR(AC) exhibited much longer lifetime
may be due to deeper/deepest traps, where excited electrons and holes trap prior to

recombination. Our results are in accordance with few previous reports [12] that exhibited longer
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lifetimes in case of Eu®* doped Cd;xZnS NC. Similarly, decay times in microseconds for
polyphosphate stabilized CdS nanoparticles have been also reported by Lakowicz group [13].
This delay in recombination of charge species may lead to exhibition of weak luminescence and
as a result, higher photocatalytic activity by the photogenerated electrons and holes for oxidation
and reduction reactions, respectively, could be expected.

5.3.3. Photocatalytic activity study

As investigated by time resolve spectroscopy and fluorescence emission study, that the
recombination time of photogenerated charge carriers (e /h*) are strongly influenced by their size,
shape and crystallinity. Hence, electrons and holes can be effectively utilized for desire
photoreduction and photooxidation processes by tuning the dimensional morphology of the
catalyst. In this context, first oxidizing power of the valence band hole is comparatively studied
for salicylic acid (SA) photooxidation by various CdS-NPs under UV light irradiation.

The time course of SA photooxidation curves in Fig. 8 shows that the concentration of SA
decreases exponentially with irradiation time, indicating the apparent first-order Kinetic law. The
SA degradation rate gradually increases by the change in CdS morphology from spherical to rod
shape NPs with increasing length and width of CdS-NR. Increased delocalization of electrons of
rod shaped particles can lead to a remarkable decrease in e /h+ recombination probability [6,7]
and hence, rapid oxidation of salicylic acid as compared with the rate of oxidation for spherical
nanoparticles. Also, Au (1 wt%) photodeposition further improved the SA degradation rate
because the photo induced electrons in the CdS NC migrate to the Au-NPs surface and
effectively trapped at the Au—CdS interface and as a result strongly oxidizing h* could be
available for photooxidation of salicylic acid effectively at a better rate.

Several photocatalytic degradation rates of many organics over illuminated TiO, fitted the
Langmuir—Hinshelwood (L—H) kinetic [14,15] model: r = —dC/dt = k(KC)/(1 + KC) where r is
the initial rate of photocatalytic degradation (mol I"*min™), C is the concentration of the reactant
after the adsorption step (mol 1Y), t is the irradiation time (min), k is the rate constant and K the
Langmuir—Hinshelwood adsorption constant. At low concentration, KC can be neglected with
respect to 1 and one gets the simplified equation: r = —dC/dt = kKC or C/C, = e = e \where k
is the apparent rate constant of the pseudo-first order (min*) reaction. The rate constants of SA
degradation after fitting into the curve have been found to be 3.56 x 10°°, 3.64 x 10, 3.79 x
10°°, 8.63 x 10 * and 11 x 10 * min! for CdS-NS, CdS-NR(RF),CdS-NR(AC), Au deposited
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CdS-NR(RF) and Au deposited CdS-NR(AC), respectively.
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Fig. 8. Photooxidation of salicylic acid (0.5 mM) by
different bare and 1 wt% Au loaded CdS nanorods.

The % conversion for spherical, high and low aspect ratio CdS-NPs has been found to be 17.8%,
71%, 81.2% for photooxidation of salicylic acid (0.5 mM). Generally, wurtzite phase of CdS is
preferred over cubic phase for better PCA as reported for degradation dyes [16], benzaldehyde
[chapter 1, ref. 68] and many other oxidation reactions [17,18] Hence, higher surface area, better
surface structure and crystallinity and efficient delocalization of charge species to prevent e—/h+
recombination and longer lifetime seem to be responsible for superior photooxidation of salicylic
acid by lengthy NR crystals.

The charge transfer at the Au-CdS interface was further investigated by fluorescence emission
and photoactivity study as shown in Fig. 8. It has been found that fluorescence emission (Fig. 9a)
and photoactivity for SA oxidation (Fig. 9b) with the CdS-NR(AC) gradually decreased and
increased, respectively, with increasing amounts of Au-NS (separately prepared whose size is
~3.5 nm and Plasmon band = 540 nm) from 25 pl to 200 ul addition due to the formation of a
large number of Au-CdS interface.

The 1 wi% Au (13 x 10%° atoms) deposited CdS-NR (dotted line) display almost same
fluorescence emission and photoactivity as exhibited by 200 pl Au-NSs addition. It is interesting
to know that effective amount of Au atoms (200 pl = 6 x 10* = 0.04 wt% of CdS) required for
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maximum photoactivity of CdS is 25 times less than 1 wt% Au deposited CdS photocatalyst.
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Fig. 9. Effect of amount of Au—nanospheres addition on the (a) emission intensity and (b)
photocatalytic activity for salicylic acid degradation by CdS—NR(AC).

The efficiency of conduction band electron as a function of its relaxation time or stability is

tested first time by the photoreduction of p-nitrophenol (PNP) to p-aminophenol (PAP) by CdS

nanostructures under 2 h UV light irradiation (Fig. 10a). CdS-NS with cubic phase proved to be

poor photocatalyst in comparison with hexagonal CdS-NR for photoreduction of PNP. The

p-nitrophenol conversion was found to be notably enhanced as: 43.7% for CdS-NR(RF), 50% for
CdS-NR(AC) nanorods and 62.5% after Au (1 wt%) loading as compared to 6.25% conversion

by CdS-NS.
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Fig. 10 (a) Photoreduction of p-nitrophenol by various catalyst, (b) stability test of CdS and
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This enhancement can be reasonably explained on the basis of longer lifetime of photoexcited
electrons, good crystallinity and better delocalization along the radial and longitudinal
dimensions of CdS-NR nanostructures because the numbers of electrons are available for
photoreduction of p-nitrophenol to p-aminophenol The similar photoreduction ability of
nitrophenols (2-nitrophenol and 4-nitrophenol) on the modified-TiO, surface has also been found
in several reports [19,20]. This result is also in good agreement with the enhanced photoactivity
of CdS-NR for H, photoproduction.

It is well known that CdS undergoes photochemical dissolution and hence, the photoactivity
deteriorates with light irradiation. A thin layer of silica over the CdS surface may prevent their
photocorrosion and coalescence into larger particles, and increased the surface area of CdS for
better adsorption and reactivity. Recently, Gupta and Pal [chapter 1, ref. 68] synthesized highly
stable CdS-NR coated with a thin layer of silica (1-1.3 nm) for photooxidation of benzaldehyde.
In this context, stable photoactivity of SiO,@CdS-NR(AC) relative to bare CdS-NR(AC) has
been tested by reduction of p-nitrophenol (5 mM) under UV light (10.4 mW/cm?) irradiation as
shown in Fig. 10b. It has been observed that SiO, coating onto CdS-NR surface proved to be
highly efficient to overcome the photodissolution of CdS. A linear increase in the p-aminophenol
production (PAP) up to 10 h and thereafter the formation of PAP start decreasing by bare CdS,
whereas SiO, coated CdS showed a steady increase in PAP production even up to 20 h irradiation
light exposure because of the impairment of photostability of CdS-NPs by silica deposition.

The particle size, PL, surface area, %oxidation ability of salicylic acid and PNP of various CdS

nanostructures are summarized in Table 1.

Catalyst Particle Band Fluorescence Surface Oxidation Reduction
size gap Emission Decay area ability ability
(nm) (eV) : (m?/g) (%) (%)
(Aexe at time
380 nm) (us)
486 (b)
CdS-NS D =10 2.77 526 (s) 20 19 17.8 6.25
CdS-NR L =126 2.75 513 (b) 24 81 71 43.7
(RF) D=55 528 (s)
CdS-NR L =170 2.73 516 (b) 116 76 81.2 50
(AC) D =10 528 (s)

In summary, the change in photoluminescence and photoredox ability of CdS nanostructures has

been observed by correlation with a relaxation lifetime of photoexcited charge species.
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Chapter 6: Highly Enhanced Photocatalytic Activity of Au Nanorod-
CdS Nanorod Heterocomposites

@ p-nitrophenol reduced
(_Jp-aminophenol produced

Amount (umol)

Au(NS)-CdS(NR) Au(NR)-CdS(NR)
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6.1. Introduction

Chapter 1 discussed the importance of metal (M)-semiconductor (SC) interface, which provides
a unique pathway for transfer of photogenerated electrons in numerous applications [1-5].
Charge transport at the M—SC interfaces strongly depends upon the contact area, work functions
(¢), Fermi level positions and their reduction potential values [6,7]. It is well known that
electrons will flow from SC to M side through a barrier called the Schottky barrier until Fermi
levels of M and SC are energetically aligned at the same level [8]. Consequently, interfacial
properties can be modulated by tuning the size and shape of M and SC, and adsorbed electrolyte,
the shift in band edge, barrier height and space charge layer, are strongly depended the energetics
of M-SC interfacial area.

Various techniques such as photodeposition, spin-coating, impregnation and co-
precipitation have been employed to deposit M islands onto SC surface for making M-SC
composites [9,10]. The uncontrolled distribution of M-NPs during metal photodeposition
technique can limit their efficiency because most of them get aggregated onto the SC surface
[11] and results in improper alignment of M—SC arrays. On the other hand, separately prepared
NPs of different shapes of M and SC can also be self-assembled by surface linking agent or by
impregnation—deposition. Quantification of the rate and degree of delocalization across the M-
SC and SC-SC interface is an essential factor in terms of rapid charge separation. For better
charge rectification, rod-shaped morphology of Au, Ag, Pt, TiO,, CdS, and ZnS, etc. NPs have
been extensively investigated in recent years as it is already proved, delocalization along the
elongated side of cylindrical symmetry, makes it much more photoresponsive against
recombination [12,13] of charge carriers (e /h").

Regarding this, several SC-SC composites of CdSe-ZnSe, ZnSe-CdS, CdSe-CdS,
CdSe-CdTe have been demonstrated [13-15] in recent years as potential candidates for benign
energy conversions. The ability to selectively build metal-semiconductor heterostructure with
several morphologies and spatial relationships between their individual components could be
used for direct energy flows at the nanoscale interface. The noble M-SC composites are also
studied by considering M-NS-SC-NS [5,16] and M-NS-SC-NR alignment [17,18] for the
improved photochemical activity in many instances. However, the photosensitivity of irradiated
M-NR-SC-NS and M-NR-SC-NR junctions are rarely investigated despite of longer lifetime

and better delocalization of photoexcited charge species along the length of both NR and some

71



other beneficial advantages. As the Fermi level equilibrium takes place quickly and rapid in Au-
CdS composites (lower Fermi energetic level (+0.5 V versus NHE) than the conduction band of
CdS (—1.0 V versus NHE)), hence the instant electron transfer from CdS to Au-NPs occurs. It is
expected that the double rectification (lengthy CdS-NR + lengthy Au-NR) of charge species at
the Au-NR—CdS-NR nanojunctions with the larger interface area may yield optimum PCA.
Herein, various M-SC heterojunctions are prepared either by simple mixing or impregnation of
spherical and rod-shaped Au and CdS-NPs and demonstrated the effects of different M-SC
interfaces namely, Au-NS—CdS-NS, Au-NR-CdS-NS, Au-NR-CdS-NS and Au-NR-CdS-NR
onto the photoluminescence, electrical and photocatalytic properties.

6.2. Experimental details

6.2.1. Preparation of CdS and Au nanoparticles of different shapes

CdS-NPs with spherical and rod-like morphologies, were detailed in section- 2.2.1 and 2.2.2 of
chapter 2. Au-NPs with spherical and rod-like shape were synthesized as mentioned in chapter 2,
section- 2.2.7.

6.2.2. Preparation of Au—-CdS junctions

As synthesized Au and CdS NPs having spherical as well as nanorod shape is assembled by
mixing of their aqueous suspension and or by the impregnation method as given in detailed in
section- 2.2.8 of chapter 2.

6.2.3. Photocatalytic reaction

The photocatalytic activity of various M-SC composite sample was evaluated for the
photooxidation of 5 ml salicylic acid (0.5 mM) and reduction of p-nitrophenol (0.2 mM) in a test
tube containing 10 mg CdS and varying amount of Au nanoparticles {10 (2.99 x 10* atoms) —
200 pl Au (5.99 x 10% atoms} assembled by direct addition or pre-impregnated under UV light
(125 W Hg arc, 10.4 mW/cm?) and sunlight (intensity 40 mW/cm?) irradiation. The suspensions
were magnetically stirred in the dark for 30 min to ensure the establishment of an
adsorption/desorption equilibrium. The reaction samples were analyzed by UV-vis
spectrophotometer after filtration with 0.22 um cellulose filter. Photoreduction of p-nitrophenol
(5 ml, 0.2 mM) with impregnated samples has been carried out under UV light irradiation for 1 h
and analyzed by HPLC, 220 nm, using C-18 column and MeOH: H,0O (35:65) as mobile phase at
a flow rate of 1 ml min ™.

6.2.4. Characterizations
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Sophisticated instruments such as UV-vis, PL, XRD, TEM, and SAED were employed to
characterize these Au-CdS assembled samples. Time resolved luminescence spectra and current-
voltage (I-V) characteristics were also investigated.

6.3. Results and discussion

6.3.1. Absorption study of Au—CdS nanocomposites
Fig.1 shows the surface Plasmon (SP) band at 530 nm for Au-NS (9.1 nm), transverse (TSP) and

longitudinal SP band (LSP) at 535 and 657 nm, respectively, for Au-NR (20 nm x 8.6 nm), the

absorption onset at 470 nm for CdS-NS and 518 nm for CdS-NR.
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Fig. 1. Absorption spectra of (a) aqueous suspension of Au (solid line) and CdS (powder,
dotted line) nanoparticles, and (b) Au loaded CdS nanoparticles (powder) of different shapes.

However, after impregnation of Au and CdS NPs of different shapes, the absorption bands of
AuU-NS-CdS-NS, Au-NR-CdS-NS, Au-NS-CdS-NR and Au-NR-CdS-NR heterocomposites did
not exhibit any SP band due to Au deposition because of the strong CdS exciton—Au plasma
interactions or coupling at the mixed phase junction [19,20]. Associated mixing of electronic
states through the overlapping of electronic wave functions of Au and CdS led to a change in the
density of states in both the components resulted to form a new energetic interface.
Consequently, suppression in the quantum confinement of CdS-NR and SP of Au have been
observed due to the lattice matching of impregnated (Au-NS-CdS-NR, Au-NR-CdS-NR)

samples.
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In order to minutely distinguish the changes in absorption processes, second derivatives of the
absorption spectra’s of Au-CdS impregnated heterocomposites was taken for precise

calculations of band gap energy as shown in Fig. 2.
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Fig. 2. Second derivatives of absorption spectra of various bare CdS and impregnated Au—CdS
nanocomposites. Inset: surface plasmon bands of Au nanosphere and nanorods are written.

The absorption at 441 nm (2.81 eV) for CdS-NS and at 469.5 nm (2.64 eV) for CdS-NR was
found to be significantly red-shifted to 509 nm (2.44 eV) and 485 nm (2.56 eV), respectively,
after impregnation with Au nanospheres, i.e., for Au-NS—-CdS-NS, Au-NS—-CdS-NR composites.
Similar red-shifted absorption bands at 520 nm (2.38 eV) for Au-NR—CdS-NS and 485.5 nm
(2.56 eV) for Au-NR-CdS-NR hybrid junctions as compared to respective bare components have
been also noticed after Au-NR impregnation because of the mixing of delocalized Plasma
electrons into a large portion of CdS nanostructures.

Spherical CdS-NPs of size 10-12 nm and crystalline CdS-NR of dimensions 115-130 nm
in length and 5-7 nm in width is shown in the TEM images of Fig. 2a and b—c. Fig. 2d
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representing the selected area diffraction pattern with bright concentric diffraction rings
characteristic of the hexagonal crystal phase of CdS nanorod having superior crystallinity.

6.3.2. Morphological study

2 1/nm

Fig. 3. TEM images of CdS (a) nanospheres, (b and ¢) nanorods and
corresponding (d) SAED pattern.

As-synthesized spherical and rod like Au-NPs of sizes around 9.1 nm and 20 nm x 8.6 nm (L x
W), respectively, have also seen in Fig. 4a and b. The obtained dimensions of Au NPs are in
good conformity with their observed SP bands in Fig. 1a. In Au and CdS impregnated samples;
parallel attachment of relatively lengthy CdS-NR with a smaller Au-NR with a better contrast
(more black color Au than CdS) are observed in the TEM images of Fig. 4c. As shown in Fig.
5a, many Au-NR like particles are attached to CdS-NR (back to back) as indicated by red arrows.
Pictorial representation of the plausible attachments (light blue; CdS-NR and black; Au-NR) has
been drawn to better illustrate the TEM images. Au-NR decorated on the tip of the CdS surface
(Fig. 5b) was also found, probably due to one S* rich end of NR (other end is Cd®* rich) allows
the Au-NR to access the surface.
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20 nm 100 nm 20 nm

Fig. 4. TEM images of (a) Au nanospheres, (b) Au nanorods, ¢ (1-3) parallel
attachments of Au nanorod and CdS nanorod arrays.

Similarly, Au—CdS attachments have been also observed as shown in TEM Images Fig. 5(c-f).
Briefly, S*", rich CdS-NR surface with many negative dangling bonds [21,22] actively and
effectively initiate nucleation from the cationic gold precursor to form Au-S bonds, which have
very high bond enthalpies (a diatomic bond enthalpy of 418 kJ/mol) and a very high affinity,
which seems to be a cause for the attachment of Au nanostructures with the CdS surface.

Yang et al. reported that the strong chemisorptions between thiolate and Au enable the
nucleation of Au NC directly onto the CdS-NR. As our synthesis route carried out without the
use of any surface modifier, probably Vander Waals forces exist between positively charged CdS

surface and negatively charged AuCl*™ ions as suggested by Zhao Hui et al [23].
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. co— — —
; 50 nm ; >0 .
Fig. 5. Overlook of (a) back-to-back, (b) tip, and (c-f) sidewise attachment of Au nanorods and CdS
nanorods (inset in 5a is pictorial representation of possible attachments of Au nanorod (black) to CdS
nanorod (light blue)).

6.3.3. Photoluminescence spectroscopy

Photoluminescence (PL) (Aexxt = 380 nm) of CdS-NR dispersed in acetone (1 mg/ml) was
gradually quenched in a different extent by the addition of 10-200 pl of both Au-NS and NR as
seen in Fig. 6a and b. The change in behavior of PL by CdS-NR by the addition of both Au-NS
and NR is depicted in the scheme.

With the increasing amount of Au-NPs loading over CdS-NR surface, a large number of
Au-CdS interfaces led to quick charge transfer from CdS (SC) to Au (M) side and thereby,
quenched the PL intensity of CdS-NR. Bare CdS-NR displayed band edge emission at 520 nm
due to thermally de-trapped electrons with holes and the addition of the same amount (10 and
200 pl) of Au-NR aqueous dispersion to CdS-NR suspension, notably quenched the
luminescence intensity as compared to Au-NS loading onto the same amount of CdS-NR. The
difference in luminescence intensity by 10 pl (2.99 x 10™ atoms ~0.002%) to 200 pl (5.99 x
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10'® atoms ~0.04%) of Au-NS and Au-NR with an increased number of Au atoms are shown in
Fig. 6¢.
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Fig. 6. (a) Changes in photoluminescence of CdS nanorods during loading of varying
amount of Au (a) nanospheres, (b) nanorods as depicted in the above scheme, (c) relative
changes in the luminescence intensity of CdS nanorods, and (d) change in
photoluminescence after impregnation of Au—CdS samples
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512 ul Au solution (0.01M, HAuUCl,) contains 0.98 mg Au

10 ml (10,000 ul) of Au NPs solution contains 0.98 mg Au
1 pl Au NPs contains 0.98 x 10“mg Au
1 pl Au NPs contains 2.996 x 10* atoms
10 pl Au NPs contains 2.996 x 10" atoms
25 ul Au NPs contains 7.489 x 10" atoms
50 pl Au NPs contains 1.497 x 10" atoms
100 pl Au NPs contains 2.996 x 10*° atoms

The Au-NR-CdS-NR interfaces always quenched the CdS emission to a larger extent than Au-
NS-CdS-NR junction, despite having the same amount of Au loading. The larger contact area
developed by Au-NR and CdS-NR (as shown on the schematic), results in rapid delocalization of
photoexcited charge carriers who helps in the retardation of recombination rate. The same
behavior of PL quenching is also observed in case of Au-NS—-CdS-NS, Au-NR-CdS-NS, Au-
NS-CdS-NR and Au-NR-CdS-NR composites obtained by impregnation of 10 pul Au-NPs and
10 mg CdS-NPs of different shapes. Fig. 6d evidencing that PL intensity (~75 a.u.) is notably
reduced in each Au—CdS impregnated nanostructures compared to bare CdS-NR (PL intensity
ca. 250 a.u.). It is important to note that PL quenching is observed to be higher in impregnated
samples than the direct addition of Au atoms to the CdS suspension. A relatively intense
characteristic PL band at 430 nm for Au-NS-CdS-NR and Au-NR-CdS-NS interfaces
corresponding to the presence of Au, almost disappeared in case of Au-NR-CdS-NR
heterocomposites. Again, the Au-NR—-CdS-NR impregnated sample exhibited least PL intensity
with a red shift of 6 nm in band edge emission relative to other three different Au—CdS
interfaces. This fact confirms that photoexcited charge transfer process between CdS and Au NR
is much more sensitive due to larger per particle surface area, interfacial area and better
delocalization of charge species along the length of both the M and SC NR [24].

6.3.4. Time resolved spectroscopy
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The observed asymmetry in absorption and PL behavior due to the charge separation and a
recombination lifetime of four different Au—CdS interfaces has been further investigated by
Time Resolved Luminescence Decay spectra. Emission decay curves are obtained by exposing
samples (50 mg — solid paste) by N, laser at 490 nm excitation as shown in Fig. 7a. The average
lifetime T4, Of photogenerated e /h* pairs are found to be 2.7 ps, 12.5 ps and 34 ps for CdS-NR,
AuU-NS-CdS-NR and Au-NR-CdS-NR interface, respectively. Thus, Au loading notably

prolonging the lifetime of charge carriers and thereby, increased the relaxation time of charge
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Fig. 7. (a) Time resolved emission decay curves of different Au—CdS interfaces, and (b) a
Schematic of carrier relaxation processes in Au—CdS nanocomposites as a function of their
interface contact area (where <ex>, <gr>, kp, and k; represent the excited state, ground state,
rate due to radiative recombination, and rate due to trapping state).

species of CdS-NR. Larger interfacial contact area of Au-NR-CdS-NR than Au-NS-CdS-NR
interface, effectively sink out a large number of electrons from the photoirradiated CdS surface
significantly retard the electron—hole recombination, hence, reducing the PL intensity as per the
scheme of Fig. 7b.

6.3.5. Structural properties of Au—CdS nanocomposites
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The XRD patterns of CdS and Au-CdS samples are shown in Fig. 8. All of these diffraction
patterns are similar and strongly indexed to hexagonal (wurtzite) crystal structure of CdS with

lattice parameters (a = b = 4.042°A, and ¢ = 6.741°A) which are in good agreement with JCPDS
No. 41-1049 data card.

S Au-NR-CdS-NR
812 . -
}\Uﬁ‘ g = z =,
| PTW RS = [ =
-4
J Au-NS-CdS-NR

Intensity (a.u.)

l
\‘U \\./\/UU\ —

20 5 80
2 Theta ( (legree)

Fig. 8. X-ray diffraction patterns and various colors of
CdS and impregnated Au-CdS samples.

CdS-NR

No additional peaks of impurities were detected, indicating the high purity of synthesized
products. Notably, the peak intensity of Au/CdS composites samples decreased slightly, probably
due to the suppression of electron scattering of CdS by heavier Au metal attached to the CdS
surface. The sharpening of the (002) diffraction peak in the XRD pattern indicates that the NR
have grown along the crystallographic c-direction [25]. The measured dn values of the
respective diffraction planes; 0.36 nm (100), 0.33 nm (002), 0.314 nm (101), 0.25 nm (102), 0.2
nm (110) and 0.17 nm (112) have consistently been matched with the SAED pattern shown

above in Fig. 3d.
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6.3.6. Current-voltage characteristics
The collective nonlinear current-voltage (I-V) characteristics of the bare and Au-CdS

heterojunctions are shown in Fig. 9.
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Fig. 9. Collective two terminal -V characteristic curves of bare CdS
and Au-CdS nanojunctions at room temperature.

The observed nonlinearity in 1-V characteristics are caused by the Schottky barriers formed
between the M and SC at the metal/semiconductor interface [28]. As shown in the figure, bare
CdS-NR, Au-NS-CdS-NR, and Au-NR—-CdS-NR, respectively, show rectifying and asymmetric
behavior with respect to zero bias (do not obey the Ohm’s law) and Au-NR—CdS-NR composite
interface displayed a significant change in current—voltage (I-V) properties as compared to other
Au-CdS arrays.

On applying a large voltage the current flowing through the heterojunctions are sufficiently large
and, therefore, corresponding -V curve approaches a straight line with a slope equal to the
resistance of the heterojunctions. This resistance was determined using the differential voltage
method at large bias 1-V curve as R = dV/dl where R is resistance, dV/dl differential voltage,
this procedure gives resistances as 8.4, 3.6 and 1.89 MQ (at voltage = 5.0 V) and corresponding
conductance values 1.2 x 107, 2.8 x 10 " and 5.3 x 10 " S for bare, Au-NS—CdS-NR, and Au-
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NR-CdS-NR nanocomposites, respectively. |-V curve can be divided into three different
segments, i.e., I, 11, and 11l and corresponding to these three segments, the voltage (V), current
(D), resistance (R) and conductance (S) are calculated. The increase in conductance in Au-NR-
CdS-NR composites in comparison to Au-NS—CdS-NR and bare CdS well justified the role of
interface area for conduction developed by formation of Schottky barriers between Au-CdS
components.

Table 1. The measurement of voltage (V), current (1), resistance (R), and conductance (S),

corresponding to segments I, 11, 111 of I-V characteristics.
Sample Region Voltage Current Resistance Conductance
V) (nA) (MQ) (S) x 10"

CdS-NR I -4.0 -354 11.3 0.88

il 2.0 921 21.7 0.45

il 5.0 598 8.4 1.2

Au-NS-CdS- I -4.0 -535 7.5 1.3

NR il 2.0 170 12.0 0.83

il 5.0 1400 3.6 2.8

Au-NR-CdS- I -4.0 -2000 2.0 5.0

NR il 2.0 196 10.0 1.0

il 5.0 264 1.89 5.3

6.3.7. Photocatalytic activity
The observed variation in recombination time of photoexcited charge species of the different
Au-CdS interface is further reflected by the photoinduced reactions such as photocatalytic
oxidation of salicylic acid and reduction of p-nitrophenol (PNP). The photooxidation of SA by
bare and Au nanosphere (10 pl = 2.99 x 10" atoms) loaded CdS (10 mg) nanospheres, i.e., Au-
NS—-CdS-NS do not show any notable changes in the SA concentration and bare CdS-NR
displayed high (62%) degradation efficiency during 4 h of UV irradiation.
However, the same amount of Au-NS loading onto CdS-NR; Au-NS—-CdS-NR, highly improved
the SA degradation rate ca. 76% relative to 12% by Au-NS—CdS-NS interface. SA degradation is
found to be highest ca. 86% in case of Au-NR-CdS-NR heterocomposites because of the rapid
charge transfer process at their interface.

Several experimental results have indicated that photocatalytic degradation of
pollutant/pesticides over illuminated TiO, follow the pseudo first order kinetics, a simplified

form of Langmuir—Hinshelwood (L—H) kinetic model at low concentration. A linear relation
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between —InC/C, and irradiation time (t), i.e., —InC/C, = Kqps indicating the pseudo first order
reaction of SA photodegradation as found in Fig. 10a, where Co is the initial concentration, C is

the concentration after irradiation time t and K is the observed rate constant.
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Fig. 10. Change in concentration of salicylic acid (-In C/Co) as a function of time (t) for various
bare and Au—CdS nanojunctions under (a) UV light and (b) direct sunlight irradiation.

The rate constants of SA degradation have been found (Fig. 10a) to be 0.7 x 10, 0.8 x 107*, 4 x
1073, 6 x 10 and 9 x 10> min™* for bare CdS-NS, Au-NS—CdS-NS, bare CdS-NR, Au-NS—CdS-
NR and Au-NR-CdS-NR, respectively. As the band gap (2.5-2.8 eV) of CdS lies in the visible
region, CdS-NR exhibits high photoactivity (66% and k = 5 x 10 °min™) and Au-NR-CdS-NR
interface further significantly improved (88% and k = 14 x 10> min™?) the SA photooxidation as
compared to 78% by Au-NS—-CdS-NR composite (k = 9.5 x 10 min™?) under direct sunlight (40
mW/cm?) illumination for 3 h. The corresponding rate constants have been found (Fig. 10b) to
be gradually increased in the order: 5 x 102 9.5 x 102 and 14 x 10"° min™* for bare CdS-NR,
Au-NS-CdS-NR and Au-NR-CdS-NR, respectively.

6.3.7.1. Recyclability test

The stability of Au—CdS impregnated catalysts (25 mg) com-pared to bare CdS-NR was tested
by photodegradation of salicylic acid (5 ml, 0.5 mM) for the three recycles under UV light
irradiation of 2 h as shown in Fig. 11. CdS, being photocorrosive in nature, deteriorate the SA
photoactivity up to 21.7% after 3 cycles due to its photochemical dissolution with light
irradiation. In contrast, Au-NS-CdS-NR and Au-NR-CdS-NR catalysts decompose SA
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effectively without significant deactivation even after three times recycling. The slight decrease
(1-4%) in the efficiency of Au/CdS composites after 3 recycles may come from the residual

contamination on the surface of the catalyst.
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CdS-NR Au-NS-CdS-NR  Au-NR-CdS-NR
Au-CdS impregnated catalysts
Fig. 11. (a) Degradation (%) of salicylic acid (0.5 mM, 5
mL) after recycling with bare CdS and Au-CdS composites
(25 mqg) under UV light irradiation of 2 h.

Hence, Au-CdS heterocomposites (especially Au-NR-CdS-NR; only 1% loss) interface

facilitates the promotion of charge carriers, thus improved the activity and stability of CdS.

B p-nitrophenol reduced 68%

[_| p-aminophenol produced
58%

Amount (umol)

Au-NS-CdS-NS  Au-NR-CdS-NS Au-NS-CdS-NR  Au-NR-CdS-NR

Au-CdS impregnated catalysts
Fig. 12. Photocatalytic reduction of p-nitrophenol (0.2 mM) to p-
aminophenol by various Au-CdS impregnated catalysts.
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Similarly photocatalytic reduction of p-nitrophenol (0.2 mM) to p-aminophenol by various Au—

CdS impregnated composites duringl h UV irradiation is seen in Fig. 12.
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Fig. 13. HPLC chromatograms of p-—nitrophenol solution (0.2 mM) after 1 h
irradiation with UV light using various impregnated Au—CdS catalysts.

The amount of PNP reduced is quite higher (58% and 68%) in case of Au-NS—-CdS-NR and Au-
NR-CdS-NR arrays relative to 26% and 18%for Au-NS-CdS-NS and Au-NR-CdS-NS
impregnated samples respectively. The PAP yield (~53%) and selectivity (~85%) are also found
to be considerably higher for Au-NR-CdS-NR composites among the other studied Au-CdS
composites (Fig. 13). The better delocalization of charge carriers along the length of elongated
NCs facilitates quick e —h" pair separation and reduced the recombination time.

Nanorods volume is larger than nanospheres and therefore, they have been significantly

larger per particle absorbance cross sections and surface exposure for adsorption of target
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species. Large surface area of nanorods may allow a better contact and hence, improve the
interfacial space between them and help in the adsorption of target species in surrounding
electrolyte. Large aspect ratio semiconductors such as nanorods are of particular interest because
of their ability to generate multiple excitons.

The metal can serve as a charge-collecting material where carriers localize after exciton
guenching. The advantage of forming Au-NS-CdS-NR and Au-NR-CdS-NR junctions over
other possible arrays, facilitates double rectification; first by the delocalization of charge carriers
along the longitudinal and radial side, which may guarantee to be further rectified in Au noble
metal plasma due to its larger volume and secondly by sensitizing photonic flux toward the more
visible region owing to the presence of an Au surface Plasmon band. Higher residence time of
photoexcited charge species for Au-NR—-CdS-NR nanocomposites can be explained on the basis
of higher interfacial contact for charge transfer, which directly hindered the e/h* pair
recombination rate and prolonged the carrier’s lifetime. Accumulation of the charge by the Au
NPs will lead eventually to Fermi level equilibration (which is size dependent) with the CdS-SC
and thus leads to better charge transfer at the junction.

Therefore, interfacial properties (photoluminescence, electrical and photocatalytic) can be
modulated as a function of the size and shape of Au and CdS nanocrystals, their suitable spatial
alignments and adsorbed electrolyte because, the shift in band edge position and space charge
barrier can alter the energetics and charge transfer kinetics at Au—CdS interface. Moreover, the
different atomic planes available at the surface of shapes other than spheres can also trans-late
into materials that catalyze different reactions based on their shape. Thus, it is evident that the
right orientation of Au and CdS NPs is an important parameter for exhibiting optimum
photoactivity of any M—SC heterojunctions. The best selectivity and yield of PAP formation and
highest SA degradation could be justified upon the basis of beneficial advantages of the lengthy
Au-NR-CdS-NR interface.

It is experimented that the Au-NR—CdS-NR interface proved to be highest photoactive than

conventional metal-semiconductor junctions as a function of better contact area, higher

delocalization and charge carriers lifetime .
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Chapter 7: Woollen Bun like CdS Microspheres Wrapped with
Lengthy Nanowires Exhibit Superior Photoactivity for Dye
Degradation under Sunlight
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7.1. Introduction

Previous chapters already have discussed the importance of one dimensional metal and
semiconductor nanocrystals (NCs) such as NR, NT and NW relative to NS having poor quantum
efficiency. The properties of such anisotropic 1 D materials lie between the nano- and micro-
scale, that are blessed with larger per—particle surface area, higher surface exposed
molecules/atoms, superior adsorption of reacting substrates and better separation of photoexcited
charge carriers along the longitudinal and radial directions [1-3]. Their electronic and optical
properties are governed by the decrease in the confinement of charge carriers by the cylindrical
symmetry of the particles [4-7]. Sufficient control over the morphology (size & shape) of
nanomaterials is an important issue in the current research in controlling their overall
photophysical and photochemical properties.

As already discussed in chapter 1, CdS nanostructures proved to be a potential candidate to
drive several important applications ranging from optical to photovoltaic. Nevertheless, the
photocatalytic efficiency of CdS is seriously restricted by the immediate recombination of e/h*
pairs. As a result, the ability to control the geometric morphology of NCs has been a significant
objective to extend the scope of lifetime of charge carriers for achieving the optimum
photoactivity. Specially, cylindrical shape materials such as NR, NT and NW have great
potential for understanding the roles of dimensionality on the physical properties as a function of
the atomic/molecular arrangements, surface exposed atomic planes, sharp edge and corner etc.

Herein, we prepared woollen bun (spinning wool) like CdS microspheres (2—5 pum) wrapped
with lengthy and crystalline CdS-NW to achieve best photocatalytic activity for the rhodamine B
(RhB) and methylene blue (MB) dyes degradation under direct sunlight illumination. The use of
anodic alumina membrane (AAM) with fixed pore size as a hard template was used to facilitate
better control over the size and shape of NWs.

7.2. Experimental Section

7.2.1. Synthesis of CdS nanowires

CdS nanowires (CdS-NWs) were successfully synthesized as discussed in chapter 2, section-
2.2.3. CdS-NS with cubic (c) and hexagonal (h) phase were prepared for comparison as
mentioned in section 2.2.1 of chapter 2.

7.2.2. Photocatalytic reactions
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The photoactivity of the CdS-NW (2 mg) was evaluated by the photodegradation of 10 ml RhB
(5 x 10° mol L™) and MB (2 x 10®° mol L) dyes in a 25 ml beaker under continuous magnetic
stirring and sunlight (intensity = 50 mW/cm?) irradiation and analyzed by UV-vis
spectrophotometer (Amax = 554 nm for RhB & Amax = 665 nm for MB). The reaction mixture was
kept in the dark under stirring for 1 h to attain the adsorption/desorption equilibrium.

7.2.3. Characterizations

Techniques; SEM, TEM, XRD, UV-vis, PL were used to get an information of size, shape,
crystal structure, absorbance, and defects. Residue thus obtained of RhB sample was re-dissolved
in methanol and analyzed by GC-MS. The CO; evolution was determined by injecting 1 ml of
the gaseous mixture from the reaction vessel into the gas chromatography using a Propak—Q
column with nitrogen as a carrier gas (30 ml/min) and Thermal Conductivity Detector (TCD).
7.3. Results and discussion

7.3.1. Structural analysis of CdS nanostructures

X-ray diffraction (Fig. 1) pattern shows strong intense sharp peaks for highly crystalline
hexagonal (wurtzite) crystal structure of CdS—NW with lattice parameters, a=b =4.042 A, and ¢
=6.64 A, which is in good agreement with the JCPDS card No. 41-1049. The {002}, {110} and
{112} lattice planes are found to be more intense and narrower relative to other crystal planes
indicating its preferential growth along these planes [8]. Spherical (15 £ 8 nm) and rod (170 x 10
nm) shaped hexagonal CdS—NS displayed relatively broad, low intense and less crystalline
phases. The grain size calculated by Scherer’s equation [9] has been found to be 18, 21.3 and
37.8 nm for NS, NR and NW, respectively.

002 a=b=4042A",¢c=6.64A
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Fig. 1. X-ray diffraction patterns of as-
prepared various CdS nanostructures.




7.3.2. SEM/TEM analysis of CdS nanostructures:

Monodisperse CdS—NS has a size of 2-5 um entrapped in AAM are seen in the SEM image of
Fig. 2a. An enlarge view (Fig. 2b to 2d) shows that this microstructure is composed of several
haphazard CdS-NWs arranged like spinning wool with coarse surface morphology. Dissolution
of AAM with 1N NaOH resulted in uniform fashion of CdS nanowires with length in the range
of 8-10 um and diameter of 50-80 nm as shown in Fig. 2e. Dense grass like vertically or parallel

aligned bunches of many CdS nanowires are also observed in Fig. 2f and 2g.

S pom
Fig. 2 SEM images of CdS microspheres composed of haphazard nanowires at different resolution (a—d)

and (e—h) CdS 1D-nanowires aligned at various directions.
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Nanowires with much uniformity in diameter are clearly distinctive in the image 2h. Nanowires

orientations with different resolutions are also clearly shown in additional SEM images (Fig. 3

(a-f)).
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TEM photographs elucidate the spherical morphology of CdS with size lies in the range of 10-12
nm (cubic phase) and 15 + 8 nm (hexagonal phase) and 170 nm x 10 nm (hexagonal-NR) that
were prepared for comparison.

7.3.3. Optical study

As shown in Fig. 4, the absorption edge appears at 490 nm for hexagonal NS and at 525 nm for
NW that is similar to bulk CdS particles.
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Fig. 4. UV-vis and PL-spectra of CdS-NW in
comparison to NR and NS.

Photoexcitation of NS, NR and NW (1mg/ml-acetone) suspension at 380 nm led to
photoluminescence (PL) at 490, 506 and 520 nm, respectively due to respective CdS band edge
absorption, and a weak emission band centered at 530 nm is observed due to the existence of
surface defects in poor crystalline NS and NR. Confinement of both the carriers and emitted
photons in the CdS-NW radial direction is expected to suppress surface state mediated
nonradiative recombination and to decrease thermal quenching of emission intensity. Notably,
PL of NW is almost completely quenched in compared with NS and NR, because of better
crystallinity (less surface defects) and radial confined improved delocalization.

The average lifetime [10] of photoexcited e/h® pairs calculated by time resolved

fluorescence decays (Fig. 5) has been found to be gradually increased as 2.2 2.4 and 3.6 ns for
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NS, NR and NW, respectively, confirming better delocalization of e—h" pairs in the lengthy
crystalline NW.
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Fig. 5. Time resolved decay curves of CdS nanowires, nanorods
and nanospheres with proposed pathway of photoexcited charge
carriers.

7.3.4. Photocatalytic study

The photocatalytic activity of as prepared CdS nanowires was evaluated by monitoring the
optical behavior of rhodamine B (RhB) and methylene blue (MB) dyes as shown in Fig. 6.
Photooxidation of RhB was merely affected in direct photolysis and dark adsorption even after a
longer period of time. A gradual change in colors of RhB and MB dyes has also been noticed
with increasing degradation/or irradiation time. It has been observed that the absorbance of the
RhB solution shifts gradually from the initial 554 nm to shorter wavelength and finally reach at
498 nm. This hypsochromic shift in Amax corresponds to a de-ethylation of RhB, and the peak

centered at 498 nm is assigned to the absorbance of rhodamine.
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Fig. 6. Change in absorbance spectra of MB (left) and RhB (right) dye photodecomposition under

sunlight illumination with CdS NWs.

The comparative photocatalytic activity for the RhB and MB degradation under solar irradiation
(Fig. 7) showed that a linear decrease by cubic—NS (c—NS) and hexagonal-NS (h—NS) and
exponential decrease (C = Coe™) of dye concentration by NR and NW, follows the 1% order
reaction Kkinetics like many other photochemical reactions. An observed rate constant (Kops) for
RhB degradation after 30 min sunlight exposure were found to be greatly enhanced as 2 x 107,
3x107? 5.5 x10% 8 x 10%and 9.2 x 10% min™ and 25, 50, 76.4 and 90.9% (degradation%) for
c-NS, h—NS, NR and NW.

The GC-MS analysis confirmed many intermediate product formation (peaks A, B, C and D at
retention time 7.5, 11.85, 12.75 and 14.22 min and their mass spectra are (Fig. 8) during 1 h RhB
degradation. Two competitive processes, namely, N-deethylation and destruction of a dye
chromophore structure [13-15] are occurring where some primary oxidation products such as
butane 1,3-diol, oxalic acid, propane-1,2,3-triol, phenol, benzoic acid and pyrocatechol are
observed before its complete mineralization to CO, formation as listed in the table of Fig. 7. A
linear increase in CO, evolution with irradiation time (Fig. 7c) has been observed depending on
CdS morphology. Lengthy CdS NW exhibit maximum rate of CO, production due to rapid
decomposition of RhB dye in accordance [16] with 90% degradation by 0.5 g/L of CdS
nanowires (L = 2.1 to 4.6 um) during 4 h UV irradiation.
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of CO; evolution during RhB degradation with various CdS nanostructures (2 mg) under sunlight
exposure.
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As the diameter (~10 nm) of both NS/NR to (50 nm) NW is increased to 5 times, and length to
17 (NS to NR) and 47 (NR to NW) times resulted in 3 and 1.2 times enhancement in RhB
degradation. Therefore, it is presumed that no appreciable quantum confinement occurs in
longitudinal direction due to increase in length in the micrometer range, in contrary to radial
delocalization of photoexcited e —h" pairs in NW possess higher relaxation time 3.6 ns relative to
2.2 ns for NS and NR for 2.4 ns is not significant as per the length increment. In other words, the
best photoactivity of NW could also be ascribed to superior crystallinity, larger per particle
surface area; 314 < 5495 < 1259925 nm? having more surface exposed CdS; 628 < 10 x 10° <
2.5 x 10° molecules out of total 1960, 5 x 10* and 5.8 x 10* CdS molecules in each NS, NR and
NW particles, respectively, utilized in photoreaction.

Thus, considering the total surface active CdS: 7.5 x 10*° out of 8.33 x 10*® molecules in 2
mg NW particles suspended in 3 x 10'” RhB molecules led to an increased dye coverage ratio:
123 (NS) < 2163 (NR) < 496033 (NW) per CdS particle is notably improved, confirming dye

decomposition is photocatalytic in nature as given in table 1.

Table 1. Outlook of various parameters and their calculations used in the photodegradation study

Catalyst Total no. of  Total no. of  Total no. of No. of Surface Effective no. RhB/CdS
molecules in 2 moleculesin  particlesin  moleculesin area of of molecules coverage
mg CdS & RhB*  2mgCdS®™  single CdS single CdS on the ratio
particle ™ particle " surface &
CdS-NS 8.33 x 10 3 x 10" 8 x 10 1960 314 628 123
CdS-NR  8.33x10% 3x 10" 3x 10" 5000 5495 10,990 2163
CdS-NW  8.33 x 10" 3 x 10" 3x10"% 58 x 10° 1.25x10° 2519850 496033

In summary, we demonstrated a method of self assembling crystalline CdS—-NW similar to
spinning wool that can be utilized as per demand by the extent of its dissolution from AAM with
NaOH.
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Chapter 8: Preparation of Coinage Metal Doped CdS Nanorods for Highly

Improved Photocatalytic Oxidation and Reduction Processes

8.1. Introduction

The intentional introduction of metal particles (impurities) into a semiconductor is believed to
improve its photophysical, photocatalytic and antiphotocorrosion properties [1-5]. These
properties are very sensitive to even a small change in crystal structure, defects, and surface
porosity. Metal ions may influence the surface property by generation of a Schottky barrier
through the metal in contact with the semiconductor surface, which acts as an electron trap that
can capture e or h* and thereafter inhibit e/h* recombination [chapter 6, ref. 6-8]. Techniques;
photodeposition, spin-coating, impregnation and doping like various techniques were employed
to deposit/doped metal islands onto SC surface. But the uncontrolled distribution of M-NPs
during metal photodeposition technique can limit their efficiency because most of them get
aggregated onto the SC surface and results in improper alignment of M—SC arrays [6-10]. On the
other hand, the replacement of some cations with external metal ions by means of doping
provides a pathway for symmetric distribution of metal particles, which result in the better Fermi
energy contact and suitable stable structure for a large number of practical applications.

Most recently, Ouyang et al has synthesized ZnyCd;S photoluminescent colloidal for
synthesis- structure property relationship [11]. Ni doped CdS hollow spheres have been noticed
in the literature for the enhancement in photoactivity and stability of the catalyst by Lio et al
[12]. It has been well-accepted that photoactivity is found to be highly dependent upon the size
distribution of metal deposits, interfacial contact area and nature of metal-support interactions.
Conventional metal deposition techniques led to uncontrolled and irregular size distribution of
metal particles onto the SC surface that having a poor electrical contact, i.e., M-NPs present only
on the surface and not at all uniformly mixed with the crystal. Moreover, higher amount of metal
ions present would act as recombination centres for e’/h* pairs through the following process:

M™ + N g — M
As in our earlier study, we have synthesized M (Au, Ag and Cu) - CdS nanocomposites by
various routes and investigated their influential effects, hence, this is very interesting to
introduce above metals into CdS-NR lattices at different doping levels to observe change in their

overall properties. Metal ion doping is believed to improve the physicochemical properties
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because it can lead to shift of band edge levels that drive oxidation and reduction reactions,
creation of doping levels, narrowing of the band gap for higher visible spectral response, suitable
stable structure, homogeneous distribution of charge and more importantly the improvement of
ionic bond formation.

Herein, Au®*, Ag* and Cu®* metal ion with different concentration were doped into CdS-
NR to know the effect of nature and concentration of dopant onto various properties; optical,
structural, magnetic, surface and current-voltage characteristics, and photocatalytic oxidation and
reduction reactions. The products of m-dinitrobenzene (m-DNB) i.e., m-phenylenediamine (m-
PDA) and m-nitroanilne (m-NA) are important intermediates for the synthesis of
pharmaceuticals, agrochemicals and dyes industries. The significant differences in reduction
potentials of m-DNB (0.17 eV) and CdS (-0.4 eV vs NHE) favors the reduction reaction by
conduction band electrons.
8.2. Experimental section
8.2.1. Synthesis of coinage metal doped CdS-NR
Au**, Ag* and Cu®* were doped by facile method as discussed in chapter 2, section 2.2.6.
8.2.2. Photocatalytic and other properties
Current density- voltage characteristics of pure and doped samples were studied as mentioned in
chapter 2, section 2.2.9. Magnetic properties; magnetic susceptibility was calculated as discussed
in chapter 2, section 2.2.10. The photocatalytic activity of various doped samples was evaluated
for the photooxidation of 5 ml salicyldehyde (0.5 mM) and reduction of m-dinitrobenzene (5
mM) in a test tube containing 10 mg catalyst under UV and sunlight irradiation. The reaction
samples were analyzed by UV-vis spectrophotometer after filtration with 0.22 pum cellulose
filter. Photoreduction of m-DNB (5 ml, 5 mM) with CdS samples has been carried out under UV
light irradiation for 1 h and analyzed by High Performance Liquid Chromatography (HPLC,
Agilent, 1120 Compact LC, 254 nm) using C-18 column and MeOH: H,O (70:30) as mobile
phase (ACN: H,O (70:30) for nitrobenzaldehyde) at a flow rate of 1 ml min™.
8.2.3. Characterizations
As synthesized doped CdS samples were characterized by DRS, PL, XRD, EDX, TEM
spectroscopy. The performance of the DSSC is evaluated from manually recorded photocurrent-

photo-voltage curves. The surface area was determined by using BET adsorption isotherms.
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Magnetic properties were determined by using Goy’s magnetic susceptibility apparatus as
mentioned in chapter 2, section 2.3.14.

8.3. Results and discussion

8.3.1. Optical study

Diffuse absorbance spectra and band gaps of the 10 mol% coinage metals (Au**, Ag* and Cu®*)
doped CdS-NR are displayed in Fig. 1. The red-shift of the absorption edges also implies that the
band gaps of the MxCd;.xS solid solution can be precisely controlled through the variation of
M™/Cd** molar ratios in precursors. It is evident from the Fig. 1a that pure CdS-NR exhibited
absorbance around 485 nm. Addition of doping (impurities) into CdS matrix led to fine red shift
in the absorption band. It has been observed here that absorbance band is tuned to 560 nm with
the increasing level of dopant into CdS-NR. The excitonic feature of semiconductors may
experience broadening in the transverse direction of CdS-NR corresponds to lowest energy
transition 1S (¢) — 1S3 (h).

2.0 70 T r T T 2.0x1
—— Pure CdS-NR Pure CdS-NR = 2.56 eV
——10% Ag-CdS-NR. 60+
g
~ 1.5 g, ——10% Au-CdS-NR 50. 1.5x]
é "’3 — 10% Cu-CdS-NR '.*E
p “9 404 Cu-CdS-NR
Q0d = - 238eV - 1.0x1
g % " 304
< 2 ”
S ke 5
] 204 L
£ ;. : s [0
104 25eV
0.04 (a) Y ——— ‘ J," | (b) oo
- 17 ]
T T T T T T T ' ' ' ! y y '
400 450 SO0 S50 600 650 700 750 16 18 20 22 24 26 28 30
Wavelength (nm) Energy (eV)

Fig. 1. (a) Diffused absorbance spectra and corresponding (b) band gaps of various pure and
doped CdS samples.

Here, we observed that the nature and increasing content of coinage metal that has to be doped in
CdS nanostructures play a crucial role to fine-tune its UV-visible spectrum. Interestingly, doping
of 10% Au**, Ag* and Cu®" into CdS-NR improved its spectrum range for maximum absorption
from 485 nm to correspond 560, 542 and 536 nm, respectively. Corresponding, band gaps have
been calculated by Tauc plots to be 2.56, 2.5, 2.38, and 2.34 eV for pure, 10 mol % Au**, Cu®*
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and Ag" doped CdS-NRs. Herein, it has been observed that an increase in wt% from 1 to 10 in

all metals, remarkable improved the spectrum response of CdS-NR, and that is also reflected by

their color variations (Fig. 2). Probably due to intermixing of Cd ions with Au®**, Ag* and Cu*

ions led to a remarkable change in the electronic states of CdS. Large number of SPR electrons

can flow from metal to CdS domain and resulted in a change in the absorption spectrum. Hence,

it is very interesting to tune the spectral region by increasing/decreasing dopant concentration.

Pure CdS-NR
A hax = 485 nm

Pure CdS-NR
A nax = 485 nm

Pure CdS-NR
A hax = 485 nm

1% Au -CdS 2 % Au-CdS 3 % Au-CdS 5% Au-CdS 10 % Au—CdS
A = 500 nm ;\' = 510 nm )‘ma,\' ] 532 nm }‘m:\x = 540 nm }‘mux = 560 nm

max max

?

1% Ag—-CdS 2% Ag-CdS 3% Ag-CdS 5% Ag-CdS 10% Ag-CdS
max=512nm A, =515nm A max = 522 nm A max = 534 nm A max = 542 nm

A

y Q \

- > W
1% Cu-CdS 2% Cu-CdS 3% Cu-CdS 5% Cu-CdS 10% Cu-CdS
A nax = 516 nm A hax = 519 nm max = 922 nm Apax=534nm A, =536nm

max max

Fig. 2. Tunability of colors in CdS samples after doping with Au, Ag and Cu metals.

Photoluminescence (Fig. 3) has been measured to elucidate possible defects and transitions in 10

mol% Au**, Ag* and Cu®**-doped CdS nanorods. It has been observed that fluorescence (Aex; =

380 nm) of doped samples exhibited a fine red shift from 506 nm to 508 nm for Au®" doping, to

104



533 nm for Ag* doping and Cu®* doping with varying wt%. Band edge emission; 506-532 nm
and surface trap emission; 530 nm are notably assigned due to recombination of charge carriers.
It has been found that band edge emission significantly red-shifted with the addition of dopant
concentration. This green emission band was associated with emission due to electronic
transition from CB to acceptor level due to interstitial sulfur ions. Fluorescence quenching in M-
CdS nanocomposites can be attributed to transfer of exciton energy into metal domain by Forster
resonance energy transfer (FRET) mechanism and due to ultrafast transfer of photoinduced
charge from SC to metal nearby. Moreover, introduction of different wt% Au®*, Ag* and Cu®*
into CdS-NR dramatically quenched the fluorescence emission due to the prevention of electron-
hole recombination owing to rapid electron capture by the metal-NPs onto CdS surface [12-17].
Hence, an electron-transfer from the CdS to metal- NPs reduced the surface defects & trap sites
and thereby changes the optical properties.

The change in intensity between 506 nm -532 nm, corresponding to band edge emission and 533
nm, corresponding to surface trap states with 10% Au®*, Ag* and Cu®* are also shown in Fig 3c
and 3d.
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Fig. 3. Effect of (a) nature, and (b) concentration of doping metal onto the change in
photoluminescence of CdS nanorods, and (c & d) represents the change in PL intensity

at bandedge (506-532 nm) and surface trap (533 nm) state by varying the wt% of
dopant.

8.3.2. Structural analysis

The XRD patterns are very similar and indexed to the hexagonal phase of the wurtzite crystal
structure of CdS (JCPDS No. 41-1049 data card). No peaks of any other segregated phases (AuS,
AgS or CuS) or impurities were detected even at 10 mol% loading, indicated the effective doping
of metal ions into CdS hexagonal crystal. The average crystallite size was estimated based on the
broadening of the {002} diffraction peak using the Scherrer equation are found to be 27.7, 22.6,

21.46, 21.45 and 13 nm for pure, and corresponding 1, 2, 3 and 5 mol wt%, respectively as
shown in Fig 4.
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Ml% Au doped CdS

26.88°

28.77°
25.45°
" 26.70°

3 mol% Au doped CdS
__j\J 2 mol% Au doped CdS

(103)
(110)  (112)

Intensity (a.u.)

Pure CdS

28.55°

25.23°

26.66°

28.33°

26.44°

28.11°
24.79°

26.02°

27.89°
24.35°

Intensity (a.u.)

20 30 40 50 60 70 8o 20 25 30 35
20 (degree) 20 (degree)
Catalysts Pure 1% Au- 2% Au- 3% Au- 5% Au-
CdS-NR CdSs Cds Cds Cds

Crystallite size

(nm) 27.70 2264 2145 2141 13.00
Lattice size (A)

(a) | 4.194 4.153 4.133 4121 4.076

(c) | 6.844 6.694 6.651 6.663 6.663

Fig. 4. X-ray diffraction patterns of AuxCd; xS (x = 0, 0.01, 0.02, 0.03, 0.05) and
enlarge (100), (002), and (101) peaks reflecting their crystal distortion with various

lattice and crystallite size parameters are summarized in table.

The concentration of Au** doping at different levels into CdS-NR led to a remarkable change in
the distortion of crystal structure, which was observed by enlarging the graph between 20-35
degree angles. It has been observed that the increase in Au®* doping content led to a decrease in a
grain size from 27.70 nm to 13 nm and lattice size from a = 4.194 (¢ =6.844) to a = 4.076 (c =

6.663) A°. The various lattice parameters and crystallite sizes as an effect of doping are

summarized in the table of Fig. 4.

A similar trend has been observed in case of Ag* and Cu** doped CdS samples as shown in Fig.
5 and 6. It can be seen that diffraction peaks (especially along 100, 002 & 101) & (110, 103 &
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112) planes, shifted to higher and lower degree side (20) as the CdS was doped with coinage

metals due to lattice mismatching.

- 26.22°
’/LM 5 mol% Ag doped CdS W
- 26.44°
"‘ ‘ 3 mol% Ag doped Ccds 24.67° “\/\\ 29.100
— »«J\“‘\'/\W/b\/\«w le s \“«W
S 5[ 26.{14° —
S j') 2 mol% Ag doped CdS ES/ 24.89° \ 28.22°
2 > / \\WW
‘© e WMWW ‘B *Wfﬂ\wzﬂ%.ﬁﬁo \m\\“‘w’w‘”
S | S .‘
€ ‘ 1 mol% Ag doped CdS g 24"?60 “M“ 2?'330
“"’"’JLULW\\MW My I | \NWW'/’ ‘\Wﬂ W\"*Wwmewmmww»
26.02°
27.89°
Pure CdS 24.35°
20 30 40 50 0 70 80 20 22 24 26 28 30 32 34
20 (degree) 29 (degree)
Catalysts Pure 1% Ag- 2% Ag- 3% Ag- 5% Ag-
CdS-NR CdSs Cds Cds Cds
Crystallite size
(nm) . 27.70 38.00 36.90 31.40 30.80
Lattice size ( A)
(a) | 4.194 4.123 4.142 4.167 4,173
(c) | 6.844 6.721 6.723 6.774 6.781

Fig. 5 (a) X-ray diffraction patterns of AgxCd;«S (x =0, 0.01, 0.02, 0.03, 0.05)
and enlarge (100), (002), and (101) peaks reflecting their crystal distortion with
various lattice and crystallite size parameters are summarized in table.

The atomic radii of Au**, Ag" and Cu®" are 144, 144, 128 pm found to be little mismatched with
Cd has atomic radii 144 +9 pm. Thus the incorporation of these metals into hexagonal CdS led to
a remarkable distortion in the structure. A corresponding shift in 20 values and lattice parameters

has been summarized in the table.
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Catalysts Pure 1% Cu- 2% Cu- 3% Cu- 5% Cu-
CdS-NR CdS Cds CdS CdSs
Crystallite size
(nm) 27.70 29.36 27.40 32.50 27.70
Lattice size ( A)
(a) | 4.194 4.078 4.098 4.106 4.071
(c) | 6.844 6.646 6.662 6.681 6.663

Fig. 6 (a) X-ray diffraction patterns of Cu;Cd,S (x = 0, 0.01, 0.02, 0.03, 0.05) and
enlarge (100), (002), and (101) peaks reflecting their crystal distortion with various
lattice and crystallite size parameters are summarized in table.

Lattice parameters were calculated and compared with pure CdS-NR to observe the crystal
distortion. Lattice size (given in table 1) was calculated to be 6.844, 6.694, 6.663, and 6.663 nm
for pure, 1, 3 and 5 mol% Au** doped CdS-NR. The slight decrease in lattice size is justified the

mismatching of ionic radii of different metals with Cd** ion

The surface area of pure CdS-NR was found to be 90.56 m?/g while, 1 mol% Au®**, Ag" and
Cu?*-doped CdS-NR exhibited a surface area of 60.44, 55.05 and 6.87 m?/g. The decrease in the

surface area for coinage metal-doped CdS can be attributed to the partial filling of the pores in

CdS by Au**, Ag" and Cu**

semiconductors doped with transition metals. Further, the effect probably depends upon the
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individual metal characteristics. Interestingly, an increase in doping content (mol %) into CdS-
NRs significantly decreases its surface area. The surface area has been found to be decreased
further; 40.55, 35.75 and 17.05 m?/g corresponds to 2%, 3% and 5% Au doped CdS-NRs as a
function of their high density of pores filing with increasing wt. content.

The dissimilar effect of different coinage metals as a function of their number of unpaired
electrons has been evaluated further by their Magnetic susceptibility values. Magnetic
susceptibility, the degree of magnetization induced by materials in the presence of external
magnetic field, was calculated for pure and doped CdS samples by Goy’s magnetic susceptibility
apparatus. By using the equation,

%g= CL (R-Ro) / m (10°)
Where, C is the calibration constant, the L = length of sample, R = susceptibility value for
known wt of sample, R, = susceptibility value for std. compound (- 31), m = mass of sample in
grams. Magnetic susceptibility has been found to be -27,251 x 10° for pure CdS-NR.
Significantly, magnetic susceptibility has been found to be -24,870 x 10, -20,456 x 10 and -
15,787 x 10° for 1, 2 and 5% Au** doped CdS samples. The negative values of magnetic
susceptibility indicated the diamagnetic character of pure and doped CdS samples. The less
negative values for Au doped CdS-NRs that are notably increases with wt% reflected towards
their less diamagnetic characters due to replacement of Cd**cations with metal ions having

unpaired electrons.
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10 %. This trend is improved with
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doping of Au into CdS-NR with (Jsc = 0.552 mA/cm?), an open circuit voltage (Voc = 47.4 mW),

fill factor = 0.246 and efficiency (n) = 6.46 x 10°%. Thus, reduction in e/h* recombination rate

as Au®* doped act as a sink for the photogenerated charge carriers seems to be the cause of its

better performance over undoped sample. Doping of Au** into CdS-NR (5 mol%) remarkably

increase its light absorption (harvesting) capacity beyond of its limiting range and at the same

time decrease in band gap position quickly transfer photogenerated charge carriers to TiO,

electrode and boost the overall efficiency.

8.3.3.
composition study

Morphological and

TEM analysis revealed the nanorods
like morphology of 2% Au®*, Ag*
and Cu®* doped CdS nanorods as
shown in Fig. 8. The length and
diameter of these nanorods lie in the
range of 100-150 nm and 5-10 nm.
Elemental detection X-ray (EDX)
study was carried out to get an idea of
present metal and their atomic weight
%. However, the elemental analysis
carried out using EDX confirms the
presence of 1.88, 2.58 and 1.39
atomic weight % of Au®*, Ag* and
Cu?* in 2% doped CdS samples.
8.3.4. Photocatalytic study

The effect of nature and varying
concentration of coinage metals has
been tested by a photooxidation of
salicyldehyde shown in Fig. 9.
Photolysis and dark adsorption led to
a very little change in concentration

of the salicyldehyde. In contrast,

Element Weight% Atomic%
SK 22.20 50.72
CdL 72.75 47.40
AuM 5.05 1.88

Totals 100.00

Element Weight% Atomic%

SK 22.09 49.80
AgL 3.86 2.58
CdL 74.05 47.62

100.00

Element ‘Weight% Atomic%

SK 23.21 51.14
CuK 1.25 1.39
CdL 75.54 47.47

Totals 100.00

&

Fig. 8. EDX patterns of 2 mol% u, Ag and Cu doped
CdS-NR and in inset their corresponding TEM images.




doping of Au**, Ag" and Cu* led to a sharp change in concentration of salicyldehyde and the
rate of the photooxidation of salicyldehyde has been found to be as; CdS < Cu?*-CdS < Ag*-CdS
< Au**-CdS (Fig. 9a).
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Fig. 9. (a) C/Co Plots of Salicyldehyde (0.5 mM) with time, and (b) corresponding CO,
produced (%) by various pure and M-doped CdS samples.

The % degradation has been found to be noticeably improved; 42, 55, 60 and 64% for pure, 1
mol% Cu?*, Ag* and Au®* doped CdS-NR after 1 hour of sunlight exposure. Varying the Au®*
content into CdS matrix led to a remarkable increased in photoactivity i.e., 64, 66, 80 and 83%
for 1, 2, 3 and 5 mol% Au** doped samples. This can be well explained on the basis of better
Fermi level [18] equilibration ((+0.5 V versus NHE) than the conduction band of CdS (—1.0 V
versus NHE)) and higher surface area 60.44 m?/g in comparison to very less for Cu?* doped
CdS-NR 6.87 m?/g, which result in better adsorption by availing higher number of active sites
and thereby, accelerate the PCA. Interestingly, less grain size for Au** doped CdS-NR (22 nm)
and number of defects as evident from PL study, in comparing to Ag* and Cu®* doped samples
seems to be a possible reason for its better performance. Current density-voltage characteristics
also signify the real role play by Au®* doped CdS sample in terms of light harvesting capacity
beyond of its limiting range and shift in band edge positions.

The linear increase in CO, production has been observed in the first two hours, and after that rate
of production become quite slow (Fig. 9b). Hence, 5% Au®* doped CdS-NR exhibited maximum

mineralization of salicyldehyde and hence the optimum CO, rate. The % production of CO, after
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long time exposing to sunlight was found to be 22, 28 and 50 % for pure, 1 and 5% Au doped

CdS samples.
The effect of nature and concentration of coinage metals in their photocatalytic properties was
tested by reduction of m-dinitrobenzene (m-DNB, 5 mM) under UV light irradiations (Fig. 10).
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Fig. 10. Histogram of photoreduction of 5 mM m-DNB after 5 h of UV light irradiations
by the effect of (a) concentration, (b) nature of doping metal.

It has been observed that the photoreduction rate (umol) of m- DNB was improved with
increasing doped content from 1% to 5 % relative to undoped sample over the different time
periods. Comparative trend m-DNB reduction by varying the content of Au** doping into CdS
and variation in nature of doping is shown in Fig. 10a and 10b. The rate of reduction was found
to be increased by increasing the Au** doping content. Further, in 5% Au®*, Ag* and Cu** doped
CdS-NR, 5% Au** doped CdS-NR sample found to be best in photoreduction of m-DNB in

comparison to Ag* and Cu®* doped samples. Corresponding formation of m-phenylenediamine
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(PDA) and m-nitroaniline (NA) with the decrease in concentration of m-DNB has been also

given.
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Fig. 11. GC-MS analysis of m-DNB with 5% Au doped CdS after
irradiations with UV light of 2h.

The GC-MS analysis as given in Fig. 11, confirmed the presence of m-DNB and its important
intermediates; m-diaminobenzene and m-nitroaniline at retention time 16.8, 13.5, and 16.8
respectively during 2 h reaction.

Similarly, reduction of 4-nitrobenzaldehyde (5 mM) has been carried out with different Au, Ag
and Cu metals and with their wt%. These histograms suggested that Au®*" doped CdS-NRs (Fig.

12a) proved to be the best photocatalyst for the reduction of 4-nitrobenzaldehyde in comparison
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to other Ag" (Fig. 12b) and Cu®* (Fig. 12c) doped CdS-NR under similar conditions. The
reduction was found to be accelerated further by increasing the wt. content of Au doping. A

comparative graph (Fig. 12d) of 4-nitrobenzaldehyde with pure, Au**, Ag* and Cu?* doped CdS-
NR was also given.
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Fig. 12. Histogram showing photoreduction of 4-nitrobenzaldehyde (5 mM) with
various Au, Ag and Cu doped CdS samples under UV light exposure of 2 h.

The effect of nature of metal and its doping concentration influenced photophysical,
photochemical and structural properties of CdS-NR. Absorbance and luminescence features of
CdS-NR can be easily controlled by the appropriate doping content of Au, Ag and Cu metal ions.
Au doped CdS-NR found to be the best photoactive catalyst for oxidation of salicyldehyde and
reduction of nitroaromatics as a function of their increase surface area, improved current-
voltage characteristics, less grain size, and better Fermi level contact.
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Conclusions

Summary of work

Chapter 1: Summarize the brief introduction and literature survey on heterogeneous
photocatalysis using bare and metal-semiconductor nanostructures. Specific attention has been
paid on cadmium sulfide (CdS) vis-a-vis their structure, morphology, their heterocomposites
with coinage metals (Au, Ag & Cu) and their fascinating practical applications.

Chapter 2: Gives a brief description of various techniques used for synthesis and characterize
bare CdS and Au/Ag—CdS composite nanostructures. CdS nanostructures of different
morphologies such as; nanospheres, nanorods and nanowires of different dimensions have been
synthesized by reverse micelles method, solvothermal and anodic alumina membrane (AAM)
template techniques by controlling reaction conditions. Coinage metals (Au, Ag & Cu) have
been introduced on/in CdS surface by means of in-situ deposition, photodeposition, impregnation
and doping techniques. Sophisticated instruments; UV-vis & Diffused reflectance spectroscopy,
Photoluminescence and Time resolved spectroscopy, Scanning (SEM) & Transmission electron
microscope (TEM), Field emission- electron microscope (FE-SEM), High resolution (HR-TEM),
BET surface analyzer, X-ray diffraction, current-voltage (IV) characteristics curves, High
Performance Liquid Chromatography (HPLC), Gas chromatography-mass spectroscope (GC-
MS) and Gas chromatography (GC) have been commonly used in characterization of
nanomaterials to get an idea of size, shape, defects, crystal structure, crystallite size, conduction,
and expected products/ intermediates.

Chapter 3: Describes the effect of size, shape and nature of metal co-catalysts, pH, and
concentration of solution, catalyst loading, and light intensity for the photocatalytic degradation
of salicylic acid by various bare CdS and M-CdS (M= Au, Ag & Cu) nanorods. It has been
identified that photoactivity was significantly improved by tuning the morphology from NS to
cylindrical symmetry; CdS-NR, and further by metal deposition (Au-CdS-NR > Ag-CdS-NR >
Cu-CdS-NR > CdS-NR) as a function of superior charge delocalization and charge rectification.
It is demonstrated that fluctuation of size, shape and nature of metal co-catalysts loading could
be beneficial in designing highly active photocatalyst responsive in visible region for solar

detoxification of toxic organic pollutants
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Chapter 4: Presented a fine insight in the growth of CdS nanostructures with tunable aspect
ratio by controlling their reaction conditions, especially reaction time at a particular temperature
of autoclaving. The photocatalytic activity for salicylic acid oxidation under UV irradiation is
gradually improved with the increasing crystallinity, length, exposed surface area per particle
and decreasing surface area, surface to volume ratio and aspect ratio. The photodeposition of Au
and Ag co-catalysts nanoparticles of different sizes onto CdS nanorod significantly reduced the
PL emission but substantially increases the photoactivity for salicylic acid oxidation. This report
indicates that, like metal oxides, nanoscale metal sulfide semiconductors of tunable aspect ratio
can exhibit improved photoactivity under sun light illumination.

Chapter 5: Demonstrates the importance of CdS nanoparticles size and shape in controlling
their relaxation lifetime to achieve optimum rate for photo-oxidation of salicylic acid and
reduction of p-nitrophenol. Longer and wider CdS nanorods exhibited better photoactivity in
comparison to spherical particles as a function of their increase lifetime of charge carriers,
crystalline nature of CdS nanorod having fewer surface defects, increased delocalization of
electrons—holes along lengthy CdS morphology etc. Silica coated CdS nanorods proved to be
highly efficient in respect of photostability to overcome its photochemical dissolution and
thereby improves the photoactivity for longer light exposure. Hence, control of surface structure,
geometric dimensionality and tuning crystallinity may lead to a highly photoresponsive CdS
nanostructure.

Chapter 6: Summarize the importance of effective contact area developed by M-nanorod—SC-
nanorod {Au(NR)-CdS(NR)} interface, owing to the longer relaxation lifetime than
conventional metal-semiconductor junctions. Interestingly, Au(NR)-CdS(NR) nanocomposites
result in improved stability and the activity, which did not decrease even after three recycles.
Notably, very low resistance and thus high conductance in Au(NR)-CdS(NR) in contrast to bare
CdS and Au(NS)-CdS(NR) composites, highlights the importance of interface in conduction.
The overall high performances of Au nanorod—CdS nanorod composite can be well explained in
terms of beneficial advantages of charge transport kinetics at the coupled nanorod interface.
These observations open up new opportunities to highly improve the efficiency of solar cells.
Chapter 7: Presented a method of self assembles longer and wider crystalline CdS—nanowires
very similar to spinning wool like morphology by using anodic alumina membrane (AAM)

template. It has been experimented that higher crystallinity, least surface defects, better charge
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separation evident from longer relaxation lifetime seems to be the cause for its outstanding
performance and maximum (>80%) photoluminescence quenching in 1D-CdS nanowires. Many
beneficial surface properties of lengthy CdS nanowires for efficient removal of toxic dyes under
solar exposure as compared to the very poor activity of conventional photocatalyst materials are
summarized.

Chapter 8: Summarize the effect of nature of metal and its doping concentration on absorption,
photoluminescence, photochemical and structural properties of CdS-NR. Variety of colors of
CdS can be easily tuned by variation in the content and nature of coinage doping metal. Au
doped CdS-NR (1-5%) found to be the best photoactive catalyst for oxidation of salicyldehyde
and reduction of nitroaromatics as a function of their increase surface area, improved current-

voltage characteristics, less grain size, and better Fermi level contact.
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