Elucidation of Surface Plasmon Resonance, Size and Structure of
Cu@Cu,O and Ag@Ag,0O, Nanoparticles Synthesized by Pulsed
Laser Ablation in Liquid, Dynamics of the Process and

Applications

DOCTOR OF PHILOSOPHY

by
PRAHLAD KUMAR BARUAH

uEalki
ﬁ&& %'}&
& e\
F S
5 =
2. ]
3 O (5
J‘/ =
Z o

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

GUWAHATI-781039, INDIA
March 2019

TH-2143 126121027



TH-2143_126121027



Elucidation of Surface Plasmon Resonance, Size and Structure of
Cu@Cu,O and Ag@Ag,0O, Nanoparticles Synthesized by Pulsed
Laser Ablation in Liquid, Dynamics of the Process and
Applications

A Thesis submitted in partial fulfillment of the requirements for the
award of the degree of

DOCTOR OF PHILOSOPHY

by
PRAHLAD KUMAR BARUAH

&,&\ﬁi?ﬁ #e;gm}

& 5
£ S
5 =
o ]
% @ :

% A@

¢, )

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

GUWAHATI-781039, INDIA
March 2019

TH-2143 126121027



TH-2143_126121027



Dedicated to my Parents

TH-2143 126121027



TH-2143_126121027



Prahlad Kumar Baruah
< Registration No. 126121027
IS o Department of Physics
5; z Indian Institute of Technology Guwahati
3, 6}? Guwahati-781039, Assam, India
P e

Statement

| hereby declare that the matter embodied in this thesis is the result of investigations
carried out by me at the Department of Physics, Indian Institute of Technology
Guwabhati, Guwahati, India, under the supervision of Prof. Alika Khare and Dr.
Ashwini Kumar Sharma. This thesis has not been submitted to any other university,

institute or elsewhere for the award of any degree, diploma or associate-ship.

Date: cevveeereneennnnnn. Prahlad Kumar Baruah

TH-2143 126121027



TH-2143_126121027



SR :
SN WA STl HEIF e
£ q?;p Indian Institute of Technology Guwahati
2 . = Department of Physics
%;5 g-*" Guwahati-781039, Assam State, INDIA
KN ~y Phone: +91 361 258250, 2690321 to 328 (extn. 2750),
® of Teehnd Fax: +91 361 2582749

Date:
Certificate

This is to certify that work contained in the thesis entitled ‘Elucidation of Surface
Plasmon Resonance, Size and Structure of Cu@Cu,O and Ag@AgXOy
Nanoparticles Synthesized by Pulsed Laser Ablation in Liquid, Dynamics of the
Process and Applications’ by Mr Prahlad Kumar Baruah (Roll no 126121027), a
student of Department of Physics, Indian Institute of Technology Guwahati, for the award
of degree of Doctor of Philosophy, has been carried out under our supervision and the
same has not been submitted elsewhere for the award of any other degree.

Alika Khare Ashwini Kumar Sharma
Email: alika@iitg.ac.in aksharma@iitg.ac.in

TH-2143 126121027


mailto:alika@iitg.ac.in

TH-2143_126121027



Acknowledgements

First and foremost, I would like to express my deepest gratitude to my research
supervisors, Prof. Alika Khare and Dr. Ashwini Kumar Sharma for their inspiration,
guidance and persistent support which helped in shaping the present thesis. I acknowledge
the freedom to try anything new which was provided during the course of my Ph. D.
work.

I would like to extend my sincere appreciation to my doctoral committee members;
Prof. Bosanta Ranjan Boruah, Prof. Girish S. Setlur and Prof. Latha Rangan for the
invaluable suggestions and critical assessments which helped in improving the present
research work. I am indebted to Prof. Latha Rangan and her students, Ishani and Anuma
for providing the karanjin crystals and the facilities to conduct the antibacterial studies.

My sincere gratitude also goes to the present and former Heads of the Department
of Physics, Prof. Subbradip Ghosh, Prof. Poulose Poulose and Prof. Saurabh Basu and
all the other faculty members of the Department for their support at various stages of my
research work. I acknowledge the Central Instruments Facility (CIF) and Mechanical
Engineering Department, IIT Guwabhati for the instrumental facilities provided. I would
like to thank Dr. Sidananda Sarma, Mr. Basab, Mr. Hemanta, Himaku, Mrs. Leoni and
all other staff members at the Department of Physics, IIT Guwahati. I must also thank
Myr. Madhurjya Borah, Mr. Chandan Borgohain, Mr. Sujit Deb and all other staff
members at the CIF, IIT Guwahbati. I would like to thank MHRD, India and IIT
Guwahati for providing financial assistance during my Ph.D. tenure.

I would like to thank my lab seniors, Dr. Abu, Dr. Satchi, Dr. Indrajeet, Dr.
Shanta, Dr. Partha and Dr. Gyan for their help and support. I would also like to thank
Dr. Arpita Nath for the useful discussions which helped me immensely. My labmates
Rahul, Eshita, Gobinda, Sasmita, Sumit, and Nagendra deserve special appreciation for
their love and support throughout my stay here at IIT Guwabhati. I am thankful to Dr.
Gyan for his help in the Raman and PL measurements and to Eshita and Sundarlal for
helping me in the Raman and profilometer measurements, respectively. I am indebted to
my friends and juniors, Rahul, Koushik, Ram, Nitin, Deepanjali, Shibananda, Dhriti,
Pratap, Apurba, Joy, Indu, Ranjan and others for their support and for standing by me
during the difficult stages of my Ph.D. life.

TH-2143 126121027



My special gratitude goes to my family for their role in my life. I would like to
thank my mother, Mrs. Rita Baruah and sister, Nandini for their unconditional support
and blessings. I thank my father, Late Arun Kumar Baruah whose blessings and love I
have always felt at every moment of my life. Special thanks to my uncle, Prof. Prabin
Kumar Bora, my aunt, Dr. Sabita Baruah Bora and my cousin, Jonak for everything that
they have done for me. This acknowledgement would remain incomplete without
mentioning the support of my in-laws, my cousins and others including Dr. A. Rajesh,
and my entire Gakkai family. Last, but not the least, I would like to express special
appreciation to my lovely wife, Niharika for being my biggest strength and for supporting
me whole-heartedly at every step of my life.

TH-2143 126121027



Abstract

In the present thesis, nanoparticles of copper and silver have been synthesized by pulsed
laser ablation of the respective targets in distilled water. The surface plasmon resonance,
size and the structure of the nanoparticles have been simultaneously controlled by the laser
ablation duration, incident laser energy and the background liquid viz., distilled water and
two organic solvents, methanol and 2-propanol. In addition, the intriguing dynamics of the
process of pulsed laser ablation in liquid is studied via shadowgraphy and beam deflection
techniques. The dynamics of the cavitation bubbles and also the shock waves generated
during the process exhibited the extreme condition of pressure ~ 10%° Pa and temperature
~ 3000 K. An attempt to correlate the dynamical behavior of the shock waves to understand
the nucleation of nanoparticles is also undertaken in the reported work. The synthesized
nanoparticles of copper and silver have been successfully tested to be an excellent surface
enhanced Raman scattering substrate for a bioactive furanoflavonoid, karanjin, having
medicinal properties. The surface enhanced Raman scattering intensity is found to be
dependent on the particle size, concentration, aggregation and also on the degree of
oxidation of the nanoparticles. The antibacterial properties of the nanoparticles have been
used to act as a protective coating for three locally available natural silks viz., Pat, Eri and
Muga which have commercial importance. The bactericidal efficacy of the nanoparticles
has also been used in the treatment of filter paper for the annihilation of bacteria in

contaminated water.
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Chapter 1

Introduction

Laser ablation of a solid in gaseous medium or in liquid is a technique that has been
successfully implemented in many applications like laser cutting, laser micromachining,
thin film deposition, nanoparticle (NP) synthesis, etc. [1-5]. The mechanism of ablation of
a solid target upon laser irradiation is very complex. The focusing of a high power laser
onto a solid target in the presence of gaseous medium or in liquid results in the formation
of plasma [6-9]. The huge pressure difference between the laser-produced plasma plume
and the surrounding medium results in the expansion of the plasma plume. For nanosecond
laser ablation, during the laser pulse, the plasma expansion is isothermal but the expansion
becomes adiabatic after the termination of the laser pulse [10, 11]. As the plasma expands,
it undergoes collisions among the ambient atoms and molecules which results in its cooling.
Under suitable optimum conditions of temperature and pressure, the plasma species may
nucleate to form nanostructures or nanoparticles (NPs) either on a substrate placed a few
centimetres away from the target in vacuum/gas or in a liquid if the target is immersed in
it [3, 7, 9]. Laser ablation of a target in gaseous medium has been the basis of pulsed laser
deposition (PLD) which has proved to be an excellent technique for the fabrication of thin
films of any material and of any composition [3, 12]. In the last two decades, pulsed laser
ablation of a target immersed in liquid has paved a new method for the fabrication of NPs
with desired properties [4, 7, 13]. In 1987, the pioneering work on pulsed laser ablation
of a solid in liquid was reported by Patil and co-workers [14]. They synthesized
metastable phase of iron oxides by ablating an iron target in water. The major difference
between laser induced breakdown of the target in vacuum or gaseous medium and that of

in liquid is the strong confinement of the plasma by the surrounding liquid which
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generates a localized region of high pressure of the order of a few GPa or more [7]. Fabbro
et al. reported that during the laser heating, the amplitude of pressure generated at the
interface of the solid and the liquid is about ten times greater than that obtained under
vacuum or in the presence of gaseous ambient [15]. Since the beginning of the 21% century,
there has been a boom in the synthesis of NPs by the method of pulsed laser ablation in
liquid, commonly known as PLAL [4, 9, 13, 16]. The flexibility and simplicity associated

with PLAL has led to its ever-growing importance.
1.1 Mechanism of laser ablation of a solid immersed in liquid

Laser irradiation onto a target immersed in liquid leads to the increase in the temperature
of the target surface and on achieving the ablation threshold of the material being irradiated,
a very well-known phase transition occurs from solid-liquid, liquid-vapor and vapor-
plasma [7-9]. However, it should be noted that the actual processes taking place in laser
produced plasma are rather complex and in addition to thermal vaporization, phase
explosion may also occur [17, 18]. The processes involved in the laser ablation of a solid
in liquid are listed in Fig.1.1 and the entire mechanism is pictorially represented in Fig. 1.2.

As the focused laser beam falls on the target, the interaction leads to the generation
of the seed electrons via multiphoton ionization and focal heating resulting in the formation
of plasma of the target material in the focal region and also of the surrounding liquid in its
neighbourhood [19]. The generated free electrons absorb the incoming photons from the
laser beam via inverse Bremsstrahlung process. This leads to the gain in kinetic energy of
the electrons and they simultaneously collide with the other species present in the
neighbourhood of the focal volume. During this process, generation of more electrons
occurs as a result of impact ionization. This results in a cascade ionization, leading to the

attainment of extremely high pressure, density and temperature conditions.
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Laser irradiation on the solid target
immersed in liquid

‘ Multiphoton ionization and focal heating |

!
Generation of seed electrons
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Inverse Bremsstrahlung Impact ionization Cascade 1onization
|
| Plasma formation and shock wave emission
]
‘ Plasma cooling and cavitation bubble formation
!}
Nucleation process
‘ Chemical processes Recombination |

Formation of nanoparticles ‘

!

Cavitation bubble collapse and secondary shock wave emission

Figure 1.1 Processes involved in the laser ablation of a solid in liquid.

> >
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(a) Laser irradiation (b) Plasma expansion and
and plasma formation shock wave (SW) emission

(c) Shrinking of plasma,
formation of cavitation bubble
and nucleation of ablated species

(f) Colloidal solution of NPs (e) Cavitation bubble collapse (d) Expansion of cavitation
and release of NPs in liquid bubble and NP formation

Figure 1.2 Schematic representation of the entire mechanism of laser ablation of a
solid in liquid.

3|Page
TH-2143 126121027



There are three main chemical processes taking place during laser ablation of a solid in
liquid [7]. The first one being the chemical reaction among the various species in the target
plasma itself. Another reaction takes place between the target plasma and the surrounding
liquid plasma. Finally, there is forceful ejection of the target plasma into the surrounding

liquid. The various stakeholders in these processes are schematically shown in Fig. 1.3.

<—1T—Liquid

Liquid plasia|

[ Target plasma
Target —]

Figure 1.3 Participants in the chemical processes in laser ablation of a solid in liquid.

The plasma formed is confined by the surrounding liquid curtailing the free
expansion of the plasma unlike those of under vacuum or in presence of gaseous medium
[20]. As a result, the propagation of the plasma gets delayed and there is emission of
primary shock waves (SWs) in the vicinity of the target as shown in Fig. 1.2(b). Once the
laser pulse is over, the plasma starts cooling down and the hot plasma is replaced by
vaporized fluid. At this stage, there are rapid pressure variations and the vaporized fluid
forms a bubble or cavity called the cavitation bubble [21]. Inside the cavitation bubble,
condensation of the ablated species leads to its nucleation which ultimately results in the
formation of NPs (Fig. 1.2(c) and 1.2(d)) [22]. The properties of the NPs depend on various
chemical reactions and recombination processes occurring among the participating species
[9, 23].

The cavitation bubble exhibits interesting dynamical nature. The bubble expands

due to the inertia of the vaporized species present inside as shown in Fig. 1.2(d). This
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expansion brings about a state inside the bubble wherein the pressure becomes less than the
hydrostatic pressure of the surrounding liquid [24]. To maintain the pressure, the bubble
compresses and the pressure inside the bubble increases as compared to that of the ambient.
This leads to the collapse of the bubble and there is an emission of excess energy in the
form of secondary SWs in the surrounding liquid. The collapse of the bubble initiates the
growth of a new bubble which again collapses in the similar manner. This process, called
the bubble oscillation, continues till all the energy of the bubble is dissipated in the liquid
ambient [25]. The collapse of each bubble results in the release of NPs in the surrounding
liquid and is accompanied by the emission of SWs (Fig. 1.2(e)). The final outcome of the
processes described is the colloidal solution of the NPs as depicted in Fig. 1.2(f).

The dynamical behaviour of the initial SWs and the cavitation bubbles determines
the properties of the final product in the form of NPs in the process of laser ablation in
liquid and hence the understanding of these highly transient processes is of utmost

importance.

1.2 Importance/applications of laser ablation of solid in liquid

Laser ablation in liquid has been successfully implemented in the field of engineering,
medical sciences, lithography, laser induced breakdown spectroscopy (LIBS) and
fabrication of various micro/nanostructures, etc. [4, 9, 26-28]. In the engineering domain,
high power laser is widely used as an effective tool for cutting, drilling, etching, machining,
surface coating, surface cleaning, etc. [26, 27]. While laser ablation in air is suitable for
most of these applications, but when it comes to machining, micromachining in particular,
there are various undesired effects like deposition of recast layer, debris and increased
roughness in the machined substrate [26, 27]. These problems have been successfully
negated by carrying out the laser machining in a liquid ambient [26, 27]. The liquid medium
carries away the excessive heat from the target faster than in air owing to the higher thermal
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conductivity of the liquid as compared to that of air. This results in the generation of surface
with smooth morphology. Moreover, the ablated species and also the debris are carried
away by the liquid whereas in the case of ablation in air these get deposited on the target
surface itself.

The laser-target-liquid interaction is being applied in the field of medical sciences
too [29, 30]. However, the complexities involved in the process led to the delay in its
efficient use in various medical procedures. Today, the role of lasers in ophthalmic
dissection, dissection of various cellular organelles and also in fragmentation of kidney
stones, etc. has become indispensable [30-33]. The importance of laser ablation in liquid in
the research related to medical sciences lies in the fact that most of the tissues in the human
body have a dominant quantity of water [30]. Hence, understanding of the processes
involved in laser ablation in liquid is crucial in order to avoid adverse effects during non-
invasive laser surgery.

The process of laser ablation has also been applied to the field of spectroscopy [8].
LIBS is a powerful spectroscopic technique developed for analysing the elemental
composition in materials [6, 8, 34-36]. Laser induced plasma emits characteristic line
spectrum of atoms/ions/molecules of constituent species making it feasible to identify and
quantify the composition of the target under consideration. Although LIBS in air is an
established technique for the elemental analysis, the same in liquid has certain limitations
[37]. The confinement effect of the liquid and the shortened lifetime of the plasma results
in the decrease of the signal to noise ratio and it becomes difficult to distinguish the LIBS
signal from the background arising due to the Bremsstrahlung processes and other noises
[37, 38]. Also, due to the confinement, the alignment for the detection becomes very

critical. However, the prospects of LIBS in liquid has increased with improvements being
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made in this field. Application of dual pulse in LIBS to increase the signal strength has
made the detection of trace elements in liquid easy and reliable [39, 40].

Among many areas in which the process of laser ablation in liquid has been
successfully applied, the most phenomenal impact of this process has been in the field of
NP synthesis. The reasons for the “numero uno” status associated to PLAL in the synthesis

of NPs over the years is discussed in the following section.
1.3 Nanoparticle synthesis by PLAL

In the last few decades, the importance of NPs has increased at an unprecedented rate due
to its application in the field of medicines, industries, agriculture, etc. [41-44]. With the
increasing demand for NPs, a large number of techniques for its synthesis have been
invented including chemical, biological and physical techniques [45-47]. Chemical
methods such as chemical reduction, sol gel, polyol, etc. have been used for the synthesis
of nanomaterials with huge success [48-50]. In the last decade, biological methods for the
synthesis of NPs have proved to be excellent green techniques. In biological methods,
microorganisms such as fungi, bacteria, plant extracts, etc. are used in the synthesis of NPs
[46, 51]. However, the adverse effect on the environment due to the use of chemical
reagents in the chemical methods and the longer reaction time and low yield of NPs in most
of the biological methods have kept researchers on their toes, looking for alternative
methods [52, 53].

Among various available methods, PLAL is one of the best and simplest techniques
for the synthesis of NPs [4, 7, 13, 16, 54]. The high purity of the sample and stable handling
of the colloidal NPs makes it very advantageous over other techniques. The NPs formed
remain suspended in the surrounding liquid and can be easily transported for further

analysis. Most importantly, the technique does not necessarily demand the use of any
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chemical reagent even in the form of surfactants or stabilizers making PLAL an
environment-friendly technique [54].

Depending on the target and its affinity towards the surrounding liquid, a variety of
NPs can be synthesized. The properties of the NPs can be tuned by varying the laser
parameters viz., the laser wavelength, pulse duration, fluence, exposure time, etc. [55-58].
The focusing conditions of the laser beam can also be varied to alter the NP properties [57,
59]. It has also been found that the properties of the surrounding liquid can also tailor the
characteristics of the NPs [60, 61]. The beauty of PLAL lies in the fact that NPs of any
solid material can be synthesized. As such, the list of various NPs that have been
successfully synthesized by PLAL is an exhaustive one [16]. Another factor which is
responsible for the popularity of PLAL has been the low cost associated with the technique.
Barring the initial investment in the laser system, which is high, PLAL is a more cost
effective technique as compared to its chemical counterparts. Of course, the scale of NP
production is one area in which PLAL is a bit lagging but there have been significant
improvements even in this direction [62]. The NPs synthesized via PLAL have shown
potential applications in biomedicine, pseudo-capacitors, optoelectronics, catalysis,
toxicity reduction, surface enhanced Raman scattering (SERS), etc. [16, 63-67].

1.4 Importance of noble metal NPs

With every stride in nanotechnology, the importance of NPs has increased drastically.
Metal NPs, noble metal NPs in particular, have huge potential due to their remarkable
optical, electronic and catalytic properties as compared to those of bulk materials [68-70].
These properties have led to its imperative role in many fields, especially in sensing
applications like nano biosensors, metal enhanced fluorescence (MEF), SERS, etc. [71-75].
Among many interesting properties of noble metal NPs, the most notable is the localized
surface plasmon resonance (LSPR) associated with it [76, 77].
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The mechanism of generation of LSPR is schematically represented in Fig. 1.4.
When an external electromagnetic radiation is incident on the NPs, it interacts with the free
electrons present in the NPs. If the size of the NPs is smaller than the wavelength of the
incident light it leads to a collective oscillation of the electrons and have a displacement of
the electron cloud. A restoring force from Coulombic attraction results in the oscillation of
the electron cloud with respect to the nuclei. At a particular frequency of oscillation,
resonance occurs and a dipolar field is created outside the NPs [76, 77]. The generation of
this field is the source of strong enhancement of electromagnetic field around the surface
of the NPs which is the backbone of LSPR and SERS based plasmonic applications [71,

72].

Electron cloud

Excitation radiation

Figure 1.4 Schematic representation of the generation of LSPR in noble metals.

The LSPR of metallic NPs is explained by the Mie theory [78, 79]. Starting from
the Maxwell equations, Mie went on to describe the optical properties of small spherical
metal particles. For particle size much smaller than the wavelength of the incident light (R
<< J), the absorption is caused mainly by the electric dipole oscillations, and the total

extinction coefficient « in the quasi-static regime is given by [80]

3
187NV e’ g,
K=

72 (1.1)
[e, +27] +¢,

where n is the number of particles, V is the volume, 4 is the wavelength of the incident light,

¢’ is the dielectric constant of the surrounding medium and, ¢, and ¢, are the real and
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imaginary parts, respectively of the dielectric constant, e(w), of the material where w is the

angular frequency of light. If ¢, is small or weakly dependent on « then the plasmon
resonance condition is roughly fulfilled when ¢, (w) = -2¢". When this condition is satisfied,

a resonance enhancement is experienced by the polarizability. As a result of this enhanced
polarizability, the scattering and absorption capability of metallic NPs increases. This is the
origin of the SPR.

Among the noble metal NPs, gold (Au), silver (Ag) and copper (Cu) are mostly
used in plasmonic applications [81-84]. Au due to its chemical inertness and
biocompatibility has been in high demand in many applications especially the ones
involving biomolecules [85]. Some of the applications of gold NPs in biomedical field
include its use as biolabels, its enhanced immunosensing when used in conjugation with
protein, targeted drug delivery, etc. [86-88]. Besides these, recently, laser induced
explosion of Au NPs has come up as a new prospect for the treatment of cancer [89]. Ag is
another very important noble metal and is known to exhibit the strongest plasmonic
response which has led to it being the preferred choice in many plasmonic applications [83,
90-92]. These applications include its use as SERS substrate, in plasmonic color printing,
plasmonic sensors, etc. [83, 91-93]. Luminescence enhancement property of Ag NPs is
used to enhance the sensitivity of radiation detector [94]. In addition to these, NPs of Ag
and its oxide have excellent antimicrobial properties which has facilitated its use in many
industries including health and textile [95, 96]. In spite of all the advantages associated
with Ag NPs, the cyto-toxicity of these NPs has been a matter of concern for
environmentalists across the globe [97]. Efforts to reduce the cytotoxicity of Ag NPs is on
the rise with sulfidation of the NPs being a viable option [98].

Application of Cu NPs in plasmonics is comparatively limited due to its reactive

nature. But the low cost of copper has been a motivating factor for researchers to explore
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its potential in plasmonic applications [84, 99-101]. Cu NPs are finding applications as
SERS substrate, in enhancing the light harvesting properties in solar cells, as
photocatalysts, calorimetric sensors, etc. [99, 102-105]. Recently, there have been several
reports on the applications of metal oxide NPs [106, 107]. Cu has a natural tendency for
oxidation. As a result, the oxidation of Cu which was considered as a setback earlier has
turned out to be a dramatically interesting topic. Cu oxide semiconductors possessing

narrow bandgaps are being extensively used in renewable energy production [108]. Cu,0

thin films are used as hole-transport layers in perovskite solar cells and CuO nanostructures

are being used as electrode materials in supercapacitors [109, 110]. Both Cu,O and CuO

have potential applications as gas sensors and their photocatalytic activities are found to be
excellent [111, 112]. NPs of both Cu as well its oxides are reported to have enhanced
antimicrobial properties against pathogenic bacteria [95, 113]. Composites of Cu with
polymer have been used in medical devices, food packaging, medical implants, bandage,
water disinfectant, etc. [114].

Among various applications of noble metal NPs, its use as LSPR based sensors has
been a major breakthrough [72, 77]. SERS is one such vibrational spectroscopic technique
utilizing the LSPR property of noble metals to enhance the intensity of intrinsically weak
Raman signal obtained from a sample by several orders of magnitude [74, 115, 116]. In
terms of identification of various species, although traditional Raman spectroscopy is a
very efficient technique, it suffers from the disadvantage of poor signal due to the low
cross-section for Raman scattering [117]. This demerit associated with Raman
spectroscopy has been negated efficiently by the advent of SERS. The virtue of SERS in
the identification of various species and obtaining the structural information is widely
acclaimed. This is reflected in the application of SERS in the fields of material science,

biomedical engineering, electrochemistry, etc. [74, 75, 118, 119]. Even though many
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advances have been made in the search for high-performance SERS substrates since its
discovery, more than 35 years ago, but till date the quest for more reliable and low cost
SERS substrates is on [120, 121]. While fabrication of some very good SERS substrates
requires extremely sophisticated techniques to create periodic nanostructures, there have
been successful endeavours towards developing cheaper substrates [122-124].
Development of SERS has led to its successful implementation in single molecule
detection, biomolecular sensing and trapping, detection of proteins, nucleic acids,
deoxyribonucleic acid (DNA), etc. [115].

1.5 The present work

In view of the above discussion, it is evident that PLAL is a very advantageous technique
for the synthesis of NPs. Keeping the importance of noble metal NPs in mind, in the present
work, NPs of Cu and Ag have been synthesized by pulsed laser ablation in distilled water
(DW). Incident laser energy and ablation duration have been used to alter the properties of
the NPs. The role of the confining liquid on the properties of the NPs synthesized via PLAL
is investigated by carrying out the synthesis of Cu NPs in two organic solvents, methanol
and 2-propanol. The results obtained in these solvents are compared with those obtained
for the NPs synthesized in DW. The study of the effect of the confining liquid on the NPs
is complemented with a correlative study of the laser produced crater on the target surface
in various ambients.

The formation of NPs via PLAL is influenced by the dynamics of the processes
involved in PLAL viz., the cavitation bubble and SWs. These processes are studied using
shadowgraphy and beam deflection techniques. The thermodynamics of the peculiar
dynamics of the cavitation bubbles have been derived analytically. A thermodynamic

nucleation model has been used to study the nucleation of Cu@Cu,O NPs.
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The synthesized NPs have been successfully applied as excellent SERS substrate
for a bioactive furanoflavonoid, karanjin having medicinal properties [125, 126]. A
comparison between the SERS capability of Cu and Ag NPs in the sensing of karanjin is
also done. As both Cu and Ag NPs have excellent antimicrobial properties, the synthesized
NPs are used as an effective antibacterial protective layer on three natural silks. The
synthesized NPs have also been applied to check its viability on the treatment of filter paper

for annihilation of bacteria from contaminated water.

Organisation of the present thesis

The entire thesis has been divided into eight chapters as briefed below.

Chapter 1, “Introduction” presents the overview of the literature survey on pulsed
laser ablation of a solid, the mechanism of PLAL and its application in NP synthesis, and
importance of noble metal NPs.

Chapter 2, “Experimental Details” describes various experimental setup used in the
present thesis work. The PLAL setup for the synthesis of the NPs, shadowgraphy and beam
deflection setup for the investigation of the dynamics of the cavitation bubble and SWs are
illustrated and explained. The preparation of the NP samples for SERS studies on karanjin
and also the details of the antibacterial study on silk and filter paper are elucidated. In
addition, the basic information of the instruments used for the characterization of the NPs
is also included in this chapter.

Chapter 3, “Synthesis and Characterization of Cu@Cu, O Nanoparticles” describes

the effect of incident laser energy and ablation duration on the size, SPR and structural

features of the Cu@Cu,O (x=1, 2) NPs synthesized via PLAL.
Chapter 4, “Synthesis and Characterization of Ag@AgXOy Nanoparticles”

discusses the effect of incident laser energy and ablation duration on the size, SPR and
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structural features of the Ag@AgXOy (x=1, 2; y=0, 1, 3) NPs synthesized by PLAL. The

photoluminescence of the Ag NPs and its possible origin is also discussed in this chapter.

Chapter 5, “Role of Confining Liquids on the Properties of Nanoparticles
Synthesized via PLAL” involves the investigations on the effect of confining liquid on the
properties of NPs synthesized via PLAL. The variation in the properties of NPs synthesized
via PLAL in various solvents is correlated to the changes occurring on the laser produced
crater on the target surface in different ambients.

Chapter 6, “Dynamics of the Process of Laser Ablation in Liquid: Cavitation
Bubbles and Shock Waves” involves the investigation of the cavitation bubble and SWs
using the shadowgraphy and beam deflection techniques. The temperature and pressure
derived from the dynamics of the cavitation bubble and SWs and its correlation with the

nucleation of Cu@Cu,0 NPs synthesized via pulsed laser ablation of Cu in DW is

elaborately discussed.
Chapter 7, “SERS and Antibacterial Activities of PLAL Synthesized Nanoparticles

of Cu@Cu,O and Ag@AgXOy” demonstrates the SERS capability of Cu as well as Ag NPs

on karanjin. The antibacterial activity of the NPs and its use as a protective layer for Eri,
Pat and Muga silks is discussed. Treatment of filter paper with the synthesized NPs in order
to check its antibacterial efficacy for the annihilation of bacteria in contaminated water is
also discussed in this chapter.

Finally, the thesis is concluded in Chapter 8 with possible future scope.
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Chapter 2

Experimental Details

2.1 Introduction

Pulsed laser ablation in liquid (PLAL) is a versatile technique for the synthesis of
nanoparticles (NPs) [1-5]. In this technique, properties of the NPs can be easily tuned by
varying the laser parameters and properties of the surrounding liquid medium [6-8]. In the
present thesis, NPs of copper (Cu) and silver (Ag) have been synthesized by the ablation
of the respective targets in distilled water (DW) as a function of laser energy and ablation
duration. In order to study the influence of the surrounding liquid, Cu NPs have also been
synthesized in two organic solvents. The laser ablated crater on the surface of Cu in various
ambients is analysed to understand the oxidation taking place on the target surface as well
as its impact on the NPs. In the process of laser ablation in liquid, the dynamics of the laser
produced cavitation bubbles and shock waves (SWSs) in liquid play a very important role
and hence these two phenomena have been studied using the shadowgraphy and beam
deflection technique [9-11(a)]. The synthesized NPs of Cu and Ag have been tested for its
viability as a substrate for surface enhanced Raman scattering (SERS) in the sensing of a
furanoflavonoid, karanjin. The antibacterial properties of the synthesized NPs have also
been applied to act as a protective layer for natural silks and in the treatment of filter paper
for the annihilation of bacteria in contaminated water.

In this chapter, the experimental details regarding the synthesis of NPs and the
formation of laser produced crater are elaborately discussed. The various techniques
employed for the characterization of the NPs as well as the laser ablated crater are briefly
stated. A lucid description of the shadowgraphy and beam deflection setup to study the

dynamics of laser ablation is provided. The experimental details for testing the viability of
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Cu and Ag NPs as SERS substrate and the antibacterial agent have also been detailed in

this chapter.
2.2 Experimental details for synthesis of nanoparticles

The NPs of Cu and Ag were prepared via pulsed laser ablation of the respective Cu and Ag
targets (99.9% pure) in DW. Cu NPs were also synthesized in two organic solvents,
methanol and 2-propanol. In each case, the target was cleaned by ultra-sonication in acetone
followed by rinsing with propanol. It was then placed at the bottom of a cell filled with ~ 8
mL of the liquid. The schematic and the photograph of the experimental setup for the
generation of NPs by PLAL are shown in Fig. 2.1 and 2.2, respectively. The laser beam
from the 2"¢ harmonic of a Q-switched Nd:YAG laser (Litron LPY7864-10G) having pulse
duration of 7 ns was used for ablating the target. The laser was operated at a repetition rate
of 10 Hz. The laser beam was steered by a set of optical components (shown in Fig. 2.2)

and then finally focused using a 25 cm focal length lens onto the target immersed in the

- Mirror
Q-switched
Nd:YAG laser

Glass plate C T >Lens

Liquid cell

liquid.

Plasma

Target
Translation stage ——

Figure 2.1 Schematic of the experimental setup for PLAL.

To avoid the drilling of the target due to repeated laser shots, the liquid cell
containing the target was translated with the help of a programmable motorized
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translational stage at a scan speed of 125 um per second. Laser ablation is accompanied by
a cracking sound and the intensity of the sound can be a good indicator of the uniform
ablation [11(b)]. During the synthesis of NPs by laser ablation, in the present work, it was
found that the intensity of the cracking sound was almost uniform throughout the
experiment, indicating efficient and uniform ablation. The colloidal solution was also
manually stirred frequently during the ablation process to disperse the floating layer of NPs

formed during ablation and to ensure uniform laser ablation on shot-to-shot basis.

Figure 2.2 Photograph of the PLAL setup; BS: beam splitter, M: mirror, L:
lens, G: glass plate, LC: liquid cell, TS: translation stage.

To study the effect of laser ablation duration and incident laser energy on the
properties of the NPs, the experiment was conducted for three different duration of laser
ablation at a fixed laser energy and then by keeping the ablation time fixed, the experiment

was performed at three different laser energies.
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Cu NP samples C1-C3 were synthesized in DW by varying the ablation duration
for 15, 30 and 60 minutes, respectively while keeping the laser energy fixed at 30 mJ. Then,
in line with sample C3, samples C4 and C5 were synthesized at laser energies of 50 and 70
mJ, respectively for a fixed ablation duration of 60 minutes. Thus, C1-C3 formed the set of
samples for studying the effect of laser ablation duration and C3-C5 formed another set of
samples for the effect of incident laser energy on the properties of Cu NPs. The details of
the samples are summarized in table 2.1.

Table 2.1 Details of Cu NPs synthesized in DW.

Sample Laser energy (mJ) Duration (minutes)
Cl 30 15
C2 30 30
C3 30 60
C4 50 60
C5 70 60

Similarly, for the case of Ag NPs, samples A1-A3, synthesized in DW by varying
the ablation duration for 5, 15 and 30 minutes, respectively at fixed incident laser energy
of 30 mJ, formed the series for studying the effect of ablation duration. Samples A4 and
A5 were prepared at incident laser energy of 50 and 70 mJ, respectively for a duration of
30 minutes and hence samples A3-A5 formed the series for studying the variation in
incident laser energy. The reason for choosing lesser duration in the case of Ag NPs will
be discussed in section 4.3.2. The details of these Ag NPs are listed in table 2.2.

Table 2.2 Details of Ag NP samples synthesized in DW.

Sample Laser energy (mJ) Duration (minutes)
Al 30 5
A2 30 15
A3 30 30
A4 50 30
A5 70 30
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Cu NP samples were also synthesized in methanol (M1-M3) and 2-propanol (P1-
P3) by varying the ablation duration as 15, 30 and 60 minutes, respectively at a fixed
incident laser energy of 30 mJ. The details of these samples M1-M3 and P1-P3 are

summarized in table 2.3.

Table 2.3 Details of Cu NP samples synthesized in methanol and 2-propanol.

Sample Laser energy (mJ) Duration (minutes)
M1, P1 30 15
M2, P2 30 30
M3, P3 30 60

The laser ablation fluence impinging on the target was assessed from the focal spot
(area ~ 3 x 10 cm?) as depicted in Fig. 2.3. It was observed to be ~ 10, 16 and 22 J/cm?

corresponding to laser energy of 30, 50 and 70 mJ, respectively.

744 um

Figure 2.3 Laser focal spot size on Ag target using a 25 cm focal length lens
at 30 mJ laser energy.

2.3 Laser produced crater formation

In order to investigate the structural and morphological changes of the laser irradiated
target surface in various ambients and to correlate it with the properties of NPs thus

formed, laser ablation of the Cu surface was performed in air, DW, methanol and 2-
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propanol. For this, the ablation was carried out under similar conditions as was employed
for the synthesis of NPs, section 2.2, with the only difference being that the target was not
translated during ablation and repeated shots of laser were fired at the same spot in order

to produce a prominent crater.
2.4 Characterization of nanoparticles and crater

The synthesized NPs and also the laser produced crater were subjected to a variety of
characterization techniques. These techniques are briefly discussed in the following
subsections.

2.4.1 Transmission electron microscope

The transmission electron microscope (TEM; JEOL JEM 2100, 2100F) operated at a
voltage of 200 kV was used to study the shape and size of the NPs. The selected area
electron diffraction (SAED) patterns and the high resolution TEM (HRTEM) gave
information about its structural features. For this, the colloidal solution of the NPs was drop
casted onto carbon coated copper grids and were subjected to TEM analysis. The TEM
images were analysed by using the built-in “Gatan digital micrograph” software.

2.4.2 UV-visible spectrophotometer

The surface plasmon resonance (SPR) of the NPs was studied by recording the absorption
spectra of the colloidal solutions using a UV-Visible spectrophotometer (Shimadzu UV-
3101 PC). For this, the as-prepared colloidal solutions of the NPs were transferred in quartz
cuvette (Dimension: 1 cm x 1 cm x 5 cm) for recording the spectra and the baseline
correction was applied for each and every sample against the respective solvent in which
the NPs were synthesized.

2.4.3 Raman spectrophotometer

In order to unveil the various oxide phases formed, the NPs were subjected to a Raman
spectrophotometer (Horiba Jobin Vyon LabRam HR800) using a holographic grating of
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1800 grooves/mm. For this, the colloidal solutions of NPs were drop casted onto glass
coverslips and dried. The Raman spectra were then recorded at an excitation wavelength of
488 nm of Argon ion laser. The different regions of the crater were also probed with the
laser to ascertain the formation of oxide under various ambients. The spectral resolution of
the Raman spectrophotometer is less than 1 cm™,

2.4.4 X-ray diffractometer

The samples were also investigated by the X-ray diffractometer (Rigaku, TTRAX I1II)
operated at a wavelength of 1.5407 A of Cu-Ka line to identify the crystalline phases of
the NPs. For this, the NP solutions were drop casted onto silicon (Si) wafers and dried and
then exposed to the X-rays. The grazing angle of incidence of the X-rays was maintained
between 1-2° and the step size is 0.03°.

2.4.5 Photoluminescence spectrometer

The photoluminescence (PL) spectra of the colloidal samples were recorded using an
excitation wavelength of 300 nm at room temperature. The colloidal solutions were taken
in quartz cuvette (Dimension: 1 cm x 1 cm X 5 cm) and a steady state fluorescence
spectrometer (Edinburgh Instruments, FS920) equipped with Xenon lamp was used to
record the PL spectra. The spectral resolution of the spectrometer is 0.1 nm.

2.4.6 Optical microscope

To measure the dimension of the craters produced as a result of ablation carried out in the
different ambients, the ablated samples were subjected to an optical microscope (Olympus

BX51M) having a minimum adjustment gradation of 1 pm.

2.4.7 Surface profilometer
In order to assess the mass ablation rate, the volume of the crater formed in various
ambients was estimated from a non-contact high precision optical profilometer having field

view of 0.825 mm x 0.825 mm (Taylor Hobson, Talysurf CCl lite).
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2.4.8 Field emission scanning electron microscope

The morphological changes in the central and peripheral regions of the laser produced
crater were investigated using the Field emission scanning electron microscope (FESEM,;
Zeiss, Sigma), operated at an accelerating voltage of 2 to 5 kV. The NP treated filter paper
and the bacteria used in the antibacterial study were also subjected to the FESEM. Prior to
loading the samples in the vacuum column of FESEM, the samples were coated with a very
thin layer of gold to avoid the charging effect during measurement.

2.4.9 Energy dispersive X-ray

The oxygen content in different regions of the laser produced crater could be a good
indicator for the oxidation taking place on the surface of the target during ablation. Hence,
the various regions of the craters were probed with the Energy Dispersive X-ray (EDX)

spectrometer (Oxford Instruments) attached to the FESEM.

2.5 Experimental details for the study of cavitation bubbles and shock

waves

Once the laser beam is incident onto the target immersed in liquid, plasma formation of the
target commences and is followed by the release of SWs and subsequent formation of the
cavitation bubbles [5, 9, 10, 12]. The properties of the NPs produced via PLAL are
influenced by the SWs and the cavitation bubbles [9, 12-14]. The dynamics of these two
very important phenomena were studied via shadowgraphy and beam deflection technique
as elaborated in the following subsections.

2.5.1 Shadowgraphy technique

The principle of the shadowgraphy technique lies in the ability of the probe beam to cast
the shadow of any obstacle lying in its path onto a camera. The study of the cavitation
bubble dynamics using this technique involves capturing of the bubble images at different

times relative to the laser pulse [10, 15, 16].
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The schematic and the photograph of the experimental setup for recording the
images of the cavitation bubbles via shadowgraphy are shown in Fig 2.4 and 2.5,

respectively.
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Figure 2.4 Schematic of the shadowgraphy setup.
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Figure 2.5 Photograph of the shadowgraphy setup; CCD: Charge coupled device, NDF:
Neutral density filter, NF: Notch filter, M: mirror, MO: Microscopic objective, L: lens,
LC: liquid cell, TS: translation stage.
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The second harmonic of a Q-switched Nd:YAG laser (Spectra-Physics, INDI-HG)
having a pulse duration of 7 ns and operated in the single shot mode was focused onto a Cu
target for the ablation and formation of laser induced plasma followed by NPs. The Cu
target was placed at the bottom of a liquid cell (LC; Dimension: 5 cm x 5 cm x 10 cm)
made of glass as shown in Fig. 2.5. The LC was filled with water to a height of ~ 8 mm
above the target. The laser beam was steered suitably using a set of optical components (in
Fig. 2.4 and 2.5, only one mirror of the final stage is shown) and finally focused using a
convex lens (L1) of focal length 10 cm on the target. To record the dynamics of cavitation
bubbles via shadowgraphy, a probe laser beam from a cw He:Ne laser (Melles Griot, 05-
LHR-991, Power:30 mW, 4=632.8 nm) was aligned in a direction perpendicular to the
direction of plasma or the pump Nd:YAG laser beam focused onto the target in the vicinity
of the ablated region. For proper illumination of the bubbles, the probe beam was expanded
using a 10X microscopic objective as shown in Fig. 2.4. This expanded probe beam after
passing through the breakdown region was imaged onto a fast gated charge coupled device
(CCD) camera (PCO Sensicam ge) using a convex lens (L2) of focal length 10 cm to
record shadowgraphic images of the bubble in the 1:1 configuration.

In order to record the temporal evolution of the bubbles, the CCD camera was
triggered appropriately at different intervals of time w. r. t. the laser pulse. The triggering
scheme was monitored on a digital storage oscilloscope (DSO; DP0O3034; 300 MHz, 2.5
GS/s) and is depicted in Fig. 2.6. Fig 2.6(a) shows the time delay between the lamp pulse
of the laser and the Q-switched pulse which is ~ 183 ps. The Q-switched pulse from the
laser power supply triggered the function generator (Tektronix AFG3102, 1GS/s, 100
MHz) from which a delayed trigger pulse w. r. t. the laser signal was generated. This
generated pulse was used to trigger the CCD. Fig. 2.6(b) shows the Q-switched pulse, the
laser pulse and the generated trigger pulse from the function generator. Thus,
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shadowgraphic images of the bubbles were captured as a function of time w. r. t. the laser
pulse by delaying the output of the function generator.

In this way, the temporal evolution of the cavitation bubbles were recorded. The
exposure time of the CCD camera was kept fixed at 2 ps and a neutral density filter (NDF;
optical density 1.3) was used in front of the camera to avoid its saturation. The experiment
was performed at three laser fluences of ~ 10, 16 and 22 J/cm?, which is same as that of

used for the synthesis of NPs discussed in section 2.2.
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Figure 2.6 Oscilloscope trace of (a) the Lamp pulse and Q-switched pulse of the laser;
(b) scheme used for triggering the CCD.
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2.5.2 Laser beam deflection technique

The principle of the beam deflection technique involves the deflection of a probe beam due
to a refractive index gradient of the medium lying in its path. This deflection of the probe
beam is recorded by a position-sensitive detector [10, 17]. Using this technique, the entire
time evolution of the SW and cavitation bubble can be obtained in a single shot of laser
[18].

The schematic and the photograph of the beam deflection setup employed for the
study of the cavitation bubbles and the SWs are shown in Fig. 2.7 and Fig. 2.8, respectively.
The basic arrangement for the generation of laser induced plasma of the target in DW is
same as that of described in section 2.5.1, shadowgraphy technique. The only difference is
in the way the probe beam is launched and detected. In the laser beam deflection technique,

a photodiode is used as the detector replacing the CCD camera of the shadowgraphy setup.
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Figure 2.7 Schematic of the beam deflection setup.

In the beam deflection setup, the He:Ne laser beam (probe beam) is directly

made to fall onto a photodiode, P1 (Model: 13 DSI 001) which is aligned so that the
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centre of the beam falls on it giving the maximum signal. The size of the probe beam is
0.65 mm (beam diameter 1/e?) and the active region of the photodiode is 0.31 mm?2. The
photodiode signal is displayed onto a DSO (through a 50 Q terminator) interfaced to a
computer. The DSO was triggered with the Nd:YAG laser pulse (employed for the
generation of laser induced plasma) through another identical photodiode (P2). For this, a
scattered signal at 532 nm of the incident laser was made to fall on P2 and displayed on the

other channel of the DSO along with the signal from P1.
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Figure 2.8 Photograph of the beam deflection setup; P: Photodiode, M: mirror, L: lens,
LC: liquid cell, TS: translation stage.

As the probe beam passes through the breakdown region, the formation of
the cavitation bubbles and the SWs induces deflection in the probe He: Ne beam due
to the change in the refractive index of the surrounding medium resulting in the change in
the intensity of the probe beam falling on P1 and hence there is a modulation in its signal.
One such signal from the beam deflection setup along with the laser pulse recorded at a
distance of 1 mm from the target in the direction of plasma expansion is shown in Fig. 2.9.

Careful analysis of this deflection in the probe beam can give information about the
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dynamic behaviour of the bubbles and the SWs. In the Fig. 2.9(a), the primary and
secondary cavitation bubbles are marked in the beam deflection signal. The trigger pulse is
also shown in this figure. The expanded view of the beam deflection signal (circled in red)
in the initial stage is shown in Fig. 2.9(b). The small deflection in this signal corresponds
to the SW emitted immediately after the plasma formation. A detailed analysis of the SWs
using beam deflection setup is given in chapter 6.
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Figure 2.9 (a) DSO trace showing the modulation in the beam deflection signal, (b) the
same in an expanded scale.
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Figure 2.10 Beam deflection signal as a function of time at different positions from
the target; the inset shows the positions schematically.

The measurement of the SW velocity using this technique can be performed by
considering the modulation in the He:Ne probe beam at different positions w. r. t. the target
surface as shown in Fig. 2.10. For this, the target as well as the lens, L1, were moved
simultaneously along the direction of the source Nd:YAG laser beam and the deflection
was recorded as a function of distance from the target. Fig. 2.10 shows the expanded view
of the signal recorded at two distances from the target, say X; and X2. As shown in the Fig.
2.10, AT is the difference between the delay time T1 and T, w. r. t. the trigger pulse at
positions X1 and Xz, respectively. From AT and AX, the velocity of the SW can be measured
easily.

2.6 Experimental details for the application of the nanoparticles

The NPs synthesized via PLAL technique were tested for its viability as SERS substrate as
well as its antibacterial activity. The experimental details for these applications of the

PLAL synthesized NPs are presented in the following subsections.
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2.6.1 Surface enhanced Raman scattering (SERS) application of PLAL synthesized
nanoparticles of Cu and Ag

The SERS activity of both Cu as well as Ag NPs was tested on a bioactive furanoflavonoid,
karanjin. In order to check the SERS capability of the Cu NPs, samples C3-C5, as listed in
table 2.1, for which a uniform size distribution was obtained were used as the substrate. For
the Ag NPs, all the five samples, A1-A5 (listed in table 2.2) having uniform size
distribution were used.

2.6.1.1 Preparation of karanjin

Karanjin was isolated from ethyl acetate crude extract by column chromatography
using hexane-ethyl acetate eluent system [19]. The compound was purified and the
retardation factor, R value of karanjin was found to be 0.44 in 15% hexane-ethyl
acetate eluent system. After crystallization, white needle-shaped crystals were obtained.
The crystals were washed with hexane and binary solvent mixture (ethyl acetate and
hexane). Finally, the karanjin crystals were dissolved in dimethyl sulphoxide (DMSO) to

obtain a concentration of ~ 2 mg/mL.

2.6.1.2 SERS measurements

To test the SERS response, 10 pL of karanjin solution was mixed with 500 pL of each of
the synthesized samples of Cu and Ag NPs separately. After addition, the solutions were
sonicated to ensure the uniform mixing and then drop casted onto Si wafers, dried and
subjected to the Raman spectrophotometer with an excitation wavelength of 488 nm to
record the Raman spectra. The Raman spectra of pure karanjin and that of karanjin treated
with the different samples of the NPs were recorded over various location on each of the
samples. The presence of the NPs in the proximity of the analyte, karanjin, was verified

using the TEM.
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2.6.2 Antibacterial applications of PLAL synthesized nanoparticles of Cu and Ag
Delicate materials such as silk are very important in the textile industry and there is a need
to devise methods to protect such materials against bacterial contamination. There is a
similar need to devise easy and convenient methods to rid drinking water, especially during
emergencies, from harmful pathogenic bacteria. In the present work, the antibacterial
activity of the Cu and Ag NPs was tested to act as a protective layer for natural silk and
also in the treatment of filter paper for the annihilation of bacteria from contaminated
drinking water. For these studies, the samples C5 and A5, listed in table 2.1 and 2.2,
respectively, were taken pertaining to their high concentration.
2.6.2.1 Natural silk treated with nanoparticles
The effect of treatment of Cu and Ag NPs on three common silks, viz., Eri, Pat and Muga
which are locally available in the North-eastern part of India, were studied to check its
antibacterial activity. These silks are woven from the silkworms Philosomia ricini, Bombyx
mori and Antheraea assamensis, respectively.
2.6.2.1.1 Preparation of silk pellets
The threads of Eri, Pat and Muga silk were purchased from local market and shredded into
very fine pieces separately. The stages of the preparation of the pellets is pictorially
represented in Fig. 2.11.

The fine pieces of each and every type of silk were ground separately in a mortar
and a pestle until all the pieces were smudged thoroughly which gave the appearance of a
cotton-like texture. These samples were put in a KBr Die maker and a pressure of about 60

kg/cm? was applied on it to make their pellet.
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Figure 2.11 (a)-(c) Threads of Eri, Pat and Muga silk; (d)-(f) cut and ground pieces of the
respective silk threads; (g) final form of the silk pellets.

2.6.2.1.2 Agar diffusion test for bactericidal testing on nanoparticle treated silk
The prepared pellets of the silks were dipped in the colloidal solutions of the NP samples
C5 and A5 separately for its attachment to the silk. The antibacterial activities of the silk
pellets were tested on gram positive, Staphylococcus aureus (ATCC 6538) bacteria using
agar diffusion method. The agar was poured in petri plates and solidified in laminar air
flow. Bacterial culture of 100 ul was spread on the agar using a spreader and the NP treated
silk pellets were placed in it.

In order to confirm the validity of the results obtained in the Agar test, the
following standard procedure was adopted. Two wells were made in agar after the bacteria
was spread and water was poured in one of them as negative control and 10 pL of

Kanamycin (antibiotic, 25 pg/mL) was put in the other as positive control. These petri
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plates were incubated at 37°C for 24 hours. In general, no inhibition zone around the
negative control and maximum inhibition zone around the positive control after incubation
IS expected for a correct test. In order to compare the antibacterial activity of Cu and Ag

NPs, the entire procedure was repeated separately for untreated silk pellets.

2.6.2.2 Antibacterial efficacy of filter paper treated with nanoparticles

The antibacterial activity of the NPs was also tested in the treatment of filter paper for the
annihilation of bacteria in contaminated water.

2.6.2.2.1 Preparation of Cu and Ag nanoparticle treated filter paper

The efficiency of the method of treatment of the filter papers with the synthesized NPs of
Cu and Ag in removing the bacteria from contaminated water was tested in the following
way. The cellulose filter papers (Whatman Grade 1, 98% alpha-cellulose content) were
placed in two separate borosilicate glass petri plates. The colloidal solutions each of Cu and
Ag NP samples, C5 and A5 were uniformly poured over the separate filter papers until the
papers were completely dipped in the solution. The petri plates were then heated by placing
on a hot plate in order to evaporate the water from it. A small piece of each dried filter

paper was then subjected to FESEM to confirm the adhesion of the NPs onto the papers.

2.6.2.2.2 Antibacterial test on nanoparticle treated filter paper

To examine the bactericidal efficacy of the NPs attached to the cellulose filter papers, two
common pathogenic bacteria, one gram positive, Staphylococcus aureus, and a gram
negative bacteria, Escherichia coli (MTCC 723) were used. The NP treated papers were
folded in the form of a cone and placed on a filter funnel. Active log phase culture (Optical
density 0.6 corresponding to approximately 10° cells CFU) was diluted 10 fold with
autoclaved distilled water and 5 mL of such bacteria contaminated water was passed
through the filters. A small amount of each filtrate was then distributed uniformly on petri

plates containing nutrient agar to check for the growth of colonies of bacteria.
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Also, the bacteria that came in contact with the NPs were scooped from the filter
paper and were inoculated in fresh nutrient media. The growth kinetics of the bacteria in
these solutions were observed for 24 hours at an interval of 2 hours by measuring the optical
density at 600 nm. For comparison, the same procedure was also adopted for untreated
filter paper. To ascertain the condition of the bacteria upon coming into contact with the
NPs, the bacteria that were passed through NP treated filter papers as well as the ones that

were passed through untreated filter papers were subjected to the FESEM.
2.7 Conclusion

In this chapter, the experimental setup for the synthesis of NPs via PLAL and the formation
of laser induced crater is described in detail. In addition, various characterization tools
adopted for the analysis of the NPs have also been summarized. The experimental details
with regard to the study of the dynamics of the process of cavitation bubbles and SWs is
elucidated. Finally, the details of the application of the synthesized NPs in the SERS and

antibacterial studies have been outlined.
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Chapter 3

Synthesis and Characterization of
Cu@Cu,O Nanoparticles

3.1 Introduction

Copper (Cu) nanoparticles (NPs) exhibit localized surface plasmon resonance (LSPR) in the
visible region of the electromagnetic spectrum which has led to its implementation in many
plasmonic applications [1-3]. Both Cu as well as its oxides have been found to be extremely
useful. Some of these applications include plasmonic sensor, photocatalyst, ink-jet printed
electronic, gas sensor, etc. [2, 4-8]. The plasmonic response of the NPs are highly dependent
on the size, structure and also on the surrounding medium [9, 10]. Hence, tailoring the
properties of plasmonic NPs has been an active area of research. Size and structure of the NPs
can be controlled by various techniques [11, 12], but considering the versatility of the technique
of pulsed laser ablation in liquid (PLAL), as discussed in section 1.3 with the large pool of
adjustable parameters including laser wavelength, pulse duration, laser energy, surrounding
liquid medium, etc., PLAL has gone a long way in this direction [13, 14]. Using the technique
of PLAL, Muniz-Miranda et al. reported the characterization of Cu NPs synthesized as a
function of laser wavelength [15]. It was reported that laser wavelength of 1064 nm is more
efficient in particle production while 532 nm results in reduced particle size due to photo-
fragmentation. The work of Santillan et al. elaborately discusses the formation of core-shell
Cu oxide NPs synthesized by femtosecond laser ablation of Cu in acetone and water [16]. Nath
et al. varied the laser focussing conditions and were able to achieve structural modification of
Cu oxide NPs [17]. However, no definite control over the size and surface plasmon resonance

(SPR) have been reported till date. Although there are few more reports on the effect of laser
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parameters on the properties of Cu NPs, but a proper correlative study on the SPR and its size
and also on the oxidation of Cu NPs is not well documented [18]. This motivates the work
described in the present chapter which emphasises on the determination of a set of laser
parameters so as to obtain a good control over the particle size, plasmonic response and

stoichiometry of Cu@Cu,O NPs.
Starting exactly from this, Cu@Cu,O NPs were synthesized by pulsed laser ablation of

a Cu target immersed in distilled water (DW). The choice of DW as the liquid was made in
order to avoid any unwanted impurities in the synthesized NPs. Laser ablation duration and
incident laser energy were varied to tune the properties of the NPs. An attempt to correlate the
SPR behaviour of these NPs and its size was undertaken. The process of oxidation of the
synthesized NPs during its synthesis and its dependence on the various parameters have also

been reported.
3.2 Experimental details

The NPs of Cu were synthesized by the pulsed laser ablation of Cu in DW, as described in
section 2.2. Five samples of Cu NPs were synthesized by varying the laser ablation duration as
well as its energy. These are listed in table 3.1.

Table 3.1 Nanoparticle samples prepared under different conditions.

Sample Laser energy (mJ)  Duration (minutes)
C1 30 15
C2 30 30
C3 30 60
C4 50 60
C5 70 60

The first three samples C1-C3 were prepared by varying the ablation duration for 15,

30 and 60 minutes, respectively while keeping the laser energy fixed at 30 mJ. Then, in line
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with sample C3, samples C4 and C5 were prepared at laser energies of 50 and 70 mJ,
respectively for a fixed ablation duration of 60 minutes. Here, the reason for fixing the ablation
as 60 minutes will be discussed in section 3.3.3. Thus, samples C1-C3 form a series for studying
the effect of ablation duration and that of C3-C5 form another set of samples for the effect of
incident laser energy on the properties of Cu NPs.

In order to ascertain the mass ablation rate as a function of incident laser energy, the
laser ablation of the target was carried out at laser energies of 30, 50 and 70 mJ, respectively.
For this, repeated shots of laser were fired at the same location for one minute to produce a

prominent crater for the ease of measurement. For the characterization of Cu@Cu,O NPs the

colloidal solution of the samples (C1-C5) were drop casted onto carbon coated Cu grids for the
transmission electron microscope (TEM) measurements. For the Raman analysis, the colloidal
solutions were drop casted onto glass coverslips and the Raman spectra were recorded at an
excitation wavelength of 488 nm. The samples were also drop casted onto Silicon wafer and

subjected to X-ray diffractometer.

3.3 Results and discussion

3.3.1 Formation of the nanoparticles

The change in color of the colloidal solution of as-synthesized Cu NPs synthesized via PLAL
is clearly displayed in Fig. 3.1. The coloration of water confirms the formation of Cu NPs. The
color of the colloidal solution turns darker with the increase in laser ablation duration from the
samples C1-C3 implying an increase in the concentration of the Cu NPs, which is mainly due
to the fact that more material is ablated from the target with prolonged laser exposure.

In the case of 2" set of samples, C3-C5, synthesized with increasing incident laser
energies, the color of the colloidal solution is observed to become darker from sample C3 to
C5. This indicates that the irradiation of the target with higher laser energy facilitates higher

degree of ablation of the Cu target and hence an increase in the concentration of NPs. An idea
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of the extent of ablation as a function of incident laser energy can be obtained from the

estimated mass ablation rate as described in the next section.

Figure 3.1 Change in color of the colloidal solution of Cu NPs.

3.3.2 Estimation of mass ablation rate

The ablation of target via laser, leaves behind its imprint in the form of crater in the focal
region. The dimensions of the crater formed can be used to estimate the mass ablated upon
incidence of the laser beam. The depth profiles of the crater were extracted along a line that
joins two diametrically opposite points on the boundary of the crater as depicted in Fig. 3.2, as
an example. Fig. 3.3(a)-(c) show the average depth profile of the crater obtained at laser
energies of 30, 50 and 70 mJ, respectively. An increase in the depth of the crater with the
increase in incident laser energy is evident from the depth profiles.

The integrated ablated volume of the crater was measured from the surface
profilometer. The volumes of the crater produced at 30, 50 and 70 mJ are found to be 5.03 x
106, 7.22 x 10° and 8.75 x 108 pmd, respectively. This volume was eventually used to assess
the mass of the material ablated from the target and hence the mass ablation rate (mass ablated

per laser shot).
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Figure 3.2 Optical micrograph of a laser produced crater showing lines joining
diametrically opposite points for extraction of depth profiles.
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Figure 3.3 Depth profiles of crater produced at (a) 30 mJ, (b) 50 mJ and (c) 70 mJ.

The plot of the ablation rate (ug/shot) versus the incident laser energy, Fig. 3.4, shows

that the ablation rate increases with the increase in laser energy. The increased ablation rate is
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responsible for the release of more material at high fluence from the Cu target into the

surrounding liquid and therefore the concentration of the synthesized NPs increases.
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Figure 3.4 Variation of ablation rate as a function of incident laser.

3.3.3 Particle size analysis by transmission electron microscope

The TEM images of samples C1-C5 are shown in Fig. 3.5(a)-(e), respectively along with the
particle size distribution for C3-C5 in the respective insets. For sample C1, the shape of the
particles is nearly spherical and dominated by bigger particles having size in the range of 40-
50 nm along with appearance of small sized particles. For C2, the particles are in agglomerated
form with a mixture of mostly small and a few large sized particles. This gives an idea that the
larger particles already formed initially are fragmented due to the incidence of repeated laser
pulse for longer duration of time. However, for C1 and C2, the observed high agglomeration
among the particles makes it difficult to obtain the precise size distribution of the particles. In
Fig. 3.5(c), for sample C3, it is observed that with the increase in laser ablation duration upto
60 minutes, the particles formed are much more distinct compared to previous two samples.

The particle size distribution is shown in the inset and the average size is found to be ~ 20 nm.
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Figure 3.5 (a)-(e) TEM image of samples C1-C5 with the particle size distribution shown
in the inset for C3-C5, (f) Variation of average particle size with the increase in incident
laser energy.
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Thus, the size of the NPs decreases with the increase in laser ablation duration. This
may be due to the redistribution of the size of the particles through longer interaction with the
laser beam [19]. For longer ablation duration, as the number of laser pulses hitting the target
increases, the number of NPs formed is increased. After sometime, this number becomes
sufficiently high and the NPs obstruct the laser beam reaching the target further. At this stage,
the laser energy is absorbed by the already formed NPs resulting in its heating. As a result of
this, there is an increase in the temperature of the particles followed by its melting and
fragmentation into small sized particles [20]. Thus, distinct particles are formed with nearly
uniform distribution for an ablation time of 60 minutes.

From Fig. 3.5(d) and (e), the average particle size of samples C4 and C5 is found to be
~ 11 and 7 nm, respectively. This decrease in the average size of the NPs with the increase in
the incident laser energy is represented graphically in Fig. 3.5(f). From the particle size analysis
via TEM, it is observed that there is a decrease in the average particle size with the increase in
laser energy which can be attributed to three main reasons. Firstly, the larger kinetic energy of
the particles at higher incident laser energy increases collision among the initially formed larger
particles in the condensation process leading to a decrease in size [21]. Secondly, the size
reduction may occur due to the melting and subsequent vaporization of the initially formed
larger NPs. The large absorption of laser energy by the NPs and less heat dissipation to the
surrounding liquid medium leads to rise in temperature in the particles which is expected to be
more probable for higher laser energies [22]. Finally, fragmentation of NPs may also occur due
to the accumulation of photo-ejected electrons near the surface of the NPs facilitating the
disintegration of the initially formed NPs because of charging [23]. Normally it is difficult to
pin point the exact process of fragmentation of the NPs to smaller size at high energy as all the

three processes are equally probable.
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3.3.4 Structural and compositional studies

3.3.4.1 SAED and HRTEM analysis

The SAED patterns of the samples C1-C5 are shown in Fig 3.6(a)-(e), respectively.

Figure 3.6 (a)-(e) SAED patterns of samples C1-C5, respectively.

Table 3.2 Lattice d-spacing of synthesized NPs calculated from SAED patterns along with the
corresponding planes.

Observed in sample

hkl plane d (nm) C1 C2 C3 C4 Cs
Cu(111) 0.20 v v v v v
Cu,0(220) 016 - - ) )
Cu,0(211) 0.17 - v - -
Cu,O(111) 0.24 v v v ) )
Cu,0(110) 0.32 v v i v v
CuO(113) 0.15 - - v v -
Cu0(200) 0.23 - - - v v
55|Page

TH-2143 126121027



For a bird’s eye view, the inter-planar spacings denoted by the d-values along with the
corresponding lattice planes for samples C1-C5 are listed in table 3.2. From the table, it is

observed that for samples C1 and C2, there is formation of Cu as well as Cu,O phase of NPs,

with the latter phase being the dominant one. On the other hand, for sample C3, in addition to

Cu and Cu,0 there is an emergence of CuO phase. The presence of CuO for higher ablation

duration at fixed laser energy indicates that the Cu NPs get more oxidized with longer duration
of laser ablation in DW.

Another intriguing feature observed in the SAED pattern of C3 is an increased
crystallinity which is obvious from the distinct diffraction pattern of Fig 3.6(c). The reason for
this is unknown but in order to ensure that the recorded pattern is from the Cu NPs itself and
not from any impurity, the high resolution TEM (HRTEM) image was also recorded and is
shown in Fig. 3.7(a). From the HRTEM and its Inverse Fast Fourier Transform (IFFT) of a
selected area for the sample C3, the d-value is found to be ~ 0.20 nm corresponding to Cu(111)

plane. Thus, the presence of any impurity in the sample is ruled out.

Figure 3.7 HRTEM image with the IFFT of selected region of samples (a) C3 and (b) C5.
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For samples C4 and C5, the respective SAED patterns confirm the presence of both
Cu,0 and CuO phase along with Cu. The HRTEM image along with the IFFT of selected areas
for the sample C5 is shown in Fig. 3.7(b). From this, the d-value is found to be ~ 0.23 nm which
corresponds to CuO(200) substantiating the diffraction pattern.

The increased duration of ablation as well as increase in laser energy induces the
formation of a more oxidized CuO phase of NPs in addition to oxygen deficient phase Cu,0.
Thus, the SAED analysis confirms the formation of Cu@Cu,O(x=1, 2) NPs in the samples.
This is indeed an interesting observation and in order to further confirm it, the synthesized NPs

were subjected to Raman spectrophotometer which is expected to throw more light onto the

formation of Cu,0 and CuO phases.

3.3.4.2 Raman studies

The Raman spectrum of sample C1, Fig. 3.8(a), shows sharp peaks at 109, 151, and 218 cm
along with a faint broad peak around 500-550 cm™. The first three peaks are the clear
fingerprints of Cu,O and are attributed to I3,-, 1“1(51_) and 27I;,- bands while the broad peak
corresponds to the active Raman mode (T,,) [24, 25].

For sample C2, Fig. 3.8(b), the observed Raman peaks of Cu,O phase are slightly
shifted at 149 and 221 cm™. Thus, for samples C1 and C2, Raman spectra confirms the
formation of Cu,O and there is no trace of CuO phase, complementing the SAED analysis. For
the sample C3, the peaks in Raman shift are at 147, 218 and 292 cm™ as demonstrated in Fig.
3.8(c). While the first two peaks correspond to Cu,O, the small third peak at 292 cm* attributed
to Ag mode indicates the appearance of CuO [25]. For sample C4, the Raman spectrum in Fig.
3.8(d) shows a small peak at 149 cm™ of Cu,O with two distinct peaks at 292 and 340 cm™
corresponding to the Ag and Bg modes of CuO, respectively. In the Raman spectrum of sample

C5 (Fig. 3.8(e)), two sharp and distinct peaks at 292 and 340 cm™ both corresponding to CuO
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are observed but Cu,O peak is completely absent. This is in slight contradiction with the SAED
pattern for sample C5 which showed the presence of Cu,O phase in addition to CuO phase.
The absence of Cu,O phase in the Raman spectrum is due to its presence in a less detectable

amount as most of the Cu atoms ablated from the target gets oxidized to CuO at the high

incident laser energy.

Cu,O Cu,0
173 C1 N C2
g | E
= <
< E
£ - z
w —
5 g
= =
(a) (b)
100 200 300 400 500 600 100 200 300 400 500 600
Raman shift (cm']) Raman shift (cm'l)
c3 C4
i CuO
! /CUZO =
= 5
L)
< - CuO &
= i
- g
= g |
=1 (d)
100 200 300 400 500 600 100 200 300 400 500 600
Raman shift (cm'l) Raman shift (cm'l)
CuO Cs
.ié —
-
.D' -
-
o
£
w
@
S
=
(e)

T T T T 1
100 200 300 400 500 600
Raman shift (cm'l)

Figure 3.8 (a)-(e) Raman spectra of Cu NPs samples C1-C5.

58 | Page
TH-2143 126121027



Thus, it is seen that there is presence of Cu,O and CuO phases of Cu in the samples and

depending on the synthesis conditions, a particular phase is found to be dominating. In order
to understand the origin of these oxide phases of Cu in a better way, it is important to note their

vibrational modes. The zone-center modes for Cu,O are represented by [25]
Ty, 0= Aot Ey+3T+Tau+Tog (3.1)

Among these various modes, two Tiy modes are infrared active, Tog iS Raman active,
and the others are silent. The Raman active mode (T2g symmetry) involves the relative motion
of oxygen ions. For CuQ, the zone-center modes are represented by [25, 26]

I'cuo= Ag+2Bg+4A,+5B, 3.2

Of these, there are three acoustic modes (Au+2B.), three Raman active modes (Ag+2Bg)
and six IR-active modes (3A,+3By).

Although the mechanism of oxidation of Cu NPs is complex, still from the above study

it is observed that for lesser ablation duration, the NPs formed have oxygen deficient Cu,O as

the dominant phase. With the increase in laser ablation duration, there is an appearance of CuO

phase in addition to Cu,O due to more oxidation owing to various chemical processes taking

place in PLAL for longer duration. Further, the increase in laser energy, for higher duration of
ablation time, corresponds to increased kinetic energy during ablation among the ablated
species. Hence, a regime which has higher temperature and pressure due to stronger coupling
between the laser beam and the Cu target is formed along with increase in dissociation of water
molecule forming higher amount of oxygen ion. These conditions favour the formation of NPs
which have the presence of strong CuO phase. Thus, it can be concluded that the stoichiometry

of NPs of Cu@Cu, O can be easily controlled in PLAL by ablation of the Cu target in terms of

exposure duration and incident laser energy.
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3.3.4.3 XRD analysis

The X-ray diffraction (XRD) patterns for samples, C1-C5 are shown in Fig. 3.9. The observed
peak at ~ 44° corresponds to (111) plane of fcc structure of metallic Cu [27]. The presence of
this peak in the XRD spectra is in accordance with the SAED patterns but the XRD could not
detect any oxide phase of Cu as obtained by the SAED and Raman. This is due to the fact that
the oxide layer in the NPs is very thin and hence could not be detected by the XRD. The high
resolution of SAED due to the electrons as compared to X-rays is responsible for the detection
of even the minutest oxide layer in the SAED patterns of the NPs [28]. The intensity of the

peak is found to increase for samples C1-C5 as the concentration of the NPs increases.
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Figure 3.9 XRD patterns of the samples C1-C5.
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3.3.5 Surface plasmon resonance of the NPs

Fig. 3.10(a)-(e) show the absorption spectra which clearly displays the SPR peak of Cu NPs in
the range of 617-641 nm for the samples C1-C5. The SPR peak of Cu usually lies in the range
of 550-600 nm [29]. The red shift in the SPR peak in the present case is due to the formation
of both Cu as well as Cu oxide NPs due to partial oxidation of Cu in DW during the ablation
process [30].

The SPR peak absorbance of the colloidal solutions is found to increase from C1 to C3
which is due to the increase in concentration of the NPs formed with the increase in ablation
duration. On closely observing the SPR peak, a blue-shift is seen with the increase in ablation
duration from C1-C3. The shift of SPR peak towards shorter wavelength, from ~ 641 to 626
nm, for higher laser ablation duration is due to reduction in size of the NPs as confirmed by the
TEM analysis discussed in section 3.3.3 [31, 32]. The SPR bandwidth is also found to increase
from ~ 127 to 165 nm. It is worth mentioning here that the SPR peak position and the plasmon
bandwidth have been determined by fitting the experimental absorbance plots with a Bi-
Gaussian function which is normally employed for asymmetric peaks [33]. The general form

of the Bi-Gaussian function is:

X— X,

y=y,+H exp{—0.5£ X< X (3.3)

1

X— X,

BExzX, (3.4)

y=y,+H exp{—O.S(

2

where H, y,, X., W, and w, are respectively the height, base, centre and widths of the distribution.

From the absorption spectra of the samples C3-C5, the SPR peak position is found to
be slightly blue-shifted for samples C3-C5. The peak position is ~ 626 nm for the sample C3
while for that of C4 and C5 the peak positions are at ~ 620 and 617 nm, respectively. SPR

bandwidth is found to increase from ~ 165 to 209 nm for samples C3 to C5, respectively. The
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blue-shift of the SPR peak position and the broadening of the SPR bandwidth with the increase

in laser energy is in accord with the observed decrease in the size of the NPs formed.
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Figure 3.10 (a)-(e) Absorption spectra of the colloidal solution of samples C1-C5 along with
the corresponding curve fitted using Bi-Gaussian function.

According to Mie theory, there is a peak-shift in an absorption spectrum with the change
in the size distribution of the particles [22, 34, 35]. A blue-shift in the plasmonic peak generally
refers to the reduction in size of the NPs. However, there are reports of both blue as well as
red-shift of the peak with the increase in size of the NPs [22, 35, 36]. These contradicting
reports have been explained by theoretical models considering changes of the band structure in
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the particles, environmental changes, etc. [35]. For smaller particles, the blue-shift in the SPR
peak may be attributed to the quantum size effect [32]. But, for this to be effective the size of
the NPs under consideration should be below its excitonic Bohr radius. The NPs formed in the
present case also contain oxidized phase which is confirmed by the SAED patterns of samples
C1-C5, discussed in section 3.3.4.1. The excitonic Bohr radius of Cu oxide NPs are reported
to lie in between 6.6 and 28.7 nm [37]. The average particle size of the samples are actually
found to be in this range, confirming that the blue-shift of the SPR peak position is due to the
reduction in size of the NPs especially for samples C3-C5 where the size distribution is
reasonably uniform.

The broadening in the plasmon bandwidth can be understood starting from the Mie
theory [34, 36]. Mie started from the Maxwell equations and went on to describe the optical
properties of small spherical metal particles. In the quasi-static approximation, the absorption
in particles much smaller than the wavelength of light is caused mainly by the electric dipole
oscillations and the total extinction coefficient is given by equation 1.1 described in chapter 1

[34, 36]. If the imaginary part £, of the dielectric constant e(w) of the material is small or weakly
dependent on o then the plasmon resonance condition is roughly fulfilled when &,(w) = -2¢”

where ¢ is the dielectric constant of the surrounding medium.

Although within the dipole approximation, the plasmon absorption is size-independent,
experimentally there have been many reports on the increase in plasmon bandwidth with the
decrease in particle size [36, 38, 39]. This behaviour can be explained by assuming a size-
dependent material dielectric function &(w, r). The dielectric function &(w, r) is considered to
be a combination of two parts viz., an interband part which represents the response of the d

electrons and a Drude term, ¢ (w) which considers the free conduction electrons. ey(w) is

given by [36, 39]
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gy (@) =1— e (3.5)

2
o +iyw

where w, is the bulk plasmon frequency and y is the damping constant. For a perfect free

electron gas in the limit y << , y equals the plasmon bandwidth. In the case of a small particle,
the mean free path of conduction electrons is bounded by the particle’s boundaries. Hence, y

becomes dependent on the radius r of the particle and is given by [36, 40]

Ve

7(r) ekt (3.6)

where y, is the bulk damping constant, v is the velocity of the electrons at the Fermi energy,
and a carries the details of the scattering process. The broadening in the plasmon bandwidth
may also be attributed to the decrease in the mean free path of the conduction electrons due to
collisions with the particle surfaces [32, 38]. This may also be viewed as the size confinement
of the conduction band electrons in the NPs and is caused by the scattering of the electrons on
the NP surface causing broadening of the plasmonic peak with the reduction in the size of NPs.

The SPR peak position, bandwidth and the average NP size for the samples C1-C5 are
listed in table 3.3.

Table 3.3 SPR peak position, bandwidth and average NP size for the samples C1-C5.

Sample SPR peak SPR peak Average
position width (nm) particle size
(nm) (nm)
Cl 641 127 -
C2 633 146 -
C3 626 165 20
C4 620 194 11
C5 617 209 7
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3.4 Conclusion
Cu@Cu,O(x=1, 2) NPs were synthesized by pulsed laser ablation of a pure Cu target

in DW. The structural features of the NPs as revealed by the SAED and Raman studies suggest
that more oxidized phases of Cu NPs are favourably formed with the increase in laser ablation
duration and laser energy. The blue-shift in the plasmonic peak and broadening in the
bandwidth indicates a reduction in the size of the NPs which is confirmed by the TEM studies.
These results have been explained using the quantum size effect as well as Mie theory. Thus,
simultaneous control over the size, SPR and oxidation state of the synthesized NPs has been

established by varying the laser ablation duration and laser energy.
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Chapter 4

Synthesis and Characterization of
Ag@Ag,O, Nanoparticles

4.1 Introduction

Among the noble metals, silver (Ag) is known to exhibit the strongest plasmonic response
and is preferred in many plasmonic applications including sensing devices, color printing,
photovoltaics devices, etc. [1-4]. The photoluminescence (PL) of Ag nanoparticles (NPs)
has also paved a way for its successful application in solar cells, bio-imaging, etc. [5].
During the past two decades, a large effort has been made to synthesize plasmonic
nanomaterials with precise control over its properties [6, 7].

There are several reports on the variation in the properties of the NPs by changing
the laser parameters in pulsed laser ablation in liquid (PLAL) technique [8-10]. But
depending on the synthesis conditions, there is ambiguity in the available literature
pertaining to the size of the NPs. While there have been report on the formation of larger
Ag NPs with the increase in laser fluence from 14 to 22 J/cm?, a decrease in the size of the
NPs with the increase in the laser fluence from 1 to 3 J/cm?is also observed [11, 12]. Very
recently, Moura et al. obtained smaller NPs almost of the same order of size, 7 to 19 nm,
using very high laser fluence [13]. Although Mahfouz et al. had reported a slight decrease
in the size of Ni NPs with increase in the number of laser shots, the effect of the change in
the laser ablation duration on the properties of the NPs is not explored much [14]. Thus,
active research in the field of tuning the properties, especially the size of the NPs as well

as its crystalline phase and structure by varying the laser parameters is still wide open.
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In the preceding chapter, the properties of Cu NPs were successfully tuned by the
variation of the laser ablation duration and incident laser energy. In order to substantiate
the effect of these two process parameters on the NPs and to confirm the absence of any
ambiguity as discussed above, Ag NPs have also been synthesized by varying the laser
ablation duration and incident laser energy. In addition to the importance of Ag NPs in
various applications, as already stated, the reason for the choice of Ag in this work is to
compare the efficiency of the Cu NPs with regard to Ag which is considered a superior
plasmonic material. The applications of the synthesized Cu and Ag NPs will be discussed
in chapter 7 of the present thesis. An attempt to correlate the size and the SPR of the Ag
NPs is made. Along with the structural elucidation of the synthesized NPs, the PL

properties of these NPs are also investigated.

4.2 Experimental details

Similar to the synthesis of Cu NPs, NPs of Ag were synthesized by the pulsed laser ablation
of Ag in DW. The experimental details of the process of synthesis is illustrated in section
2.1. The samples prepared under various conditions are listed in table 4.1.

Table 4.1 Nanoparticle samples prepared under different conditions.

Sample Laser energy (mJ) Duration (minutes)
Al 30 5
A2 30 10
A3 30 30
A4 50 30
A5 70 30

To study the effect of laser ablation duration, three samples A1-A3 were
synthesized by varying the ablation duration as 5, 15 and 30 minutes, respectively at fixed
laser energy of 30 mJ. The reason for choosing lesser duration in the case of Ag NPs will

be discussed in section 4.3.2. In line with sample A3, samples A4 and A5 were prepared at
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laser energies of 50 and 70 mJ, respectively for an ablation duration of 30 minutes in order
to study the effect of incident laser energy on the NPs. Samples A1-A3 form the set of
samples to study the effect of laser ablation duration and samples A3-A5 form another set
for the effect of incident laser energy on the synthesized Ag NPs. For the estimation of the
mass ablation rate and the characterization of the NPs, the same procedure as adopted for

the NPs of Cu in chapter 3 was followed.
4.3 Results and discussion
4.3.1 Formation of the nanoparticles

The observed change in color of the samples A1-A5 as depicted in Fig. 4.1 confirms the

formation of NPs of Ag.

DW Al

Figure 4.1 Change in color of the colloidal solution of Ag NPs.

The darkening of the color of the colloidal solutions from A1-A5 implies the
increase in the concentration of the NPs with the increase in laser ablation duration and also
with the increase in incident laser energy. The increase in the concentration of the NPs with
the ablation duration is attributed to the ablation of more target material with the prolonged
exposure to laser while the increase with the laser energy is due to the higher extent of
ablation for higher energies. As in the case of Cu, the mass ablation rate as function of
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incident laser energy was also estimated for Ag to gain an idea about the extent of ablation
and is discussed in the following section.

4.3.2 Estimation of mass ablation rate

The average depth profiles of the craters obtained at laser energies of 30, 50 and 70 mJ,
respectively are shown in Fig. 4.2(a)-(c). Similar to the case of Cu, the profiles were
extracted along a line joining two diametrically opposite points on the boundary of the
crater. Here also, with the increase in incident laser energy there is an increase in the depth

of the crater.
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Figure 4.2 Depth profiles of crater produced at (a) 30 mJ, (b) 50 mJ and (c) 70 mJ.

From the integrated ablated volume of the crater, measured via the surface
profilometer, the mass ablation rate was estimated. Fig 4.3 depicts the ablation rate
(ng/shot) versus the incident laser energy. The ablation rate increases with the increase in

the laser energy which facilitates the release of more material in the form of NPs in the
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surrounding liquid. The higher ablation rate in the case of Ag as compared to Cu under
similar conditions is attributed mainly to the lower melting point (961.8 °C) and ablation
threshold (0.354 J/cm?) of Ag than that of Cu (1085 °C, 1.6 J/cm?) at 532 nm [15, 16]. In
fact, this is the reason for choosing a maximum ablation duration of 30 minutes in the
synthesis of Ag NPs (unlike 60 minutes for Cu NPs) in order to avoid excessive

agglomeration among the NPs due to very high concentration.
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Figure 4.3 Variation of ablation rate as a function of incident laser energy.

4.3.3 Particle size analysis by transmission electron microscope

The transmission electron microscope (TEM) images and the corresponding size
distributions (inset) of the samples A1-A5 are shown in Fig. 4.4(a)-(e), respectively. The
particles are nearly spherical in shape and the average particle size is found to be ~ 20, 19,
15, 12 and 10 nm for samples A1-Ab, respectively as shown in Fig. 4.4(f).

For A1-A3, the decrease in the average particle size with the increase in the laser
ablation duration from 5 to 30 minutes is mainly attributed to the redistribution of the size
of the NPs as a result of longer interaction with the incident laser beam. Similar to the case
of Cu NPs, as discussed in chapter 3, the absorption of laser energy by the initially formed

NPs lying in the path of the laser beam leads to thermal heating. This leads to melting and
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fragmentation of the NPs resulting in the decrease in particle

exposure time of the laser [17].
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Figure 4.4 (a)-(e) TEM image of samples A1-A5 with the particle size distribution
shown in the inset, (f) Variation of average particle size from A1-Ab5.
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From the histogram of the particle size distributions for samples Al-A3, it is
observed that the reduction in the size of the NPs is accompanied by a significant narrowing
of the size distribution. For sample A1, Fig. 4.4(a), for least ablation duration of 5 minutes
only, a broad size distribution is observed. But as the ablation duration increases, the
initially formed larger sized NPs get fragmented into smaller ones resulting in the
narrowing down of the particle size distribution which is observed for samples A2 and A3.

For samples A3-A5, there is a slight broadening in the particle size distribution with
the increase in incident laser energy as depicted in Fig. 4.4(c)-(e), respectively which may
be due to the increase in the concentration of the NPs.

The reasons for the reduction in the size of the NPs are the same as those cited for
Cu NPs in section 3.3.3. Firstly, the large absorption of laser energy by the initially formed
NPs and less dissipation of heat to the surrounding liquid medium raises its temperature
which results in disintegration of the particles. This is expected to be more probable for
higher laser energies [18]. Secondly, the kinetic energy of the particles ejected via ablation
increases with the laser energy which in turn increases the collisions among the particles
before the condensation phase leading to fragmentation of the larger particles into smaller
ones [19]. Lastly, photoejected electrons which assemble near the NP surface leads to the
disintegration of the initially formed NPs because of charging thus causing the reduction
of the size [20]. All the three mechanisms are equally probable for the observed decrease

in size with the increase in incident laser energy.

4.3.4 Structural and compositional studies

4.3.4.1 SAED and HRTEM analysis

The selected area electron diffraction (SAED) patterns of samples A1-A5 are depicted in

Fig. 4.5(a)-(e), respectively.
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Figure 4.5 (a)-(e) SAED patterns of samples A1-A5, respectively.

Distinct diffraction patterns clearly confirm the formation of crystalline phases in
all the samples. The d-values obtained from the SAED patterns for various phases of Ag as
well as its oxides along with the corresponding hkl-planes are listed in table 4.2. From the

SAED patterns, it is confirmed that the NPs formed are actually Ag@AgXOy(le, 2; y=0,

1, 3). The formation of oxidized NPs is due to the breakdown of water molecules during
the ablation in the neighbourhood of the focal volume. In all the samples, (111), (200),
(220) and (311) planes of pure Ag phase are observed. In addition to these, in samples Al

and A2, two planes corresponding to oxide phases of Ag viz., Ag,0(110) and AgO(110)
are also detected. For samples A3-A5, there is the appearance of oxygen-rich Ag,0, and
the oxygen-deficient Ag,O phase is absent. At high incident laser energy, large number of

water molecules undergo dissociation thus facilitating the formation of oxygen-rich phase

of Ag oxide.
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Table 4.2 Lattice d-spacing of synthesized NPs calculated from SAED patterns along
with the corresponding planes.

Observed in sample

hkl plane d (nm) Al A2 A3 A4 A5
Ag(311) 0.12 v v v v v
Ag(220) 0.15 v v v v v
Ag(200) 0.20 v v v v v
Ag(111) 0.24 v v v v v
AgO(110) 0.29 v v v v v
Ag,0(110) 0.33 v v - - -
Ag,0,(311) 0.22 - - - v v
Ag,0,(110) 0.35 - - v v v

The high resolution TEM (HRTEM) images of samples A1-A5, Fig. 4.6(a)-(e),
respectively, along with the Inverse Fast Fourier Transform (IFFT) of the selected regions
shown in the insets, further confirm the formation of oxidized NPs. The observed d-values
from the HRTEM images for the samples A1, Fig. 4.6(a) and A2, Fig. 4.6(b) correspond to
(200) and (111) planes, respectively of pure Ag phases. For sample A3, the HRTEM image,
Fig. 4.6(c), shows two planes corresponding to AgO(110) and Ag,0,(110). Fig. 4.6(d), for
sample A4, shows the presence of Ag,0,(311) phase while the planes observed for sample

A5, Fig. 4.6(e), corresponds to Ag(200) and Ag,0,(311) phases, respectively. Thus, it is

observed that the SAED and HRTEM results complement each other in terms of the

elucidation of the structural features and presence of oxide phases of the Ag NPs.
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Figure 4.6 (a)-(e) HRTEM image with the IFFT of selected region of samples A1-A5.
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4.3.4.2 XRD analysis

Fig. 4.7 shows the X-ray diffraction (XRD) patterns for all the five samples, A1-A5. The
observed peaks at 38.16, 44.37, 64.47 and 77.46° correspond to (111), (200), (220) and
(311) planes, respectively of the fcc structure of metallic Ag [21]. This is in agreement with
the SAED analysis. However, the XRD could not detect any trace of Ag oxide as predicted
by the SAED and HRTEM analysis which could be due to its presence in extremely small
quantity in the probed regions and also due to the low sensitivity of XRD as compared to
SAED. The intensity of the XRD peaks is very weak for the samples Al and A2 which
have been synthesized under the exposure of laser for lesser duration yielding the low

concentration compared to those of the other samples.
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Figure 4.7 XRD patterns of the samples A1-A5.

4.3.5 Surface plasmon resonance of the NPs

The absorption spectra of samples A1-A5 are shown in Fig. 4.8(a)-(e), respectively. It

clearly depicts the SPR peak in these samples around ~ 400 nm as well as signature of inter

79 | Page
TH-2143 126121027



band (IB) transition peak at ~ 280 nm. A closer look at the absorption maxima reveals that

there is a slight blue-shift in the SPR peak position from ~ 403 to 398 nm for samples Al-

A3, respectively.
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Figure 4.8 (a)-(e) Absorption spectra of the colloidal solution of samples A1-A5 along

with the corresponding curve fitted using Bi-Gaussian function.

The shift in the SPR peak towards shorter wavelength with the increase in laser
ablation duration from 5 to 30 minutes could possibly be due to the reduction in the size of
the NPs. The change in the plasmonic bandwidth is clearly visible in the absorption spectra
for these samples. The bandwidth is found to decrease from ~ 66 to 51 nm for samples Al-
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A3, respectively. The origin of this decrease in the plasmonic bandwidth from A1-A3 may
be due to the decrease in the particle size distribution for these samples as discussed in
section 4.3.3. Similar to the case of Cu NPs, the SPR peak position and bandwidth have
been determined by fitting the experimental absorbance plots with the Bi-Gaussian function
[22].

For the samples A3-A5 which form the set of samples for the study of the effect of
incident laser energy, there is a slight red-shift in the SPR peak position from ~ 398 to 403
nm with the increase in the incident laser energy from 30 to 70 mJ, respectively. The red-
shift of the plasmonic peak position is usually an indication of the increase in the size of
the NPs [23]. However, in the present case, from the TEM images discussed earlier in
section 4.3.3, it is observed that the average particle size of the NPs decreases from A3-Ab.
This appears to be in contradiction with the usual behaviour of plasmonic peak shift
(red/blue) with the size (increase/decrease) of the NPs [6]. A similar trend of reversing the
size-effects of the SPR of Ag NPs synthesized by chemical method was reported by Peng
et al. [24]. A so-called “exceptional” behaviour of the NPs in the size range of 2-20 nm
was observed. It was reported that as the size of the NPs decreases below 20 nm, the SPR
band blue-shifts but near 12 nm there is a turn-over and the band displays a red-shift. This
behaviour was explained on the basis of multilayer Mie theory model. The model consists
of several layers, a central spherical metal core, a surrounding shell corresponding to a layer
of reduced conductivity, a shell corresponding to surfactant layer and a solvent layer [24].
A lowered electron conductivity in the outermost atomic layer is found to be the reason for
this red-shift. Interestingly, it was also mentioned that surface oxidation of the NPs may
result in a reduced conductivity of the surface and hence a red-shift of the SPR band. The
NP samples synthesized in the present work indeed possess an oxide layer as predicted by
the SAED and HRTEM results. Hence, the observed red-shift with the decrease in the
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particle size for A3-A5 in the present work may be well justified. The turnover to a red-
shift in the SPR band as the size of the NPs decreases has also been reported in other works
[25, 26] .

From the absorption spectra, the plasmonic bandwidth for A3-AS5 is also observed
to increase from ~ 51 to 80 nm. Unlike for the case of samples A1-A3 where the decrease
in the size distribution is believed to be contributing towards the narrowing of the SPR
bandwidth, for the samples A3-A5 there is no appreciable change in the size distribution.
These samples have been synthesized for longer ablation duration of 30 minutes, so the
concentration of the NPs synthesized is higher. Also, as the incident laser energy is varied
from 30 to 70 mJ, the concentration increases from sample A3 to A5, respectively. Thus,
there is a fair chance of the aggregation of the NPs with the increase in concentration
resulting in the larger bandwidth of the SPR spectra along with the presence of more oxide
phase of Ag [27].

For samples A3-A5, the broadening in the plasmonic bandwidth may also be related
to the size-dependent material dielectric constant described by the Mie theory, as described
elaborately in section 3.3.5. The Drude term in the material dielectric constant describing
the free electrons is given by equation 3.5. For a perfect free electron gas, the damping
constant y becomes equal to the plasmon bandwidth. The dependence of » on the particle
radius is given by equation 3.6. From these, the inverse behaviour of the plasmonic
bandwidth with the particle radius is established.

The SPR peak position, bandwidth and the average NP size for the samples A1-A5

are listed in table 4.3.
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Table 4.3 SPR peak position, bandwidth and average NP size for the samples A1-A5.

Sample SPR peak SPR peak Average
position width (nm) particle size
(nm) (nm)
Al 403 66 20
A2 402 58 19
A3 398 51 15
A4 401 57 12
AS 403 80 10

4.3.6 Photoluminescence spectra from Ag NPs

As already mentioned, the PL emission associated with Ag NPs has led to its use in several
applications [5]. In order to check if the Ag NPs synthesized in the present work also exhibit
PL, the NP samples were subjected to PL studies. The PL spectra of the synthesized NPs
were recorded at an excitation wavelength of 300 nm. The samples Al and A2 being of
low concentration of Ag NPs did not display any PL emission. For the remaining samples,
A3-Ab5, abroad distinct PL emission band was observed at ~ 407 nm close to the absorption
band of Ag NPs as shown in Fig. 4.9(a). As the concentration of the NPs increases for A3-
A5, the PL emission becomes significant and is found to be maximum for the sample A5,
having the maximum NP concentration pertaining to its synthesis conditions of maximum
laser energy (70 mJ) and longest ablation duration (30 minutes) [28]. The increase in the
intensity may also be attributed to the decrease in the particle size for A3-A5 from ~ 15 to
10 nm, respectively [29].

In order to ascertain the origin of the PL emission, the PL spectra were deconvoluted
via multiple peak fitting using Gaussian line shape function. The deconvoluted spectra

clearly display the two distinct peaks as shown in Fig. 4.9(b)-(d) for samples A3-A5,
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respectively. It is observed that the first peak matches well with the wavelength range of

SPR excitation. This is due to the radiative decay (RD) of SPR excited in the NPs [29, 30].

This band, denoted as P,

is found to be slightly red-shifted from 399 to 404 nm with the

decrease in particle size from ~ 15 to 10 nm for samples A3-A5, respectively and is in

accordance with the observed SPR spectra for samples A3-Ab5, Fig. 4.8(c)-(e). The second

peak (Prg) observed around 440 nm for the samples is due to the radiative recombination

(RR) of Fermi level electrons with sp- or d- band holes [31]. However, unlike the Prp band,

no shift in the peak position is observed for Prr.
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Figure 4.9 (a) PL spectra of samples A3-A5, (b)-(d) Deconvoluted peaks corresponding
to Prp and Prr bands for samples A3-A5, respectively.

4.4 Conclusion

Ag@AgXOy(le, 2; y=0, 1, 3) NPs were synthesized by the pulsed laser ablation of Ag in

DW. An increase in the laser ablation duration from 5 to 30 minutes at a fixed laser energy

TH-2143 126121027
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of 30 mJ decreases the size of the NPs from ~ 20 to 15 nm, respectively while an increase
in the incident laser energy to 70 mJ for ablation duration of 30 minutes further decreases
the size to ~ 10 nm. The initial decrease in the average particle size upto ~ 15 nm is
accompanied by a blue-shift in the SPR peak but with even smaller NPs the plasmonic peak
is red-shifted. The decrease in the average size of the Ag NPs with the increase in laser
ablation duration and incident laser energy is similar to that obtained in the case of NPs of
Cu, as discussed in chapter 3. The Ag NPs exhibited PL emission having peak around 399-
404 nm corresponding to the radiative decay of SPR and another peak around 440 nm

attributed to the radiative recombination of Fermi level electrons and sp- or d- band holes.
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Chapter 5

Role of Confining Liquids on the
Properties of Nanoparticles Synthesized
via PLAL

5.1 Introduction
In chapter 3, we observed the formation of Cu@Cu, O(x=1, 2) nanoparticles (NPs). Both
Cu,0 and CuO have their importance and the choice depends on the particular application.

In addition to its implementation in sensing [1] and photocatalytic [2] applications, oxides
of Cu are also being used as electrode materials in supercapacitors [3], as semiconductors
in renewable energy production [4], as hole-transport layers in perovskite solar cells [5],
etc. As the degree of oxidation taking place in the NPs affects its plasmonic response, there
is a need to control the oxidation of Cu NPs [6]. Controlled oxidation of NPs has been
achieved mostly by chemical techniques like chemical vapour synthesis, and also by
adjusting the molecular weight of capping molecules [7, 8]. As most of these chemical
techniques require the use of strong chemical reagents which may prove to be harmful to
the environment, therefore, alternate environment friendly techniques are consistently
being looked for.

Pulsed laser ablation in liquid (PLAL) is normally devoid of any harmful chemicals,
and is an excellent technique for the synthesis of NPs [9, 10]. However, the synthesis of
Cu NPs via PLAL results in NPs which are prone to oxidation, especially when the
synthesis of the NPs is carried out in water as discussed in chapter 3 and also reported in
literature [11]. Liu et al. reported the reduction in the oxidation of Cu NPs synthesized in

oxygen-deficient organic solvents [12]. The formation of an encapsulated carbon layer
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from the organic liquid over the surface of Cu NPs is believed to be the reason behind the
reduced oxidation. Although there is a report on blue-shift in the surface plasmon resonance
(SPR) peak in the case of ablation in organic solvents as compared to that in pure water, a
better and comprehensive study in this area is further required which may be useful in the
understanding of the oxidation in the NPs [12]. It may also be interesting to study the effect
of the ambient on the surface of the target itself as the interaction of the laser beam with
the target surface is the heart of the entire process. There have been numerous correlative
studies on the formation mechanism of NPs and the synthesis conditions via plasma
spectroscopic technique, but no attempt has been made to unveil the mechanism of NP
synthesis through a proper ablation study of the target surface [13, 14].

In this chapter, synthesis of Cu NPs has been reported in two organic liquids viz.,
methanol and 2-propanol. The properties of the NPs synthesized in these liquids are also
compared to that of NPs synthesized in distilled water (DW), reported in chapter 3. The
change in the size and structure of the NPs as a function of laser ablation duration is also
investigated. In addition, the effect of various ambients on the target surface due to laser
irradiation is studied and the material ablation rate is compared. An attempt is made to
correlate the observed changes in the target surface due to laser ablation in different

ambients and the properties of the NPs.

5.2 Experimental details

Cu NPs were synthesized by pulsed laser ablation of a pure Cu target in methanol and 2-
propanol. The same procedure as described in section 2.2 was followed for the synthesis of
NPs. Samples M1-M3 and P1-P3 were prepared by varying the ablation duration for 15, 30
and 60 minutes in methanol and 2-propanol, respectively while keeping the laser energy
fixed at 30 mJ. Unlike the synthesis of Cu NPs in DW, the NPs in the organic solvents were
not synthesized for higher incident laser energy due to the volatile nature of these liquids
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which results in ignition during ablation. The conditions under which the NPs were

synthesized are summarized in table 5.1.

Table 5.1 Nanoparticle samples prepared under different conditions.

Sample Laser energy (mJ) Duration (minutes)
M1, P1 30 15
M2, P2 30 30
M3, P3 30 60

In order to investigate the structural and morphological changes of the laser
irradiated target surface in various ambients, laser ablation of the Cu surface was performed
in air, DW, methanol and 2-propanol. The single shot of laser pulse hardly leaves any
imprint of laser ablation on the target. Therefore, repeated shots of laser were fired at the
same spot for 5 minutes to produce a prominent crater. The reason for using more number
of laser shots, in the present work, to produce the craters as compared to craters discussed
in chapter 3 and 4 lies in the lower mass ablation rate in the organic solvents as will be

discussed in section 5.3.2.4.
5.3 Results and discussion

The synthesis of Cu NPs in DW as a function of laser ablation duration was discussed in a
detailed manner in chapter 3. The SPR peak of Cu NPs was red-shifted to ~ 626-641 nm
range from its usual reported range of ~ 570-580 nm. This red-shift was attributed mainly
to the formation of oxidized NPs due to the release of oxygen during ablation in DW. It
was also observed that an increase in laser ablation duration resulted in the formation of
smaller and finer NPs. This reduction in the size of NPs was accompanied by a blue-shift
in the SPR peak of the samples. The formation of oxidized NPs was also confirmed by

Raman studies and the selected area electron diffraction (SAED) patterns which showed
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definite formation of Cu@CuyO(x=1, 2) NPs. For lesser ablation duration, Cu,O is the

main phase while for longer ablation duration of 60 minutes there is an additional CuO
phase. The characterization of the NPs synthesized in methanol and 2-propanol is discussed

in the following sections.

5.3.1 Characterization of nanoparticles

5.3.1.1 Particle size distribution and structure of Cu NPs

The transmission electron microscope (TEM) images along with the SAED patterns (insets)
of the samples M1-M3 synthesized in methanol for laser ablation duration of 15, 30 and 60
minutes are shown in Fig. 5.1(a)-(c), and the corresponding particle size distribution are
depicted in Fig. 5.1(d)-(f), respectively. The particles formed are of nearly spherical shape
and the average size of the NPs are found to be ~ 7, 15 and 19 nm for samples M1-M3,
respectively. The increase in the size of the NPs with ablation duration is an interesting
observation and this variation in size is in contrast to that observed in the case of ablation
in DW. For the NPs synthesized in DW, the decrease in its average size with the increase
in the laser ablation duration is due to the fragmentation of the initially formed larger
particles but the same doesn’t hold for methanol. The growth of the NPs with the laser
ablation duration, in this case, may be explained on the basis of the mechanism proposed
by Zeng et al. [15]. In their work, the variation in the size of the NPs in terms of the laser
ablation duration was explained by considering three stages. In the initial stage,
fragmentation of the NPs take place and in the second stage a growth in the size of the NPs
is observed. The final stage is characterized by only a slight increase in the size of the NPs.
In the present case, for the NPs synthesized in methanol, with the increase in laser ablation
duration, growth of the NPs is followed by an increase in the average size of the NPs. At
the growth stage, the initially formed particles are transformed into hot plasma with

repeated irradiation of laser. When the plasma cools down, nucleation and growth of NP
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takes place. Coalescence of the ablated species may result in bigger sized particles. This
results in an increase in the particle size with longer ablation duration. Thus, the 2" stage
as reported by Zeng et al. is found to be the effective stage for the growth of NPs in the

present case.
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Figure 5.1 (a)-(c) TEM images along with the SAED pattern (inset) for samples M1-
M3, respectively; (d)-(f) corresponding particle size distribution.
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The difference in the formation mechanism in methanol and DW also lies in the fact
that the density of methanol is less than that of DW as listed in table 5.2. The higher density
of DW provides a more confined atmosphere during laser ablation facilitating more
collisions and as a result fragmentation among the ablated species is dominant in DW.
Hence, although there is fragmentation taking place in methanol, the growth of the NPs as
mentioned earlier dominates over the fragmentation.

Table 5.2 Properties of the chosen liquid in the present study.

Ambient Density  Thermal Acoustic
(o/mL)  conductivity impedance
(W/mK) (gcm?s?)
Air 0.001 0.025 42.8
DW 0.998 0.591 1.48x10°
Methanol 0.791 0.200 0.89x10°
2-Propanol  0.785 0.135 0.92x10°

The TEM images and SAED patterns (insets) of samples P1-P3 synthesized in 2-
propanol for an ablation duration of 15, 30 and 60 minutes are displayed in Fig. 5.2(a)-(c),
respectively. The corresponding particle size distribution of the samples are shown in Fig.
5.2(d), 5.2(e) and inset of 5.2(c), respectively. The average particle size of these samples
are found to be ~ 9, 12 and 17 nm, respectively. Similar to the NPs synthesized in methanol,
an increase in the average size of the NPs is observed with the increase in the laser ablation
duration from 15 to 60 minutes which is again attributed to the lower density of 2-propanol
as compared to that of DW.

The SAED patterns of the NPs in both the liquids reveal the polycrystalline nature.
The d-values calculated from the diffraction patterns indicate the presence of planes

corresponding to Cu,O phase of the NPs in all the samples in addition to the Cu(111) plane.

The details of the crystalline planes observed in the SAED patterns are listed in table 5.3.
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Figure 5.2 (a)-(c) TEM images along with the SAED pattern (inset) of samples P1-P3

respectively; (d), (e), and inset of (c) corresponding particle size distributions; (f) HRTEM
image of sample P3.

For the NPs synthesized in DW, there was formation of Cu,O as well as CuO phases

of NPs. However, in the case of ablation in the methanol and 2-propanol, although there is
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aerobic transformation of Cu to Cu,O, no further oxidation to CuO was observed. This

confirms that the ablation carried out in oxygen-deficient solvents is useful in reducing the
degree of oxidation of the NPs synthesized via PLAL.

Table 5.3 d-values obtained from the SAED patterns along with corresponding planes
for the NPs synthesized in methanol and 2-propanol.

hkl planes d- Cu NPs in methanol Cu NPs in 2-propanol
value M1 M2 M3 P1 P2 P3
(nm)

Cu(111)  0.20 - v v v v v
Cu,0 (110)  0.29 v ; ] v ] ]
Cu,0(111) 0.24 - - v - v v
Cu,0 (211)  0.17 v - , v ' ]
Cu,0 (220) 0.16 - - v - v -
Cu,0 (310)  0.13 v v v v _ ]
Cu,0(321) 0.11 4 v v - 5 -
Cu,0 (124)  0.08 - v v - ] ]

From the TEM images, it is also observed that there is a formation of core-shell
kind of NPs for the samples synthesized for higher ablation duration of 30 and 60 minutes.
The formation of core-shell NPs is believed to be due to the encapsulation of the NPs
formed initially by the carbon from the surrounding liquid [12]. When laser ablation is
carried out in the organic solvents, the number of hydrogen and carbon species generated
is more than that of oxygen species due to the lower bond energies of C-C (347 kJ/mol)
and C-H (413 kJ/mol) as compared to that of O-H (467 kJ/mol). The carbon from the

solvent encapsulates the Cu NPs formed by the ablation of the Cu target thus favouring the
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formation of insufficiently oxidized NPs in organic solvents. The carbon encapsulation of
the NIPs in the synthesis of NPs via pulsed laser ablation in organic solvents has been widely
reported [12, 16, 17].

In order to confirm the carbon encapsulation, the high resolution TEM (HRTEM)
image of one of the core-shell NPs in sample P3 is depicted in figure 5.2(f). The HRTEM
image clearly shows the lattice fringes corresponding to graphitic carbon (d ~ 0.34 nm)

surrounding the NPs confirming the carbon encapsulation of the Cu@Cu,O NPs.

The X-ray diffraction (XRD) spectra of the Cu NP samples synthesized in methanol
and 2-propanol for an ablation duration of 60 minutes, Fig. 5.3, show the peak
corresponding to Cu(111) plane only, which was also detected in the SAED patterns. The
absence of oxide phase of the synthesized NPs indicates comparatively small amount of
oxidation. However, the SAED patterns due to the electrons is more sensitive as compared
to XRD and is able to detect the various orientations of oxide phase though it is present in

minutest quantity [18].
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Figure 5.3 XRD spectra of Cu NP samples synthesized in methanol and
2-propanol for an ablation duration of 60 minutes.
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5.3.1.2 Surface plasmon resonance of Cu NPs
The UV-visible absorption spectra of the colloidal solutions of Cu NPs, M1-M3 and P1-P3
synthesized in methanol and 2-propanol, respectively are depicted in Fig. 5.4(a) and (b).

The SPR peak of the samples are clearly observed in both the figures.

0.25- (a) ' M3
1621 —M2
' —M1
0.20 :
3 51
= =
= «
2 0.15- =
o
S 2
= 2
< <

o

ot

(=]
1

0.05

500 60 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)
Figure 5.4 UV-Visible absorption spectra of samples (a) M1-M3 and (b) P1-P3.

The absorption spectra vividly reveal a red-shift in the SPR peak with the increase
in ablation duration for the NPs synthesized in both the liquids. For the samples M1-M3,
the SPR peak shifts from ~ 606 to 621 nm with the increase in ablation duration from 15 to
60 minutes, respectively. This shift is due to the increase in the average size of the NPs
from ~ 7 to 19 nm, which was confirmed by the TEM images, Fig. 5.1. As already discussed
in chapter 3, according to Mie theory, there is a peak-shift in an absorption spectrum with
the change in the size distribution of the particles [19]. A red shift in the absorption
spectrum is generally pertaining to the increase in size of the NPs [20].

In the case of samples P1-P3, the SPR peak shifts from ~ 581 to 601 nm with the
increase in ablation duration from 15 to 60 minutes, respectively which is again due to
increase in the average size of the NPs from ~ 9 to 17 nm (Fig. 5.2). The NPs synthesized
by pulsed laser ablation in DW, as already mentioned in chapter 3, exhibited a blue-shift in
the SPR peak position with the increase in the laser ablation duration which was confirmed
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to be due to the reduction in the size of the NPs due to fragmentation for the longer exposure
of laser.

From these observations, it is clear that the characteristics of NPs synthesized via
PLAL is to a great extent dependent on the surrounding liquid medium. Thus, in order to
understand the factors responsible for such observations, there is a need to study the effect
of the various ambients on the target surface itself due to laser irradiation. Starting exactly
from this, the laser ablated Cu target surface in different ambients is analysed and presented

in the following sections.

5.3.2 Surface characterization of the laser ablated Cu target in different ambients
Once the target is ablated via laser, the ablated material condenses in the form of NPs,
leaving behind the cavity or crater on the target in the focal region of the laser beam. To
study the effect of surrounding liquid, the laser produced craters were fabricated, as
described in section 5.2, in four different ambients, air, DW, methanol and 2-propanol.
5.3.2.1 Optical microscope images of laser produced crater
The optical micrographs of the laser produced craters in air, DW, methanol and 2-propanol
are depicted in Fig. 5.5(a)-(d), respectively. The crater produced in air, Fig. 5.5(a), is
surrounded by a thick blackish envelope. This black envelope is due to the formation of
CuO in the sample as a result of excessive aerobic oxidation taking place during ablation
in air ambient. The crater produced in DW, Fig. 5.5(b), also shows a darker layer in the
peripheral region of the crater but the degree of oxidation is visibly less as compared to that
in air.

In the peripheral regions of the craters produced in methanol and 2-propanol, Fig.
5.5(c) and (d), respectively, there is hardly any blackish layer indicating the absence of
CuO phase. However, in both the cases, a blueish envelope along the periphery of the crater

is observed which may be due to the formation of oxygen deficient phase of Cu,O (known
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to be blue in color). Thus, optical micrographs distinctly indicate the effect of the
surrounding medium during laser ablation on the extents of oxidation on the target surface.

A better understanding on the formation of Cu,O and CuO phases could be possible by

subjecting the samples to Raman spectroscopic studies as described in the next subsection,

5.3.2.2.

Figure 5.5 Optical micrographs of laser ablated crater produced in (a) air, (b) DW, (c)
methanol and (d) 2-propanol.

5.3.2.2 Raman analysis of the craters

In order to verify the observations from the optical micrographs, the ablated surfaces were
subjected to Raman spectroscopic measurements. The central region of the crater did not
exhibit any Raman peak. However, the peripheral regions of the craters confirmed the

presence of Cu,O and CuO phases of NPs. For the sample ablated in air, prominent Raman
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peaks at 292 and 340 cm™ corresponding to Ag and B mode, respectively of CuO phase are

observed as depicted in Fig. 5.6(a) [21].
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Figure 5.6 Raman spectrum in the peripheral region of the laser ablated crater produced
in (a) air, (b) DW, (c) methanol and (d) 2-propanol.

The Raman spectrum from the peripheral region of the crater produced in DW, Fig.

5.6(b), shows peaks at 149, 215 and 293 cm™* [21]. The first two peaks correspond to Cu,O,

while the peak at 293 cm™ corresponds to Ay mode of CuO. The Raman spectra of craters
produced in the organic solvents, methanol and 2-propanol, shown in Fig. 5.6(c) and (d),

respectively, exhibit peaks at 149 and 215 cm™ corresponding to Cu,O phase. It can be

inferred that the periphery of the crater produced in air undergoes maximum oxidation
followed by the one produced in DW. Organic solvents being oxygen deficient (along with
large bond energy of O-H), the peripheral regions of the craters produced in methanol and
2-propanol are least oxidized and exhibited the oxygen deficient phase of Cu oxide. The
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reproducibility of the observed result was verified by probing different regions of the crater
with the micro-Raman laser. Thus, the Raman spectra of the different craters strongly
support the predictions based on the optical micrographs of the craters regarding the
formation of oxide phases.

5.3.2.3 Energy dispersive X-ray of the craters
The optical micrographs of the laser produced craters elucidate the oxide formation around

the crater periphery but does explain the oxide formation in the entire crater region. Also,
no Raman signal could be detected at the central portion of the craters. Hence, in order to
assess the degree of oxidation in the complete crater region, all the samples were subjected
to energy dispersive X-ray (EDX) analysis. The percentage of oxygen in different regions
of the crater can be a good indication of the degree of oxide formation. For this, the craters
produced in all the four ambients have been divided into four different regions viz., one
central and three peripheral as shown in Fig. 5.7 (as an example, for the crater produced in
air). Similar division of region was also implemented while analysing the craters formed

on the Cu target immersed in various liquids.

Figure 5.7 FESEM image of laser produced crater in air exhibiting the different
regions chosen for EDX analysis.
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The % composition of Cu and O along with the EDX spectra of all the four regions

of the crater in all the samples are shown in Fig. 5.8-5.11.
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Figure 5.9 EDX spectra from different regions of crater produced in distilled
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Figure 5.11 EDX spectra from different regions of crater produced in 2-propanol.
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For clarity, the EDX data is also represented graphically in Fig. 5.12(a)-(d) for the
ablation carried out in air, DW, methanol and 2-propanol, respectively. In the central
portion of the crater i.e. region I, the oxygen content is 1.8, 3.0, 1.0 and 0.6 wt% for air,
DW, methanol and 2-Propanol, respectively. In the other three regions, the oxygen content
is the maximum for ablation in air followed by DW and methanol, and is found to be the
least for 2-propanol. The amount of oxygen present in the four representative regions of
the laser ablated craters in different ambients complements the optical micrographs and

Raman spectroscopic analysis.
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Figure 5.12 Graphical representation of the EDX result of craters produced in different
ambient for (a) region I, (b) region 11, (c) region I11 and (d) region IV.

Except for the central region of the craters, the oxygen content in the peripheral
regions decreases in the order: air, DW, methanol, 2-propanol. The % of oxygen for the

case of ablation performed in 2-propanol is the least which is due to less oxidation taking
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place on the target surface. In order to understand this, it is important to investigate the
ablation efficiency in each ambient. With this in view, the craters were also subjected to
surface profilometer to ascertain the amount of material ablated and hence the ablation rate
which is described in the following subsection.

5.3.2.4 Surface profilometer analysis of the craters
The depth profiles of the craters produced in various ambients are shown in Fig. 5.13(a)-

(d).
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Figure 5.13 Depth profiles of the craters produced in (a) Air, (b) DW, (c) Methanol,
and (d) 2-propanol.

The depth of the crater produced in air is found to be the maximum, followed by
the craters produced in DW, methanol and 2-propanol. In order to assess the mass ablation
rate, the volume of the craters was measured by the surface profilometer. The volumes of
the craters produced in air, DW, methanol and 2-propanol are found to be 2.91x10’,

1.00x107, 0.47x107 and 0.25x10" pm?, respectively. From this, the mass of the material
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ablated from the target and hence the mass ablation rate (mass ablated per laser shot) was
estimated.
The mass ablation rate in various ambients is depicted in Fig. 5.14. The ablation

rate is maximum for ablation carried out in air and is minimum for that of in 2-propanol.
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Figure 5.14 Variation of mass ablatlon rate in different ambients.

Ablation rate (ug/shot)

There are various factors responsible for the observed reduction in the ablation rate
in liquid. With the presence of liquid column above the target, the ablation rate decreases
as there is increased heat loss during as well as after the laser irradiation [22]. This results
in a decrease in the temperature and pressure on the target and eventually the process of
ablation becomes weaker. In the present case, the height of the liquid column was
deliberately kept large as the focussing of the laser beam on the target surface through lower
column height of liquid resulted in ignition of methanol and 2-propanol which are
flammable liquids. So, the liquid level was maintained at ~ 4 mm above the target surface
for all the three liquids.

The other factors which may equally affect the ablation rate are the various physical
properties viz., density, thermal conductivity, etc. of the surrounding environment. The
density of liquids decrease in the order: DW, methanol, 2-propanol. The difference in the

density of DW and the two organic solvents is significant while there is only a marginal
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difference among the densities of the two organic solvents. Due to stronger confinement of
liquid having high density, the laser-produced plasma drives the molten surface layer of the
target into superheated state [23]. As distilled water has higher density than methanol and
2-propanol, the mass ablation rate is highest in the case of ablation in distilled water.
Another reason behind higher ablation rate in DW may be explained by considering
the plasma induced recoil pressure. The maximum pressure generated by liquid-confined

plasma is given by the following equation: [23, 24]

P(GPa) = 0.01\/% x \JZ (g.cm=2.571) x \[I,(GW.cm™?) (5.1)

where « is the fraction of internal energy devoted to thermal energy for ionization (typically

a = 0.1), I, is the incident intensity. The reduced shock impedance, Z between the target

and the liquid medium is defined as [23, 24]

2_ 1 1
A Zliquid Ztarget (5.2)
where Z,, ;4 and Z, ., are the acoustic impedances of the surrounding liquid and target,

respectively. Thus, the parameter Z takes into consideration the effect of both the

surrounding liquid and the target. As o and I are typically same for the ablation carried out

in the different liquids, the maximum pressure generated may be considered to be changing

with Z as

P(GPa) x VZ (5.3)

The acoustic impedance of Cu is 4.16x10¢ g cm™ s and that of DW, methanol and
2-propanol are listed in table 5.2 shown earlier in section 5.3.1.1. Using these values, the
value of VZ is evaluated to be ~ 535, 417 and 424 g“?cm™s™2, respectively. Thus, the

maximum pressure generated by DW-confined plasma is very high as compared to that
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generated by methanol and 2-propanol confined plasmas. Higher plasma induced recoil
pressure facilitates more mass removal thereby increasing the ablation rate. Thus, the mass
ablation rate is maximum in DW as compared to the two organic liquids and there isn’t

much difference in the rate of ablation for methanol and 2-propanol.

5.3.2.5 Surface morphology of the craters using FESEM

The surface morphology of craters in each case was investigated using the Field emission
scanning electron microscope (FESEM). Fig. 5.15(a)-(c) shows the central, the peripheral
and magnified image of the peripheral region, respectively of the crater produced in air,
while that of in DW are shown in Fig. 5.15(d)-(f), respectively.

As the laser beam is focussed onto the target surface, the temperature of the surface
increases. Laser ablation in the nanosecond regime is mainly due to photo-thermal process.
This may be understood by considering free electrons in the metal target which absorbs the
optical energy from the laser radiation and gets excited. The excited electrons impart its
excess energy as thermal energy to the lattice via non-radiative electron-phonon coupling
instantaneously for a nanosecond laser pulse. This results in the propagation of energy into
the solid target and consequently the temperature of the surface increases [25]. Once the
ablation threshold of Cu is achieved, the material starts getting ablated in the form of hot
plasma plume. The laser fluence used in the present case of ablation for Cu in air is ~ 10
Jlem? which is much above its ablation threshold of 1.6 J/cm? at laser wavelength of 532
nm [26]. The plasma temperature at this stage is as high as ~ 9270 and 5798 K in air and
water, respectively [27, 28]. Due to the attainment of extremely high temperature and
pressure, evaporation of the target surface takes place leaving behind the molten pool of
mass at the centre of the crater. Hence, once the plasma plume is over, for the crater
produced in air, the central region consists of mostly melted layers of Cu which solidifies

back at later stage after the termination of the laser pulse. This is evident in the FESEM
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image (Fig. 5.15(a)). The fraction of material that ejected out during ablation gets re-
deposited onto the target which then re-solidifies and lie along the periphery of the crater

in the form of particles as observed in Fig. 5.15(b) and (c).
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Figure 5.15 FESEM images of (a)-(c) central, peripheral and the magnified image of the

peripheral region, respectively of laser produced crater in air, (d)-(f) respective images
of the crater produced in DW.

The central portion of the crater produced in DW shows similar structure as in air

but the melt-like structure is less prominent (Fig. 5.15(d)). This is because the surrounding
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DW cools down the target surface much faster by dissipating most of the heat from the
target surface [23]. The origin of this rapid decrease of temperature lies in the high thermal
conductivity of water compared to that of air which results in more heat transfer in DW and
hence a decrease in the plasma temperature. During ablation in DW, dissociation of the
water molecules produces hydrogen and oxygen gas. As the thermal conductivity of
hydrogen gas (0.187 W/mK) is much larger than that of air (0.026 W/mK) so the release of
hydrogen gas facilitates faster cooling in DW [27]. So, the heat affected zone formed in the
case of ablation in DW is less, thereby making the molten structures, formed in the central
part of the crater, less prominent. The molten material at the centre of the crater splashes
out due to the high pressure and is redeposited in the radially outward direction which is
visible in the peripheral region of the crater shown in Fig. 5.15(¢e) and 5.15(f). Also, unlike
in air, there are only a few particles present along the periphery of the crater in DW as most
of the molten material is washed away and remain suspended in the DW in the form of
NPs.

Fig. 5.16(a)-(b) and Fig. 5.16(c)-(d) depict the central and peripheral regions, of the
crater produced in methanol and 2-propanol, respectively. For the craters produced in both
these organic solvents, the central region is dominated by thin layers of solidified melt
similar to that observed in DW. However, there is appearance of small micro pores as
observed in Fig. 5.16(a) and 5.16(c). There are reports on the formation of micro pores due
to etching action of organic solvents on the target surface during laser ablation [29]. This
strong etching property of methanol and 2-propanol may result in the formation of micro-
pores on the surface of the target. Again, it is observed that the number of such micro pores
are slightly more in the case of 2-propanol than in methanol. During plasma formation, the
pressure created in the focal volume of the laser beam is enormously high and at higher
pressure, 2-propanol is known to have higher etch rate than methanol [30]. This must be
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the possible reason for observing more number of micro-pores for the ablation carried in
2-propanol. The periphery of the craters in methanol and 2-propanol are found to exhibit
similar structure to that of the crater produced in DW. Moreover, the micro- pores which

were observed in the central part are also found in the peripheral regions.

"
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Figure 5.16 FESEM images of (a)-(b) central and peripheral region, respectively of laser
produced crater in methanol, (c)-(d) respective images of the crater produced in 2-
propanol.

Another possible reason for the formation of the micro-pores could be the volatile
nature of the organic solvents. Due to this, during laser ablation, as the laser beam passes
through the organic liquids, it was observed that the target plasma sometimes induces
excess breakdown of the liquid and there is a cracking sound. This is due to a phase
explosion taking place and as a result there is violent turbulence in the ejected material in
the molten state. The molten mass cools and re-solidifies immediately but the imprint of
the violent disturbance in the form of micro-pores remains embedded on it.
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5.4 Conclusion

Insufficiently oxidized Cu NPs were synthesized by pulsed laser ablation of Cu target
immersed in methanol and 2-propanol. The size of the NPs increases with the increase in
the laser ablation duration and there is corresponding red-shift in the plasmonic peak in
both the solvents. This behaviour is in sharp contrast to the NPs synthesized in DW.
Oxidation of the NPs is found to be minimal for the synthesis of NPs in the organic solvents
than that in DW. Carbon encapsulation of the NPs resulting in core-shell NPs is a reason
behind the decrease in the oxidation occurring in the organic solvents. The ablation study
of the laser produced crater in different ambient reveals that the process of laser ablation is
dependent on the properties of the surrounding medium to a great extent. The ablation in
air resulted in the formation of big sized NPs deposited on the target surface. In liquid
ambient, the synthesized NPs remain suspended in the surrounding liquid. It is also
observed that cleaner surface with minimum amount of micro or nanoparticles are obtained
for the laser ablated surface in liquids as compared to that of air. From the viewpoint of NP
synthesis, the variation in the degree of oxidation of the NPs may be related to the less
oxidation of the target surface in organic solvents as compared to DW and air, in addition

to its encapsulation by carbon.
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Chapter 6

Dynamics of the Process of Laser
Ablation in Liquid: Cavitation Bubbles
and Shock Waves

6.1 Introduction

The mechanism behind the formation of nanoparticles (NPs) via pulsed laser ablation in
liquid (PLAL) is an active area of research which although has been rigorously studied,
never fails to raise curiosity in the researchers [1-3]. In order to understand the variation in
the properties of the NPs in PLAL, it is extremely important to have a clear picture of the
underlying mechanism [4, 5]. Once the laser beam is incident onto the target immersed in
liquid, plasma formation of the target occurs which is followed by the release of shock
waves (SWs) and subsequent formation of the cavitation bubbles. The behaviour of the
SWs and the cavitation bubbles determines the properties of the NPs formed. As such, there
have been many endeavours to study the dynamics of the SWs and the cavitation bubbles
[5, 6].

For better understanding of the nucleation and growth of NPs synthesized via
PLAL, studying the thermodynamical aspect of PLAL has been one approach. In order to
delve into the thermodynamics of the processes involved, the determination of the pressure
and temperature in the vicinity of the target due to the emitted SWs and also the same within
the cavitation bubbles is essential. Diagnostic techniques like the shadowgraphy and the
beam deflection techniques can be employed to characterize the exuberant nature of the
SWs and the cavitation bubbles. In the shadowgraphy technique, image of the bubble and
also the SW front as a function of time w. r. t. the laser pulse is captured to obtain the radius
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of the bubble and the speed of propagation of the SW to understand the dynamical
behaviour [7]. In contrast, in the beam deflection technique the entire time evolution of the
SW and cavitation bubble can be obtained in a single shot of the laser [7]. The beam
deflection technique is the simplest technique owing to the low-cost and high sensitivity
associated with it. However, the technique is limited by its inability to get visualization of
the dynamical evolution of the processes occurring in PLAL. Other techniques such as
stroboscopic imaging and X-ray radiography to investigate the dynamics of PLAL and X-
ray small angle scattering to study the particle formation inside the cavitation bubble have
also been demonstrated by Reich et al. [5].

There are numerous reports on the study of the bubble expansion and the subsequent
release of the NPs from it [8, 9]. However, the thermodynamics within the bubble is still
largely unknown [10]. Hence, in the present work, an attempt has been made to study the
dynamics of the cavitation bubbles and the SWs using shadowgraphy and beam deflection
techniques. The bubble thermodynamics has been studied analytically by the cavitation
based model developed by Lam et al. [10]. The SWs have been extensively studied by the
beam deflection technique and the thermodynamical parameters estimated from it have

been utilized to understand the nucleation of Cu@Cu,O NPs synthesized via pulsed laser

ablation of Cu in distilled water (DW). In chapter 3, it was reported that the laser fluence

can be varied to tune the size of Cu@Cu,O(x=1, 2) NPs. Hence, all the measurements in

the work presented in this chapter have been carried out to draw conclusions regarding the
impact of laser fluence on the bubble and SW dynamics and hence on the nucleation of
NPs.

6.2 Experimental details

The experimental details for the study of the dynamics of the cavitation bubbles and SWs

via shadowgraphy and beam deflection techniques are illustrated in chapter 2, section 2.5.
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In the shadowgraphy set up, the temporal evolution of the bubbles was recorded by a charge
coupled device (CCD) camera triggered appropriately at different interval of time w. r. t.
the laser pulse. The dynamics of both the cavitation bubbles and SWs is studied via the
beam deflection set up by recording the deflection in the probe cw He:Ne laser beam. The
probe beam was made to fall onto a photodiode aligned for maximum signal. The
experiment was performed in single shot mode of the laser. The laser fluences used were ~

10, 16 and 22 J/cm?, same as those used for the synthesis of NPs as reported in chapter 3.

6.3 Results and discussion

The shadowgraphic images of the cavitation bubbles captured at various delays w. r. t. the
laser pulse are shown in Fig. 6.1, 6.2 and 6.3 for laser fluences of ~ 10, 16 and 22 J/cm?,
respectively. Each and every image in these figures is 1376x1040 pixel? and the distance

was calibrated using a standard scale.

T

Figure 6.1 Shadowgraphs of the cavitation bubbles at laser fluence of ~ 10 J/cm?.
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Figure 6.3 Shadowgraphs of the cavitation bubbles at laser fluence of ~ 22 J/cm?.

From these images, the bubble radius was measured and its variation as a function
of the delay time w. r. t. the laser pulse is shown in Fig. 6.4 for all the three laser fluences.

The values shown in the figure are the average over images taken for 20 shots of laser. For
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~ 10 J/cm?, it is observed that the bubble starts expanding due to the inertia of the vaporized
species present inside and reaches a maximum radius of 1.5 mm at a delay time of 100 ps
w. r. t. the laser pulse. This is followed by a stage in which the bubble starts compressing
in order to maintain the pressure with the hydrostatic pressure of the surrounding liquid.
During this stage, the radius of the bubble continues to decrease and it decays completely
after 190 ps. The same trend of increase upto a maximum radius followed by compression

is also observed for higher fluences of ~ 16 and 22 J/cm?.
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Figure 6.4 Variation of bubble radius with time at various laser fluences.

For the higher fluences of ~ 16 and 22 J/cm?, the bubble expands upto a maximum
radius of 2.5 and 3.4 mm, respectively at the same delay time of 125 ps. However, for both
the fluences of ~ 16 and 22 J/cm?, after attainment of maximum bubble radius, the bubble
radius decreases and then increases again before decaying completely beyond 275 and 325
s, respectively. The first increase in the bubble radius and its collapse is referred to as the
first oscillation of the bubble [11, 12]. The subsequent increase followed by a decrease in
the bubble radius which is observed in the case of higher fluences is the second oscillation
of cavitation bubble [11, 12]. Collapse of each bubble gives rise to a new bubble and is the
origin of a secondary oscillations. The secondary oscillation is much more pronounced for
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laser fluence of ~ 22 J/cm? as compared to ~ 16 J/cm?2. No such oscillation was observed at
lower fluence of ~ 10 J/cm?,

In order to confirm the shadowgraphy results of the slight increase in the bubble
radius towards the later stage of the cavitation bubble followed by its complete decay for
the higher laser fluences, the beam deflection signals at these conditions were analyzed.
The beam deflection traces at laser fluences of ~ 10, 16 and 22 J/cm?, depicted in Fig. 6.5,
show that the bubble lifetime from the shadowgraphy and beam deflection signal are in
reasonably good agreement. For the fluence of ~ 10 J/cm?, beam deflection trace does not
show any second oscillation of the bubble which is in accordance with that of obtained
from the corresponding shadowgraphic images. Interestingly, for ~ 16 and 22 J/cm?, the
speculation about the second oscillation obtained from the shadowgraphs of the bubbles is
confirmed by the beam deflection signal which clearly shows the second oscillation. The

oscillations are more prominent for the highest fluence of ~ 22J/cm?.
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Figure 6.5 Comparison of the temporal evolution of cavitation bubbles by shadowgraphy
and beam deflection technique at laser fluence of (a) 10, (b) 16 and (c) 22 J/cm?; SG:
Shadowgraphy, BD: Beam deflection.

In the generation of NPs by the process of PLAL, the properties of NPs, its size in

particular, is dependent on the dynamics of the cavitation bubble [6]. So, in order to
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investigate the influence of laser fluence on the size of the NPs, the temperature and
pressure inside the cavitation bubble should be estimated at various fluences. Depending
on the magnitude of the pressure and temperature, an idea about the role of laser fluence
on the size of the NPs can be ascertained.

The temporal evolution of the cavitation bubbles can be utilized to get the pressure
profile of the bubbles. Analytically, the dynamics of the cavitation bubble is discussed

based on the Rayleigh-Plesset (R-P) equation given by [10, 13, 14]

5,352 _1 20 4R (6.1)
RR+2R p[PB(t) A= R}

where R, p, P, P|,0”, 1 represent the bubble radius, mass density of the liquid, internal

pressure of the bubble, pressure of the surrounding liquid, liquid surface tension and

. . dR . d? -
viscosity of the liquid, respectively. R = o andR = d_2R Lam et al. have modified the
dt

R-P equation by neglecting the viscous term and the surface effects in the original equation
[10]. For the case of water, it was shown that the ratio of inertial to viscous forces is ~ 10°
and hence the contribution of the viscous term is negligible [10]. Moreover, the contribution
of the inertial term as compared to surface tension is ~ 102 and can be neglected. Thus, the
modified R-P equation is reduced to [10]

5,92 _1 _ 6.2
RR+-R _p[PB(t) A] (6.2)

The bubble pressure, P as a function of time can be obtained by carrying out an

integration of the R-P equation (6.2) w. r. t. time, which finally gives [10]

P (t) = (1—%)[3 +37”(R2 —%)} (6.3)
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where y’is the ratio of the heat capacity and C is a constant of integration. Here, it has been
assumed that the bubble evolution is adiabatic and the mass transfer to and from the bubble
is neglected.

After estimating the pressure profile of the cavitation bubble, the temperature T, of
the bubble as a function of time was derived by using the isentropic equation for an ideal
gas which is given by [10, 15]

y'-1

Tg() =Ty ( PBP(DJ ’ (6.4)

0

where T, and P are the temperature and pressure corresponding to the time from which the
bubble expansion is considered i.e. t = 7 s, in the present study. The value of P, was taken
from the plot of P4(t) vs delay time and T, = 647 K was taken to be the critical temperature
of the liquid i.e. water [10]. The value of P, is 3.02x108, 1.48x10°® and 1.54x10° Pa for

laser fluences of ~ 10, 16 and 22 J/cm?, respectively. The reason behind taking the critical

temperature as T is that as the bubble is formed, the temperature inside the bubble is below

the critical temperature of water and so the critical temperature is considered as the upper

limit for T, [10]. The value of y"was taken to be 1.22 for water [16].
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Figure 6.6 Pressure and temperature profiles inside the cavitation
bubble as a function of time at laser fluence of ~ 10 J/cm?.
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The pressure and temperature profiles of the cavitation bubbles at laser fluences of

~ 10, 16 and 22 J/cm? are depicted in Fig. 6.6, 6.7 and 6.8, respectively.

Figure 6.7 Pressure and temperature profiles inside the cavitation
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Figure 6.8 Pressure and temperature profiles inside the cavitation
bubble as a function of time at laser fluence of ~ 22 J/cm?.

Considering the dynamics of the bubble at the laser fluence of ~ 10 J/cm?, the bubble
pressure starts decreasing from ~ 3.0x108 Pa (at t = 7 ps) and reaches a value of ~ 1.2x10’
Pa (at t = 35 ps). After this, the pressure of the bubble varies slowly and reaches a minimum
of ~ 2.4x10° Pa at a delay of 100 ps (corresponding to the maximum size of the bubble) w.
r. t. the laser pulse. Thereafter, the pressure starts increasing slowly upto ~ 1.7 x107 Pa at
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160 ps and then sharply increases upto ~ 1.7x10° Pa at 190 ps which denotes the collapse
of the bubble.

At the fluences of ~ 16 and 22 J/cm?, the pattern of pressure variation is similar but
the low pressure regime is for a prolonged duration of 155 and 165 ps, respectively as
compared to 135 s for the fluence of ~ 10 J/cm?2. The minimum bubble pressure for ~ 16
Jlem? is found to be ~ 2.7x10° Pa at 125 ps and that for ~ 22 J/cm? is found to be ~ 1.9x107
Pa at 125 ps.

As far as the temperature evolution of the bubble as a function of delay time is
concerned, the similar trend of decrease in the temperature of the bubble with the increase
in delay time is observed. The temperature attains a minimum value at the same time as
that of minimum pressure, after which the temperature of the bubble starts rising again till
it reaches a maximum of nearly 1000 K in the case of ~ 10 J/cm? and more than 1000 K for
fluences of ~ 16 and 22 J/cm?. The variation of pressure and temperature values inside the
cavitation bubbles estimated in the present study is of the same order of magnitude as those
reported in pioneering works on cavitation bubbles carried out under similar conditions
[16].

Another factor playing the role in the synthesis of NPs by PLAL, in addition to the
cavitation bubbles, is the SWs [4, 6]. Laser ablation of the target immersed in liquid induces
SWs in its vicinity which propagates away from the target [17]. The expanded view of
beam deflection signal in the early phase as a function of distances above the target for the
three laser fluences of ~ 10, 16 and 22 J/cm? are shown in Fig. 6.9, 6.10 and 6.11,
respectively. The variation in the position of the SW front as a function of distance from
the target along the direction of incident laser beam, implies the slowing down of the SWs

as it moves away from the target.
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Figure 6.9 Beam deflection trace showing the deflection corresponding to the first
SW after the laser pulse at laser fluence of ~ 10 J/cm?.
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Figure 6.10 Beam deflection trace showing the deflection corresponding to the first
SW after the laser pulse at laser fluence of ~ 16 J/cm?.
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Figure 6.11 Beam deflection trace showing the deflection corresponding to the first
SW after the laser pulse at laser fluence of ~ 22 J/cm?.

The SW velocity, v, was determined by considering the temporal evolution of the

SW front as a function of positions w. r. t. the target surface. From the SW velocity, an
estimate of the SW pressure can be obtained by the application of Newton’s second law
across a SW discontinuity. This is given by [18]

P =Py =VsVpp (6.5)

where P, P,, v, A and p are the SW pressure, hydrostatic pressure, SW velocity, particle
velocity and density of water, respectively.
The equation of state relates vs and vp and this relation is empirically stated as [18,

19]

Vs =a+bvp (6.6)

where a = 1.48 km/s is the velocity of sound in water and b = 2.07 is a constant.
The SW velocity as a function of distances from the target is shown in Fig. 6.12 (a)-
(c) for laser fluences of ~ 10, 16 and 22 J/cm?, respectively. As the SW propagates away

from the target, its velocity decreases in all the three cases. The maximum SW velocity
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estimated for ~ 10, 16 and 22 J/cm? are ~ 8.1 x 10° 9.5 x 10° and 12.1 x

respectively.
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Figure 6.12 Shock wave velocity as function of distance from the target at laser fluence
of (a) 10, (b) 16 and (c) 22 J/cm?; Variation of pressure and temperature as a function
of distance from the target at laser fluence of (d) 10, (€) 16 and (f) 22 J/cm?.

The corresponding SW pressures were evaluated using equation (6.5). Now,

considering the SW propagation as a compressible one, the temperature can be estimated

from equation (6.4) [15]. The variation of the SW pressure and temperature with distance

from the target for different laser fluences are depicted in Fig. 6.12 (d)-(f). While the

maximum SW pressure is ~ 6.21x10'° Pa, the maximum temperature is found to be as high
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as ~ 3316 K. These extreme conditions favour the formation of NPs and hence a proper
understanding of the dynamics of both cavitation bubble and SWs is an absolute necessity
to understand well the mechanism of NP synthesis via PLAL.

The SW emitted initially by the laser produced plasma during PLAL is closely
associated to the nucleation phenomenon of the NPs. Hence, the pressure and temperature
estimated from the SW can be used to understand the nucleation mechanism. Taking the
theoretical kinetic model proposed by Wang et al. as the base, a study of the nucleation of
Cu NPs was attempted [20]. In this model, a theoretical kinetic approach was adopted to
understand the nucleation and growth of nanocrystals synthesized via PLAL by considering
the synthesis of nanodiamond by pulsed laser ablation of graphite in water.

As the laser beam interacts with the Cu target immersed in DW, there is the plasma
formation of Cu as well as DW. The interaction between the plasmas followed by its
subsequent cooling heralds the nucleation and growth stage of the NPs. In the case of
ablation of Cu in DW, the release of oxygen molecule from the dissociation of DW during

laser induced breakdown favours the formation of insufficiently oxidized Cu@Cu,O NPs

initially, as discussed in chapter 3. In the initial stage of the nucleation process, as the
temperature and pressure drops, condensation of the ablated species during laser ablation
results in the formation of clusters of the target material, Cu and oxidized Cu in the present
case. The strong interaction among these clusters leads to its aggregation and the clusters
grow to reach a size called the critical nucleus, r* given by [20]

2 Vi

2y (54 M
r*=—y5(3+AV) 6.7)
Psat(T)-p '

where y, and V,_ are the surface energy and molar volume of Cu,O NPs, respectively and
AV is the molar volume difference between Cu and Cu,O NPs, respectively. p, T and p,,(T)

are the pressure, temperature and the saturated vapour pressure, respectively at the interface
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of the Cu target and the surrounding DW. The time taken for this onset of nucleation was

assessed by the isothermal nucleation time, z, given by [20]

kBT 7s (6.8)

T= af272'kaT 5
Psat (T)(Aw)

where Ap and m are the chemical potential difference and mass of Cu,O NPs, respectively.
kg is the Boltzmann constant. The values of m (0.143 kg/mol for Cu,O) and ,(0.78 JIm?)

were taken from the literature [21]. The temperature T and pressure p were taken to be the
one corresponding to the highest SW pressure at the closest proximity of the target during
laser ablation. For, the laser fluences of ~ 10, 16 and 22 J/cm?, the highest SW pressure and
the corresponding temperature, as depicted in Fig. 6.12, are found to be ~ 2.6 x 10'°, 3.7 x
10 and 6.2 x 10%° Paand ~ 2830, 3016 and 3316 K, respectively. The phase diagram of
Cu shows a maximum pressure of 6 GPa [22]. This maximum pressure was assumed to be

the p,,(T) in all the cases.
The chemical potential difference, Al is given by [20]

A= AV[p - psat ] (6.9)
VmNA
where N, is the Avogadro’s number. The values of V_and AV are 23.9 cm*/mol and 16.79

cm®/mol, respectively which were taken from available reports [23].
After the formation of the critical nucleus, the growth of the NPs occur till the time

which is almost the double of the laser pulse duration (t, = 7 ns) [20]. The growth velocity

of crystalline nucleus in the process of formation of the NPs is given by [20, 24]

V= g“uexp(—E—_T_)[l— exp(—‘AF?—Tm) (6.10)

where ¢, v, E_, R, T, and AG_ are the lattice spacing in the growth direction, thermal

vibration frequency, activation energy for the formation of Cu,0O NPs, gas constant,
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temperature and Gibbs free energy difference per mole (given by equation 6.11),
respectively. The value of {'was taken to be the lattice spacing (0.24 nm) corresponding to

the most common phase of Cu,O, as discussed in chapter 3. The frequency of thermal

T kgT . _—
vibration is given as v = % , Where h is the Planck’s constant. The activation energy, Ea

for the formation of oxides of Cu reportedly varies in the range of ~ 40-224 kJ/mol [25]. In

the present work, the value of E, was fixed at 200 kJ/mol and was found to give results that

matches well with the experimental findings as reported in chapter 3. The Gibbs free energy

difference per mole is given as [20]

AGm:—RTIn( - ] (6.11)
Psat (T)

From the growth velocity, an estimate of the size of the NPs, r, was obtained which

is given as [20]
*
r :V(2tI —7)+2r (6.12)
where t, is the laser pulse duration and r is the nucleation time defined in equation (6.8).

For ~ 10 J/cm?, the nucleation time is estimated to be 1.8x1072 s during which a critical
nucleus size of ~ 0.16 nm is formed. Once the critical nucleus is formed, depending on the
growth velocity, NPs of different sizes are formed. The growth velocity for ~ 10 J/cm? was
calculated to be ~ 2.21 nm/ns. Using this, the size of the NPs formed was estimated to be ~
31 nm which is fairly close to that of obtained experimentally in chapter 3.

The nucleation time, growth velocity, critical size and the NP size as a function of
the laser fluence are depicted in Fig. 6.13. The nucleation time 7 is found to decrease from
1.8 x 10%t0 0.3 x 1025 with the increase in the laser fluence from ~ 10 to 22 J/cm?,

respectively and this is accompanied by a decrease in the size of the critical nucleus from
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~0.16 to 0.05 nm, respectively. With the increase in the laser fluence from ~ 10 to 22 J/cm?,
the growth velocity is estimated to increase from ~ 2.2 to 10.5 nm/ns, respectively.

The estimate of the size of the NPs is based on the cumulative effect of all the above
mentioned parameters and is found to increase as ~ 31, 60 and 147 nm for the laser fluences

of ~ 10, 16 and 22 J/cm?, respectively.
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Figure 6.13 Variation of (a) nucleation time, (b) critical size, (c) growth velocity and (d)
nanoparticle size as a function of laser fluence.

The increase in size of the NPs with the increase in laser fluence is in contrast to
the experimental findings, in which a decrease in the size of the NPs was reported with
higher fluence, as shown in chapter 3. However, it should be noted that the entire nucleation
study in the present work is based on data derived from a single laser shot. In chapter 3, the
experimental findings of decrease in the size of the NPs for higher fluence was for an

ablation duration of 60 minutes in which multiple shots of laser induced fragmentation
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among the initially formed NPs and thereby lead to a reduction in the average size of the
NPs.

In the present case, the increase in the size of the NPs with laser fluence is attributed
to the high temperature and pressure conditions at higher fluence as already discussed. Such
conditions not only lead to the release of more NPs in the ambient liquid but also favours
longer life of the cavitation bubble before it collapses [26]. This longer duration of the
cavitation bubble is already confirmed by the shadowgraphy as well as beam deflection
results in this work. Longer duration of cavitation bubbles is responsible for the formation
of larger sized particles by coalescence [26, 27]. Thus, the dependence of the size of the
NPs synthesized via pulsed laser ablation of Cu in DW on the dynamics of the cavitation

bubble and SWs is vividly observed in the present work.

6.4 Conclusion

Cavitation bubbles and SWs produced during pulsed laser ablation of copper immersed in
DW were extensively studied in this work. The thermodynamics of the cavitation bubble
derived using the temporal evolution of the bubble reveal the variation of high pressure (~
108-10° Pa) and temperature (~ 400-1200 K) inside the bubble. The SWs emitted by the
laser produced plasma travel at the speed of the order of ~ 10® m/s. The pressure and
temperature at the interface of Cu and DW were estimated from the SWs and is found to
be as high as ~ 10'° Pa and ~ 3000 K, respectively. The pressure and temperature estimated
for both cavitation bubbles and SWs are found to increase with the increase of incident

laser fluence. From the nucleation study, it is observed that the size of Cu@Cu,O NPs

increases from ~ 31 to 147 nm with the increase in the incident laser fluence from ~ 10 to
22 Jlcm?, respectively. The size of ~ 31 nm obtained at laser fluence of ~ 10 J/cm? is fairly

close to the size obtained experimentally as described in chapter 3. However, the deviation
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from the experimentally observed particle size for higher fluences is due to the higher

degree of fragmentation taking place at higher fluence.
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Chapter 7

SERS and Antibacterial Activities of
PLAL Synthesized Nanoparticles of
Cu@cCu,O and Ag@Ag,0,

7.1 Introduction

Metallic nanoparticles (NPs) have tremendous applications due to their surface enhanced
Raman scattering (SERS) and antibacterial activities. SERS is a vibrational spectroscopic
technique that uses the localized surface plasmon resonance (LSPR) property of noble
metal NPs to increase the intensity of Raman signal of compounds having intrinsically low
Raman signal [1, 2]. Although a large amount of work has been carried out towards the
development of reliable and efficient SERS substrates but even today the quest for cheaper
and reliable substrates is still on [3-5]. Thus, the selection of the SERS substrate and the
species to be detected is of utmost importance in SERS study. Gold (Au), silver (Ag) and
copper (Cu) possess LSPR in the visible range and are widely used as SERS substrates [6,
7]. There are various factors that may affect the efficiency of an SERS substrate but the
most important aspect is the proper plasmonic interaction between the probe and the
substrate and once this criteria is satisfied the substrate may be manipulated for optimum
utilization.

For the improvement of SERS substrates it is important to understand the factors
that affect its efficiency and accordingly the work on the relevant parameters for
optimization is required to be undertaken. Starting exactly from this point, in the present
chapter, a study was carried out to use the Cu and Ag NPs synthesized via pulsed laser
ablation in liquid (PLAL) in distilled water (DW) without adding any reagent and tested its
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effectiveness as an SERS substrate to increase the Raman signal of a bio-active
furanoflavonoid, karanjin (3-methoxy furano-2, 3, 7, 8-flavone) extracted from the seeds
of Pongamia Pinnata [8]. The chemical structure of karanjin is shown in Fig. 7.1.
Flavonoids have important medicinal properties owing to its polyphenolic nature and are
therefore a part of many pharmaceutical products [9]. Karanjin which is also a part of this
class of compounds is used in alternative medicines and is known to have anti-oxidant,
anti-ulcerogenic and analgesic effects [10]. The sensitive structural detection of such
compounds having intrinsically low Raman signal is extremely important. In this work, the
effect of Cu and Ag NP concentration, average size of the NPs, its aggregation state as well
as its oxidation on the SERS activity is discussed. Taking into account all these factors, the

optimization of the prepared NPs as a viable SERS substrate has been reported.

Figure 7.1 Chemical structure of karanjin.

Another very important property associated with metallic NPs is its excellent
antibacterial activity [11-13]. Both Cu and Ag NPs are known to possess antimicrobial
properties, and hence the addition of these NPs to a particular material can act as a
protective layer against bacteria. Natural silk is one such material which has immense
importance in textile industries. Some of the natural silks are known to possess medicinal
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properties and are therefore used in biomedical applications [14]. Of late, addition of NPs
to silk have shown increased anti-bacterial properties [15]. The importance of silk and
the need to develop an effective antibacterial protective coating motivated a study on
the effect of treatment of Ag and Cu NPs synthesized via PLAL on three common silks
viz., Eri, Pat and Muga. These natural varieties of silks are woven from the silkworms
Philosomia ricini, Bombyx mori and Antheraea assamensis, respectively.

The antibacterial properties of Cu and Ag NPs can also be used to devise easy and
convenient methods to rid drinking water, especially during emergencies, from harmful
pathogenic bacteria. With this in view, the synthesized NPs were also applied to check its
viability on the treatment of filter paper for the annihilation of bacteria from contaminated

water.
7.2 Basics of Surface enhanced Raman scattering (SERS)

The amplification of the signal in SERS can be explained through two main mechanisms
[16, 17]. In the first mechanism, the electromagnetic enhancement, light interacts with
metal NPs to form plasmons and its energy causes the enhancement of Raman signal of the
adsorbed molecule [16].

When a suitable electric field E,, in the form of a laser light having a frequency, «,

is incident on a metal and there is resonant excitation of the free conduction electrons
present in it, LSPR oscillations occur. These oscillations are dipolar in nature and the

oscillating induced dipole moment, [, depends on the polarizability of the metal, ., and

the strength of the incident field, E,, and is given by u=a_E (w,). The oscillating dipole

met
results in the emission of radiation at the same frequency w,. Thus, there is an enhanced

local field E, relative to E, in the vicinity of the metal NP. In addition to this, the incident

electric field also induces a dipole moment in the molecule which is given by p=a,|E, ().
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There is vibration of the molecule at a frequency w; which results in the inelastic scattering
of E, by the vibrating molecule [16].

The increase in the intensity in SERS is dependent on both the incoming as well as
outgoing radiation. Thus, the difference in the mechanism of SERS from that of traditional
Raman scattering lies in the generation of the enhanced local field due to the presence of
the metal NPs.

The other main mechanism, the chemical enhancement, is attributed to the charge
transfer between the metal and the molecule [17]. There is transfer of charge between the
molecule in its electronic ground state and the metal NP. This can change the polarizability
of the molecule which changes the cross section for Raman scattering of the molecule and
hence an enhancement in the Raman signal.

7.3 Mechanism of antibacterial property of NPs

The exact mechanism for the antibacterial properties of metallic NPs has eluded scientists
for a long time. However, there are a few factors believed to be responsible for the
antibacterial properties [11, 13]. Firstly, the change in the permeability of the bacterial
membrane due to the accumulation of NPs leads to the uncontrolled exchange of cellular
organelles which disrupts the normal functioning of the cells. Secondly, the generation of
oxidative species from the NPs leads to oxidative damage to cellular structures. Then, there
is also a possibility of the NPs entering the cell and depleting the Adenosine triphosphate
(ATP) production and disrupting the replication of the deoxyribonucleic acid (DNA).

7.4 Experimental details

The SERS capability of the synthesized Cu and Ag NP samples C3-C5 and A1-A5, listed
in tables 2.1 and 2.2, respectively, for which uniform particle size distribution was
observed, was tested for karanjin. For NP samples C1 and C2, the particle size distribution

was highly non-uniform and hence these samples were excluded from the SERS study. The
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details of the SERS substrate preparation and measurements were elaborated in section
2.6.1. Briefly, 10 pL of karanjin solution was mixed with 500 pL of each NP sample and
then sonicated for uniform mixing and drop casted onto silicon (Si) wafers. The dried
samples were subjected to the Raman spectrophotometer with an excitation wavelength of
488 nm to record the Raman spectra.

The NP concentrations of the as-synthesized Cu and Ag NP samples used in the
SERS study, as listed in table 7.1, were estimated from the mass ablation rate described in

chapter 3 and 4, respectively.

Table 7.1 NP concentration for the as-synthesized samples for SERS study.

Sample Concentration Sample Concentration
(mg/mL) (mg/mL)
C3 0.338 Al 0.032
C4 0.485 A2 0.097
C5 0.588 A3 0.194
- - Ad 0.391
- - A5 1.155

For the antibacterial studies, samples C5 and A5 pertaining to their respective high
concentrations were taken. The colloidal NP samples were treated to pellets of Eri, Pat and
Muga silk and the antibacterial activity was tested using the agar diffusion method. The
experimental details for the testing of the NP samples as a protective layer for the natural
silks were elaborated in section 2.6.2.1. These NP samples were also treated with filter

paper and its antibacterial activity is tested in the annihilation of bacteria from contaminated
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water. The experimental details for the NP treated filter paper were provided in section

2.6.2.2.

7.5 Results and discussion

7.5.1 SERS activity of Cu and Ag NPs synthesized via PLAL

The SERS activity of Cu and Ag NPs tested for karanjin is discussed in the following
sections.

7.5.1.1 SERS activity of Cu NPs for karanjin

In order to study the effect of Cu NP concentration on the SERS enhancement for karanjin,
the as-synthesized samples of the Cu NPs were suitably diluted to obtain 5 different
concentrations of Cu NPs. The SERS spectra for the samples C3-C5 having average particle
size of ~ 20, 11 and 7 nm (discussed in chapter 3), respectively, along with the
corresponding NP concentrations are shown in Fig. 7.2, 7.3 and 7.4, respectively. For
comparison, the Raman spectrum of untreated karanjin is also depicted in each of these
figures. As the samples in liquid form were drop casted and then taken for recording the
Raman spectra, to minimize the effect due to formation of aggregates as a result of drying,
the drop casted samples were probed with the micro Raman set up at different locations of
each sample. The SERS plots presented in this chapter are averaged over eight most intense
spectra with the intensity variation among them within 10%.

For sample C3, as observed in Fig. 7.2, the intensity of the Raman spectra increases
with the decrease in Cu NP concentration from ~ 0.338 to 0.203 mg/mL and with further
decrease in concentration to ~ 0.068 mg/mL, the Raman intensity is found to decrease.
However, in all the samples a remarkable increase in Raman intensity is clearly visible as

compared to that of untreated karanjin, shown in Fig. 7.2(f).
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Figure 7.2 Raman spectra of karanjin treated with different dilutions of sample C3
having NP concentration of (a) 0.338 mg/mL, (b) 0.270 mg/mL, (c) 0.203 mg/mL, (d)
0.135 mg/mL, (e) 0.068 mg/mL; (f) Raman spectrum of untreated karanjin.

The increase in Raman signal is attributed to the excitation of localized surface
plasmons of the Cu NPs present in the vicinity of karanjin. The lower SERS intensity at
highest concentration of NPs is an interesting observation and it may be explained on the
basis that at higher concentration the signal from karanjin itself is getting decreased due to
aggregation of the NPs which may have covered the analyte, karanjin to a great extent. The
absorption of light by the plasmon resonance of suspended NPs, affects both the incident
and the scattered Raman emission [18]. For sample C3, the concentration of ~ 0.203 mg/mL

is the optimum for which the enhancement in Raman signal is maximum. At values below
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this optimum concentration, the Raman enhancement goes down again as the effect of
localized surface plasmons decreases due to the presence of fewer NPs in the vicinity of

the compound.
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Figure 7.3 Raman spectra of karanjin treated with different dilutions of sample C4
having NP concentration of (a) 0.485 mg/mL, (b) 0.388 mg/mL, (c) 0.291 mg/mL, (d)
0.194 mg/mL, (e) 0.097 mg/mL; (f) Raman spectrum of untreated karanjin.

For the samples C4 and C5, a similar trend as that of C3 in the enhancement of
Raman signal with the change in concentration of NPs is observed and is depicted in Fig.
7.3 and 7.4, respectively. The optimum concentration for these two sets of samples at which

maximum enhancement is obtained, is found to be ~ 0.291 and 0.353 mg/mL, respectively.
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Figure 7.4 Raman spectra of karanjin treated with different dilutions of sample C5
having NP concentration of (a) 0.588 mg/mL, (b) 0.470 mg/mL, (c) 0.353 mg/mL, (d)
0.235 mg/mL, (e) 0.118 mg/mL; (f) Raman spectrum of untreated karanjin.

The identified Raman bands of karanjin as well as their vibrational assignments are
listed in table 7.2 [8]. In order to ensure that there is no overlapping of bands of the NPs
with karanjin, the Raman spectrum of drop casted Cu NPs only, in the range of 1000-1800
cmis shown in Fig. 7.5. There is hardly any identifiable Raman band in this spectrum and
thus it is confirmed that for the selected range of 1000-1800 cm™, the observed Raman

peaks correspond to karanjin itself.
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Table 7.2 Vibrational assignments of known Raman bands of karanjin.

Raman shift (cm™?) Assignments
1004 Trigonal stretch of
flavone B ring
1019 CH- vibration in the
furan ring
1189 Bending of CH-plane
1286 Bending of CH-plane
1342 CH- vibration in the
furan ring
1372 Presence of CHs group
1437 CH- vibration in the
furan ring
1530 Bending of CH-plane
1600

Strong C=0 stretching
1627 of flavone ring

[\

=

(=]
1

p—

n

(=]
1

Intensity (Arb. unit)
2 =

T T T T T T T
1000 1200 1400 1600 1800
Raman shift (cm'l)

Figure 7.5 Raman spectrum of Cu NPs in the range of 1000-1800
cm,

=
L 1

Thus, it is clear from the above sets of data that the concentration of synthesized
NPs plays a pivotal role in the SERS of Cu for karanjin. Although there is marked
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enhancement in all the samples, the most intense enhancement is seen for sample C4 for a
concentration of ~ 0.291 mg/mL. However, to understand this enhancement better it is
important to note how the addition of Cu NPs has affected different bands of karanjin. With
this in view, the ratio of the Raman intensity of karanjin treated with the sample for which

maximum enhancement is observed (R;) and that of untreated karanjin (R ) for all the

known bands of karanjin, as listed in table 7.2, was determined and is demonstrated in Fig.
7.6. It is observed that among all the bands, the band appearing at 1600 cm™ which is
attributed to the strong C=0 stretching of flavone ring, appears to be the most enhanced.
Also, this band is very sharp and there is hardly any shift in its peak position in all the

samples treated with Cu NPs.
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Figure 7.6 Ratio of the Raman intensity of karanjin treated with optimum concentration
and particle size of Cu NPs (R,) and that of untreated karanjin (R,;) for the known bands

of karanjin.
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The value of R,/R, was evaluated for all the samples for this particular band

appearing at 1600 cm™ and its variation with the concentration is shown in Fig. 7.7(a)-(c).
Fig. 7.7(a) shows that for sample C3, this value is ~ 33 for an initial Cu NP concentration
of ~ 0.338 mg/mL and it reaches a maximum value of ~ 89 at the concentration of ~ 0.203

mg/mL. With further decrease in the NP concentration upto ~ 0.068 mg/mL, the value of
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R,/R falls down to ~ 17. As mentioned earlier, this behaviour is probably due to fact that

the samples with different concentration of the NPs lie around and cover karanjin to

different extents thereby influencing the enhancement of the Raman signal. The R{/R

calculated for all the known bands of karanjin, as listed in table 7.2, for the other sets of

samples also follow similar behaviour with the change in concentration of the NPs.
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Figure 7.7 (a)-(c) Plot of R,/R ; as a function of concentration of Cu NPs for samples C3-

C5, respectively (d) Plot of R,/R, vs average particle size.

In order to quantify the degree of SERS enhancement, the analytical enhancement
factor (E) for all the samples was also calculated for the same most intense 1600 cm™ band

by using the following expression: [18, 19]

| xC
E — —SERS soL (7.1)

lsor X Ceers
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where | is the intensity of this band in the SERS spectrum, I.., is the intensity in the

SERS SOL

normal (untreated) Raman spectrum, C... is the concentration of karanjin in the colloid

and C., is the concentration of karanjin in the solution (DMSO).

SOL

The SERS enhancement is observed to be maximum for the optimum concentration
of sample C4 which has an average particle size of ~ 11 nm. The corresponding
enhancement factor is calculated to be ~ 6.6 x 102. For the samples C3 and C5, with average
particle size of ~ 20 and 7 nm, respectively, the maximum enhancement factors at their
respective optimum NP concentrations are found to be ~ 4.4 x 10% and ~ 2.2 x 103,
respectively.

Although the size range of 7-20 nm in the present case (for samples C3-C5) is not
large but it is adequate to have a rough idea of the effect of Cu NP size on its SERS ability
for karanjin. The change in the SERS enhancement with the average particle size is depicted
in Fig. 7.7(d). The decrease in the SERS enhancement for larger sized NPs can be explained
on the basis of the local electromagnetic field due to LSPRs. As the size of the NPs
increases beyond a certain value, the convex shape of the surface becomes flatter and hence
the absorption of light by the NPs as well as the inelastic scattering of light on the surface
reduces [20]. This diminishes the local electromagnetic enhancement thereby reducing the
SERS intensity.

The decreased enhancement for smaller sized particles of ~ 7 nm can be explained
again on the basis of the local electromagnetic enhancement due to collective oscillations
of the localized surface plasmons of the Cu NPs. This local enhancement is also known to
decrease with decreasing particle size. When the size of the particle is too small, its light
scattering capability, which is essential for SERS enhancement, decreases. As the localized
surface plasmons are strongly dependent on the number of electrons excited and hence on

the volume of the NPs so a decrease in size of NPs can surely decrease the SERS
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enhancement [21, 22]. The reason for this decrease in enhancement for smaller NPs may
also be attributed to the formation of large aggregates of the NPs with the smallest average
particle size of ~ 7 nm. Aggregation of NPs has been reported to have reduced the SERS
efficiency which is due to the trade-off of the inter- and intra- particle plasmonic fields
[23]. As mentioned previously, in chapter 3, the decrease in NP size was achieved as a
result of the increase in incident laser energy during the synthesis of the NPs. Along with
this size reduction, increase in laser energy also resulted in an increase in concentration of
the NPs in colloidal form, as discussed in chapter 3. There are reports of increased
aggregation among NPs due to an increase in its concentration [24]. Thus, in addition to
the size of the NPs, its aggregation also plays a very crucial role in the application of the
synthesized Cu NPs as effective SERS substrates.

Another reason for the variation in the SERS enhancement could be due to the
presence of NPs with oxidized phase in the samples. Oxidation of Ag NPs was reported to
markedly diminish the SERS enhancement [25]. Although no such effect of oxidation of
Cu NPs on the SERS enhancement is reported, still a similar behaviour cannot be ruled out
in the case of Cu NPs as these are more prone to oxidation. As discussed in chapter 3, the
Raman spectrum of the sample C3, synthesized at the lowest laser energy of 30 mJ,

contained only Cu,O phase. For the sample C4, the Raman spectrum (Fig. 3.8(d)) indicates
the presence of both Cu,O as well as CuO, the latter being the dominating phase. The

selected area electron diffraction (SAED) patterns shown in Fig. 3.6 also complements
these observations. But for sample C5, only CuO phase could be detected. Thus, it was
inferred that sample C5 comprises of NPs which has undergone the maximum oxidation.
Thus, in the present study, for sample C5, along with the particle size, the higher degree of
oxidation of the NPs is another factor behind the lower SERS enhancement as compared to

the samples C3 and C4.
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Finally, it can be concluded that Cu NPs having average size of ~ 11 nm (sample
C4) with a corresponding optimum concentration of ~ 0.291 mg/mL has been found to give
the maximum enhancement in Raman intensity for karanjin.

In order to investigate the presence of Cu NPs around the analyte, karanjin, the
transmission electron microscope (TEM) image of the sample for which the enhancement
in the Raman signal is maximum was captured and is shown in Fig. 7.8. It clearly
demonstrates that the Cu NPs are notably at close proximity to the karanjin crystal. It attests
the fact that the localized surface plasmons of the NPs are actually responsible for the

remarkable enhancement in the Raman signal of karanjin.

Figure 7.8 TEM image of karanjin treated with Cu NPs (optimized sample).

7.5.1.2 SERS activity of Ag NPs for karanjin

In this section, the SERS efficiency of the colloids of Ag NPs synthesized via PLAL is
presented. The SERS spectra of Ag NP treated karanjin for the samples A1-A5 are
illustrated in Fig. 7.9. For comparison, the Raman spectrum of pure karanjin (untreated) is
also shown in this figure. For the Ag NPs, all the 5 samples, A1-A5 were found to have

uniform size distribution and hence the SERS enhancement is first discussed on the basis
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of the average particle size followed by the effect of NP concentration. Similar to the
preceding study on SERS of Cu NPs, the experimental SERS plots shown in Fig. 7.9 are
averaged over eight most intense spectra having less than 10% variation in the intensity

among them.
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Figure 7.9 SERS spectra for karanjin treated with Ag NPs (samples A1-A5)
along with its normal Raman spectrum.

600

From Fig. 7.9, it is evident that the SERS enhancement is maximum for karanjin
treated with colloid sample A3. In order to understand, how the presence of the Ag NPs

affects the different bands of karanjin, the ratio R,/R j, defined earlier, for all the known

bands was calculated for sample A3 and is shown in Fig. 7.10(a). In the case of Ag NPs as
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well, the band appearing at 1600 cm™ is found to be the most enhanced. It is also observed

that this band is sharp and there is negligible shift in its peak position for all the samples,
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Figure 7.10 (a) R{/R, for the identified bands of karanjin, (b) R,/R, vs particle size.

The value of R;/R,, was evaluated for all the samples for this particular band

appearing at 1600 cm™ and its variation with the average particle size is shown in Fig.
7.10(b). It is observed that as the particle size increases from ~ 10 to 15 nm, the SERS
enhancement is found to increase but with further increase in the particle size up to ~ 20
nm, the SERS enhancement decreases. The maximum enhancement is obtained for sample
A3 corresponding to the average particle size of ~ 15 nm and this corresponds to an
analytical enhancement factor of ~ 1.6 x 10,

The relatively low enhancement for samples having smaller average particle size of
~ 10 and 12 nm as compared to that of the sample with average size ~15 nm, can be
explained in similar manner as for Cu NPs. As the size of the NPs decreases, its capability
to scatter light also decreases. The localized surface plasmons being dependent on the
number of the electrons excited, a decrease in the size of the NPs, which is equivalent to a
decrease in the volume of the NP, can decrease the SERS enhancement [21, 22]. Another

explanation for this decrease in enhancement for smaller NPs is the formation of large
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aggregates for the NPs with the smallest average particle size of ~ 10 nm (sample A5)
which also has the highest concentration. As mentioned previously, aggregated NPs result
in reduction of SERS enhancement [23].

The maximum SERS intensity for sample A3 may also be attributed to its narrow
size distribution (Fig. 4.4(c)) which is found to be the minimum among all the other NP
samples. This indicates that uniformly sized NPs behave as better SERS substrates. Also,
the SPR peak for sample A3 (Fig. 4.8(c)) is the sharpest and hence a stronger plasmonic
effect contributes to the maximum SERS enhancement in this case.

Also, as the size of NP increases beyond a critical value its absorption of light
reduces and hence there is a decrease in the inelastic scattering of light on the surface of
the NPs [24]. This results in the lowering of the local electromagnetic enhancement thereby
reducing the SERS intensity for the samples Al and A2 with average size of ~ 19 and 20
nm, respectively.

The SERS capability of the optimized Ag NPs (sample A3) as shown in Fig. 7.10
is nearly 2.5 times more as compared to that of the optimized Cu NP sample. In the study
of Cu NPs as SERS substrate, it was observed that the concentration of Cu NPs plays a
crucial role in the SERS enhancement for karanjin. To check the effect of concentration of
the Ag NPs on SERS enhancement, sample A3 (concentration ~ 0.194 mg/mL), for which
maximum SERS enhancement is observed, was diluted to make three more samples having

concentration of ~ 0.116, 0.078 and 0. 039 mg/mL. The R/R, as a function of
concentration of Ag NPs is shown in Fig. 7.11(a). It is observed that there is a notable
decrease in the enhancement for the diluted samples as indicated by the decrease in R{/R

with the decrease in concentration. This is in sharp contrast to that of Cu NPs, for which
there was initially an increase followed by a decrease in the SERS enhancement with the

decrease in concentration of the samples.
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However, it is important to ensure that the effect of average size of the Ag NPs is
valid and that it is not the concentration of the NPs alone which is dominant in the SERS
enhancement of Ag NPs for karanjin. To validate this, the sample A5 which has the highest
concentration of ~ 1.155 mg/mL was diluted to make three more samples having
concentration of ~ 0.693, 0.231 and 0.115 mg/mL and treated for the SERS in karanjin.

From the R,/R, graph for these diluted samples of A5, Fig. 7.11(b), it is observed

that there is not much change in its values for these three concentrations. On comparing the

R,/R, ratio for A3 with that of A5 at nearly the same concentration of ~ 0.2 mg/mL, this

ratio is almost five times higher in the former confirming that the sample A3 having an

average particle size of ~ 15 nm is the optimum.
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Figure 7.11 R,/R,; vs concentration of sample (a) A3 and (b) A5.

The presence of Ag NPs around karanjin, investigated via TEM shows the Ag NPs

in close proximity to the karanjin crystal as depicted in Fig. 7.12.
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Karanjin

Figure 7.12 TEM image of karanjin treated with Ag NPs (optimized sample).

7.5.1.3 Comparison of Cu and Ag NPs as SERS substrate for karanjin

The SERS capability of the Cu and Ag NPs was discussed in the preceding sections. The
Raman signal of karanjin which has intrinsically low Raman signal is remarkably enhanced
by the presence of NPs of Cu and Ag synthesized via PLAL. A comparison of the
enhancement efficiency of both the NPs can be drawn from the results obtained and a few

of the important differences are listed in table 7.3.

Table 7.3 Some important values from the SERS study of Cu and Ag NPs.

Cu NPs Ag NPs

Optimum Particle 11 15
size (nm)

Optimum 0.291 0.194

concentration (mg/mL)
Maximum RT/ RU 131 316
. 3 4
Maximum 6.59x10 1.58x10
Enhancement factor
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The optimum particle size for SERS enhancement is found to be ~ 11 and 15 nm
for Cu and Ag NPs, respectively. It is also found that the concentration of the NPs is a very
important factor in the SERS enhancement and the optimum concentration for Cu and Ag
NPs is found to be ~ 0.291 and 0.194 mg/mL, respectively. The maximum enhancement in
the case of Cu NPs is around 131 times that of untreated karanjin while that in the case of
Ag is as high as almost 316 times.

The difference in the SERS enhancement for different metals can be explained on
the basis of the electromagnetic model proposed by Gersten et al., according to which the
polarizability of small metal sphere with dielectric function e and radius r surrounded by

vacuum is given by [2, 26-28]

r’(g,o° — a)pz) +lwye,

!

= g o (7.2)
[(e, +3o" —w,]+iwy(s, +3)

where ¢, is the interband transition contribution to the dielectric constant, ®, is the plasmon

frequency resonance of the metal and y is the electron-scattering rate. The real and
imaginary parts of the above expression have a pole when the frequency w is equal to
a)p/\/(eb+3). The width of the resonance is given by y (e,+3) [2, 26]. Hence, the resonance
and SERS enhancement is reduced when the electron scattering rate, y is large. The large

value of y may be either due to poor conductivity of the metal or because of dominant

electronic scattering at the particle’s surface. Also for metals whose value of ¢, is large, the

resonance-width increases and hence there is a decrease in SERS enhancement. In the case

of Cu, ¢, i.e. the contribution of interband transition to the dielectric constant is more as

compared to that of Ag [26]. Thus, the SERS enhancement has been observed to be greater

in the case of Ag.
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7.5.2 Antibacterial applications of Cu and Ag Nanoparticles

The antibacterial activity of the synthesized Cu and Ag NPs was tested for two cases. These
were tested as a protective layer for natural silk against bacterial attack and in the treatment
of filter paper for bacterial annihilation in contaminated water. The details of these studies

are discussed in the following subsections.

7.5.2.1 Antibacterial activity of silk treated with NPs

The preparation of silk pellets and the protective coating of Cu and Ag NPs were detailed
in chapter 2, section 2.6.2.1 and also briefly in section 7.4. The results of the antibacterial
assay carried on Eri, Pat and Muga silks treated with Cu and Ag NPs are shown in Fig.

7.13(a)-(c).

Figure 7.13 Agar diffusion test on (a) untreated Eri (E), Pat (P) and Muga (M) silk
pellets along with negative (-) and positive (+) control, (b) silk pellets treated with
Cu NPs, and (c) silk pellets treated with Ag NPs.
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Fig. 7.13(a) shows the untreated pellets of each silk along with positive (antibiotic,
Kanamycin) and negative control (water). From the image, it is clear that there is no
inhibition zone for the pellets that have not been treated with NPs. This confirms that the
silk used did not possess any antibacterial property of its own in the present experimental
conditions. The negative control (-) also shows no inhibition zone around it, while for the
positive control (+), there is an inhibition zone of approximately 10 mm. The null effect of
negative control and the maximum inhibition zone for the positive control shows that the
test is correct.

From Fig. 7.13(b) and 7.13(c), it is observed that in both the cases of treatment with
Cu and Ag NPs, Muga silk shows more antibacterial activity against the bacteria S. aureus
than Pat silk while Eri silk shows the least antibacterial activity. In fact, the Eri silk treated
with Ag NPs did not show any antibacterial activity. However, in all the other cases the
observed inhibition zones strongly suggest that the addition of the NPs has definitely played
the role of a protective layer against the bacteria used. The details of the inhibition zone in

each case are listed in table 7.4.

Table 7.4 Results of agar diffusion test on Cu and Ag NP treated Eri (E), Pat (P) and
Muga (M) silk pellets with S. aureus bacteria.

Inhibition zone (in mm)

Silk samples Eri (E) Pat (P) Muga (M)
Cu NP treated 1.2+04 2.3+1.3 5123
Ag NP treated 0 1.1£0.5 4.2+2.1

Untreated 0 0 0

Thus, the preliminary experiments conducted show that different types of silk

treated with metallic NPs exhibit different extent of antibacterial activities. The silks chosen
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in the present work have high commercial value in the textile industry and hence its
protection from bacterial attack is important [29]. The present procedure of treating the

silks with the NPs can be a useful solution in this direction.
7.5.2.2 Bactericidal efficacy of filter paper treated with NPs

A filter paper when treated with metallic NPs can be used for the annihilation of bacteria
present in contaminated water. However, the efficiency of such a NP treated filter paper
depends on the attachment of the NPs to the filter paper. In the present work, the adhesion
of the synthesized NPs onto the filter papers was confirmed by recording the FESEM

images of the NP treated filter papers as shown in Fig. 7.14.
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Figure 7.14 FESEM images of (a) untreated filter paper; and filter paper treated with
(b) Cu NPs, and (c) Ag NPs.

Fig. 7.14(a) shows the FESEM image of the untreated paper while the filter papers treated

with the Cu and Ag NPs are shown in Fig. 7.14(b) and (c), respectively. In the FESEM
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images, the NPs getting attached to the filter paper are clearly observed.
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Figure 7.15 EDX spectrum of a region of Ag NP treated filter paper; inset shows the
selected region on the paper.

The filter paper treated with Ag NPs was also subjected to the energy dispersive X-
ray (EDX) for elemental analysis, which confirmed the presence of trace amount of Ag in
the sample as shown in Fig 7.15. The image of the probed region of the filter paper is shown
in the inset of Fig. 7.15.

In this study, in addition to gram positive bacteria, S. aureus, gram negative
bacteria, E. coli was also used as E. coli is one of the most common bacteria found in
contaminated drinking water [30]. Presence of E. coli in water is an indicator of faecal
pollution in water.

The result of the antibacterial assay is shown in Fig 7.16. Fig. 7.16(a)-(c) shows the
agar plates (for the case of S. aureus) on which the filtrate was inoculated after passing
through the untreated, Cu NP treated and Ag NP treated filter papers, respectively. The
same for the case of E. coli are shown in Fig. 7.16(d)-(f), respectively. As observed in Fig.
7.16(a), there is growth of S. aureus bacteria in the agar from the filtrate that was passed
through the untreated filter paper. However, interestingly enough, no trace of bacterial
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growth was observed on the agar plates that were spread with the filtrate obtained after
passing through the Cu and Ag NP treated filter papers, as shown in Fig 7.16(b) and (c),
respectively. Similar results are observed for the case of E. coli bacteria as illustrated in
Fig. 7.16(d)-(f). These results strongly indicate that the water obtained after passing through
NP treated filter paper is free from bacterial contamination. Thus, the filter paper treated
with the synthesized NPs has the potential to behave as an effective tool for the treatment

of bacteria contaminated water.

Figure 7.16 Agar diffusion test on (a)-(c) filtrate (containing S. aureus) obtained by
passing through untreated, Cu and Ag NP treated filter paper, respectively, (d)-(f)
filtrate (containing E. coli) obtained by passing through untreated, Cu and Ag NP
treated filter paper, respectively.

In order to substantiate the results obtained by the agar test, a systematic growth
kinetics study of the bacteria that was accumulated on the filter papers was performed. The
growth curves of both the bacteria, S. aureus and E. coli monitored for 24 hours are shown

in Fig. 7.17(a) and (b), respectively.
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Figure 7.17 Growth curves of bacteria (a) S.aureus, and (b) E.coli.

The growth curves clearly show that the bacteria that came into contact with the
NPs in the NP-treated filter papers did not show any substantial increase in the optical
density which confirms that the activity of the bacteria was reduced thereby hindering its
growth. Almost identical growth curves for the case of Cu and Ag NPs indicate similar
antibacterial efficacy of both the metallic NPs. In contrast to this, for the bacteria that got
separated in the untreated filter papers, the growth curves show a significant increase in the

optical density indicating the growth of bacteria in the nutrient broth.
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Figure 7.18 Photographs of the bacteria in the nutrient broth taken at the end of the
kinetic growth study (after 24 hours).

Fig. 7.18 shows the photographs of the bacteria in the nutrient broth taken at the

end of 24 hours (in the growth study). The turbidity in the nutrient broth is an indicator of
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the growth of bacteria [31]. The very high turbidity in the media inoculated with bacteria
on untreated filter papers implies the presence of large amount of actively growing bacteria,
which is in coherence with the results obtained in the growth kinetics study. On the other
hand, no turbidity and hence, no growth of bacteria in the media was observed with the
bacteria that came in contact with the NPs on filter paper, thus, indicating the annihilation

of bacteria.

S. aureus E. coli
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Figure 7.19 FESEM images of (a)-(c) S. aureus bacteria that was passed through
untreated, Ag and Cu NP treated filter paper, respectively, (d)-(f) E.coli bacteria that
was passed through untreated, Ag and Cu NP treated filter paper, respectively.
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In order to check the condition/morphology of the bacteria left on the NP treated
filter paper, it was subjected to the FESEM. Fig. 7.19(a)-(c) shows the FESEM images of
S.aureus bacteria that were passed through untreated, Ag NP and Cu NP treated filter
papers, respectively, while the same for the E.coli bacteria are shown in Fig. 7.19(d)-(f). It
is observed that the bacteria that did not come in contact with the NPs are healthy and
intact; S. aureus exhibited spherical morphology whereas rod-shaped, elongated cells were
observed in case of untreated E. coli. The bacterial cells that came in contact with the NPs
underwent lysis and exhibited ruptured or distorted morphology.

Thus, the present study confirms that the treatment of filter paper with Cu and Ag
NPs synthesized via PLAL is a very effective method in the annihilation of bacteria from
drinking water. However, there is a need to check the amount of Ag NPs in the filtered
water due to the toxicity associated with it [32]. So, the filtrates in the present study were
subjected to a UV-Visible spectrophotometer to check for the detection of the surface
plasmon resonance (SPR) signature. No SPR signal could be detected in the filtrates which
suggest that the presence of NPs in the filtered water is quite low. This is a crude way to
test the presence of NPs in the filtrate and better methods to quantify the amount of NPs
present in necessary. But, a study conducted by Praveena et al. provides a very positive
insight in this direction [33]. In their work, a comparison of cellulose paper with other
materials used as antibacterial water filter was done. It was found that the Ag concentration
in the filtered water using cellulose paper is lesser and in compliance with the drinking
water quality standards as compared to other materials like blotting papers or ceramic
materials.

Filter papers treated with NPs can be especially useful during emergencies where a
point-of-use water treatment is more convenient and easy as compared to the supply of
trucked water from a treatment plant as was reported for CuO NPs by Booshehri et al. [34].

167 |Page
TH-2143 126121027



The low cost and easy availability of these filter papers negates the issues of maintenance
and replacement. In the present work, the use of Whatman Grade 1 cellulose filter paper
with particle retention (in liquid) of size 11 pm ensured the medium flow rate which is
sufficient to meet the minimum drinking water requirement of 7.5 L for a person per day

as prescribed by the WHO (World Health Organization) [35].
7.6 Conclusion

Cu and Ag NPs synthesized via PLAL were successfully tested as excellent SERS substrate
for the detection of furanoflavonoid, karanjin. The factors affecting the SERS enhancement
including NP size, concentration and aggregation were investigated. In addition to finding
the optimum size and concentration of the Cu and Ag NPs, a comparison of the
enhancement capability of both the NPs is also discussed. The synthesized Cu and Ag NP
samples having the maximum concentration and the smallest average particle size were
successfully applied to act as an antibacterial coating for three locally available natural
silks, Eri, Pat and Muga. The Cu and Ag NP samples treated to filter papers are also found

to be efficient in the annihilation of bacteria from contaminated drinking water.
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Chapter 8

Conclusion and Future Scope

The aim of the present research work was to implement the technique of pulsed laser
ablation in liquid (PLAL) for the synthesis of nanoparticles (NPs) of copper (Cu) and silver
(Ag) by the ablation of the respective targets in distilled water (DW). The 2" harmonic of
a Q-switched Nd:YAG laser having a pulse duration of ~ 7 ns was used to synthesize the
NPs. Laser ablation duration and incident laser energy were the process parameters
employed to tailor the properties of the NPs in both the cases. In the case of Cu NPs
synthesized via PLAL, an increase in the laser ablation duration from 15 to 60 minutes at
a fixed incident laser energy of 30 mJ resulted in the reduction in the size of the NPs. While
an ablation duration of 15 and 30 minutes resulted in particles of highly non-uniform size
distribution consisting of mostly bigger sized NPs, an increased duration of 60 minutes
resulted in the formation of NPs with uniform size distribution having an average particle
size of ~ 20 nm. The UV-visible absorption spectra of the NPs revealed a broad peak in the
visible region of the electromagnetic spectrum attributed to the localized surface plasmon
resonance (LSPR) of Cu NPs. The decrease in the size of the NPs with the increase in
ablation duration from 15 to 60 minutes induced a blue-shift of the SPR peak from ~ 641
to 626 nm and also a broadening of the plasmonic bandwidth from ~ 127 to 165 nm,
respectively. With the increase in incident laser energy as 30, 50 and 70 mJ, for a fixed
ablation duration of 60 minutes, the average particle size of the NPs decreased as ~ 20, 11
and 7 nm, respectively. Here, the laser energy of 30, 50 and 70 mJ corresponds to laser
fluence of ~ 10, 16 and 22 J/cm?, respectively. The reduction in the size of the NPs from ~
20 to 7 nm induced a similar blue-shift in the plasmon peak from ~ 626 to 617 nm and an
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increase in the bandwidth from ~165 to 209 nm, respectively. The selected area electron
diffraction (SAED) and Raman spectroscopy revealed that the extent of oxidation taking
place in the NPS is also dependent on the laser ablation duration and incident energy. The
samples synthesized for an ablation duration of upto 30 minutes with an incident laser

energy of 30 mJ has Cu,O as the dominant oxide phase whereas for an ablation duration of

60 minutes at the same energy, the CuO phase is also observed. With further increase in
the incident laser energy to 70 mJ for 60 minutes, the oxygen-rich CuO is the dominant

phase. Thus, the NPs formed in the case of Cu are actually found to be Cu@Cu,O(x=1, 2).

In order to substantiate the effect of laser ablation duration and incident energy on
the NPs, Ag NPs were also synthesized as a function of the two process parameters. In
addition to the huge importance associated with Ag NPs, the choice of Ag also allows a
good comparison of the efficiency of the synthesized Cu NPs with respect to Ag NPs. For
the synthesis of Ag NPs, increase in the ablation duration from 5 to 30 minutes at fixed
laser energy of 30 mJ resulted in the decrease of the average particle size from ~ 20 to 15
nm, respectively. By increasing the incident laser energy from 30 to 70 mJ the average
particle size of the NPs further decreased from ~ 15 to 10 nm, respectively. Similar to the
case of Cu, the decrease in the average size of the NPs from ~ 20 to 15 nm induced a blue-
shift of the SPR peak from ~ 403 to 398 nm but for the samples with even smaller average
particle size upto ~ 10 nm, a reversing of the SPR peak to ~ 403 nm was observed. The
reversing of the SPR peak towards longer wavelength for smaller particles is attributed to
surface oxidation of the NPs which is reported to reduce the conductivity of the surface and
hence causes a red-shift of the SPR band. As for the bandwidth of the SPR peaks, increase
in the laser ablation duration from 5 to 30 minutes, decreases the bandwidth from ~ 66 to
51 nm which is due to the narrowing of the particle size distribution as confirmed via TEM

images. For the samples synthesized at higher incident laser energy from 30 to 70 mJ, the
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plasmonic bandwidth is found to increase from ~ 51 to 80 nm, respectively. This behaviour
is explained on the basis of the increased aggregation among the NPs and also by
incorporating a size-dependent material dielectric constant described by the Mie theory.
The structural features of the NPs investigated using the X-ray diffraction, SAED and high
resolution transmission electron microscope (HRTEM) images, reveal that longer duration
of ablation and higher incident laser energy resulted in the formation of more oxidized
phases of Ag NPs. Similar to the case of Cu NPs, the NPs formed in the case of Ag are

actually Ag@AgXOy(le, 2; y=0, 1, 3). The NPs of Ag were also found to be photo-

luminescent and exhibited emission peak around 399-404 nm attributed to radiative decay
of the SPR and another peak around 440 nm corresponding to the radiative recombination
of Fermi level electrons with sp- and d- band holes.

For the investigation of the effect of confining liquid on the properties of the
synthesized NPs in PLAL, NPs of Cu were also synthesized in two organic solvents,
methanol and 2-propanol. In contrast to the NPs synthesized in DW, the increase in the
laser ablation duration from 15 to 60 minutes at fixed incident energy of 30 mJ in methanol
and 2-propanol resulted in an increase in the average size of the NPs from ~ 7 to 19 nm and
~ 9 to 17 nm, respectively. The increase in the size of the NPs with an increase in the
ablation duration is accompanied by a red-shift in the SPR peak from ~ 606-621 nm and ~
581-601 nm for methanol and 2-propanol, respectively. The red-shift in the SPR peak with
the increase in average particle size is in accordance with results reported in the available
literature. Another interesting observation for the NPs synthesized in these solvents for
higher ablation duration is the formation of core-shell kind of NPs with carbon
encapsulation. The SAED patterns indicate that the Cu NPs synthesized in the oxygen-
deficient organic solvents have undergone only slight oxidation to form a few phases of
Cu,O. But unlike in the case of DW, no CuO phases were found. These observations lead
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to the conclusion that the NPs synthesized in methanol and 2-propanol are insufficiently

oxidized and are actually Cu@Cu,O NPs.

The study of the effect of liquid on the properties of the NPs is complemented with
a correlative study of the laser produced crater in various ambients. The crater produced in
air has large sized NPs deposited on the target surface while for those produced in the
liquids, the maximum amount of the NPs remain suspended in the surrounding liquid. The
mass ablation rate is found to decrease in the various ambients in the order of air, DW,
methanol and 2-propanol. The investigation of the target surface in the crater region via
optical microscope, energy dispersive X-ray (EDX) and Raman spectrophotometer reveals
that less oxidation occurs in the case of ablation in methanol and 2-propanol as compared
to DW while there is excessive oxidation for the ablation taking place in air. The
explanation for the decreased oxidation taking place in the organic solvents is given based
on the properties of the liquid like density, acoustic impedance, etc. These factors in
addition to the carbon encapsulation of the NPs is responsible for the formation of
insufficiently oxidized NPs in methanol and 2-propanol.

In the synthesis of NPs vial PLAL, the role of the dynamics of the cavitation bubbles
and shock waves (SWs) is extremely important. These two very important phenomena have
been studied by employing two techniques viz., the shadowgraphy and the beam deflection.
The laser fluences of ~ 10, 16 and 22 J/cm? used for these studies are same as that used for
the synthesis of the NPs, discussed earlier. In the shadowgraphy technique, a fast, gated
charge coupled camera (CCD) camera was used to record the temporal evolution of the
cavitation bubbles. The bubbles are found to grow upto a maximum size after which the
compression of the bubble occurs. The maximum bubble radius is measured to be ~ 1.5,
2.5 and 3.4 mm at the laser fluence of ~ 10, 16 and 22 J/cm?, respectively. Also, for the
higher laser fluence of ~ 16 and 22 J/cm?, the bubbles are found to exhibit secondary
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oscillations which is not observed for the lower fluence of ~ 10 J/cm?. These observations
are found to be matching well with the results obtained via beam deflection technique.
From the temporal evolution of the cavitation bubbles obtained from the shadowgraphs,
the pressure and temperature of the bubbles, derived analytically, are found to be ~ 108-10°
Pa and ~ 400-1200 K. The dynamics of the SWs emitted by the laser produced plasma,
studied using the beam deflection technique, reveal that the SWs travel at the speed of the
order of ~ 10° m/s. The velocity of the SWs increases with the increase in the laser ablation
fluence and it slows down as it propagates away from the target. The extremely high
temperature and pressure conditions prevailing during the SW emission is estimated by
considering the propagation of the SWs using the beam deflection technique. The
maximum SW pressure and temperature are found to be ~ 2.6 x 10%°, 3.7 x 10'% and 6.2 x
10*° Paand ~ 2830, 3016 and 3316 K at laser fluence of ~ 10, 16 and 22 J/cm?, respectively.
These high values of pressure and temperature at the interface of Cu and DW were applied

to understand the nucleation of Cu@Cu,O NPs. An estimate of the size of the NPs was

obtained from the nucleation study and it was found that the size of the NPs increases from
~ 31 to 147 nm with the increase in fluence from ~ 10 to 22 J/cm?2. These results were
explained in correlation with the experimental observations based on the dynamics of the
cavitation bubbles and the NPs synthesized. The overestimated particle size from the
dynamics study is due to the single shot of laser. Actual particle size was smaller due to the
fragmentation of the NP as a result of repeated shots of laser.

As part of the application of the present work, the surface enhanced Raman
scattering (SERS) and antibacterial activity of the Cu and Ag NPs synthesized via pulsed
laser ablation in DW were studied. The synthesized NPs were tested to behave as an
excellent SERS substrate for a furanoflavonoid, karanjin. The optimum conditions for the
maximum SERS enhancement in the case of both Cu and Ag NPs are assessed by studying
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the effect of particle size and concentration of the NPs. The optimum samples for Cu and
Ag NPs were found to have average particle size of ~ 11 and 15 nm and concentration of
~0.291 and 0.194 mg/mL, respectively.

The antibacterial properties of the synthesized NPs were also applied to develop a
protective layer for three varieties of natural silks, Eri, Pat and Muga, found mostly in the
north-eastern part of India. The agar plate method was used for this study and the bacteria
used was gram positive, Staphylococcus aureus. The antibacterial effect of the NPs resulted
in the formation of clear inhibition zones around the pellets of silk treated with the NPs
while no such activity of the untreated pellets were observed. The antibacterial properties
of the NPs were also applied to check its viability on the treatment of filter paper for the
annihilation of bacteria from contaminated drinking water. In this study, a common gram
negative bacteria, Escherichia coli found in contaminated water was also used in addition
to gram positive, Staphylococcus aureus. The agar method showed positive antibacterial
effect for both Cu and Ag NPs. The growth kinetics study of the bacteria that came in
contact with the NPs in the NP-treated filter papers demonstrated extremely slow growth

of the bacteria as compared to the ones that were passed through untreated filter papers.

Future scope

The technique of PLAL has been implemented for the synthesis of large variety of NPs.
However, work on the fabrication of bi-metallic NPs of Cu and Ag via PLAL and tuning
of their plasmonic response is not explored much and has the potential in various plasmonic
applications. The properties of such NPs can be further tailored by using both organic as
well as inorganic solvents as the confining liquid in PLAL. It could also be interesting to
get insights into the stage of ablation process by considering the degree of oxidation of the
synthesized NPs. The further study on the dynamics of cavitation bubbles and SWs for

different target materials and in different liquids is another area which is expected to
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provide interesting insights in the mechanism of PLAL. Also, the emission of secondary
SW during the collapse of the cavitation bubble has not be analysed in the present thesis
and needs to be investigated in a detailed manner. The laser induced breakdown
spectroscopy (LIBS) can be implemented in liquid to test the presence of heavy elements
in the contaminated water.

As for the application of the NPs, the SERS capability of the NPs can be tried for
other important compounds having biological importance and the same may be
implemented at the commercial level. The antibacterial study, in the present work, has been
carried out using the synthesized Cu and Ag NP samples having the maximum
concentration. A detailed study in the same direction incorporating the effect of NP
concentration and average size will be very useful. In fact, the NPs synthesized in different
solvents can also be used for similar antibacterial applications for the optimization. It has
been found that the treatment of silk with Cu and Ag NPs acts as a protective coating, hence
efforts may be put for collaborative work with the textile industry which may lead to an
increase in the longevity of the textile fabrics with the treatment of NPs as well as for some
of the clinical applications. The fabrication of the filter paper treated with Cu and Ag NPs
has tremendous potential especially during emergencies. Commercialization of such NP
treated filter papers on a large scale and at a low cost may prove to be extremely beneficial

for the society at large.
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