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Abstract

Silver nanoparticles have unique and distinctivepprties like optical, electrical and
conductive properties. These properties of nanmpest depend on their size, shape and
crystalinity. There has been a lot of work publgh®n synthesis of silver nanoparticles with
controlled morphology. However, there has not bewrich work done on silver nanoparticles
with controlled morphology, high yield and lessatan times.

The aim of this research is to synthesize silveromares with high yield at low reaction
timings. In order to achieve this, different sdike NaCl, KCI, MgCh, CaC}, MnCl,, CuC} and
FeCk where used. The effect of salt on the silver naresnis evaluated by using SEM images.
In addition , effect of concentration of salt orlgi of silver nanowires and a novel method for
the continuous flow synthesis of silver nanopagdchave been studied. Characterization of

silver nanopatrticles has been done using SEM, TaRogtical microscopy.
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CHAPTER 1
Introduction
1.1  Introduction:

Silver nanoparticles have many applications likechremical, biological and optical
sensors. Silver nanoparticles exhibit a high efficiency glsmon excitation compared to Au
and CU? Silver 1D nanostructures like silver nanorods siiger nanowires have gained a lot of
attention due to their unique properties and appboas. For example, SERS (Surface Enhanced
Raman Scattering) and silver nanorods quickly retreaviral structured.Figure 1.1 shows the
illustration of silver nanorod arrays and SERSdpidly to detect human viruses in specimen
volumes. Also it can differentiate between respinawiruses, virus strains, and virus containing
gene deletions without manipulating the virus. SE®Enown for its high sensitivity due to its
surface plasmon effects lacks behind at unifornssate formation. A substrate was formed by
placing rows of silver nanorods at a density ofniBorods/mrhand a 72°+4° angle from the
normal on the substrate that holds the sample. $hisstrate has enhanced the degree of
sensitivity and specificity for rapid detectiontcdce levels of viruses.

Excitation
light Raman scattering

AT

Glass

Figure 1.1: Ag nanorod arrays and SERS for rapid deection of human viruses
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Polymer/metal nanocomposite containing anisotropétal nanostructures such as metal
nanorods and nanowires appeared extremely moréigerad responsive to mechanical stimuli
than nanocomposites containing spherical nanopesti€igure 1.2 shows the schematic of the
nanocomposite formed by silver nanorods in Polyhcohol matrix? After uniaxial stretching
of the supporting polymer matrix, the elongatedesilnanorods assume the direction of the
drawing. This results in a yielding material withsaong dichroic response of the absorption
behavior. The film changes its color when obseruader linearly polarized light already at

moderate drawings. These nanocomposite films hatenpal in applications such as color

polarizing filters, radiation responsive polymeabjects and smart flexible films in packaging

applications.

Figure 1.2: PVA and silver nanorod composité
Application of silver nanowires in low cost papeatteries is one of the recent

developments as shown in figure 1.By dipping an ordinary piece of paper into inkLiséd

with carbon nanotubes and silver nanowires, s@nthave been able to create a low-cost
battery or super capacitor that is ultra-lightwejdrendable and very durable. The paper can be
crumpled, folded or even soaked in acidic or baslations and still will work. Coating a sheet

of paper with ink made of carbon nanotubes andsihanowires produced a highly conductive



storage device that could be used in a multitudappiications. The flexibility of paper allows

for many clever applications. One of the appliaadics in LEDS (light-emitting diode).

Figure 1.3: Paper coated with ink made of carbon maotubes
and silver nanowires®

All these unique applications are achieved duehto dnisotropic properties of silver
nanorods and wires. Synthesis plays a major ralelfathese applications as aspect ratio and
uniformity plays a major role. In order to expldhe key parameters for the synthesis of silver
nanorods, five different topics have been consdiefdose are effect of shape of the container
on synthesis of silver nanorods, continuous flomtisgsis of silver nanorods, effect of alkali and
alkaline earth metals, effect of transition metalsd effect of missing methods on synthesis of

silver nanorods.



Chapter 2
Literature Review

2.1  Nanotechnology

Materials in which characteristic size scale is e order of 1 nm are called
nanomaterials. The application of these materialmputing, sensors biomedical and other
areas has attracted considerable interest in gtevie decades. However, nanotechnology has
been used since the early™6entury Damascus swords and other. The moderoepbrof
nanotechnology was first described by physicishRid P. Feynman in his 1959 lecture "There's
plenty of room at the bottom." Nanotechnology onbliscience has been defined as “concerned
with materials and systems whose structure and oasrgs exhibit novel and significantly
improved physical, chemical and biological propestiphenomena and process due to their

nanoscale size”.

A nanometer is one billionth of a meter 1@n). Nanoparticles have characteristic
physical, chemical, electronic, electrical, mechahimagnetic, thermal, dielectric, optical and
biological propertie€:° Decreasing the dimension of nanoparticles hasqumoced effect on the
physical properties that significantly differ frattme bulk material. These physical properties are
caused by their large surface atom, large surfaw¥gyg, spatial confinement and reduced
imperfections. Nanoparticles have advantages oulir materials due to their surface plasmon
resonance (SPR), enhanced Rayleigh scatteringuafats enhanced Raman scattering (SERS)

in metal nanopatrticles, quantum size effect in sermductors and super magnetism in magnetic



materials. Therefore, nanoparticles are considasetuilding blocks of the next generation of

optoelectronics, electronics, and various chengoal biochemical sensofs?

Nanotechnology has been developed through two .afBasse are development of
synthesis techniques and development of charaatene technique. In case of synthesis
techniques, Michael Faraday first reported thelsgsis and optical properties of (colloidal) gold
nanoparticles in 1857 Nanoparticles can be synthesized mainly in 2 diffe approaches,
Bottom-up and Top-dowf Colloidal dispersion is a good example of Bottommethod where
atoms or molecules are condensed to form nanolegtililling and attrition is the typical Top
down methods, where a solid material is finely dé@d to nanoscale to form nanopatrticles. Due
to the ability to control size and shape the bottgrapproach is preferred. However, top down
synthesis methods are not available to producghalbes and geometries of interest.

In the case of characterization techniques, stractand chemical characterization
techniques have got major developments. Mie’s theoof great interest of this day because of
its application to nanoparticles, but has faced yrnarallenges in case of anisotropic structures
like cubes, triangles, rods. Mie’s theory has given an exact solution to Makwesquation,
where the absorption and scattering spectra ofrg@ath@articles has been described.

Structural characterization can be done using yX-d#fraction (XRD), Scanning
electron microscopy (SEM) and Transmission electraoroscopy (TEM). XRD is used for
determining crystalinity, crystal structures anttite constants of nanoparticlsSEM is the
most widely used characterization technique foronaaterials and structuréSSEM can operate
magnifications from 10 to 300k and also it givesrmical composition information near surface.
Field emission scanning electron microscopy (FESEM)dvanced SEM, where clearer and less

electro statically distorted images can be obtdfhedigh quality, low voltage images are



obtained with negligible electro charging of sanspl€EM gives higher magnification from 50
to 1 and it gives both image and diffraction informatid Scanning probe microscopy (SPM)
is relatively new characterization technique andrbvides 3D (3 dimensional) real space
image$’. SPM has 2 major members scanning tunneling mioms (STM) and atomic force
microscopy (AFM). STM requires electrically conduet samples, where as AFM can be
operated on any sampté% STM and AFM can provide topographic images amabat all solid
surfaces can be studied in air, vacuum or liquitMSwas first developed by Binning in 1981
and AFM was invented a bit later.

Chemical characterization can be done using dp&tactron and ionic spectroscopy to
determine the surface and interior atoms and comg®@as well as their spatial distributions.
Optical microscopy is used to determine the el@dtrstructures of atoms, ions, molecules and
crystals. Optical spectroscopy includes absorpti@amd transmission spectroscopy,
photoluminescence, infrared and raman spectrosdaf@ctron spectroscopy includes Energy
dispersive X-ray spectroscopy (EB%)auger electron spectroscopy (AESEnd X-ray
photoelectron spectroscopy (XPS)Electron spectroscopy is used to determine chamic

composition by the X-rays and auger electrons eghitty a material.

2.1.1 Nanomaterials:

There are several classification schemes for tlehpta of nanoparticles currently
reported in the literature. These schemes can dedban shape or materials. Nanomaterials in
general can be classified by the material, shapmaale of use (composite, individual particles,
etc.). Based on material type Nanomaterials areadbyoclassified as organic or inorganic.
Organic nanomaterials include carbon nanotubes,namdsized polymer particles. Inorganic

nanomaterials include ceramic particles or metaless and pure metal nanoparticles.



2.1.1.10rganic nanomaterials

Organic nanomaterials are the compounds contagarigpn, like carbon nanotubes and
nanosized polymer materials. Organic nanomateair@svell known for their optoelectronic
propertie&®, good doping properti&$s high reaction activiy?, good processabilif§, and high
photoluminescence (PL) efficientywhich make them complementary to the inorganic
materials.

Organic nanomaterials have been synthesized ugfegetht methods like
reprecepitatioff, evaporation, and microemulsidnand laser irradiatici These materials
have been fabricated in different shapes like nartiges”, nanoplatelefS, nanoribbons,
nanowires, nanotub&8 nanovesicle¥, and nanobelfé. Figure 2.1 shows the different structures

formed with different molecular desigh

- p — » > )
2T LT —
180° Straight chain
Maolecules Preaggregate

Figure 2.1: Schematic illustration for the formation processes of nanostructures
from (A) o-, (B) m-, and (C)p-bis(iminopyrrole) benzene, respectively?

Among these organic nanomaterials, one-dimensi¢b2) nanostructures have been

specially emphasized, because of their applicatasngterconnects and functional units in the

optoelectronic®. Crystalline 1D organic nanostructures offer betséabilities and charge
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transport properties and hence better optoelectrpeiformanc¥. These 1D nanostructures
have unique applications, like color tunable digffia field-effect transistofs, chemical
sensor¥’, and lasefS.

Carbon nanotubes where synthesized by Japanesgigcgimio lijima in 1991 using
arc- evaporation meth® Carbon nanotubes can be mainly classified intglsi wall and
multiwall. Carbon nanotubes can be synthesized by-dscharge®, laser ablatiof,
solvothermal reductidfi and chemical vapor depositifSnmethods. Carbon nanotubes have
applications in field emission, hydrogen storagel aolar cell®. Carbon nanotubes have
physical and chemical properties depend strongltheir diameter and heliciff. For example,
SWNTs can be metallic or semiconducting, dependingtheir helicity, which is closely
correlated with their diamete?s.
2.1.1.2Inorganic nanomaterials

Nanoparticles include metal nanoparticles, meta®xnanoparticles or ceramic
nanoparticles.

2.1.1.2.1 Metal oxide nanomaterials:

Metal oxides have uniquepplications including catalySfs gas sensors, fuel cell
membranes, electro chromic (EC) windows and lithiombatterie¥’, optics, and electronis
Metal oxide or ceramic nanoparticles have beenhggited using sol-g& metal oxide
chemical vapour depositith coprecipitatio®’, microemulsiof®, by hydrolysis in polyol
mediun®, plasma and decomposition of the precipitates prepared fraon-aqueous

precipitation routes.



2.1.1.2.2 Metal Nanopatrticles:

The brilliant red color of medieval stained glasasvdue to colloidal golff-®* However,
is was not until the mid fcentury that the synthesis of colloidal gold wistfreported. M.
Faraday reduced gold chloride was reduced by pladspb produce colloid gold solutidhin
1951, Turkevich reported a citrate reduction methodvhich chloroauric acid is reduced by
sodium citraté? Since then metal nanoparticles of Au, Ag, Pd, 6di Bt have been synthesized
using many different synthesis proces¥e§? ® °®Silver nanoparticles where synthesized by
Lee- Miesel method where gold salt is replacedilwessalt in the Turkevich methdd.Most
common method for the synthesis of silver nanoglagiis the reduction of AQNO3 by NaBH4,
known as Creighton methdd.Like the Turkevich method the Creighton method bagn
extended to other metals such as Pt, Pd, Cu afil ®i®® "®More recently methods have been
developed to produce nonspherical particles by latng the crystallization processes so that
growth is limited in one direction only. Theseelamethods include biological templatihgwet
chemical synthesi§ templaté®, polyol proces$, solution phas@ and sonochemical
synthesi&’.

Metal nanoparticles have unique and distinctiveicapt electrical, photo thermal and
catalytic properties. Most of these properties dépen size, shape, composition and crystalinity
of the particles. For example, the reactivity aptestivity of a nanocatalyst can be tailored by
controlling the shape, as it will determine thestajlographic facets exposed on the surface of a
nanocrystal and therefore the number of atoms éocat the edges or corn&rs® *There have
been many different shapes of metal nanoparticleshwvhave been synthesized as shown in

Figure 1.2%°



Figure 2.2, shows the different shape particlesh vgingle crystals, twin defects or
stacking faults, and gold shells. Dark facets 4@0) planes, light gray are (111) planes, and
{111} twin planes are shown in red. Gold shapesrespnt gold particles, and gray shapes
represent silver particles, although spheres, tednrods, icosahedrons, and cubes can also be

made from gold

2.1.2 Silver Nanoparticles:

Sphere Tetrahedron Cube Octahedron Truncated Truncated Truncated Single-crystal
fetrahedron  cube  octahedron  rod

1 - =g I' 1
e e .i.
r b ]
I I
7 N

Quasi-sphere |cosahedron Decahedron Twinned Twinned Triangular Disc  Tadpole
rod  wire plate

Shell  Double  Core-  Box Cage  Tube Double  Porous
shell shell tube tube

Figure 2.2 Schematic illustration of nanostructure shape§’
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The focus of this work is on the synthesis and iappbn of silver nanorods and
nanowires. Silver is known for its good electrieald thermal conductivity properties and its
optical and antimicrobial properties are enhancedmall size scales. Silver nanoparticles
exhibit a high efficiency of plasmon excitation goaned to Au and Ctiand therefore have
potential application as chemical and biologicalsees. Silver nanoparticles have traditionally
been synthesized by Creighton method. Modificatimnthis basic method include changing the

silver salt or reducing ageftt.8 83 84 85. 86,87, 88

All bottoms up chemical synthesis of silver nandiples starts with the reduction of a
silver salt. The reduced Ag forms nuclei crystalbion tend to agglomerate. To avoid
agglomeration surfactants or capping agents arel. us8y utilizing capping agents that
preferentially bind to one crystal face and blockvgh of this face directed growth can be
effected.

Silver nanoparticles can also be synthesized usimglate techniq& porous materials
templating, biochemicdl, y- radiatior’’, laser ablatiotf, solvothermal electrochemicaf,
polyol®™, electric discharge meth%d wet chemical, sonochemicdf and photochemical
method&’. Among these methods, Polyol is the most widegdusiethod. Polyol method was
developed by Fievet and co-workéfsand has been used for the synthesis of nanojgsrtil

many metals and alloys of Ay Au'®’ Cu'% Cd® Ir, Ni** Pd® Pt RU', CoNi and

FeNi’,
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2.1.3 Polyol Process:

In a typical polyol process, inorganic salt is regl by the polyol at a high temperature
(near boiling temperature). In most of the synthesethods, the polyol used is generally
ethylene glycol; this ethylene glycol serves ashisativent and reducing agent.

In polyol process, the salt precursor is reducethfsilver ions (Ag) to silver (Ad) by
the acetaldehyde. Acetaldehyde is produced fromleste glycol on heating. When the silver
atom reaches super saturation, they agglomerdertonuclei and seed crystals are formed. For
narrow distribution, homogeneous nuclei (or seedhétion is required. The seed formed play a
major role in the formation of anisotropic stru@sir Figure 2.3 shows the formation of different

seed structures, which lead to different structofesiiver nanoparticle¥’®

Multiply Twinned

+
Ag EG Growth %

Singly Twinned

by

Single Crystal

Fluctuating
Structure

Figure 2.3: Reduction of Ag+ ions by EG leads to thformation of nuclei!®

The structure of nuclei fluctuates depending uploeirtsize and the thermal energy
available. Most nuclei contain twin boundary deddatcause such defects enable a lower surface
energy. As nuclei grow, fluctuations cease and they stuck as a multiply twinned, singly

twinned, or single-crystal seed. Different seedsntigrow into nanostructures with different

12



shapes; therefore, one must regulate the crydialofi the seeds in a reaction to produce a
specific shape. The crystalinity of the seeds carncéntrolled by the salts used. These salts
electrostatically stabilize the structure of theley which help to grow into a particular shape
seed. Some of the salts used for the synthesidvef sanoparticles are NaCl, b FeC4, and
CuClk.

The formation of different seed structures is dudhe crystalinity of the seeds. The
different seed shapes like multi twinned (decaHheskeads), single twinned and single crystal
seeds grow into nanowires or nanorods, right bipyda or nanobeams and nanospheres
respectively.

Surfactants are used for steric stabilization ohaparticles.Poly (vinylpyrrolidone)
(PVP) is themost used surfactant in the synthesis of silveoparticles through polyol method.
PVP has been widely used as a protecting agengilig@r nanoparticles in the liquid state to
avoid their aggregatiof?® ' pecause it shows better stabilizing properties ti@nother
widely used substances used as stabilizer sucle@tsoss, thiols, dendrimers, and surfactdrifs.
PVP is a homopolymer with a polyvinyl backbone @&sdepeat unit contains an amide group as
shown in figure 2.4. These structural features nhlke polymer a good stabilizing agent for

transition metal particles and especially for nabletal nanoparticles? 4 11>

H.C CH.

HC/ \C=
T~
|

CH—CH;—/1—
— =n

O

Figure 2.4: Structure of Poly (vinylpyrrolidone) *¢
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2.1.4 1-Dimensional silver nanopatrticles:

Among all the different shapes of silver nanop&tic 1-Dimensional nanostructures
have attracted a lot of attention due to theirinisive properties and applications. 1D silver
nanoparticles have unique optical electrical'® and thermat® properties. Indeed, these
properties give 1D silver nanostructure applicatian surface enhanced Raman scattering
(SERSJ?, catalysi$?, photonic crystalé? and biological nanosens&ts

1D silver nanoparticle includes nanorods, nanowaras$ nanotubes. These 1D structures
are synthesized in many different methods like tatepmethot?*, wet chemical methdéf,
solvothermal methdd®, and polyol method”. Most of the silver nanorods and nanowires have
been synthesized using polyol process.

Figure 2.5 shows the mechanism of formation of esilmanowires from twinned
decahedral seeds. Once twinned decahedral segisdarad into rods. PVP selectively adsorbed
on the {100} side facets so that Ag atoms could/@dd to the {111} facets at the ends of each
rod. PVP has a more tendency to interact with #@0} side facets than the {111} facets due to
its structure. All the sides are covered by the Poifly {111} facet side is available for the
silver atoms to combine. This mechanism tends salten the formation of silver nanorods or

nanowires.

14



Figure 2.5 Schematic illustration of mechanism proposed to aceint for

the growth of silver nanowires'®

Conventional polyol process takes long reactionetinbut with improvements in the
method of heating, the reaction time has now comendto minutes. Xia et. al has produced
silver wires in just 1 hour. Recently, Gou et aklprepared silver nanowires within 3.5 minutes
using microwav&®. There are many advantages of using microwave awaventional methods
in synthesis are (a) the kinetics of the reactimniacreased by 1-2 orders of magnitditfe(b)
novel phases are form&d(c) the initial heating is rapid which can leadetwergy savings, and

130

(d) selective formation of one phase over anotleurs.”™ One possible hypothesis for the

microwave induced effects is the generation ofliaed high temperatures at the reaction sites to

15



enhance reaction rates in an analogous manneratoothultrasonic waves where both high
temperatures and pressures have been reportedg dwactions. The enhanced kinetics of
crystallization which can lead to energy savingsipfto 90% and the environmentally benign
closed system condition of the Microwave Polyolgess is ideal for the synthesis.

Only NaCl and Na2S salts have been studied usiogwave polyol process. As
mentioned earlier, in this work the effects of othalts on the synthesis of the silver nanorods
have been explored. In addition effects of contastpe, effects of mixing methods, effects of
concentration of salt and continuous synthesishedérsnanoparticles have also been studied.
2.1.5 Effect of shape of container:

Silver nanowires have been synthesized in difteseape containers like flask, glass vial
and 3 necked flasks. In most of the synthesis gs®E® shape of the reaction container is not
mentioned. Gou et. al, has used a flask for théhggms of silver nanowires through microwave
assisted polyol methd®. Chen et al and Korte et al have used three neftéski and glass vial
respectively for the synthesis of silver nanowite®ugh conventional polyol methbd**? In
all the previous work, no one has mentioned theadsions of the reactor or container shape. In
case of microwave assisted synthesis, the shapigeafontainer and mass of the container are
important. The container does absorb the energytlandrea of the solution directly exposed to
air can affect the yield of the silver nanowires. the best of our knowledge there has not been
any previous work on the effect of shape of comtamn the synthesis and yield of the silver

nanoparticles.

2.1.6 Continuous flow synthesis:

Synthesis of nanoparticles in a continuous probesisbeen in research interest recently.

There is a very little work done on this topic iase of metal nanoparticles. Initially, much
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interest was on semiconducting materials like Ctfmd TiO2**in continuous flow process, in
a fluidic micro-reactor. Wager has produced golaaparticles in a continuous flow tubular
systenT->> As shown in Figure 2.6, Lin et al has synthesigiéter nanoparticles in a continuous

process using tubular coil made of stainless steedlle in an oil bath®

||||||||||||

Syringe pump

Heater

Figure 2.6: Experimental setup of the synthesis dkg nanoparticles
in a tuhnlar microreactor 136

In 2005, Kohler et al has synthesized gold nanapestin a Silicon and Pyrex glass chip
micro-reactor under continuous flow proc&¥sTai et al has synthesized silver nanoparticles in
continuous process using spinning disk reattorhe yield was less in continuous mode when
compared to their previous work in recycling modg production rate increased 5 to 6 times
using the same spinning disk reactor. Till now m® dvas synthesized silver nanowires from
continuous synthesis process. In this work, silvanowires in continuous flow process were
tried to synthesize using microwave.

2.1.7 Effect of alkali and alkaline earth metal salts:

Polyol process has been used for the synthesishvar sranoparticles. The standard

polyol process requires careful control over reactates to tailor the particle geometry. Several

"control" agents have been examined in the trasiigolyol process for their ability to control
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particle geometry. Chen et. al. has reported thehggis of silver nanowires with different
diameters using different control agents like K&Br, KOH, Fe(NQ)s;, PdC}, NaS and
ascorbic acid® The alkali and alkali metal salts used as coratgeints are NaCl, KC| and p&
Chen et. al. has reported the effect obBlaalt, where silver nanocubes and nanowires where
produced at 62.5-250uM and 750uM concentrationa@BMsalt respectively. This clearly shows
that the concentration of salt does affect the malgoy of the product.

To speed the reaction time of the polyol processrowave heating has been used to
rapidly heat the reactants and reduce overall i@at¢ime to less than 5 mii® Two anions
have been evaluated in the microwave assisted potgoess, Cland S*?%*° They form AgCl
salts or AgS colloids and limit the amount of Agons present in the solution that can be
reduced to A effectively controlling the overall formation @g° thus allowing for directed
growth to occur without the continued formationrew nuclei. In the case of pfaa wide
variety of shapes including rods and cubes have lsgathesized. As noted, several studies
have found that significant control over the rodrpimlogy can be obtained in the "traditional”
process by utilizing different cations. Howevére effect of these cations on product geometry
in the microwave assisted polyol synthesis prodess not been reported. To date the only
cation that has been evaluated in the microwavstadsprocess is Na. Several different cations
were evaluated in this work in an effort to seéhd control over the particle geometry noted in
the traditional polyol synthesis can be achievethan microwave assisted process. A range of
alkali salts were evaluated including NaCl, KCI, g CaCh.

2.1.8 Effect of transition metal salts:
In contrast the polyol process results in rodsaklgt for several applications, but the

standard process requires careful control ovetticgacates to tailor particle geometry. Several
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morphologies can be produced by controlling reactionditions such as the concentration of Cl
and H, temperature, presence or absenceB0d by controlling the reaction rate by drop wise
addition of reactants?®***Several "control" agents have been examined itr#utional polyol
process for their ability to control particle gedrnge Fe (ll) was reported by Wiley et. al. to
control the reaction through the oxidative etchafgthe silver seed¥’ Figure 2.7 shows the
mechanism of removal of atomic oxygen from the aeefof silver atoms by Fe (II). Reduction
by ethylene glycol (EG) competes with oxidation &pmic oxygen to form an equilibrium
between Fe(lll) and Fe(ll). Chen et. al. later dastmted the reduction in silver nanowires
diameter by the addition of Fe(N@'*! This effect has been explained through the pmoés
etching the silver surface, the removal of oxygemf the surface, or the ability of metals with
multiple valence states to affect the reductionAgf. Other control agents that have been
examined include salts of potassium, copper, atlddiam, and sodium sulfafg’ 141142132

To our knowledge, in case of transition metalsehw®is not been any work reported for
the synthesis of silver nanostructures through owewre assisted polyol process. Several
different transition metal cations were evaluatedhis work in an effort to see if the control
over the particle geometry noted in the traditiopalyol synthesis can be achieved in the
microwave assisted process. A range of transitietahsalts were evaluated including FeCl3,
CuCl2, MnCI2. The effect of concentration of sal the final morphology of the silver

nanoparticles was also evaluated.

19



Adsorption e O,
&
Dissociation

@ Fe(lll)

EG

@ Fe(lD)

Figure 2.7: lllustration of the proposed mechanisnby which Fe(ll)

removes atomic oxygen from the surface of silver mastructures*!

2.1.8 Effect of mixing methods:

Change in the order of addition and mixing methad imfluence the final morphology
and yield of nanoparticles. Gou et al has usedcation method in order to speed the dissolution
of solid powder¥®, Chen et al has produced different morphologi@sgusifferent control
agents but under argon gas in order to have rdgigtand also to avoid oxidative etchifty
To the best of our knowledge there has not beewank done in this aspect of mixing methods
and shielding atmosphere. At the initial work, mixiof the final stock solutions was not given
importance and the results we got were not repetifihis has lead to the study of the effect of

mixing on the final morphology and yield of thevsit nanoparticles.
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Chapter 3
Materials and Methods

3.1 Materials Used:

Silver nitrate (AgNO3, >99%) was purchased fromgnsa Aldrich, Poly (vinyl
Pyrrolidone) (PVP, MW 58k) from Acros Organics, Ethylene Glycol (EG, $99and salts
NaCl, KCI, MgCl2, CaCl2, MnCI2, CuCI2 and FeCI3 wgrurchased from Fisher Scientific and
all the chemicals where used as received. Two ma&ves were used in this work, one is from
Microwave Research Labs (model BP 211) of 3200Wticaous power and the other
microwave used is a commercially available microavé@eneral Electric model JES1855) of
power 1100 W.

In case of effect of shape of the reaction vesdethe chemicals are same but only NaCl
salt was used. Three different reaction vesselgevhged with different shapes. Those are a (5
cm diameter X 19.5 cm) glass beaker, a (7cm diamét&Ocm) glass beaker and a (10 cm
diameter X 5 cm) glass crystallization dish.

For continuous flow synthesis process, all themtbals used are same. The microwave
used was from Microwave Research Labs (model BPR @L3200W continuous power. In this
process a glass tube of 2cm diameter as showgunefi3. The pump used is High performance

digital peristaltic pump from Peri-Star Pro (mod&AD 15-48).

In case of effect of alkali and alkaline earth n®tall the chemicals used are same

except the salts. The salts used are NaCl, KCI, IRlaCaCl2 were purchased from Fisher
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scientific and used as received. The microwave useml commercially available microwave
(General Electric model JES1855) of power 1100 W.

In case of effect of transition metal salts on Bgsts of silver nanorods, all the chemicals
used are same except the salts. The salts usdth&i2, CuCIl2 and FeCI3 were purchased from
Fisher scientific and used as received. The micvewased is a commercially available
microwave (General Electric model JES1855) of poldi0 W.

For effect of mixing methods, all the chemicalsdusgere same except the salt. The salt
used was KCI and was purchased from Fisher saemii the chemicals were used as received.
The microwave used is a commercially available ovi@ve (General Electric model JES1855)
of power 1100 W.

3.2  Synthesis:

Three stock solutions were prepared separatelwoth AgNO3 in 20ml EG of 0.026M
concentration, PVP in 20ml EG of 0.05M concentrgticNaCl in 20ml EG of 4.3mM
concentration. All stock solutions were preparest prior to use and sonicated to aid dissolution
until uniform dispersion of the solutes are obtdiné\fter preparation of the three solutions 20
ml of the PVP solution was placed in the reactiessel followed immediately by 20 ml of the
AgNO; solution, and then by 20 ml of the salt solutitetal reaction volume was 60 ml.
Immediately upon the addition of the salt solutithe entire solution becomes opaque with an
opalescent color due to the formation of AgCl coléb particles. The solution was mixed by
swirling the container for 10 — 15 seconds. Theitsmh was then transferred to the microwave
oven operating at 620W (10% power level of microg)aand heated for 42 seconds. Upon
completion of the reaction, solutions were allovwedool in air for 40 minutes. Samples were

taken immediately after cooling for characterizatio
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Figure 3.1 shows the set up of the continuous hgg process for silver
nanoparticles. The stock solutions where prepasea total of 180 ml. Each AgNO3, PVP and
salt NaCl 60 ml with concentrations of 0.026M,3M) 4.3mM respectively. The pump was
operated at three different speeds 8, 10 and 12mitmfor a resulting residence time of 75, 60
and 50 seconds respectively. The solution was pdrtipeugh the glass tube in the microwave
operated at a power of 1060W (20% on power dial).

In this continuous synthesis process, stable temyp@r was obtained at different timings
according to the flow rate unlike other continuguscess. For 12ml/min flow rate a stable
temperature of 13€ was obtained after 10 mins. For 10ml/min floveratstable temperature of
134C was obtained after 8mins. And for 8ml/min flowterastable temperature of 1’Z5was
obtained after 5 minutes. Upon achieving a stadeperature, the product was collected at the

other end of microwave and allowed it to cool infar 40minutes.
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Figure 3.1: A) Reaction set up of the continuous syhesis of silver
nanoparticles, B) Closer look at the glass tube ithe microwave
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Figure 3.2 shows the schematic of the synthesisess) characterization and evaluation
of the product for effect of alkali and alkalinerttametals and transition metals. Synthesis
procedure was similar to the effect of containaapghexcept the microwave used and the salts.
After mixing the 3 stock solutions, the final sadut was then purged with nitrogen gas for 1
minute at 20 psi flow rate. This solution was themsferred to the microwave oven operating at
350W (4th power level of microwave) and heated Zominutes. Upon completion of the
reaction, solutions were allowed to cool in air 4@ minutes. Samples were taken immediately

after cooling for characterization.
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Figure 3.2: Schematic representation of synthesisharacterization and evaluation. (a)
Microwave heating for 2 minutes at 350 Watts powenvhere the microwave is on for 13
seconds and off for the next 17 seconds.

In case of effect of mixing methods, the synthesethod is similar to the synthesis method
mentioned in the effect of container shape exchptrixing methods. Table 3.6 shows the
different mixing methods and after the mixing, teelution was then transferred to the
microwave oven operating at 350W (4th power levein@rowave) and heated for 2 minutes.
Upon completion of the reaction, solutions werewaéd to cool in air for 40 minutes. Samples

were taken immediately after cooling for characiaion.
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3.3 Characterization:

All the reaction products were air cooled for 40hates prior to sampling. The reaction
product was mixed by swirling the container for & just prior to sampling with disposable
transfer pipette.

The products obtained from the synthesis of dfiier shape containers where
characterized using TEM and optical microscope.pBrof the reaction product were placed on
100 mesh copper grid with carbon tape and vacuued @t 80 °C for 24 hours to remove EG.
The samples were characterized using a Ziess Trssiem Electron Microscope (TEM) at 60
kV. Images at 12.5K magnification where taken.

Optical microscope was used to take the imageshadrsnanowires and atleast three
images where taken for counting. Image-Pro PLUS3yaisaof optical microscope images taken
on a Nikon Eclipse 80i at 60x magnification withd INA was performed to count rods and
spheres in the reaction product.

The products obtained from continuous flow synthesihere characterized using
FESEM. Drops of the reaction product were placedaluminum stubs with carbon tape and
vacuum dried at 80 °C for 24 hours to remove E@ Jdmples were characterized using a JEOL
7000 Field Emission scanning electron microscogeS@EM) at 20 kV. The samples were not
gold sputtered. While silver is conductive PVP @.nThis results in hazing of the PVP layer in
the images. High magnification images (70k magatfan) were used to determine the
diameters. The number of particles present in & 3 Inicron grid was determined in a 35k
magnification image and used as a measure of [gayield. Multiple images were taken at each

magnification, at least three, for each samplectmant for sample variability across the stub.
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The products from the alkali and alkaline earth ahstlts where characterized using
FESEM images at 3 different magnifications. Dropsthe@ reaction product were placed on
aluminum stubs with carbon tape and vacuum drie80atC for 24 hours to remove EG. The
samples were characterized using a JEOL 7000 Eeitsion scanning electron microscope
(FESEM) at 20 kV. The samples were not gold spedite While silver is conductive PVP is
not. This results in hazing of the PVP layer ie tmages. High magnification images (35k
magnification) were used to determine rod diametéfe measure length lower magnification
images (5k magnification) were used. The numberodE or wire present in a 2 by 3 micron
grid was determined in a 20k magnification imagd ased as a measure of rod yield. All rods
that intersected the measurement area were counkddiltiple images were taken at each

magnification, at least three, for each samplectmant for sample variability across the stub.
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Chapter 4
Results and Discussion
4.1 Effect of shape of the container on synthesi$ silver nanorods:

Three containers were evaluated to determine iktiteace area of the reaction played a
role in the rate of formation of the reaction, Bewsn in Figure 4.1. The determined rod to sphere
number ratio is provided in the inset table of Fegd.1. The vessel with the largest diameter,
thus the largest surface area, produced no rods whaged. As the container diameter was
decreased the number of rods increased. The sobittes variation is not clear at this time;
however a few possible reasons were explored. €igu2 shows the TEM images of the
samples.

One possible reason for the change in performastkai the irradiation level was not
consistent within the microwave cavity. To tesisthypothesis the reaction was repeated
multiple times using the large crystallization dehvarious locations within the cavity. Rods
were not produced at any location.

Changing the geometry of the vessel changes the spdace area, the mass of glass
used (all containers were fabricated with the sarak thickness), and the surface to volume
ratio of the reaction volume. The open surfaca aféects the vaporization rate. The mass of
glass used may affect the fraction of energy lostdating the container. The surface to volume
ratio of the reaction mass will affect the heatrdbsition within the volume at short times, before
convective heat transfer starts, and the coolitg o&the reaction mass after removal from the

microwave.
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To test the effect of limiting the vaporizationeatest were performed with a watch glass
placed on the open surface of the container ta Maporization. This did not affect the rate of

rod formation.

gy _F WY T

e

Figure 4.1: Comparison between three container
shapes evaluated in initial work. The containers
total volume was the same, 300 ml, in all cases.

The change in total mass of glass is an incredse30% going from the highest
diameter to the lowest diameter vessel used indudy. To see if this was affecting heat up
rates during the reaction temperature monitoring pexformed for all three reactors. Difference
in the reaction temperature was observed. A teatper of 127C, 123C and 117C was
obtained in case of 5cm, 7cm and 10cm diameters ddaskers. The mentioned temperatures
were measured immediately after taken out fromntherowave. This difference in the final

temperatures can be one of the reasons for ditfeoels/ spheres ratio.



Ay
ol
“““
||
ol

‘i",.

Figure 4.2: TEM images (12.5K) of Silver nanostruaires formed at 600W in 42s

A) 5cm diameter, B) 7cm diameter, and C) 10cm dianter glass beakers.

Figure 4.2 shows the TEM images of the silver nantigdes synthesized from different
shape containers. The container with 10cm diantederresulted in no rods (Figure 4.2A) and
the container with 7cm diameter has produced timenoals but less in yield compared to 10cm
diameter container. The final effect relates to hibe initial reaction is distributed throughout
the reaction volume. As the irradiation is attdedaby absorbance by the reactants, the power
level drops from the outside of the reaction voluimwards the center of the reaction volume.
One might expect that a more even heating wouldltrés better performance. However, the
container that should have the most even heatinthefreactants, the large diameter vessel,
resulted in the lowest production of rods. As $imeall diameter vessel produced the highest
number of rods in these early tests it was usetusixely for the remainder of the experiments
herein discussed. The source of the variabilityouh yield as a function of container geometry

will require further investigation.



4.2  Continuous flow synthesis of silver nanopartiels:

Figure 4.3 shows the SEM images of the silver nartapes produced through
continuous flow process using a microwave. Thréemint flow rates, 8ml/min, 10ml/min and
12ml/min have been used with a residence time of6lband 50 seconds. The white big

structure seen in all the SEM images is PVP.

Figure 4.3: SEM images of silver nanopatrticles in aontinuous flow microwave synthesis
at 3 different flow rates A) 8ml/min, B) 10ml/min,C) 12ml/min.

Table 4.1 shows the diameter and number of nandsphgarticles produced. As the
flow rate increases, the particle size decreasedtdigreater nucleation rates than the growth
rate where the growth rate would have repres¥edow flow rates give larger particle size as

there is enough residence time for the growth efgrticles.

Table 4.1: Particle diameter and # produced for cotinuous flow synthesis.

Concentration (nM) Ag Rod / Wire Properties Meanand (Std. Dev.)
Flow .
Salt CI: AgNO3 Metal Chlorine rates D'?::Ster # of sphered
(ml/min)
8 27.2(7.1) 147 (9)
10 21.3(4) 180 (15)
Nacl 1:6 43 8.6
12 216 (12)
20.57 (8.2)

A) Count of spheres in 2 by 3 micron area from Skiges.
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At low flow rate the reduction of Ag- to Ag0 preéartially takes place at the walls of the
tube as the surface of tube itself acts as nuoleaite. This process can be clearly indicated by
the formation of thin silver film on the inner walf tube of orange color. As the synthesis
proceeds further, the film becomes grey in colat #ren to opaque indicating the silver particles
aggregation on the film. If the glass tube and ibgar are not cleaned properly, after few
experiments, the flow will be blocked by the acclated silver nanowires. At high flow rates
the thin film formation is not seen at that fasieraompared to low flow rate synthesis. This
might be due to the less surface interaction becabtisiigh surface sheer energy at higher flow
rates.

4.3 Effect of alkali and alkaline earth metal salton the synthesis of silver nanorods:

The effect of the cations Na, Ca, Mg, and K wadwatad by preparing parallel solutions
of the chloride salts of the metals in EG and udhg as the chloride source for the reaction.
Gou reported that the most favorable @61 AgNO; ratio for the synthesis was between 1:6 and
1:31® For the Na and K a ratio of 1:6 was evaluatedlevfir Mg and Ca both 1:6 and 1:3
ratios were evaluated. Figure 4.4 shows represemtaamples of the highest magnification
SEM images taken; these images were used to egdhmtod diameter.

Table 4.2 provides the diameters, lengths, andcoahts for all salts evaluated in this
study. Of the four salts evaluated from group and group two Mg had the most significant
effect on the rod diameter. The rod diameter desgé from ~ 38 to 31 nm when changing the
salt from NaCl to MgGl In contrast changing the salt to KCI reducednigan diameter to only

35.6 nm and the use of Ca@icreased the rod diameter and the overall digioh.
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Table 4.2: Rod diameter, length, and # produced foalkali salts evaluated.

Concentration (nM)

Ag Rod / Wire Properties Mean and (Std. Dev.)

Atomic

Nominal

Salt Radius Metal Chlorine Clﬁgtl;éog D|f(;1:1n%ter Lenrgth AR® # of rods
Metal (pm) (um)

NacCl 186 4.3 4.3 1:06 38.6 (9.1) 7.6 (1.6 197 60 (12
KCl 227 4.3 43 1:06 35.6 (9.0) 9.1 (1.7 255 51 (5)
2.15 43 1:06 31.4 (4.5) 3.7 (1.5) 118 49 (12

MgCl, 160
43 8.6 1:03 26.1(6.7) 1.2(05) 46 12 (5)
2.15 4.3 1:06 41.0 (13.2 7.4 (1.9 180 58 (13

CaCl, 197
43 8.6 1:03 358(88) 8522 237 30 (4)

At a CI to Ag ratio of 1:6 the longest rods were obtaifredn KCI and the highest number

A) Based on mean length and diameter.
B) Count of Rods in 2 by 3 micron area from SEMges.

of rods was obtained from NacCl.

affected the diameter, length, and rod number. heligMgChL concentrations resulted in
significantly fewer, much shorter, and smaller diéen rods, aspect ratio (AR) ~ 46. A similar

change with CaGlhowever resulted in fewer, slightly longer, smatleameter rods, AR ~ 247.

Clearly the effects of concentration are differeetween these cations.

To see the effect of concentration of salt on tleephology of the silver nanoparticles, six

different concentrations were synthesized. MgCIl2t seas considered with 6 different

concentrations, as shown in Table 4.3 for thisystud
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Figure 4.4: SEM images of silver nanoparticles prodced using group one and group
two metal chlorides: A) NaCl, B) KCI, C and E) Mgd,, D and F) CaC}t: A, B, C, and
D) at 4.3 mM concentration: E and F) at 8.6 mM.

Figure 4.5 shows the SEM images of silver nanosiras formed from different
concentrations of MgCI2 salt. MgCI2 at 1.075mM cemication has produced maximum number
of rods with an aspect ratio s209.The highest aspect ratio~##55 was achieved at 3.225mM
concentration. The different salt concentrationd dot show any specific pattern. At higher
concentration much of spherical particles wherenfm, this might be due to the etching of silver

by excess Clions. Different salts have different optimum camtcations to obtain nanorods.



Figure 4.5: SEM irriages of iIvér nanoparticles uspnMgClI2 salt at A) 0.268mM,
B) 0.537mM, C) 1.075mM, D) 2.15mM, E) 3.225mM, anH) 4.3mM

Table 4.3: Rod diameter, length, and # produced foeffect of concentration of alkaline
earth metal salt (MgClh) evaluated.

Ag Rod / Wire Properties Mean and (Std.
Concentration (mM) Dev.)
Atomic
Radius . Cl:AgNO; | Diameter | Length Nominal # of
Salt Metal Metal Chlorine o (nm) (um) AR? rods®
(pm)
0.268 0.537 1:48 36.4 (7.1 7.2 (2.3) 197.8 50 (147)
0.537 1.075 1:24 39.2 (6.2 7.3(2.7) 186.2 28 (6)
1.075 2.15 1:12 35.4 (9) 7.4 (1.9) 209 80 (1)
MgCl, 160
2.15 4.3 1:06 31.3(4.5 3.7(1.9) 118.2 50 (1)
3.225 6.42 1:04 33 (10.7 8.4 (2.8) 254.% 45 (1B)
4.3 8.6 1:03 26.1 (6.6 1.2 (0.5 45.9 12 (4

A) Based on mean length and diameter.
B) Count of Rods in 2 by 3 micron area from SEMges.
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4.4 Effect of transition metal salts on the syntheés of silver nanorods:

Chloride salts of the transition metals mangangea, and copper were also evaluated.
Table 4.4 provides the measured diameter, lengthtla® normalized number of rods obtained
when these salts were used in the microwave agdgsigol process. Fegtesulted in relatively
short rods with a diameter of 57 nm and an AR a@ndfder of 9. CuGlresulted in similarly
stubby rods with an AR on the order of 8 to 23 aejiggy on concentration of the salt. In
contrast MnClJ resulted in relatively small diameter rods with AR the order of 160 — 260 and
of the three transition metals evaluated seemsitba suitable for the production of high aspect
ratio Ag nanowires using the microwave assistedgss. The use of MnCI2 results in rods with
smaller diameters and longer lengths than NaCl sitrélar yield. Figure 4.6 shows the SEM
images of the MnClI2, CuClI2, and FeClI3 salts at 2% 4.3mM concentrations.

There has been some work done on synthesis of sibveowires using salts FeGind
CuCb in the traditional polyol synthesis of Ag nanorotf¢' 132 Both Wiley and Korte's work
demonstrated that both the cation and anion plegleain the formation and growth of silver
nanowires. The anion Tdcts as electrostatic stabilizer for the initidllymed seeds and helps
in controlled release of Agions at the growth stage of silver nanoparticléshas also been
postulated to limit the availability of Agons thereby controlling the overall reductionAgf” to
Ag® allowing directed growth to occur.

On the other hand high concentration ofi@h leads to etching of twinned seeds. Two
concentrations of salt were tested for those catwith a valance greater than one. For divalent
and trivalent materials tests were performed withriatio of Clto Ag at very low ratios. In the

case of Fe the Clo Ag ratios tested were 1:6 and 1:2. As the aatable 4.4 indicates in every
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case higher Ckoncentrations resulted in fewer rods. In fadtigher of the two concentrations

for FeC} evaluated no rods were formed.

Table 4.4: Rod diameter, length, and # produced fotransition metal salts evaluated.

Concentration (nM) Ag Rod / Wire Properties Mea and (Std. Dev.)
Salt Metal Chlorine Clﬁagtli\(l)03 Diameter (nm) Length (um) Nominal AR?® | # of rodg’

2.15 4.3 1:06 31.9 (8.6) 8.4 (1.8) 263 61 (9)
MnCl,

4.3 8.6 1:03 41.8 (10.5) 7 (2.5) 167 29 (4

1.43 4.3 1:06 57.3(23.2) 0.5 (0.3) 9 23 (8
FeCl;

4.3 12.9 1:02 52.5 (24.6) NA None

2.15 4.3 1:06 118.8 (52.7 2.7 (1.6) 23 13 (3)
CUC|3

4.3 8.6 1:03 168.7 (48.4 1.3(0.7) 8 9(1

A) Based on mean length and diameter.
B) Count of Rods in 2 by 3 micron area from SEMagas

This might be due to higher concentration ratiosCéfto Ag in comparison to the
previous work by both Wiley and Korte. Also contienal polyol method has been used in both
the previous work. This indicates that differeritsshave different optimum concentration ratios
of CI to Ag to synthesis silver nanowires or any nanastrre.

The presence of disassociategdd the seed surface blocks the further depositfokg,
limiting seed growth. Korte et. al. limited thiffext by adding cations with multiple valence
states that are capable of scavenging oxygen fhengtowing silver surfacé®® '** Both Fé*
and C4" have been demonstrated to affect the silver grdwtlscavenging oxygen facilitating

the growth of nanorods.
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Figure 4.6: SEM images of silver nanorods using AYInCI2, B) MnCI2, C) CuClI2, D)
CuClI2, E) FeCI3 and F) FeCI3. A, C and E a 4.6mM ahB, D and F at 2.15mM.

Table 4.5: Rod diameter, length, and # produced foeffect of concentration of
transition metal salt (MnCl,) evaluated.

Concentration (mM)

Ag Rod / Wire Properties Mean and (Std. Dev.)

Atomic
Radius - Cl:AgNO 3 Diameter Length Nominal
Salt Metal Metal Chlorine Ratio (nm) (um) AR® # of rods
(pm)
0.268 0.537 1:48 28.6 (5.9) 2.7(0.8 94.4 23 (12
0.537 1.075 1:24 38.1(8.6) 7.9 (2.2 207.3 46 (25
1.075 2.15 1:12 44.5 (12.5) 4.7 (15 105.6 15(2)
MnCl , 160
2.15 4.3 1:06 31.9 (8.6) 8.4 (1.8) 263.3 61 (9)
3.225 6.42 1:.04 39.1(8.4) 9.4 (3.7 240.4 21(2)
4.3 8.6 1:03 41.8 (10.5) 7.1 (2.5) 169.8 29 (4)
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In contrast to previous work we did not observeramnease in rod formation when using
copper and ferric chlorides over the use of NaChe rods produced at all concentrations of
FeCk and CudC] tested were large in diameter, shorter, and lesgimber. In previous studies
the reaction was conducted over a period of sevenals, while in the current study the reaction
proceeds to completion in ~5 min. The much fasaction times my not allow for the removal
of O, from the growing rods surface limiting the growth.

To see the effect of concentration of salts, MnGHEIt with total of 6 different
concentrations were synthesized. Table 4.5 givesdttails of the concentrations, diameter,
length and number of rods. MnCI2 at 1.075mM gaeed0, highest number of rods compared to
other concentrations. No pattern was followed isecaf diameter, length and number of rods
with respect to change in the concentration. Fighu/e shows the SEM images of silver

nanoparticles at different concentrations.

FIGURE 4.7: SEM images of silver nanoparticles usig MnCI2 salt at A) 0.268mM,
B) 0.537mM, C) 1.075mM, D) 2.15mM, E) 3.225mM, anH) 4.3mM
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4.5 Effect of mixing methods on the synthesis oflgér nanorods:
The Mixing method of stock solutions also has apant on the final morphology of the
final product. We have looked at 5 different mixjprgpcedures as shown in the Table 4.6. All the

methods used the same concentrations of PVP, AgiN® KCI.

Table 4.6: Effect of mixing methods on final morphtngy

. mixing Waiting .
Method Mixing time Nzlgas time CI:AgNO5 | Dia (nm) Length Nom'Qa' No OJ
method . (mins) ; (um) AR rods
(mins) (mins)

I Hand Quick 1 0 1:06 35.5(6.4) 8.3(1.4) 234 40(12)
Il Hand 2 1 0 1:06 33.7(8.4) 10.1(3) 300 64(B)
1] Sonication 2 1 0 1.06 30.1(5.8) 7.3(1.p) 243 42(3)
v Hand Quick 0 0 1:06 34.3(5.4) 8.6(2.)f) 251 47(17)
Vv Hand Quick 1 10 1:06 42.3(17.83) NA NA None

A) Based on mean length and diameter.
B) Count of Rods in 2 by 3 micron area from SEMges.

Figure 4.8 shows the SEM images of the silver nartages synthesized using different
mixing methods. Method II, Hand mixing for 2 minsitand purging with Ngas for 1 minute
has given maximum number of rods with high AR 00.3Mixing through sonication (Method
[lI) gave small diameter, short length and few reden compared to hand mixing (Method 1)
under similar conditions. Hand mixing without jas purge (Method IV) did not made much
difference compared to (Method I) hand mixing withgas purge. Interestingly, waiting for 10
minutes after mixing before microwave heating, Mekh/ resulted in no nanorods. This might

be due to the exposure of the solution to the gbimersc oxygen and moisture.
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EG has the affinity to absorb the moisture from #tmosphere, where some of the
microwave energy has been utilized to remove thagstare. In case of atmospheric oxygen, the
presence of disassociated @n the seed surface blocks the further deposifoAg in {111}

direction, limiting seed growtt*?
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Figure 4.8: SEM images of silver nanoparticles syhesized using different mixing
methods as shown in Table 2, A) Method |, B) Methodl,
C) Method 11, D) Method 1V, E) Method V.



Chapter 5
Conclusion
Synthesis and yield of silver nanorods is influehbg the shape of the container, where
glass beaker with 5cm diameter gave high rods/sghetio. In the case of salts, the alkali and
alkali earth metal salts have shown better resudtapared to transition metal salts. Salts like
NaCl, KCI and MnCI2 at 4.3mM concentration gave djoesults for the synthesis of silver
nanorods compared to other salts. Silver nanongathiasis does have the effect of concentration
of salt. Seems like each salt has its own optimwncentration, where the salt at that
concentration gives maximum number of rods. Efieicimixing methods has shown a very
interesting results, where waiting before applymigrowave power has resulted in no nanorods.
Continuous flow synthesis of silver nanorods re=iiih nanospheres due to the accumulation of
silver atoms on the glass tube. Modification ofsglaube surface needs to be done in order to

produce silver nanorods or any other structure.
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