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Chapter 1
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1 Introduction:
1.1 Nanomaterial

Nanotechnology has been the fastest growing area of manufacturing in the world and
researchers have been interested in fabrication of new nanomaterial by adopting new and
simple methods to make them. In the past few decades, there have been impressive
achievements in the field of nanotechnology with numerous methodol ogies formulated to
synthesize nanoparticles (NPs) of particular shape and size depending on specific
requirements. A lot of attention is being given to develop clean synthesis methods to avoid
use of toxic chemicas and synthesized materids for medical and pharmaceutical
applications [1-2]. Nanometer sized metallic nanoparticles (NPs) are most sought
materias because of their high dispensability and easy attachment of moieties of choice at
their high energy surfaces compared to other structures such as nanotubes. It has been
demonstrated that preparation of nm sized NPs with homogeneous distribution can be
conducted in agueous solution using inexpensive and non-toxic surfactants such as
glucose [3]. Among NPs, spherica geometry is most common [4-5] because of its natural
occurrence. NPs of designated shape and size are also in demand as they fulfil specific
requirementsin electronics, medicine and pharmaceutical applications.
1.2 Physicochemical properties and applications

In general nanomaterials (NMs) have unique physicochemica properties compared to
the bulk materials [6-8]. The optical and eectronic characteristics of these nanomaterials
effectively change their behavior in favor of potential applications [9-10] as photovoltaic
devices, catalysts, semiconductors, and recently in medica diagnosis [11] and
pharmaceutical products [12]. Silver (Ag) and gold (Au) NPs give plasmonic properties

in visible region which make them potentially useful for eectronic devices [13]. Ag NPs



have strong antimicrobial activities and have been used to prevent as well as to treat a
wide variety of diseases [14-15]. Since physicochemical properties of NPs highly depend
on their size and shape as shown in Figure 1.1 [16], the controlling shape and size of
particles is important. It has been challenging to adopt a suitable method for synthesizing
shape and size controlled metal nanoparticles [17]. Surface plasmon resonance has been
used for many applications in various fields like medical, chemical, engineering, and
environment protection. Plasmonic behavior of nanoparticles formed by using laser has
attracted much attention especially using nanosecond (ns) Nd:YAG [18] and femtosecond

(fs) Ti:Sapphire [19] lasers.
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1.3 Chemical synthesis and types of additives

Various methods have been used for synthesizing different nanoparticles; however,
preparation of AgNPsis mainly done by reduction process using different salt precursors
and a number of reducing agents such as sodium borohydride, dimethyl formamide, and
hydrazine. In most of these methods toxic and hazardous chemicals are used, which may
have potential environmental and biological implications [20-21]. Figure 1.2 shows a
schematic diagram of various methods which have been adopted by researchers [22-26]. A
variety of additives are aso used aong with these reducing agents which work as capping
agents, stabilizing agents, dispersing agents like polymers, surfactants etc. as shown in
Figure 1.3. These additives may have important roles to control the shape and size of

synthesized products; however, it is very difficult to discuss the individua role of each.
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1.4 Light mediated synthesis

In recent years, researchers have much interest in developing environmental friendly
methods for nanoparticle synthesis to remove toxic chemicals. NPs synthesized by laser
ablation are taking a center stage due to its high NPs purity and benign environmental
effects. When a solid target immersed in a solution and irradiated with laser, radiation
energy is absorbed by the material and the gection of atoms/small atomic clusters takes
place [27-29]. This method has been used to synthesize AgNPs in solution without using
chemicals except for a dispersing agent [27]; however, it forms particles with large size
distribution through a fast coalescence and agglomeration of ablated species [30]. After
the formation of large size particlesin a solution, additional laser irradiation is effective to
reshape and resize the large particles through melting and fragmentation process [31]. It is
also difficult to control the shape of synthesized product. In this method selection of
suitable surface active dispersing agent is important to make a stable colloidal solution
[32-33].

There is another photochemica reduction method for synthesizing NPs and limited
studies have been reported which may be similar to those in radiolysis rather than laser
ablation to yield various fragments. In this method laser light is used as a reducing agent
and prepared stable NPs in an agueous solution of metal salts containing suitable
dispersing agents [34-35]. It aso enables us to produce metal NPs with narrow size
distribution which is completely free from extra reducing chemicals and we can

investigate the individual role of each additive.



1.5 Objectives of thesis

Our main objectives of thisthesis are

Lo

Utilize UV irradiation for reducing silver salts in agueous solution and fabricate

uniform silver nanoparticles (AgNPs) using possible fewer additives.

2. Examine the individual role of surfactants on the regulation of NPs in synthesis
process.

3. Discuss the effect of surfactants on the growth process of NPs in a wide range of
concentrations.

4. Understanding mechanism of AgNPs growth by studying the surface chemistry on

the formation of hemi-micelle (HM) structures.
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2 Experimental

In this chapter, experimental procedure, alldkiof chemicals as well as the

characteristic techniques are discussed in detail.

2.1 Chemical and additives

Silver salts precursors; silver nitrate (AgN(C99.9%) and silver acetate

(CH;COOAg, 99.00 % pure) were purchased from Wako @hemical industries,

Ltd. and Sigma-Aldrich Company respectively anddua&hout further purification.

A variety of additives were being used to know ttlefiect on the formation process of

silver nanoparticles as follow:

e Sodium dodecyl sulphate (SDS, Wako pure ChemiCals),

e Sodium bis(2-ethyl hexyl) sulfosuccinate ( AOT, Vidgure Chemicals, Co.)

e Cetyl trimethyl ammonium bromide (CTAB, Wako purbdmnicals, Co.)

e Bis(p-sulfonatophenyl) phenylphosphine dihydragothssium salt (BPPD,

Wako pure Chemicals, Co.)

¢ Sodium methyl sulfate (SMS, Tokyo Chemical Indus@g. Ltd)

e Sodium hexyl sulfate (SHS, Wako pure Chemicals) Co.

e Sodium octyl sulfate (SOS, MP Biomedicals, LLC, @)

There chemical structures are presented in Figdre 2
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2.2 Experimental procedure and optical setup

Aqueous solutions of silver salt (Ag - salt) witlarious concentrations were
prepared by dissolving silver salt precursors;esilnitrate and silver acetate in water
with and without using additives. A sample solutiaras transparent at certain
concentration before pulsed laser irradiation. Argucell, (10x10x45 mi optically
transparent at laser wavelength 355 nm was usadsample holder. Laser intensity
was controlled with voltage controller and nanosecdns) laser pulses were
generated by a UV laser (Quantel, Brilliant, wangkh: 355 nm; pulse width: 6 ns;
repetition rate: 10 Hz) to synthesize nanoparticlé® volume of sample solution in a
quartz cell was kept 3 ml for all experiments. Tdal holder was placed on a
magnetic stirring plate for controlled convectiohtlee solution and the laser beam
was directly introduced to the sample solution withusing focus lens. The spot size

diameter of laser beam was 4.6 mm. Figure 2.2 shwshematic diagram of the

<aser pulse/CW-UV light

Quartz cell )
Stirrer bar é i

Figure 2.2 Experimental arrangements for NP synthesis
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experimental setup. All experiments were perforrae@5°C and 1 atm pressure. To

know the effect of CW-UV light on aqueous solutioh Ag salts and prepared

colloidal solutions, we use a CW-UV light sourcegfitening Cure LC8, Hamamatsu).

CW-UV light was passed through a band pass filB&8(nm + 5 nm, 3 mW) for

comparison with ns laser wavelength.

2.3 Characterization techniques

2.3.1 Optical Spectroscopy

Optical spectroscopy has been widely used for theracterization of

nanomaterials. UV-Vis spectroscopy measures therptisn of light due to its

interaction with sample molecules. The metal narapes exhibit an intense

absorption band in the ultraviolet-visible regidknown as the surface plasmon

absorption band (SPAB) [1-7]. This technique measuhe intensity of light passing

through a sample (1), and compares it to the iritems light before it passes through

the sample {). € is the molar absorptivity coefficient, b is thatpéength, and c is the

concentration. The method is most often used iruantitative way to determine

concentrations of an absorbing species in solutisimg the Beer-Lambert law:

A (V) = -log (%T) =exbxc (1)

The photochemical reduction of silver salt to gilueetal was monitored visually and

17



by recording the UV-visible spectra of the preparat is one of the most widely used

technique for characterization of NPs [8]. The appece of plasmon resonance band

indicating the characteristic of NPs formation. U¥ible extinction spectra of

synthesised Ag metal colloidal solutions were rdedr using UV-visible

spectrophotometer (Shimadzu UV-1600 PC).

2.3.2 Scanning electron microscopy (SEM)

Electron microscopy is a commonly used tool to meiee morphology and size

distribution of nanoparticles. It is a type of éflea microscope that provides the

information about the sample structure and comiooshiy scanning of focused beam

of electrons. For this purpose, a small portiothef solution with photoproducts was

drop-cast and dried on ITO substrates in a desicad used scanning electron

microscopy (SEM, Hitachi, FE-SEM-S4300, 15.0 kV} &tructural characterization

of AgNPs formed in the solution.

2.3.3 Energy dispersive x-ray spectroscopy (EDX)

It is an analytical technique used for the elenleraalysis or chemical

characterization of a sample used in associatidh s¢anning electron microscopy

(SEM). During SEM measurements, a sample is placesl vacuum and irradiated

with accelerated electrons. The electron beamtedhe sample and produces

18



x-rays to release excess energy. This x-rays enasgyhe characteristic of
corresponding atoms and observed in the form digpeathe spectrum.
2.3.4 Dynamic light scattering (DL S)

Dynamic light scattering (DLS) is also known as famocorrelation spectroscopy
(PCS), which provides the information on the siad polydispersity of the particles.
The particles in a solution have Brownian motiore da their constant motion, the
intensity of light scattered by the particles wtime dependent fluctuations. The
analysis of intensity fluctuations helps to deterenthe diffusion coefficient D. Once
the diffusion coefficient is established, the hytinsamic radius of the particles can be

derived via the Stokes-Einstein equation:

Ry = Al 2
= 67D )

WhereRy, is the hydrodynamic radius, i.e., the radius ef $phere that diffuses at the
same speed as the given partidde,is the Boltzmann constant, is the absolute
temperature, angl is the suspension viscosity.

The measured particle size is related to the aroel function, which defines the
degree of similarity between two signals over aqekof time [9]. The autocorrelation

functionC (z) can be defined as follows:
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Cl=<1It+z)> 3

Where [(t) is the signal intensity measured at\eemitime and(t + z ) is the signal
intensity measured after a time delay. A perfect correlation coming from
comparison of signal intensity at) (with itself is reported as 1. In the case of a
monodisperse suspension of spheres, the autod@mrefanction can be treated as
exponential decay

C (2) = exp(-Tr) 4
WhereT is the decay rate related to the diffusion coedficiby the formula

T=QD )

in whichQ is the length of the scattering vector defined as

sin — . (6)
9

Here, the refractive index is denotedbgndé is the angle between the sample and
the detector. As shown in Figure 2.3 the rate algldor the correlation function is
related to the particle size. Since large partiatesve slowly, the intensity of
scattering also fluctuates slowly and the rateesfay is much slower than for quickly

moving, smaller particles.
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Figure 2.3 Correlation function vs time for smaitdarge patrticles [10]
Once the correlation function has been measuredjecay rates can be extracted for
a number of size classes to calculate the sizéllisbn of a sample [10]. Figure 2.4

presents a typical size distribution graph.

Size distribution by Intersty

L¥ ]

Lk ]

Arnpi e

LF:]

e |
01 1 ] 100 1009 10604

Didrneier (e

Figure 2.4 Typical size distributions by intensitaph [10]

The x axis shows the size distribution and the y axisaghthe relative intensity of

scattered light.

21



A typical DLS measuring system is shown in Figurd & laser light, being a

source of monochromatic and coherent light illurtésathe sample within the cell.

Most of the laser beam passes straight througlsahgion and detector measures the

intensity of the scattered light. An attenuatouged to control the intensity of the

laser. The scattering light is passed to a cooelathich compares its intensity at time

intervals to derive the rate

Laser

/

Atftenuator
Delector
Detector e
Dngital Signal Processor
» OQ° > » Computer
Cortrelator

Figure 2.5 Optical configurations of the Malverrstimments for dynamic light

scattering measurements

at which the intensity is changing. The resultinfpimation is passed to a computer,

ready for analysis. All the measurements were pesfd at 25C. The presented size

values are an average from at least three subsequesrwith ten measurements.
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silver nitrate: effect of laser fluence and
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3.1 Abstract

Silver nanocubes (AgNCs) were fabricated by ultketi (UV) nanosecond (ns)

pulse laser irradiation in aqueous solution ofesilgalt in the absence of reducing

agents. After laser irradiation, a broad absorptieak was observed at 405 nm due to

the formation of silver nanoparticles (AgNPs) in silution. The detailed

characterization of photochemically synthesizeddpob was done by means of a

UV/Vis. spectroscopy and scanning electron micrped@EM). SEM images showed

that nanocubes (NCs) with an average size ran@® ef200 nm were fabricated after

10 min laser irradiation. Effect of laser intenstgd UV irradiation time were also

investigated which had significant impact on sind ahape of NCs. The slope value

1.5 implies that initially, it was a two photon pess and later turned into a single

photon process. CW-UV light experimental resulsoaupport our hypothesis that the

growth process of AQNCs was done by single photmsogtion and increased their

size.
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3.2 Synthesis of AgNPs in aqueous solution of silver nitrate without using
surfactants.

In this chapter, | described the formation of AgNisthe absence of
surfactants. AgNPs were synthesized by irradia®®® nm pulsed laser light as
discussed in experimental section. Sample solutibnarious concentrations (0.2 and
1 mM) were prepared by dissolving silver nitrateifina-pure water.

3.3 Resultsand discussion
3.3.1 Optical properties

The optical properties of metal nanoparticles dghli dependent on their size
and shape [1-4]. Prepared silver salt solutionrditishow optical absorption at 355
nm nor in the visible region; however, when the glensolution was irradiated with
nanosecond UV laser pulses, a new broad absonpdiak observed at around 405 nm
due to the surface plasmon resonance (SPR) of qihatmically synthesized AgNPs
as shown in Figure 3.1 [5]. The absorption peakiadd302 nm is due to the presence
of nitrate ions in the solution [6]. Figure 3.lagrresponds with various laser
intensities after 10 min irradiation time while Gig 3.1b, corresponds with various
irradiation times at high laser intensity (290 mdc Broadening of the peak towards

the longer wavelength in Figure 3.1a, 1b, is du¢éheoformation of wide range size
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distribution of AgNPs in the solution and their eggptes. As shown in Figure 3.1a,

the absorbance of products increased with the sitterf laser implying that the

number of products increased with laser intendiityvas also noticed that the peak

shift from 415 nm to 405 nm with longer irradiatitme along with the broadening in

spectra towards the longer wavelength. Red shifesponds with size reduction and

broadening in spectra corresponds with growth e &ir aggregatiohe position

and shape of the plasmon absorption band of nokel@lmanoparticles is strongly

dependant on their shape, dielectric medium anfbseirabsorbed species [7-8].

Figure 3.1c shows absorption spectra observed a@M#UV light (358 nm)

irradiation at various times. There was no cleaogition peak observed as compared

to the absorption spectra obtained after ns lasadiation. Based on calculation, we

need 167 min. irradiation time for CW-UV light tehdeve photon energy equal to 1

minute ns pulse laser energy.

We concluded from the experimental result that GW-light did not have

enough energy to initiate the reaction. Howevecgdase of ns laser experimefgNPs

were obtained as a result of photo reduction ofesiions present in an aqueous

solution.
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Figure 3.1 (a) Absorption spectra observed afterniid irradiation at various laser
intensities. (b) Absorption spectra observed afi@rous irradiation time at high laser
intensity (290 mJ/cA). (c) Absorption spectra observed after CW-UV igB58 nm)

irradiation at various times.
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3.3.2 SEM analysisand EDX

Silver nanostructures were formed as a result ofgheduction of Agions

present in a solution and confirmed with imagesiniatd by SEM as shown in Figure

3.2. A series of experiments were performed by ingrparameters such as irradiation

time and laser intensity. The synthesized photalyco had a broad size and shape

distribution along with the formation of cubic,dgular and spherical AgNPs. Small

size (< 30 nm) silver nanopatrticles are not visiblSEM images due to the limitation

of the instrument. Among others, it was observet the size of AgQNCs increased

with the laser intensity and the irradiation tinfdwese results were also comparable

with the UV-visible spectra of the solution whidhosved the spectral broadening due

to the scattering from large size particles or aggtes present in the solution [Bhe

elemental analysis of AQNPs was performed usingrargy-dispersive X-ray (EDX)

spectrometer on the SEM. as shown in Figure 3.3.
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Figure 3.2 SEM images of silver nanostructuresttmsized by laser Irradiation, in an
aqueous solution of silver nitrate. It confirms firesence of large size AQNCs which
increased their size with an increase in lasemsitg However, at high intensity

round shape silver particles were also formed. beagptained at various intensities
after 10 min irradiation were [a] lower intensity26 — 140 mJ/cfn [b] middle

intensity (180 — 240 mJ/@nc] Higher intensity (260 - 290 mJ/én

30



1.00 2.00 3.00 4.00 5.00

Figure 3.3 EDX spectrum of prepared silver nanaegad. Other elemental peaks

were observed due to the preparation of samplediorh Titanium Oxide (ITO).

3.3.3 Laser intensity dependence of AQNCs

The size and shape of AgNCs was highly dependddsen intensity, as shown in
Figure 3.4. It shows that the size distribution AgNCs obtained after 10 min
irradiation with different laser intensities. Thesults can be divided into three
categories on the bases of laser intensity i.€a,[ib)] high intensity (260 — 290
mJ/cnd), [ii (c, d)] middle intensity (180 - 240 mJ/évand [iii (e, f)] lower intensity
(125 - 140 mJ/cR) respectively. At middle laser intensity, the age size of ANCs
was 75 and 100 nm, which increased to 175 and 20@trhigh laser intensity (290

mJ/cnf) while, at low intensity (125 - 140 mJ/énfiew number of AgNCs were
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Figure 3.4 Size distribution of silver AQNCs afiéy min irradiation at higher [i (a, b)]
(260& 290 mJ/cri), [ii (c, d)] middle (180 & 240 mJ/cfhand lower intensity [iii (e,
f)] (125 & 140 mJ/crf). The size of AgNCs is highly dependent on las&erisity as

size increases with an increase in laser intensity

observed and there was no clear indication of pleeific size distribution of AgNCs.

These results imply that the size of AQNCs incrdagith an increase in laser intensity.
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The growth process of AQNCs can be explained asgtier, the exact mechanism is
not confirmed. Ag ions accept an electron and gahto zero state of silver. This
process starts as the irradiation start. As the bmunof particles increases in the
solution, NCs may absorb 355 nm light and growizes
3.3.4 Irradiation time dependence of AgNCs

Figure 3.5 shows the laser irradiation time depeodeof size distribution of
AgNCs with high laser intensity. The results clgahow that irradiation time also
had great impact on the size of AgNCs. In a shoret (< 5 min) with high laser
intensity (290 mJ/cA), less than 100 nm sized AgNCs were produced. Mewéarge
sized AgNCs were not observed at this stage. Adithe increased up to 10 min.,
large sized (200 nm) AgNCs were formed. Accordiagtitese results, the growth
process of AgNCs with irradiation time could be lekped. As will be discussed later,
Ag’ ions accept electron and go to the neutral sfaég apon laser irradiation. At the
beginning of the reaction, the process of converf\g’ ions into Ag particles was
dominant to make Ag colloidal solution. There ishence for aggregation as we did
not use any dispersing agents. Another possihgity absorb 355 nm laser light by
the synthesized product which can be used to resAgiPs to form an observed

specific shape that is known as the tailoring ¢féédaser light [10].
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Figure 3.5 Size distribution of AQNCs synthesizeithw290 mJ/crh after different

irradiation time. Small sized

AgNCs are formedtf{ghort time) which increases their

size with an increase in irradiation time. (Growtiocess of AQNCs)These results are
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also corresponding with laser intensity data.

3.3.5Intensity effect on AgNCs

Figure 3.6 shows the laser intensity dependenaeunfbers of AgNCs. Several

SEM images were taken to determine the number &@gy Ten SEM images were

used for all laser intensities to count the nundfekgNCs. All parameters were kept

same for all SEM images. The plot shows that thebars of AgNCs increased with

an increase of the laser intensity. The inset liegdog plot after 1 min irradiation,

which gave a slope value 1.5. This value indicdited, this is not a simple single

photon process. On the bases of slope value, weamagiude that initially it is a

biphotonic process. Photoproducts synthesized fwitmer pulses may absorb a UV

pulse and be excited resulting in growth in AgNEsr the investigation of NCs

formation, a CW light source was used to confireaghowth mechanism.
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Figure 3.6 Numbers of AgNCs were highly dependentager power which
increases with an increase in laser intensity. (22290 mJ/crf) Inset is &

log-log plot after 1 min irradiation.

3.3.6 CW and pulsed UV light effect on initial process

Comparison between CW and pulsed UV light irradratnelps us to know about

the starting point of the process. In the caseutdqul laser irradiation, an absorption

band appears around at 405 nm which confirmeddtradtion of AgNPs. However,

CW-UV light did not effect on a sample solution eveadiated for 3 hours, although
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the total irradiation energy was kept same asénctise of pulsed laser irradiation for
1 min [see Figure 3.1 (a, c)]. These results intpht it is not a simple single photon
process.
3.3.7 Comparison of silver nitrate concentration

Sample solutions having different concentration® (M and 1 mM) were
prepared by dissolving silver nitrate in ultra puvater and irradiated with 355 nm
nanosecond pulse laser light at high intensity (330cnf pulse). Different absorption

spectra were observed as shown in Figure 3.7.

Pulsed laser . Pulsed laser
Vi . i A\
' Silver nitrate without SDS | Silver nitrate without SDS
[Silver nitrate| =1 mM [Silver nitrate] = 2#10~ M
LT — 290 md/em’ O i 20%10° =
= 200 mJ/em’ 1 min
:“1| a) [Eroa g 154 b) — 10mn
g 0 — 290 mJ/em” 10 min g
£ 2
E 40 = E .
= 20+ '%
0= 0
200 300 400 500 500 700 200 200 300 f100_ l500 h fOD 700 800
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Figure 3.7 Absorption spectra showing nanopartictevth: (a) [silver nitrate] = 1 x
10° M; (b) [silver nitrate] = 2x10 M. Laser intensity was 290 mJ/€fior (a) and 300
mJ/cnffor (b).

At high concentration solution (without SDS: silvétrate: 1 mM) we could not find

the clear indication of absorption peak for NC'sdugse a variety of photo-products
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were formed along with NCs. According to the litere, NCs with 100 nm edge

length have an absorption peak at 500 nm; howeter, products had a broad

absorption from 400 to 600 nm. Figure 3.7 (a) shalvsorption peak at 405 that

corresponds with small size spherical NPs whilelohg tail indicates the presence of

AgNCs. An increase in absorption around 530 nm ialdizates the increase in size of

AgNCs. The absorption peak for AgNCs is not cleatase of higher concentration of

silver nitrate due to increase in number of prosluntthe solution. Figure 3.7 (b)

shows the absorption peak at 405 that shifts tosvird longer wavelength (530 nm)

after 10 min irradiation. The formation of absooptipeak at 530 nm corresponds with

AgNCs and increase in size. We also drop-castdhgke solution on ITO glass for

SEM analysis. It should be noted that the photopectsdat both concentrations were

same. The absorbance peak height is small at lavecerdration means that the

number of photoproducts is also very small and \fficult to observe the effect of

laser intensity and irradiation time on it. HendeymM concentration is used to

observe these effects on the photoproduct.

3.4 Effect of CW-UV light on the growth process of AgNCs

The aim of this experiment is to discuss possibdéemanism of the formation and

growth process of AGNCs. As shown in Section 3NE6could not be synthesized by
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CW light irradiation. This result implies that tleitial process of NP formation,
namely the neutralization of silver ions, may imldumulti photonic process. In this
section, NPs formed after pulsed laser irradiatidrich was irradiated with CW and
changes after CW irradiation was observed with gdtem spectroscopy. These
results will also help us to reveal the mechanigpproach that how AgNCs enlarge
their sizes? Is single photon absorbed by NPsramdase their size?
Initially, the sample solution (silver nitrate, IMjpwas irradiated with 355 nm laser
light for 15 sec and then continues irradiatingm@wW-UV light (348 nm+10 nm, 2.5
mW /cnf).
3.4.1 Optical properties of NCsby CW light irradiation

When 1 mM silver nitrate aqueous solution was iagl with 355 nm pulsed
laser light for 15 sec, absorption peak was obskatel05 nm (abs = 0.005). After
15 sec irradiation of pulsed laser light, CW-UVhig(348 nm) was introduced to
irradiate the same sample solution. A clear pedfk shwards the longer wavelength
from 405 to 550 nm (red shift) was observed afterniin CW light irradiation as
shown in Figure 3.8 which indicates the morpholab@hanges takes place inside the
sample solution. The peak position continued tét shivards longer wavelength by 1

hour, and then the peak position is nearly congte®50 nm even with further
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Figure 3.8 Evolution of the absorption spectrunthef silver nitrate solution irradiated

first with pulsed laser for 15 sec and then irradiawith CW-UV light (348 nm) at

various times

irradiation. Literature survey shows that this skift may be due to the formation of
different shapes and sizes or aggregation of naticlea [11]. To check what really

happened by CW light irradiation, SEM images ofduct were taken.
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3.4.2 SEM analysisof NCs after CW light irradiation

SEM photographs provided further insight into therphmology and size details of

the silver nanoparticles. SEM images were takeer aifferent irradiation time and

corresponding with absorption spectra as shownidgnré 3.9 (a-d) and explain the

growth process of silver nanoparticlednitially, silver nanoparticles had round shape

however, small aggregates were also formdd). After 90 min CW-UV light

irradiation, round shape NPs disappeared and tuimedthe cubic shape AgNPs.

Which were bigger in size (Avg. 175 nm). Large ametric silver nanoparticles were

formed after 3 hours along with the presence ofccabape. It was also noticed that

the size of AQNCs were also increased with timeesEnresults are similar as we

observed in the case of laser irradiation effectlanformation of AQNCs and give

support to the explanation that single photon isodied by a particle and size

increases[11]
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After 120 min CW-UV light (348) irradiation

Figure 3.9 (a-d) SEM images taken after variowdiation time (CW-UV)
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3.5 Conclusion

In this study, AgNPs were fabricated, using ditaser irradiation method, which

differs from other laser processes such as thediom of AgNPs by pulsed laser

ablation of a solid silver target immersed in auiij Photoreduction of silver ions

present in the solution, leading to the formatibgNPs, was initiated by nonlinear

process. Log-log plot of absorbance vs laser iitiegave the slope value 1.5 which

also confirmed the initial process was nonlineas. dresult, a variety of NPs were

fabricated without using surfactants. We noticest tthe number as well as size of

AgNCs increased with laser intensity. The sizeritiistion of AQNCs was investigated

with various irradiation time and laser intensityrevealed that NCs grow in their size

with irradiation time and the growth process of Agg\was highly depended on laser

intensity. CW-UV light was also used to explain grewth process of AQNCs. On the

basis of these results, we confirmed, AgNCs in@géabeir size via single photon

absorption.
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Chapter 4

Effect of sodium dodecyl sulfate on
the formation of silver nanoparticles
by biphotonic reduction of silver

nitrate in water
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4.1 Abstract

Silver nanocubes (NCs) were found after irradiattbms UV pulses into aqueous
solution of silver nitrate. The photoproduct wasnad to nanospheres (NSs) when
solution contained a certain amount of SDS andliated. The SDS concentration to
alter the photoproduct from NCs to NSs was abouttimes lower than the critical
micellar concentration (CMC) of SDS, which implidsat a single layer of SDS
adsorbed on silver surfaces assisted the growttSsf which was explained in terms

of hemi-micelle formation on charged surfaces.
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4.2 Introduction

In Chapter 3, | described, variety of AgQNPs weferifaated by irradiating ns UV

pulsed laser to aqueous solution of silver nitritbout using surfactants. We noticed

that among these NPs, AgNCs increased their simegalvith laser intensity and

irradiation time and discussed in detail [1]

Metallic nanoparticles (MNPs) have been used askensr sensors, catalysts,

sterilizers, and have applications in biomedical @harmaceutical industries [2-4].

Mass production of MNPs has been achieved using aketmical reduction by

reducing metallic ions to metal and stabilizingnthiey a capping agent [5-7]. Capping

agent and reducing agent must be removed befoneg USINPs to deal with

contamination. To this end photo-reduction methbdanetal ions to metal has been

worked out [8-10]. Reducing agents may work as icappgents affecting the shape

of NPs. Addition of many chemicals can make thecpss complicate to understand

the individual role of each additive [11-12]. | dsghoton instead of reducing agents

for the investigation of surfactant effect on AgNPs

As shown in the previous chapter, by using non$eduhigh intensity laser irradiation,

NPs were successfully obtained. This techniquewallais to make NPs without

reducing agents. In this chapter, SDS was addedstabilizing agent, and the role of
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SDS was studied. Since we do not use any redudjegts, we can clarify the
individual role of each surfactant. Applicationtbfs technique produced uniform NPs
with lesser additives. Using this method we haegifiékd mechanism of NP formation.
Sodium dodecyl sulfate (SDS) with variable concatitns was employed.
Investigation showed the following results: (l) tiai process was two photon
ionization of water, (II) nanocubes (NCs) were oted without surfactants, on the
other hand, stable uniform nanospheres (NSs) wammeld adding ten times low
concentration of SDS compared to the critical nideetoncentration (CMC) of SDS.
Even at such low concentration of SDS, there aneyn$DS molecules but there is no
special attractive force between SDS and NPs, hecktis a dynamic equilibrium
between free SDS and adsorbed SDS on NPs and cerple@n by means of its
critical hemi-micellar concentration (CHMC) [13-16]
4.3 Results and Discussion
4.3.1 Comparison of photo-product by SEM and theisize distribution

In chapter 3, photoproducts without using any adstt were discussed in detail.
Here, we will make a comparison of photoproductihaind without using surfactant.
Figure 4.1 shows typical SEM images of photoprosldotmed by laser irradiation

(355 nm, 290mJ/cm10 Hz, 10 min) to silver nitrate aqueous solutigthout (a) and
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with (b) SDS (5 x 18 M). The initial concentration of silver nitrate svd x 16 M

for (a) and 2 x 10 M for (b). Insets are particle size distributiofem SEM images
(a); by DLS (b). Note that the distribution (a) ataionly NCs. A variety of products
and their aggregates were formed without SDS, @it NCs which size increased
with irradiation time. The addition of SDS markedijanged the photoproducts to
homogeneous NSs with an average diameter of 14 nm.

These results suggest that a variety of shapesdimg) NCs can be formed if silver
atoms generated by photo-reduction of silver iastallize without any additives in
water, and SDS would be solely responsible for istgaNSs. There are reports
showing that NSs can be fabricated without SDSwitht chemical reducing agents
like glucose [17-18]. This result shows that gldbe reducing agents can also work
as capping agents in some cases to form specifighidpes. It should be noted that the
shape of NCs never turned to round but NCs simpbwgin size by repetitive
irradiation within 45 min. This growth of neat N@slicates that the effect of transient

melting yielding round shapes by intense laserf\Wiuld be negligible small.
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Figure 4.1 SEM images of nanoparticles formed by laser iréatia (355 nm,
290mJ/crf, 10 Hz, 10 min) to silver nitrate aqueous solutidgthout (a) and with (b)
SDS (5 x 16 M). The initial concentration of silver nitrate sva x 16 M for (a) and
2 x 10* M for (b). Insets are particle size distributiofrem SEM images (a); by DLS

(b). Note that the distribution (a) counts only NCs
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4.3.2 Optical properties

NP formation by repetitive laser irradiation wascalconfirmed with UV/vis.

absorption spectra as shown in Figure 4.2 NSs ba¥ia absorption peak at about

400 nm didn’t increase so much without SDS, whietain high concentrations of

SDS assisted the NS increase. Interestingly, tserpbion peak stopped its increase

after a long term irradiation depending on the eom@tion of SDS and further

irradiation just shifted the spectral shape to &ngavelengths. This means that NSs

would start to aggregate, grow in size, or chargss after a certain period of laser

irradiation depending on a SDS concentration. Winenconcentration of SDS was

high enough as shown in Figure 4.2 (c), a sharpase at 400 nm without a peak

shift was observed even at short irradiation timidwe absorption spectra of

nanoparticles shown in Figure 4.2 (c) did not cleapgen after an irradiation time

longer than 45 min (data were not shown, 60 mimjctvimplies that the saturation of

nanoparticle formation took place at this absorpti@lue and all silvers ions in

solution were consumed.
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Figure 4.2 Absorption spectra showing increaseumlrer of products: (a) without
SDS; (b) [SDS] = 7 x 1OM; (c) [SDS] = 5 x 10 M. Laser intensity was 300 mJ/ém
for (a) and 290 mJ/chfor (b) and (c). The initial concentration of sitwgtrate was 1

x 10° M for (a) and 2 x 16 M for (b) and (c).
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4.3.3 Estimation of molar absorption coefficient

Figure 4.3 clearly indicates that the maximum abaoce of nanoparticles after a
long term irradiation was proportional to the oni@i concentrations of AgNOBased
on the above assumption, we were able to evalbatmolar absorption coefficient for
a single atom in NSs to be 90007&n*, which is in good agreement with the

reported values (4000 — 10000"t4n™) reported for gold and silver alloy NPs [20].
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Figure 4.3 Maximum absorbance after laser irrania300 mJ/cr) into a variety
concentration of AGQNO3 aqueous solution contaifing10® M SDS. The irradiation
time for each concentration solution, which gave thaximum absorbance, was 45

min (for 1 x 10° M, 2 x 10* M), 60 min (for 3 x 16 M) and 90 min (for 1 x TOM).
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From the DLS data shown in Figure 4.4, we evaluttedaverage diameter of NSs to
be 14 nm. By assuming the density of AgNP is theesas that of bulk silver, It was

estimated that a single NS formed with 84000 atdralso assumed that all silver ions
present in the solution converts into AgNPs. Thiewaed us to estimate an average

molar absorption coefficient of NSs to be 7.6 £ M0' cm™.

Average diameter of Nano
Spheres (NSs) is14 nm.

0 5 10 15 20 25 30 35
Particle Size/nm

Size distribution of spherical NPs A single NS formed
with 84000 atoms

Figure 4.4 DLS results of size distribution of Agh\She average diameter of NS is

14 nm. A SEM photograph shows the formation of AQNS
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Table 4.1 shows the calculation values.

Size of nanoparticles:

diameter: 14 nm (radius: 7nm) 7 mm

T EIT V=(4/3)pi*rA3=1436.76 (nm’)
nanoparticle; =14x10 % em? 143671€-18  cm3

Number of Ag atoms in

single NP: n =Vd/107.8682*R 8414294171  atoms/particle
Density of bulk silver: d = 10.49

glem?

Avogadro’s number: 6.022 x 107

atom/mole

Atomic mass of silver: 107.8682

g/mole

Molar absorption
coeffisient of AghP

D :05@1.0 x10-4 M AgNO3:09

e=Abs/(c/n) 7572864754 M-1-cm-1

Table 4.1 Calculation for measuring the molar aisomn coefficient

4.3.4 Stoichiometry of photoreaction

We also applied a high SDS condition to study theicktometry of this
photoreaction. The absorption peak intensitié®r short time irradiation were
plotted against laser intensities as shown in Eigub. The slopesfahe log-log

plots satisfactorily give values around 2, whidhdicate that theinitial stage of

55



NS production process is biphotonic
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Figure 4.5 Absorbance at 400 nm after the irragiiatf 15 s (circle) and 120 s

(triangle) with different laser intensities. [Sitveitrate] = 10° M; [SDS] = 5 x 1G M.

This result suggests that the number of electrggttes by two photon ionization
of water determines the overall reaction yield @& Bt short irradiation time. Such
biphotonic ionization of water with intense UV pessis well known process and its
lowest ionization energy limit is obtained to b& 6V, [21] which is slightly less than
the double of the employed photon energy (3.49 ieVihis study. Once solvated

electrons are produced, silver ions would be redl@red then form cluster ions like
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Ag,**, as known from pulse radiolysis studies [22-24jee cluster ions can simply
aggregate to form NPs with assistance of chemmdlicing agents like radicals or

additional photo-reduction.

H,0 , hyv ; € aq H', OH', etc

Agt+e€aq ——> A

NCs were also seemed to be form by a biphotonicga®y although the stoichiometry
of NCs can’t be confirmed from absorption spedtras very likely that slow growth

by the diffusion of low-concentration silver atosuld lead to the formation of neat
cubic crystals. In our experiment, the laser beas wot focused into solution, thus
causing no laser ablation nor plasma formation otut®n. This homogeneous
illumination allowed us to simplify occurring mechsm although the laser intensity
was more than MWciHh We believe that this experimental condition isreno

advantageous than those with focused laser beanth wiight complicate product
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analysis [25-26]. In this sense, NP formation psses here may be similar to those in

radiolysis rather than laser ablation to yield oas fragments.

4.3.5 Time profile with various SDS concentrationsn growth process

The effect of SDS was further examined with theeobstion of increases in NS

number by measuring the absorption peak (400 nmpfearious concentration of

SDS. The increase rate of NS became larger with 8Di&entration and the

maximum NS yield also increased likewise as shawRigure 4.6. This implies that

the growth of NS is supported by SDS molecules goreqn the solution and NSs

would start to aggregate if the number of NSs edsege certain value limited by a

SDS concentration.
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Figure 4.6Growth of the peak absorbance with laser irradia@00 mJ/crf). SDS

concentrations varied from 2 x 10- 5 x 10 M while keeping the concentration of

silver nitrate at 2 x 14 M. The inset shows an enlarged image at a shoet ti

4.3.6 Effect of sodium methyl sulfate (SMS)

To exclude a possibility that NSs were simply fodny a specific interaction of
silver atom or ions with sulfate ions, we perfornsaaiilar experiments using sodium
methyl sulfate and found no production of NS evetha high excess amount of the
sulfate ions as shown in Figure 4.7. This res@tndy indicates that the hydrophobic
interaction between long alkyl chains of SDS molesyplay an important role in the

formation of NSs.
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Figure 4.7Absorption spectra of SMS (£0M) and silver nitrate (2*10-4 M) after

different irradiation time

4.3.7 Effect of SDS concentration on NPs formation

Figure 4.8 shows a plot of the maximum yield of N®sa function of SDS
concentration. As the CMC of SDS is known to be>81D° M, it is obvious that SDS
supported the NS growth even with ten times beldMCC The lowest limit of the
SDS concentration with which the NSs would stagrow fell in the range between 5
x 10% and 6 x 10 M. It is widely known that SDS can form small aggates even

below CMC, however, with the concentration of 50¢ M, 30% of SDS would form
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antiparallel dimers and the others be only free anwgrs in aqueous solution [27-28].

It is thus not likely that SDS aggregates in solutivorks as a “template” of NSs.

[ CMC
20 = cCGC |

10 times
below
1.5 = CMC

1.0 =

05 =

Max. absorption at peak

00

; |
0.001
SDS concentration/M

T
6 7

Figure 4.8 Maximum absorbance after ns laser @mtadi (300 mJ/c) as a function
of SDS concentration. The concentration of SDSegafiom 2 x 1§to 5 x 10° M
while silver nitrate concentration was kept cons{@nx 10" M). Arrow indicates the

presence of critical growing concentration.
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4.3.8 Role of SDS on growth process (Mechanism)

The role of SDS in supporting the growth of NSshwadtich a low concentration

should be explained with the interaction betweedrnesi NS surfaces and SDS

molecules as already pointed out [11]. It has beported that SDS molecules form

two-dimensional aggregates (hemi-micelles) at &wand charged alumina interface

even with a low SDS concentration [12-14]. A varief experimental techniques have

revealed that SDS adsorption density on a posjtivdiarged surface abruptly

increases around at a SDS equilibrium concentrdhianis about ten times lower than

its CMC. The concentration, to form hemi-micelldstlae interface, there are two

regions depending on SDS concentration: 1) theoregihere the SDS adsorption

density sharply increases due to the electrostdti@ction and additional lateral

interactions between hydrocarbon chains; 2) theomegvhere positively charged

surfaces are neutralized by the adsorption of Sbé& farther gradual adsorption

occurs with only hydrophobic interaction formingthadouble layers at the interface.

The transition between the two regions takes plmaind at a SDS equilibrium

concentration about one order of magnitude lowemtiCMC,which is exactly

corresponding to the critical growing concentratafnNS in this experiment. Such

SDS hemi-micellar formation on a positively chargdelctrode is also confirmed with
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ellipsometry [13]. We thus presume that the groafttNS may be accelerated when

positively charged silver surfaces are completadyeced and neutralized by the

adsorption of SDS monolayers.

4.3.9 Concept of hemi-micelle formation

For adsorption of ionic surfactants on oppositdiarged surface, the adsorption

isotherm called “Somasundaran—Fuerstenau” isothplotted on a log—log scale, is

typically characterized by four regions [29]. Theaim features of this type of

adsorption isotherm are illustrated in Figure #©the adsorption of sodium dodecyl

sulfate on alumina [30]:

Region 1. At low surfactant concentrations, the adsorptisndue to electrostatic

interaction between individual isolated charged amaric species and the oppositely

charged solid surface and the adsorption dendiigwie the Gouy—Chapman equation

with a slope of unity under constant ionic strenghditions.

Region 2. At the onset of region II, surfactant species betp form surface

aggregates, colloids (surface colloids), includiregni-micelles, admicelles, etc., due

to lateral interactions between hydrocarbon chdie to this additional driving force

resulting from the lateral association with thectrigstatic interaction still active, the

adsorption density exhibits a sharp increase mdtiage
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Region 3.When the solid surface is electrically neutralibydhe adsorbed surfactant

ions, the electrostatic attraction is no longerrappee and adsorption takes place due

to lateral attraction alone with a reduced slope.

Region 4 When the surfactant concentration reaches dritigeelle concentration,

the surfactant monomer activity becomes constamt any further increase in

concentration contributes only to the micellizatiansolution and it does not change

the adsorption density. The adsorption in this argis mainly through lateral

hydrophobic interaction between the hydrocarboninshaln regions 3 and 4,

surfactant molecules adsorb with opposite oriemtathead groups facing the bulk

solution) resulting in a decrease in the hydroptiopdf the particles in this region.
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Figure 4.9 The adsorption isotherm, hydrophobidtysodium dodecyl sulfate on
alumina at pH 6.5. The attached illustrations shbg growth of surface aggregates

and orientation of surfactant molecules [29].

4.3.10 Number of SDS molecules required for singlayer
The number of SDS molecules which are necessargot@r the whole NS
surfaces with monolayers can be estimated fronatleeage diameter and the number

of NSs in solution. In our experimental condititime complete photo-reduction of 2 x
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107 M silver nitrate would yield NSs of 2.4 x 1. Each of NSs can be covered by
roughly 3100 SDS molecules on the surface, whighires only 7.4 x 1®M of SDS.
Consequently, the critical growing concentrationivaee observed in this experiment
would be just a result of a dynamic equilibriumvibe¢n adsorbed SDS and free
abundant SDS in solution.
4.4 Summary and Conclusion

In conclusion, we have studied the effect of SDS N formation under a
reducing-agent-free condition and then found that photoproducts changed from
NCs to NSs with a low concentration of SDS whicloie order of magnitude lower
than its CMC. The mechanism to change the shapeodiicts is thought to be packed
hemi-micellar formation of SDS molecules at sill#? surfaces, which neutralizes the

surface charge of NPs.
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Chapter 5

Effect of additives on photo-products
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5.1 Introduction

AgNPs were synthesized following the preparatiomcpdure described in
experimental section chapter 2. As a silver satprsor, silver nitrate was dissolved
in ultra-pure water and made a required sampletisal2x10* M). Researchers
adopted various methods to synthesize NPs usirfgcsants [1-11]. AOT and some
other additives SOS, SHS, SMS and BPPD were intedlin this experiment in
place of SDS as discussed in the previous chdpagl. discuss the products of each
additive one by one. AOT has CMC as 1.4%10 [12]. | kept the silver salt
concentration constant in all experiments howe,T concentration varies from
3.5x10° - 7x10* M. Molecular structure of AOT has 20 carbon atomtich make
long hydrocarbon chains and sulfate group attaeltiéde center. Different molecular
structure may have different effect on growth arnzk sof synthesized product.
Keeping these points in my mind, detailed experim@rere performed and results are
shown in detailed here. Comparison between SD3\@Tdis also discussed.
5.2 Results and discussion
5.2.1 Optical properties[Aerosol OT (AOT)]

Sample solution was transparent before laser atiati however; it turned into

pale yellow indicating that AQNPs were formed. Fagb.1 shows the photographs of
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samples obtained before and after laser irradiatiigure 5.2 shows absorption

spectra after various irradiation times. A surfgdasmon absorption band with a

maximum peak at 396 nm indicates the presencehdrigal AgNPs. It is confirmed

by previous researchers that the absorption ped@@&tnm correspond with small

sized spherical nanopatrticles having the partide s the range of 1-10 nm [13-18].

It was noticed into the absorption spectra thatathsorption peak at 396 nm did not

increase without AOT concentration, while increasiitht AOT increase.

before irradiation after irradiation

Figure 5.1 Photographs taken before and afterses leradiation. Transparent color of

sample solution turned into pale yellow. The sampés 0.2 mM AgN@ aqueous

solution with 0.7 mM AQOT.
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Absorption spectra did not show any shift means dlyathesized products did not
grow in size during laser irradiation. The absanptpeak stopped its increase after a
long term irradiation depending on the concentratif AOT and then further
irradiation just shifted the spectral shape to @ngavelengths indicating red line
after 60 min irradiation as shown in Figure 5.2 {d)is means that NSs would start to
aggregate, grow in size, or change shapes aftertairc period of laser irradiation
depending on AOT concentration (<.7%10M). The absorption spectra of
nanoparticles shown in Figure 5.2 (b) did not cleapgen 60 min irradiation time,
which means that the saturation of nanoparticlsédion took place at this absorption

value and all silvers ions in solution were consdme
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Figure 5.2 Absorbance spectra showing nanopagicth: (a) [AOT] = 2 x 14 M;
(b) [AOT] = 7 x 10" M. Laser intensity was 300 mJ/€rand the silver nitrate

concentration was 2 x TOM.
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5.2.2 Time profile of AOT with various concentrations

Figure 5.3 shows the time profile of AgNPs growsisiated by various AOT
concentrations; (a) indicates the growth processhmmt time window and (b) shows
the growth of AgNPs on long time window. The resuitom absorption spectra
clearly indicate that NPs increased with high AGilue in the solution however; there
is a certain value which does not support the gngwbcess. Above this concentration,
the absorbance dramatically increased which ignawith SDS results. This implies
that the growth process is supported by AOT moks@dsorbed on the surface of
NPs. It was also noticed that the AOT value bel@wirhes lower than the CMC could
not support the growth process which exactly sanmedtas observed in the case of
SDS and discussed in detailed. | believe that thevttp process should be discussed

in the same manner as SDS.
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Figure 5.3 Growth of the peak absorbance with Usétarradiation (300 mJ/cn
AOT concentration varies from 3.5x10 7x10* M while silver nitrate concentration
is 2x10" M. (a) shows the enlarged image at short timees@al shows the results

with long time scale.
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5.2.3 Effect of AOT concentration on NPsformation process

Figure 5.4 shows a plot of maximum absorption paaka function of
various AOT concentrations. The arrow indicates tlogvest limit of AOT
concentration at which the growth of NP increadédds value is 10 times lower than
the CMC (1.4x18 M) as comparable with the results of SDS. The kivienit of the
concentration at which the growth process wouldt dta grow fell in the range
9.3x10° and 1.4x13 M. It is widely known that below CMC mostly surfaot
molecules would form dimers and free monomers ineags solution [19-20]. At
CMC, formation of soft templates in the solutiorkda place [21-24] while the
surfactants with a concentration lower than CMCsdoet behave like a soft template.
These results support the concept of hemi-micdtdemation into the solution as

discussed in detailed in chapter 4.
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Figure 5.4 Maximum absorbance as a function of Athcentration. The AOT

concentration varies from 3.5x10- 7x10* M while silver nitrate concentration kept

same as 2x1DM. Arrow indicates the presence of critical grog/itconcentration.

5.2.4 Comparison between SDSand AOT

On the bases of SDS and AQOT, results clearly indithe presence of certain

value above which the NPs start to grow. It shdaddexplained with the interaction

between silver NS surfaces and surfactant mole@desready pointed out that SDS
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molecules form two-dimensional aggregates (hemetids) at a water and alumina

interface even with a low SDS concentration [25-2KDT has two hydrocarbon

chains, while SDS has single chain and the stalifithe products is very different in

both cases. With AOT, it is not stable. Based osogttion spectra, the size of

products are also different as AOT gives smalles.N§is because of bulky alkyl

chain of AOT. AOT has double alkyl chain and neledger area when it absorbed on

a AgNP even the size of head group is the samd.riidans, the cone angle of AOT is

larger than SDS. This difference may change the eizproducts. The results are

comparable with each other and support the conakpiemi-micelle formation as

discussed by P. Somasundaran, [28]. Accordingeddotist of our knowledge, this is

the first time to discuss the effect of surfactamshe growth process of NPs even at

ten times lower than the critical micelle concetibra(CMC) [29].

5.3 Sodium octyl sulfate (SOS)

5.3.1 Optical propertiesand SEM analysis

When aqueous solution of silver nitrate containfB@S at various concentrations

were irradiated with ns laser light at differennhdis, a surface plasmon absorption

band with a broad range 400-600 nm was observadcreéased with time, reached

saturation and then decreased. The absorptionrape#chAgNPs obtained after various
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irradiation times are given in Figure 5.5. Broadsaiption spectra indicate the

presence of wide range of shape and size diswibubf AgNPs. The absorption

spectra also indicate the formation yield increaseith an increase in SOS

concentration. The shape of the product is confirog SEM images as shown in

Figure 5.6. The SEM images show that the photoymrbtlad a wide range of shape

and size distribution. Most of the particles haedular in shape along with spherical

and square shape. The irradiated sample solutismatstable and settled down due

to aggregation of NPs.
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Figure 5.5 Absorbance spectra of SOS after lasadiation (300 mJ/cfy (a) [SOS]

14x10° M; (b)

concentration kept

[SOS] = 7x18 M; (c) [SOS] = 140%x18 M. silver nitrate

constant (2X410).
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Figure 5.6 SEM images taken after different irridratimes while [SOS] = 3 mM in

this caption.

5.3.2 SOS concentration effect on NPs

Figure 5.8 shows a plot of the maximum yield ofsN#8 a function of SOS

concentration while the CMC value of SOS is 139I][ The absorption spectra do

not show the CGC value as observed in the cas€df &nd SDS. On the basis of this

result, it was concluded that the hydrocarbon clpd@tys an important role in the

formation process. For further confirmation, thé&ef of hydrocarbon chain on the
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formation process different molecules having slwarbon chain was introduced. In

coming sections, | will discuss the effect of carlebain using SHS and SMS.
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Figure 5.7 Maximum absorbance at various SOS carat@ns. The concentration
varies from 2x19 M to 0.13 mM while keeping silver nitrate conceribn constant

(2x10* M)

5.4 Sodium hexyl sulfate (SHS)
5.4.1 Optical propertiesand SEM analysis

When aqueous solution of silver nitrate containiBglS at various
concentrations was irradiated with ns laser lighdiierent times, a surface plasmon

absorption band with a broad range from 350 to M®0was observed as shown in
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Figure 5.8. The yield of products is very low eatnvery high concentration (0.42

mM) of SHS but compared to the results without tdes, the yield is high. SHS

molecule has short hydrocarbon chain. This readitates that SHS molecules do not

support the growth process of AgNPs. Below the CME absorption spectra is

broaden however at CMC (.42 mM) a strong absorptieak is observed after 1 min

irradiation at 425 nm which decreased afterwardndians that the AgNPs are not

stable enough to keep for long time. The shapbeptoduct was confirmed by SEM

images as shown in Figure 5.9. The SEM images shbatsspherical NPs were

formed initially which have large size and pre@jit out quickly. It also indicates that

SHS does not have ability to support the formapomcess or increase the product

yield even at very high concentration of SHS.
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Figure 5.8 Absorbance spectra of SHS after lasadiation (300 mJ/cAL (a) [SHS]
=0.021 M; (b) [SHS] = 0.042 M; (c) [SHS] = 0.42 Bllver nitrate concentration kept

constant (2x16 M).
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Figure 5.9 SEM image shows the formation AgNPs. Siklgyes are taken after 1 min

irradiation times. While [SHS] = 0.042 mM.

5.5 Sodium methyl sulfate (SMS)
5.5.1 Optical propertiesand SEM analysis

Figure 5.10 shows the absorption spectra of SM&r ddiser irradiation. Silver
nitrate was dissolved in an aqueous solution ofesihitrate (2x10 M). Sample
solutions were prepared with various concentrat@nSMS and irradiation with ns

laser (300 mJ/cA. No prominent change in absorption spectra wasemied even
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after a high concentration (50 mM) of SMS. It me#mest SMS does not take part in

the growth of AgNPs. The absorption looks simitathie absorption spectra of silver

nitrate without using additives. Figure 5.11 shdke SEM images. Cubic shape NPs

were observed along with irregular and round shregy® particles. Among these NPs

the cubic shape of nanoparticles is little promtnd@imese results are same as in case

of silver nitrate without using additives. Henceg ean say that SMS stay away in the

formation process.
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Figure 5.10 Absorbance spectra of SMS-AgNIution after laser irradiation (300
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Figure 5.11 SEM image shows the formation of AQNEEM images are taken after

10 min irradiation times while [SHS] = 10x30/ and [AgNQ] = 2x10* M.

5.6 Hydrocar bon chain effect on AgNPs growth.

To confirm the effect of hydrocarbon chain on th@sNyield, we introduced
different molecules which have same functional grawt different carbon number
such as SMS, SHS, SOS, SDS and AOT. When the ngnaberarbon atoms were
lower than 10 in the carbon chain; the additivekrit affect so much on the growth

of NPs as discussed the effect of SMS, SHS and ®BQ$#:tail. On the basis of
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previous results with different additives, it wamcluded that hydrocarbon chain is an
important factor which effects on product yield.eTigrowth process of Nps was
supported by a molecules having long carbon ch&i@); As in the case of SDS and
AOT, the CGC above which NPs would start to growsvedserved. It was also
confirmed that molecules having lower number oboaratoms (<10) did not have
CGC but have little effect on the product yield.
5.7 Effect of bis(p-sulfonate phenyl) phenyl phosphine dipotassium (BPPD)
5.7.1 Optical propertiesand SEM analysis

Figure 5.12 shows the absorption spectra aftefager irradiation (300
mJ/cnf). Initially the absorption peak appeared at 430 and the absorption
increased without any shift till 45 min irradiatioh means that thermal effect is
negligibly small and melting process does not ochawever, after longer irradiation
time (60 min) the absorption peak start to shiftaads the shorter wavelength (blue
shift). Finally the peak observed at 396 nm aftés iin irradiation time. This peak
position (396 nm) is same as we observed in cag€dt We can conclude that using
this method the individual role of each additivelldobe discussed.

Figure 5.13 shows the SEM images of the produdigaimed in

BPPD-AgNQ solution after various irradiation times. AfterQLghin irradiation, the
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absorption peak was observed at 400 nm and caroim@acable with the results

observed in case of SDS solution. SEM images dlsovghat small nanoparticles

were obtained. From the absorption spectra, thicfgasize would be 14 nm. After 30

min irradiation, cubic shaped NPs having roundethes along with round shape of

particles was obtained. Variety of NPs was obtagiféet 15 min irradiation which had

sharp corners.
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Figure 5.12 Absorbance spectra showing nanopagiceth at [BPPD] = 2 x THM;

[silver nitrate] = 2 x 18 M.
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30 min

Figure 5.13 SEM images after ns laser irradiatiah120 min; (b) 30 min; (c) 15 min

92



5.8 Conclusion

In this study, we investigated the effect of diffiet additives on the

formation process of AgNPs. These results openva marizon to understand the

shape controlling part of the reaction and condutiat different additives plays an

important role in controlling the shape as wellths size of NPs (AOT and SDS

results). Hydrocarbon chain also effect on the ginomrocess. We found that the

hydrocarbon chain <10 carbon atoms (SMS, SHS, SfafShot show the CGC and

had a little effect on the growth process. HoweVsdrocarbon chain > 10 carbon

atoms (AOT, SDS) showed the CGC. This was the lowest at which the NPs

would start to grow. Bigger molecules also conthd size and shape of the product.

According to the best of our knowledge, this is fingt time to discuss the potential

effect of each additive directly using light asueithg agent.
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Chapter 6

Photochemical synthesis of silver
nanoparticles using UV pulsed laser
Irradiation in aqueous solution of silver
acetate: effect of stabilizing agents
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6.1 Introduction

Surfactant supported stabilization of the nanopiagi in aqueous solution

has been demonstrated to be one of the most edfettethod. Previous experimental

studies elucidate that silver nanoparticles staduilidue to the presence of anionic

surfactant i.e. sodium dodecyl sulfate (SDS) [1@2hen et al. [3]obtained silver

nanodisks from truncated triangular silver nanagsaat 40° C in the presence of

hexadecyl trimethyl ammonium bromide (CTAB).

In this chapter, | describe the results of the aration of nano sized Ag particles

using 355 nm pulsed laser irradiation on aqueodatisn of silver acetate as

discussed in experimental section. Silver nitratecprsor is replaced with silver

acetate. The effect of surfactants along with iaoh time on AgNPs size

distribution and production efficiency was inveatigd. The whole process was

carried out in an aqueous environment which is toeaie, environment friendly and

leading to a constant productivity in short reattione (5 to 30 min) from the view

point of mass production of material for industrak.

6.2 Results and discussion

6.2.1 Optical properties

The optical properties of metal NPs are highly delemt on their size and shape
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and show different colors due to resonant lighttedag. After irradiating a sample

solution with ns pulsed laser, a clear color chamgs observed. Figure 6.1 is pictures

of

Figure 6.1 Digital photographs showing the formatiof
AgNPs after various irradiation time. The irradati time
varies from 0 — 30 min for a — d respectively [S@Bove) and
CTAB (below)]. The concentration of silver salt puesor was
kept 5 x 10 M while 10° M, 10* M for SDS and CTAB

respectively.
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photochemically reduced samples obtained afteilomartimes and conditions. After
laser irradiation, the colourless silver acetatmpa solution containing SDS and
CTAB turned pale yellow to brown and light brown ptale yellow respectively. In
case if we do not use any surfactant the optidaiipsparent sample solution also
turned to pale yellow colour after irradiation [fi-Bhis result implies that AQNPs are
formed inside the solution which may have differgiae of products.

Figure 6.2 shows the UV-visible absorption speofraolloidal solutions obtained
by laser irradiation in an aqueous solution ofesilacetate (5x1tM) and stabilizing
agents (SDS, CTAB) at various time (0 ~ 30 min)e Burface plasmon peak (SPR)
after UV laser irradiation is appeared at 408 nnictvhindicate the formation of
AgNPs while keeping all parameters constant, oglektending the irradiation time
up to 30 min, the absorption intensity of the plasnband was increased; however,
the spectral shapes of the plasmon bands wereyridaritical among those colloidal
solutions. Figure 6.2 (i) shows UV-vis spectra ibfes colloids prepared by ns UV
laser (355 nm) irradiation (30 min) of an aqueanlsition of silver acetate (5xTM)
at various concentrations of SDS: (a) is the Ag sadctra before irradiation; (b) Ag
salt solution without SDS; (c) SDS (5%1M); (d) SDS (8x1§ M) critical micelle

concentration value; () SDS (5%1B1). Figure 6.2 (ii) shows an increased in
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Figure 6.2 (i) UV-vis spectra of silverFigure 6.2 (ii) An increased inFigure 6.2 (iii) UV-vis spectral change
colloids at various concentrations oAbsorbance peaks with timeobserved in an aqueous silver acetat
SDS: (a) is the Ag salt spectra beforeradiation time varies: (a) 0 min;solution (5x10 M) after various
irradiation; (b) Ag salt solution without(b) 3 min; (c) 5 min; (d) 10 min; (g)irradiation time in the presence of CTAB
SDS; (c) [SDS] = 5x16M; (d) [SDS] =| 15 min; (f) 30 min while silver (10* M): (a) 0 min; (b) 5 min; (c) 10
8x10% M) CMC; (e) [SDS] = 5x18 M | acetate was kept 5x10M. min; (d) 15 min; (e) 30 min.

while silver acetate was kept 5101

absorbance peak with time. The sample solution pvapared by dissolving silver
acetate (5x16 M) in the presence of SDS (5%10/). Irradiation time varies: (a) 0
min; (b) 3 min; (¢) 5 min; (d) 10 min; (e) 15 miff) 30 min. Figure 6. 2 (iii) indicates
the absorption spectra at various irradiation tifnethe presence of CTAB (TOM).
This UV-vis spectral change observed in an aqusibuer acetate solution (5xTM)
after various irradiation time: (a) 0 min; (b) 5rm{c) 10 min; (d) 15 min; (e) 30 min.

The concentration of silver acetate was kept aD3, while the surfactants (SDS,
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CTAB) amount was varied.

The increase in the absorbance of plasmon bandesnfilat the number of NPs
increased with time. As shown in Figure 6.3, thenbar of products increased from O
to 5 mM of SDS concentration at the same irradmitimme; (30 min) however, it
decreased at its CMC value (8<181). Small amount of photochemically reduced Ag

colloidal solution was taken to measure the sizesirape on a SEM.
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Figure 6.3 The change in the photo- reduction iefficy as &
function of SDS concentration. Absorption peak dased as the
SDS concentration reached its critical micelle @wtiation

value (8x10° M). [silver acetate] = 5xIOM.
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6.2.2 Size, mor phology and chemical composition

To gain further knowledge about the features of Rghbbtained, analysis of the

prepared samples on Indium Titanium Dioxide (ITQgsg were performed using

SEM and EDX. The morphology and size of the pa$ichere determined by SEM

images and DLS. Figure.6.5 shows the SEM imagelydiPs prepared with various

Intensity (")

0 50 100 150 20 250
Particles Size (d.nm)

Intensity ()

0 100 200 300 400 500
Particles Size (d.nm)

Figure 6.4 SEM images of spherical AgNPs obtainiéer 80 m irradiation; (a, b
monodispersed NPs with relatively wide distributimepared in the presence of SPS
(5x10% M) and CTAB (10" M) respectively. (c, d) Measurement of particlee dy
dynamic light scattering of Aghaving Z-Average size 80 nm and 122 hm

respectively.
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SDS and CTAB concentrations after laser irradia(hmin).

AgNPs were formed as a result of photoreductioAgifvia biphotonic reaction as
described in the previous chapter and stabiliziggnés (SDS, CTAB) present in a
sample solution can be adsorbed on the surfacgntifiesized NPs that prevent their
aggregation. SEM images in Figure 6.4 show the &ion of spherical shape AgNPs.
The number of particles increased remarkably withN SDS solution compared to
the lower concentrations solutions after 30 miadration time. On the other hand,
large size spherical particle were observed in medéer. Furthermore, we kept safe
our prepared samples and noticed that the coloairenconstant which shows the
stabilization of silver colloidal solution. As disesed in chapter 3, aqueous solution of
silver nitrate without using surfactants produceetg of products among them cubic
shape nanoparticles were prominent; however, ophescal shape AgNPs were
obtained which have different sizes. This is onle do the difference in silver salt
precursor.

To obtain quick results of photoreduced produdemms of size distribution, DLS
measurements were performed. The statistical $&tgbdition graph versus intensity
has been shown in Figure 6.4 (c-d). Particles wieoao-dispersed with most of the

particles size 80 nm, and 121 nm, prepared with bancentration of SDS (5xtM)
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and CTAB (10 M) respectively We compared our results obtainétt 8EM to the
ones obtained with DLS and found to be consistemtdver, in some cases slightly
differ with SEM results. Slightly large size obtathby DLS is due to the fact that the
measured sizes also contain the SDS and CTAB sheélloping the core of AgNPs
and the formation of aggregation [6]. However, gact size distribution measurement
is possible in a better way through SEM which hasrbused extensively for
nanomaterial characterization.

The elemental analysis was performed using EDXhenSEM. Figure 6.5 shows
the EDX spectrum of AgNPs prepared with this directaser irradiation method. The
presence of a band in the EDX spectrum is confionaif the silver metal atoms. The
results indicated that the reaction product was pmsed of high purity AgNPs.

Similar results were obtained for each sample.
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Figure 6.5 EDX spectrum of prepared silver nanaeglag. Other

elemental peaks observed as the prepared sampldrigdson Ito

glass (Indium Titanium Oxide).

6.3 Conclusion

A critical need in the field of nano-science is tbevelopment of reliable,

environmental friendly processes for fabricationnaétallic NPs. In this study, we

have successfully fabricated spherical AgNPs uding pulsed laser (355 nm)

irradiation in an aqueous solution of silver sallugon containing SDS and CTAB.

The prepared Ag colloidal solution was stable ehotgykeep for a long time as it

persist color for long time. The effects of statiflp agents were investigated by
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checking the morphology and size distribution ofitbgsized NPs. Mono-dispersed

spherical silver particles had an average dian&amm, 121 nm for SDS and CTAB

respectively.
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Chapter 7
Summary and conclusion
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7.1 Summary and conclusion

Working on nanomaterials has been a hot topic for researches. It has been a

crucia interest for researcher to develop an environmenta friendly and simple route to

synthesize them. In this study, we synthesized silver nanoparticles using ns laser light

and discussed the effect of additives on synthesized photo-product.

In chapter 1, general aspects, various methods along with additives are

overviewed and then the objective of the thesis is described. In chapter 2,

experimental procedure and characteristic techniques are discussed in detail.

In chapter 3, | attempted to fabricate silver nanoparticles without using

additives and observed the effect of laser irradiation time and intensity on the

photo-product. Silver nanocubes were fabricated and discussed the growth processin

detail. Log-log plot results gave an idea, initialy the process was biphotonic and later

turns into single photon; however, it was complicated to explain well. The comparison

between CW and UV pulsed light confirmed that silver nanocubes increased their size

by single photon absorption of photo-product present in the solution.

In chapter 4, silver nanoparticles were fabricated in the presence of SDS and

discussed the concentration effect on nanoparticles. Silver nanospheres were

fabricated successfully which had 14 nm sizes. Various concentrations of SDS were
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used to discuss the effect on growth process. It was noticed that there is a lowest limit

of SDS above that nanoparticles start to grow significantly. We call this lowest limit of

SDS concentration as a critical growing concentration (CGC). It should be explained

with the interaction between silver NS surfaces and SDS molecules as aready pointed

out that SDS molecules form two-dimensional aggregates (hemi-micelles) at a water

and aluminainterface even with alow SDS concentration.

In chapter 5, | attempted to know the individual role of each additive. It was

noticed that hydrocarbon chains of molecules play an important role in growth process.

Long chain hydrocarbon molecules are more effective to fabricate small sized

nanoparticles; whereas small chain hydrocarbon molecules showed the opposite

results. It was also confirmed that molecules with more than 10 hydrocarbon chain had

CGC. This method clearly revealed the role of additives as light solely worked as a

reducing agent.

In chapter 6, | attempted to change the silver salt precursor with silver acetate and

discussed the effects of stabilizing agents CTAB and SDS in terms of their

morphology and size distribution. It was observed that mono-dispersed silver particles

had an average size diameter of spheres was 80 nm, 121 nm for SDS and CTAB,

respectively.
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