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ABSTRACT

Silver nanowires (AgNWs) were successfully synthesized via polyol process
mediated with different mediated and control agents. Morphological studies from
Transmission Electron Microscopy (TEM) and Field Emission Scanning Electron
Microscopy (FESEM) proved the formation of AgNWs with the diameter sizes in the range
between 60 — 100 nm. X-ray Diffraction (XRD) patterns of as-synthesized samples showed
the peaks that assigned to the face-centered cubic (FCC) silver (Ag) crystals which
according to standard PDF card 04-0783. The peaks at angle 26 around 38°, 44°, 64° and
75° are corresponding to (111), (200) and (311) crystal planes of the FCC Ag, respectively.
Optical studies from UV-vis spectroscopy showed that the spectra have main peaks at
wavelength around 410 nm which attributed to the transverse plasmon mode of AgNWs.
The spectra also showed another shoulder peaks at wavelength around 350 nm which

regarded to the plasmon resonance of long AgNWs.



ABSTRAK

Wayar nano perak telah berjaya disintesis melalui proses poliol pengantara
dengan agen pengantara dan agen kawalan yang berbeza. Kajian morfologi dari mikroskop
penghantaran elektron (TEM) dan mikroskop imbasan pelepasan elektron (FESEM)
membuktikan pembentukan nanowires perak dengan saiz diameter di antara 60 hingga 100
nm. Pola pembelauan sinar X bagi sampel yang telah disintesis menunjukkan puncak graf
yang ditujukan kepada kristal perak berpusat muka kubik berpandukan kad PDF standard
04-0783. Puncak graf pada sudut 20 sekitar 38°, 44°, 64° dan 75° setiap satunya adalah
sepadan dengan planar (111), (200) dan (311) kristal perak berpusat muka kubik. Kajian
optik dari spektroskopi Uv-vis menunjukkan spektrum yang mempunyai puncak graf utama
pada panjang gelombang sekitar 410 nm yang dikaitkan dengan mod plasmon melintang
nanowires perak. Spektrum itu juga menunjukkan satu lagi puncak bahu graf pada panjang
gelombang sekitar 350 nm yang dianggap sebagai resonans plasmon bagi panjang

nanowires perak.
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CHAPTER 1

INTRODUCTION

1.1  Background

One-dimensional (1-D) metallic nanostructures have drawn a significant amount of
research attention recently, because of their unique electrical, optical, thermal, magnetic
and catalytic properties (Xingling et al. 2009). 1-D nanostructures are slivers of material
constrained in two dimensions to less than 100 nm. Within this category of nanomaterials,
researchers discriminate between nanorods with aspect ratios (length/diameter) less than
10, nanowires with aspect ratios greater than 10, and nanotubes with hollow interiors (Chen

et al., 2007).

Among various noble metals, silver nanowires (AgNWs) are given much effort on
research because of their unique physical and chemical properties, which has been widely
used in catalysis (Shi et al., 2004) , optical, electrical (X.-Y. Zhang et al., 2012) and
antibacterials. Moreover, silver bulk also exhibit highest electrical and thermal
conductivities (You et al., 2009). AgNWs has potential applications on transparent
conducting film and electrode of electrochemical capacitor due to its excellent conductivity
(Song et al., 2014).

The most widely used method to produce AgNWs is template-directed synthesis
that involves hard templates and soft templates and template-free. In the previous study,
several papers reported the growth of AgNWs by employing different synthesis method,

effect of solvent and the reaction temperature (Sarkar et al., 2010).



In this research, AgNWs was synthesis via polyol process. This polyol process is
the most versatile method to produce AgNWs. This polyol process was introduced by
(Fievet et al., 1989). Polyol process was described at first as a novel route for preparing
finely divided metal powders for easily reducible metal such as copper (Cu), noble metals
like gold (Au), palladium (Pd), silver (Ag) and their alloys, or less reducible metals such as
cobalt (Co), nickel (Ni), iron (Fe) and their alloys by reduction of inorganic precursors in
liquid polyols (Fiévet & Brayner, 2013). Polyol used were either polyhydric alcohols
namely a-diols such as 1,2-ethanediol (ethylene glycol), 1,2-propanediol (propylene

glycol), or etherglycols namely di (ethylene) or tri (ethylene glycol).

Polyols are interesting among non-aqueous solvents because like water and
monoalcohols, they are hydrogen bonded liquids with high value of relative permittivity.
Therefore they are able to dissolve, to some extent in ionic and inorganic compounds.
Moreover, polyols, as well as monoalcohols are mild reducing agents but thus reduction

can be carried out in such solvents under atmospheric pressure up to 250°C if necessary.

The reaction of the synthesis process involves the reduction of an inorganic salt at
an elevated temperature. Polyvinylpyrrolidone (PVP) is added as a stabilizer to prevent
agglomeration of the colloidal particles. The versatility of this synthesis includes the ability
of polyol to dissolve precursor salts (and ions), it’s highly temperature-dependent reducing
power and it’s relatively high boiling point (for ethylene glycol (EG), it is about 196°C). In
particular, the temperature-dependent reducing power of polyol helps synthesizing the
colloidal particles over a broad range of sizes, as it gives us the ability to control the

nucleation and growth processes through careful regulation of reaction temperature.



1.2 Research Motivation

The problem highlighted through this synthesis process is to get large amount of the
powder for further characterization. This polyol process had been through some innovation
as mediated agent had been introduced to the process. Mediated agents such as copper
chloride (CuCly) and sodium chloride (NaCl) are added into the reaction of the polyol
process (Korte et al., 2008; Tang et al., 2009; Z. Zhang et al., 2011). The results is
improved with the additional of this mediated agent.

Beside that the molar ratio of AgNO3 to PVP also affected the results on formation
of AgNWs. Therefore, it is important to identify the right molar ratio of AgNO; to PVP to
get the good result of AgNWs formation.

One of the important steps in this polyol process is the injection of PVP solution
into the AgNO; solution. The growth of AgNWSs occurs during this step and it is very
important to control the injection time as the AgNWs formation is a slow reaction process.

In this research, AgNWs was synthesis via polyol process with different mediated
and control agent; CuCl,, NaCl, potassium hydroxide (KOH), potassium chloride (KCI),
iron nitrate (Fe(NOs3);) and water (H,O). As-synthesized AgNWs was characterized to
study their morphological, structural and optical properties using Field Emission Scanning
Electron Microscope (FESEM), Transmission Electron Microscope (TEM), X-Ray

Diffraction (XRD) and UV-Vis Spectroscopy.



1.3  Research Objectives

The main objectives of this research are listed as below:

1. To synthesis AgNWs via polyol process using different mediated agent.

ii. To characterize AgNWs via several analytical technique such as FESEM, TEM,

XRD and UV-vis.

iii. To optimize AgNWs based on their diameter sizes.



1.4 Scope of Thesis

This thesis is divided into five chapters. Chapter one is an introduction of research
on AgNWs synthesized via polyol process and the background. Besides that, the

significance and objectives of this research are stated in detail.

Chapter two presents a literature review of synthesis process of AgNWs via polyol
process as well as its recent research. The mediated agents used in the synthesis are also

reviewed in this chapter.

Chapter three is the research methodology that elaborates in details the
experimental works done in this research. Characterization studies are also explained in

details.

Chapter four presents all the results and discussion of this research. Analysis studies
on morphological, structural and optical from the characterization of as-synthesized
AgNWs are discussed thoroughly. Beside that the discussion on mechanism of AgNWs
formation synthesized with different reducing agents and different mediated agents is also

elaborated in this chapter.

Chapter five concludes the findings of this research as well as recommendation for

future works.



CHAPTER 2

LITERATURE REVIEW

2.1  Nanotechnology

Nanotechnology literally means any technology on a nanoscale that has application
in the real world (Bhushan, 2010). The term nanotechnology was first use in 1974 by late
Norio Taniguchi to refer the ability to engineer materials precisely at the scale of
nanometers. Its literally means technology that is very small that has application on the real
world. Nanotechnology can be defined as the science and engineering involved in design,
synthesis, characterization and application of material and devices whose smallest
functional organization in at least one dimension is on the nanometer scale or one billionth
of a meter. At these scales, consideration of individual molecules and interacting groups of
molecules in relation to the bulk macroscopic properties of the material or device becomes
important, since it is control over the fundamental molecular structure that allows control

over the macroscopic properties (Silva, 2004).

A more generalized description of nanotechnology was subsequently established by
the National Nanotechnology Initiative, which defines nanotechnology as the manipulation
of matter with at least one dimension sized from 1 to 100 nanometers. This definition
reflects the fact that quantum mechanical effects are important at this quantum-realm scale,
and so the definition shifted from a particular technological goal to a research category
inclusive of all types of research and technologies that deal with the special properties of

matter that occur below the given size threshold. It is therefore common to see the plural



form "nanotechnologies" as well as "nanoscale technologies" to refer to the broad range of

research and applications whose common trait is size.

Nanotechnology is a growing field that explores electrical, optical and magnetic
activity as well as structural behaviour at the molecular and submolecular level. One of the
practical applications of nanotechnology is the science of constructing computer chips and
other devices using nanoscale building elements. “Building blocks” for nanomaterials
include carbon-based components and organic, semiconductor, metal and metal oxide.
Nanoscale structures permit the control of fundamental properties of material without

changing the materials’ chemical status.

2.2 Nanomaterials

Nanomaterials are defined as materials with at least one external dimension in the
size range from approximately 1-100 nanometers. Nano-sized materials are naturally
present from forest fires and volcanoes, viral particles, biogenic magnetite, and even
protein molecules such as ferritin (Oberdorster, 2004). Recently, anthropogenic sources
have also produced nano-sized materials unintentionally from combustion by-products and
intentionally as manufactured nanomaterials. Engineered nanomaterials are useful because
of their large surface area:mass ratio, which makes them important as catalysts in chemical
reactions, and they have desirable properties as drug delivery devices, as imaging agents in

medicine, and in consumer products such as sunscreens and cosmetics (Colvin, 2003).

Nanomaterials attracts so much interest because it can have different or enhanced
properties compared with those at a bulk size, including increased the chemical reactivity,

optical, magnetic or electrical properties. It also gives a much high ratio of surface area to
7



volume than bulk materials and thus expects to be more reactive (Bhushan, 2010).
Nanotechnology aims to exploit these properties to create devices, system and structures

with new characteristics and functions.

2.3 Nanowires

A nanowire is a nanostructure, with the diameter of the order of a nanometer (10_9
meters). It can also be defined as the ratio of the length to width being greater than 1000.
Alternatively, nanowires can be defined as structures that have a thickness or diameter
constrained to tens of nanometers or less and an unconstrained length. At these scales,
quantum mechanical effects are important - hence such wires are also known as "quantum
wires". Many different types of nanowires exist, including superconducting (e.g., YBCO),
metallic (e.g., Ni, Pt, Au), semiconducting (e.g., Si, InP, GaN, etc.), and insulating (e.g.,
Si0;, Ti0;). Molecular nanowires are composed of repeating molecular units either organic

(e.g. DNA) or inorganic (e.g. MosSo.xIx).

Nanowires have received a great attention due to their special optical, electrical,
thermal and magnetic properties with size confinement and dimensionality. The intrinsic
properties of nanowires are generally determined by its composition and size (Tang &

Tsuji, 2010).

Nanowires are attractive for nanoscience studies and nanotechnology applications.
Nanowires have two confined directions compared to other low dimensional systems.
However, nanowires still leaving one unconfined direction for electrical conduction. Small

diameters of nanowires are expected to display significantly different electrical, optical and



magnetic properties from their 3D crystalline counterpart because of their special density of

electronic states.

Properties of nanowires can be improved by exploiting the singular features of the
1D electronic density of state. From applications point of view, nanowires are
independently controlled properties for some materials that have critical parameter

(Dresselhaus et al., 2003).

2.4 Silver

Silver (Ag) is a metallic chemical element with the chemical symbol Ag and atomic
number 47. A soft, white, lustrous transition metal, it has the highest electrical conductivity
of any element and the highest thermal conductivity of any metal. The metal occurs
naturally in its pure, free form (native silver), as an alloy with gold and other metals, and in
minerals such as argentite and chlorargyrite. Most silver is produced as a by-product of

copper, gold, lead, and zinc refining.

Ag has long been valued as a precious metal, and it is used to make ornaments,
jewellery, high-value tableware, utensils (hence the term silverware), and currency coins.
Today, Ag metal is also used in electrical contacts and conductors, in mirrors and in
catalysis of chemical reactions. Its compounds are used in photographic film and dilute
silver nitrate solutions and other Ag compounds are used as disinfectants and
microbiocides. While many medical antimicrobial uses of Ag have been supplanted by

antibiotics, further research into clinical potential continues.



Ag is a very ductile and malleable (slightly harder than gold) monovalent coinage
metal with a brilliant white metallic luster that can take a high degree of polish. It has the
highest electrical conductivity of all metals, even higher than copper, but its greater cost
and tendency to tarnish have prevented it from being widely used in place of copper for
electrical purposes. Despite this, 13,540 tons were used in the electromagnets used for
enriching uranium during World War II (mainly because of the wartime shortage of

copper). Another notable exception is in high-end audio cables.

Among metals, pure Ag has the highest thermal conductivity (the non-metal
diamond and superfluid helium II are higher) and one of the highest optical reflectivity.
(Aluminium slightly outdoes silver in parts of the visible spectrum, and Ag is a poor
reflector of ultraviolet light). Ag also has the lowest contact resistance of any metal. Ag
halides are photosensitive and are remarkable for their ability to record a latent image that
can later be developed chemically. Ag is stable in pure air and water, but tarnishes when it
is exposed to air or water containing ozone or hydrogen sulfide to form a black layer of
silver sulfide which can be cleaned off with dilute hydrochloric acid. The most common
oxidation state of silver is +1 (for example, silver nitrate: AgNO;); in addition, +2
compounds (for example, silver(Il) fluoride: AgF,) and the less common +3 compounds

(for example, potassium tetrafluoroargentate: K[AgF4] ) are known.

25 Silver Nanowires

Silver nanowires (AgNWs) represent a particular class of interesting nanostructures
to synthesis and study because bulk Ag exhibits the highest electrical and thermal

conductivity. The structure and properties of nanowires are controlled by their relatively
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high fraction of surface atoms compared to bulk silver. For example, the loading of Ag in
polymeric composite could be significantly reduced when nanoparticles of Ag are replaced
by nanowires having higher aspect ratio. As the wire diameter is decreased, the fraction of

atoms on the wire surface increases.

Various techniques had been attempted for the synthesis of AgNWs, including hard
template and solution phase synthesis. (Liu et al., 2005) used anodic alumina oxide (AAO)
membrane as template to prepare AgNWs array in solution phase by direct chemical
reduction at room temperature. On the other hand, (X. Huang et al., 2011) utilized the
nanoscale channels of mesoporous silica SBA — 15 to synthesize AgNWs. However, more

researchers adopted direct synthesis by polyol reduction.

2.6 Synthesis of Nanomaterials

Different methods for synthesis of nanomaterials can accommodate precursors from
solid, liquid and gas phase. In general, there are two approaches of obtaining the

nanomaterials which are “top-down” and “bottom-up” approaches.

“Bottom up” approach involves the assembly of small units into the desired
structure. The wide variety of approaches can be split into three categories: chemical
synthesis, self-assembly and position assembly. In the bottom-up route, nano to microscale
patterned structures are assembled using interaction between molecules or colloidal
particles. The strategies for the synthesis of nanomaterials using bottom-up approaches
involve the assembly of small units into nanostructures where the small unit arranged

according to a well defined shape and architecture. Self-assembly is a bottom-up
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production approach which atoms or molecules arrange themselves into ordered nanoscale

structures by physical or chemical interaction between the units.

“Top-down” approach involves a larger piece of material are modified by reduce
its dimension to give smaller features. It is a technique begins with a macroscopic material
and incorporate small-scale details into them. This can be done by using techniques such as
precision engineering and lithography. Top-down lithography approach offers arbitrary
geometrical designs and good nanometer-level precision and accuracy. Lithography in
general involves the patterning of surface through exposure to light, ions or electros, and
then subsequent etching and deposition or material on that surface to produce the desired

device (Malfatti et al., 2010).
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Figure 2.1: Schematic diagram of Top Down and Bottom Up process

2.7 Synthesis of Silver Nanowires

Much effort has been devoted to the syntheses of 1D silver nanomaterials. The most
widely used method for generating silver nanorods and nanowires is template-directed

synthesis that involves hard templates (Day et al., 2005), (Han et al., 2000), (M. H. Huang
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et al., 2000), and (Zong et al., 2004) and soft templates (Braun et al., 1998), (Jana et al.,

2001), (Murphy & Jana, 2002) and (Shen et al., 2007).

(M. H. Huang et al., 2000) successfully synthesis AgNWs within mesoporous silica
SBA-15 by chemical approach which involves AgNOs impregnation, followed by thermal
decomposition. (Zong et al., 2004) prepared transparent AgNWs arrays embedded in
anodic alumina membrane by a template-based approach combined with alternating current
(AC) electrodeposition and subsequent etching of substrate. Gold seed assisted method also
been used to produce AgNWs under microwave heating which is low temperature process
(Liu et al., 2005). This method produced templateless and polymerless AgNWs with

AgNPs.

(You et al., 2009) have reported the synthesis of AgNWs using alcohol-thermal
method where AgNOs has been reduced by dodecylamine in ethanol. Polyol process is one
of the method that usually been used by many researchers in synthesis the AgNWs. Polyol
such as Ethylene glycol (EG) or 1,2-Propanediol is used to reduce AgNO; and
Polyvinylpyrrolidone (PVP) as the capping agent (Sun & Xia, 1991), (Sun et al., 2002),
(Chen et al., 2006), (Tsuji et al., 2006), (Sarkar et al., 2010), (Tang & Tsuji, 2010) and

(Coskun et al., 2011). This polyol process involves the reaction at high temperature.

Mediated agents such as NaCl and CuCl, also proposed from some researchers in
the synthesis of AgNWs through the polyol process (Korte et al., 2008), (Tang et al., 2009)

and (Zhang et al., 2011). These mediated agents facilitated the growth of AgNWs.
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2.8  Polyol Reduction Process

Polyol reduction process whereby an organic solvent such as alcohol is used as
reducing agent to reduce dissolved inorganic salt. It is commonly done in reflux or boiling
system where the alcohol solution of metal is heated and the evaporation solvent is

condensed and then fed back to solution.

In this process, the salt precursor is reduced from silver ions to silver. When the Ag
atom reaches supersaturation, they agglomerate to form nuclei and seed crystals are
formed. The seed formed play a major role in the formation of anisotropic structures. Most

nuclei contain twin boundary defects because such defects enable a lower surface energy.

The polyol process offers several advantages. It is versatile whereby different
morphology of nanostructures can be obtained by changing the preparation parameters in
the system. The morphology could be further well control thorough introducing capping
agent. One good example is the synthesis of AgNWs by using PVP as structure-directing
reagent developed by (Sun et al., 2002). Besides, large-scale of uniform AgNWs with high
aspect ratios is successfully achieved with or without exotic seeds. It is also easy to operate

1n an air environment.

2.8.1 Ethylene Glycol (EG)

EG is an organic compound. It is colourless and odourless liquid. It is also
hygroscopic and completely miscible with many polar solvent such as water, alcohol and

acetone. However, its solubility in non-polar solvent is low. EG has two hydroxyl groups
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attached to separate carbon atoms in aliphatic chain. It has properties characterizes of
alcohol and undergo reaction typical of alcohol. In this research, EG was used as reducing

agent reducing agent and solvent as well in the preparation of AgNWs.

2.8.2 Silver nitrate (AgNO3)

Silver nitrate is an organic compound with chemical formula AgNOs;. AgNOs is a
white crystal inorganic compound look like salt in solid form. This compound is a versatile
precursor to many other silver compounds, such as those used in photography. It is far less
sensitive to light than the halides. It is an intermediate in the preparation of other silver
salts, including the colloidal Ag. Otherwise, AgNOj is least expensive salt of Ag; it offers
several other advantages as well. It is non-hygroscopic, in contrast to Ag fluoroborate and
Ag perchlorate. It is relatively stable to light. Finally, it dissolves in numerous solvents,
including water. The nitrate can be easily replaced by other ligands, rendering AgNO;
versatile. Treatment with solutions of halide ions gives a precipitate of AgX (X=Cl, Br, I).
When making photographic film, AgNO; is treated with halides salts of sodium or
potassium to form insoluble silver halide in situ in photographic gelatin, which is then
applied to strips of tri-acetate or polyester. Similarly, AgNOs is used to prepare some Ag-
based explosives, such as the fulminate, azide or acetylide, through a precipitation reaction.
It is essential raw material used to prepare Ag nanostructures through chemical reduction

process. Treatment of AgNO; with base gives dark grey Ag oxide.
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2.8.3 Polyvinylpyrrolidone (PVP)

PVP is white to light yellow color appearance of amorphous powder. It is the most
widely used surfactant in the synthesis of Ag nanostructures through polyol method. It is
has been widely used as a protecting agent in liquid state for Ag nanostructures to avoid

aggregation.

PVP is a homopolymer with a polyvinyl backbone and its repeat unit contains an
amide groups. It shows pyrrolidone rings are attached to the main chain of carbon
backbane. One of the outstanding properties of PVP is their universal solubility in
hydrophilic and hydrophobic solvent (Folttmann & Quadir, 2008). These structural features
make this polymer a good stabilizing role to control the growth rate of nanostructures and

to produce desirable nanowires shape.

(Tsuji et al., 2006) studied on the morphology of Ag nanomaterials by changing the
chain length of PVP. When the shortest chain PVP was used, spherical particles, triangular,
pentagonal, and hexagonal nanoplates and nanorods are produced. The average length of
nanorods was 160 nm and the maximum aspect ratio of nanorods was 7. When molecular
weight of PVP of 40 k was used, nanorods and nanowires with lengths of 0.5-4 um are
preferentially produced. The maximum aspect lengthy of nanorods and nanowires were 1-
20 pm with the longest chain PVP of 360 k was used, and the aspect ratio was 200. These
results imply the aspect ratios of nanorods and nanowires increased with increasing the

chain length of PVP.

(Luu et al., 2011) present a controllable synthesis of AgNWs and also the effect of
PVP concentration and molecular weight on the growth of the AgNWs. The results show

that AgNWs successfully synthesized with finely crystallize and has a preferential growth
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direction and consists of uniform AgNWs in methanol solution appeared a main peak at
374 nm and a shoulder at 352 nm, both of which corresponding to the surface Plasmon
absorption associated with the short axis of the AgNWs. The lower concentration of PVP
or shorter chain length often caused incomplete coverage on side wall of AgNWs. They
concluded that high PVP concentration and high molecular weight help to control the

growth and uniformity of AgNWs.

2.8.4 Sodium chloride (NaCl)

Sodium chloride also known as salt, common salt, table salt or halite, is an ionic
compound with the chemical formula NaCl, representing a 1:1 ratio of sodium and chloride
ions. Sodium chloride is the salt most responsible for the salinity of seawater and of the
extracellular fluid of many multicellular organisms. In the form of edible or table salt it is
commonly used as a condiment and food preservative. Large quantities of sodium chloride
are used in many industrial processes, and it is a major source of sodium and chlorine
compounds used as feedstocks for further chemical syntheses. A second major consumer of

sodium chloride is de-icing of roadways in sub-freezing weather.

In solid sodium chloride, each ion is surrounded by six ions of the opposite charge
as expected on electrostatic grounds. The surrounding ions are located at the vertices of a
regular octahedron. In the language of close-packing, the larger chloride ions are arranged
in a cubic array whereas the smaller sodium ions fill all the cubic gaps (octahedral voids)
between them. This same basic structure is found in many other compounds and is
commonly known as the halite or rock-salt crystal structure. It can be represented as a face-

centered cubic (fcc) lattice with a two-atom basis or as two interpenetrating face centered
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cubic lattices. The first atom is located at each lattice point, and the second atom is located

half way between lattice points along the fcc unit cell edge.

Thermal conductivity of NaCl as a function of temperature has a maximum of
2.03 W/(cm K) at 8 K (—265.15 °C; —445.27 °F) and decreases to 0.069 at 314 K (41 °C;

106 °F).

2.8.5 Copper (11) chloride (CuCly)

Copper (II) chloride is a chemical compound with the chemical formula CuCl,. It is
a light brown solid, which slowly absorbs moisture to form a blue-green dihydrate. The
copper (II) chlorides are some of the most common copper (II) compounds, after copper

sulfate.

Anhydrous CuCl, adopts a distorted cadmium iodide structure. In this motif, the
copper centers are octahedral. Most copper (II) compounds exhibit distortions from
idealized octahedral geometry due to the Jahn-Teller effect, which in this case describes the
localization of one d-electron into a molecular orbital that is strongly antibonding with
respect to a pair of chloride ligands. In CuCl,-2H,0, the copper again adopts a highly
distorted octahedral geometry, the Cu(Il) centers being surrounded by two water ligands

and four chloride ligands, which bridge asymmetrically to other Cu centers.
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2.8.6 Ratio between PVP and AgNO;

The morphology and aspect ratio of the AgNWs strongly depended on the molar
ratio between PVP and AgNO;. Different nanostructures produced with respect to different
ratio between PVP and AgNO; might cause high coverage of PVP on all faces of the seeds
leading to an isotropic growth mode. The low ratio of PVP to AgNO; will cause the

incomplete coverage of PVP and incomplete formation of AgNWs.

(Zhang et al., 2011) reported high yield preparation of AgNWs by controlling the
concentration of PVP and molar ratio relative to AgNOs. There were only AgNPs in the
samples at molar ratio of PVP/AgNO; lower than 2:1. The bigger sizes of nanoparticles of
Ag with few nanowires were formed in the sample with molar ratio of 4:1. However, when
the molar ratio of PVP/AgNOj; increases to 8:1, complete formation of AgNWs with lower

aspect ratio occurred in the sample.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Overview

This chapter elaborates in detail the experimental works done in this research. The

main objective in this research is to synthesis the AgNWs via polyol process.

Polyol method involves the reduction of a metal salt precursor by a polyol, a
compound containing multiple hydroxyl groups at high temperature. The versatility of this
synthesis includes the ability of polyol to dissolve precursor salts, it’s highly temperature-
dependent reducing power and it’s relatively high boiling point (for ethylene glycol (EG) is
about 196°C). In particular the temperature-dependent reducing power of polyol helps
synthesizing the colloidal particles over a broad range of sizes, as it gives us the ability to
control the nucleation and growth processes through careful regulation of reaction

temperature.

In this research, different mediated and control agents were used in the synthesis

Process;

1) Synthesis of AgNWs with reducing agent of 1,2-Propanediol,

2) Synthesis of AgNWs with mediated agent of copper chloride (CuCl,)

3) Synthesis of AgNWs with mediated agent sodium chloride (NaCl) at different
molar concentration of AgNO;

4) Synthesis of AgNWs with different control agents (potassium hydroxide (KOH),

potassium chloride (KCL), iron nitrate (Fe(NO3)s3), water (H,O))
21



The characterization techniques used in this research are also presented in this
chapter. The synthesized samples were characterized using, Field Emission Scanning
Electron Microscopy (FESESM) and Transmission Electron Microscopy (TEM) for
morphological studies, X-ray Diffraction (XRD) for structural studies and Ultraviolet

Visible Spectroscopy (UV-vis) for optical studies.

3.2 Materials

The main precursor salt used in this synthesis was silver nitrate (AgNO3). The
polyol used were 1,2-Propanediol and ethylene glycol (EG). These polyol serve as both
reducing agent and solvent. Polyvinylpyrrolidone (PVP) was added as a stabilizer to

prevent agglomeration of the colloidal particles.

Mediated agents used in this synthesis were copper (II) chloride (CuCl,) and
sodium chloride (NaCl). Different control agents such as potassium hydroxide (KOH),
potassium chloride (KCL), iron (III) nitrate (Fe(NO3)3) and distilled water (H,O) were also

used for synthesis of AgNWs.
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3.3  Synthesis techniques

3.3.1 Synthesis of AgNWs with reducing agent of 1,2-Propanediol

The procedure started with 10 ml of 1,2-propanediol added into a 50 ml
three neck flask and was heated on the electric hotplate at 170°C. The temperature was kept
constant temperature for 2 hours. Then 0.5 ml of 1, 2-propanediol solution of AgNO;
(0.005M) (4.25x10™* g) was injected into the 1,2-propanediol under vigorous magnetic
stirring to form seeds. Two minutes later, 3 ml of 1, 2-propanediol solution of AgNOs3
(0.1M) (0.05 g) and 3 ml of 1,2-propanediol solution of PVP (0.45M) (0.15 g) were added
drop wise over a period of 5 minutes simultaneously by using syringe. Immediately upon
the addition of the solutions, the entire solution turned from colorless becomes light yellow
color. The reaction was continued for 1 hour and was heated in the oven at 170 °C for 30
minutes. After heating, a grey suspension was obtained and was left to cool down to room
temperature.

After the reaction was completed, the mixture was diluted by acetone (10 times by
volume) and then centrifuged at 3000 rpm for 30 minutes in order to separate polymer from
the AgNWs. Then, the mixture was washed by deionized water and centrifuged at 6000
rpm for 20 minutes to remove the byproducts. The washing processes were repeated twice
and grey precipitate was obtained and dried in a vacuum oven for 24 hours to obtain the
final powder form. Some of the purified products were dispersed in deionized water for
further characterization.

Apart from the parameters given above, a parametric studies on the effect of
injection times (5, 10 and 15 minutes) and molar ratio of PVP to AgNOs (6:1 and 7.5:1)

were also conducted as shown in Table 3.1.
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Table 3.1: Samples prepared with different injection times and PVP concentrations.

Sample Injection time (min) Concentration of PVP (M)
1 5 0.45
2 5 0.60
3 5 0.75
4 10 0.75
5 15 0.75

3.3.2 Synthesis of AgNWs with mediated agent of CuCl,

Firstly, 5 mL of EG was added into a beaker. The EG was heated using silicon oil
bath at 150°C for 1 hour. After 1 hour, 40 uL of 4 mM CuCl,.H,O/EG solution was added
into the preheated EG using syringe and the solution was allowed to heat at 150°C for
another 15 minutes and stirred under magnetic stirring (260 rpm) using hot plate. Next, 1.5
mL of a 114 mM PVP/EG was then added into the beaker, followed by 1.5 mL of a 94 mM
AgNO3/EG. The color changed from colorless to yellow after AgNOs/EG was added. Then,
the solution was heated for another 1 hour. The color changed from yellow to brownish
gray. After 1 hour, the solution was taken out and let it cooled at room temperature.

For characterization, the solution was centrifuged (3000 rpm, 30 minutes) once with
acetone and three times with deionized water in order to remove contamination. Finally, the

precipitate was preserved in deionized water for characterization.
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3.3.3 Synthesis of AgNWs with mediated agent NaCl at different molar
concentration of AQNO3

Firstly, 10 ml EG was refluxed in a three neck round bottom flask and
heated up to 210°C for 2 hours. Then, 0.1 M of NaCl in 20 pL EG was added into the
refluxed EG. A solution of 0.2 M AgNOs; in 20 ml EG and a solution of 0.5M PVP in 20ml
EG were simultaneously injected at a rate of 0.2ml per minute into the previous solution.

After finished the injection, the solution was kept heated for another 90 minutes at 210°C.

The solution was left to cool at room temperature and then was centrifuged at 3000
rpm for 30 minutes. After that, the supernatant liquid was poured away and the grey
precipitates were collected and washed for characterization. The experiment was repeated

for different molarity of AgNOj; as shown in Table 3.2.

Table 3.2: Samples with different molar concentration of AgNOs.

Sample Concentration of AQNO3 (M) Concentration of PVP (M)
1 0.025 0.05
2 0.050 0.10
3 0.10 0.20
4 0.20 0.40
5 0.25 0.50
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3.3.4 Synthesis of AgNWs with different control agents (KOH, KCL, Fe(NO3)3;, H,0)

Argon was used as the shielding atmosphere to avoid seed oxidative etching process
and assure the repeatability of experiments. 5 ml EG was injected into a 50 ml three necked
flask and preheated for 30 minutes. 5 ml EG solution of AgNO; (0.1 M) was injected
within 10 seconds while 5 ml EG solution of PVP (0.3 M, containing control agent) was
injected dropwise by syringe within 5 minutes. The reaction then was maintained for 2
hours. The reaction temperature was kept at 180°C and continued stirred during the entire
procedure.

The obtained products were diluted with acetone and centrifuged at 4000 rpm for
about 30 minutes. After centrifugation, the supernatant was removed by syringe, and
washed with the ethanol for two times. These purified products were preserved in ethanol.
However, the procedure for the control agent deionized water was different which involved
two step polyol process. Firstly, 2 ml of EG was injected into a 50ml three-necked flask
and was preheated for 30 minutes. After 30 minutes, Iml of EG solution of AgNO; (0.0002
M) was added into the three necked flask within 5 second, following by addition of 1.0 ml
deionized water. After 20 minutes of reaction, 5 ml EG solution of AgNO; (0.1 M) was
injected into the reaction system by syringe within 10 second. Then 5 ml EG solution of
PVP (0.3 M) was injected dropwise by syringe within 5 minutes. The reaction was
maintained for the next 2 hours. Next, the centrifugation steps are similar to the

centrifugation steps for other control agents.
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3.4  Characterization techniques

3.4.1 Field Emission Scanning Electron Microscope (FESEM)

Figure 3.1 show the image of FESEM used to characterize morphological studies of

as-synthesized samples.

Figure 3.1: FESEM machine

Morphology studies were carried out using Field Emission Scanning Electron

Microscope (Carl Zeiss, AURIGA ®) as shown in Figure 3.1. Under vacuum, the electrons
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generated by field emission source are accelerated in a field gradient. The beam passes
through electromagnetic lenses, focusing onto the specimen. As a result of this
bombardment different types of electrons are emitted from the specimen. A detector
catches the secondary electron and an image of the sample surface is constructed by
comparing the intensity of this secondary electron to the scanning primary electron beam.

Finally the image is displayed on a monitor.

3.4.2 Transmission Electron Microscope (TEM)

Figure 3.2 show the image of TEM machine used to determine the diameter size of

as-synthesized samples.

Figure 3.2: Transmission electron microscope
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The diameters of AgNWs were determined using TEM (LIBRA® 120) as shown in
Figure 3.2. Prior to using the transmission electron microscope, synthesized samples were
dispersed in ethanol and sonicated for 60 minutes to prevent agglomeration on the copper
grid. A small drop of suspension was placed onto a 200 Cu Mech holey support film and
dried. Then, the copper grid was taped onto 47 nm diameter nucleopore polycarbonate
membrane filters. The nucleopore filters were supported by quartz fiber filters. The TEM
was operated at an accelerating voltage of 120 kV. The morphological analysis of TEM
was operated in bright field mode. The image displayed was then analyzed to obtain the

diameter size distribution.

3.4.3 X-Ray Diffraction (XRD)

Figure 3.3 shows the image of XRD machine.

Figure 3.3: X-ray diffraction machine
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X-Ray diffraction analysis were carried out using the Philips X’ Pert MRD X-ray
diffractometer system as shown in Figure 3.3. Measurements were carried out on a portion
of the film samples at room temperature. A small portion of film sample was placed onto
cleaned microscope slides and then placed in the chamber and scanned for 20 between 15°-
60°. The X-ray wavelength of 1.5406 A and values of 60 kV and 60 mA were used in all
measurements. The compositions were analyzed by observing the changes in the structures

of the samples.

3.4.4 UV-Vis Spectrometer

Figure 3.4 show the image of UV-vis spectrometer.

T T BN SN BT B 19T vy e T

o "ﬂ" q‘”.f i

x - —
S SIS

»
e L oW W =
- & Pa_ u -

Figure 3.4: UV — Vis spectrophotometer
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In order to understand the optical properties, Cary 50 probe UV-visible
spectrophotometer was used as shown in Figure 3.4. The solutions of electrolytes were
diluted and filled into a transparent cell, known as cuvette. Cuvette is rectangular in shape
with an internal width of 1 cm. The cuvette was placed into the chamber and exposed to
UV, visible and near infrared radiation. The absorption spectra were analyzed in a

wavelength range between 190 - 800 nm.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Overview

This chapter presents the analysis results on morphological, structural, optical and
magnetic properties of silver nanowires (AgNWSs). Besides that, discussion on mechanism
of AgNWs formation synthesized with different reducing agents and different mediated

agents is also thoroughly elaborated in this chapter.
This chapter is divided into several subtopics that are;

a) Synthesis of AgNWSs with reducing agent of 1,2-Propanediol,
b) Synthesis of AgNWs with mediated agent of CuCl;
c) Synthesis of AgNWs mediated agent of NaCl

d) Synthesis of AgNWSs with different control agents (KOH, KCL, Fe(NO3)3, H20)

4.2 Synthesis of AgNWs without mediated agent
This subtopic is about the analysis results for AgNWSs synthesized via polyol
process without any mediated agent. The reducing agent used was 1,2-propanediol that also

used as solvent in the synthesis while PVP acts as stabilizer or surfactant that control the

growth of AgNWs.
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4.2.1 Mechanism formation of AgNWs with reducing agent of 1, 2 - Propanediol
The formation of anisotropic AgNWs involves two steps. In the first step, 1,2
propanediol was converted into propionaldehyde at high temperature (170°C) as shown in

Equation (4.1). Then it was reduced from Ag* to Ag atom as shown in Equation (4.2).

170°C
HOCH,CH,CHOH — CH;CH,CHO + H,0 (4.1)
2Ag* + 2CH5CH,CHO — CH,CH,COOH; + 2Ag + 4H* (4.2)

In the second step, AgNOz and PVP were added dropwise to the reaction system

allowing the nucleation and growth of AQNWs in Equation (4.3).

Ag+[-CHz2-CH-]n > [-CHz-CH-]n

| |
SN /N

H2C C=0 H C=0-Ag

H2C CH2 H2C CH:

(4.3)

Ag atoms were nucleated through the homogeneous nucleation process. These
silver nanoparticles (AgNPs) were well dispersed because of the presence of a polymeric
surfactant PVP that could be chemically adsorbed onto the surfaces of Ag through O — Ag
bonding in Equation (4.3). PVP has an affinity toward many chemicals to form
coordinative compounds due to the structure of polyvinyl skeleton with strong polar group
(pyrrolidone ring). In this case, C = O polar groups were interacted with Ag* ions and
formed coordinating complex as shown in Equation (4.3). When this dispersion of AgNPs

was continuously heated at 170°C, small nanoparticles progressively disappeared to the
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benefit of larger ones via Ostwald ripening process (Roosen & Carter, 1998). The critical
particle radius increased with temperature. As the reaction continued, the small AgNPs
were no longer stable in solution and they started to dissolve and contribute to the growth
of larger ones. With the assistance of PVP, some of the larger nanoparticles were able to
grow into rod-shaped structures. The growth process would continue until all the AgNPs

were completely consumed and only nanowires survived.
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4.2.2 Morphological studies

4.2.2.1 Field Emission Scanning Electron Microscopy (FESEM) analysis

Figures 4.1 — 4.5 show the FESEM of AgNWs for two different effects.

.
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Figure 4.1: FESEM image of as-synthesized sample which has PVP: AgNO3z molar ratio of

4.5:1 and 5 minutes of injection time.

35



EHT = 1.00 kv L nLens e 16 A 2012 Time :
FIB Lock Mags = No =1.33e

Figure 4.2: FESEM image of as-synthesized sample which has PVP: AgNO3z molar ratio of

6:1 and 5 minutes of injection time.
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Figure 4.3: FESEM image of as-synthesized sample which has PVP: AgNO3z molar ratio of

7.5:1 and 5 minutes of injection time.
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Figure 4.4: FESEM image of as-synthesized sample which has PVP: AgNOz molar ratio of

7.5:1 and 10 minutes of injection time.
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Figure 4.5: FESEM image of as-synthesized sample which has PVP: AgNO3z molar ratio of

7.5:1 and 15 minutes of injection time.
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Figures 4.1 — 4.5 show the FESEM images of as-synthesized samples with different
molar ratio of PVP to AgNOs and injection time. The FESEM images show that each of the
samples contains AQNWs with some low percentages of silver nanoparticles (AgNPs). The
morphologies of the AgNWs structures were strongly dependant to the molar ratio of PVP
to AgNOs. As the molar ratio increased, the diameter sizes of the AgQNWs were decreased.
At low molar ratio, not all the Ag multitwin particles can grow into nanowires. They were
formed large amounts of micrometer sized of Ag particles. However, when the molar ratios
were increased, the growth only occurred in [100] direction, thus the diameter size of

AgNWs decreased while the length increased.

Besides the molar ratio of PVP to AgNOs, the injection time also affected the
formation and the diameter size of AgNWSs. With the increasing injection time, the
diameter sizes of AgNWs were decreased. At lower injection time, extensive Ag cluster
were formed due to rapid supersaturation of Ag (Coskun et al., 2011). When the injection
time increased, the multitwin particles were grew as thin nanowires, hence decreased the

diameter size of AgQNWs.

4.2.2.2 Transmission Electron Microscopy (TEM) analysis

Figures 4.6 — 4.11 show the TEM images of AgNWs for two different effects.
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Figure 4.6: TEM image of as-synthesized sample at PVP: AgNO3z molar ratio of 4.5:1.

Figure 4.7: TEM image of as-synthesized sample at PVP: AgNO3s molar ratio of 6.0:1.
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Figure 4.8: TEM image of as-synthesized sample at PVP: AgNOs molar ratio of 7.5:1.

Figures 4.6 — 4.8 show the TEM images of the AgNWs which has been synthesized
with different PVP:AgNO3z molar ratios of 4.5:1, 6.0:1and 7.5:1 at constant 5 minutes
injection time respectively. When the molar ratio of PVP:AgNOs is 4.5:1, the passivation
of faces of multitwin particles were insufficient and AgNWSs growth occured on both
{111} and {100} faces (Al-Saidi et al., 2012). Thus, under this condition, AgNWs
synthesized at lower molar ratio have large diameter and low aspect ratio (Coskun et al.,
2011). TEM image in Figure 4.6 shows that the AgNWs produced with molar ratio of 4.5:1
are 84 nm in diameter and 1119 nm in length, having aspect ratio of 13.3. Thus it can prove
that lower molar ratio produced lower aspect ratio of nanowires. Moreover, the multitwin

particles cannot grow into nanowires and formed large amounts of micrometer-sized of Ag
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particles (Coskun et al., 2011). As the molar ratio of PVP to AgNOs increased to 6.0:1
(Figure 4.7), the diameter of AgNWSs were 61 nm and 1024 nm in length, while the aspect
ratio is 16.8. On the other hand, for the PVP to AgNO3s molar ratio of 7.5:1 (Figure 4.8), the
diameter of AgNWs were 97.28 nm and the length was 1780 nm while the aspect ratio has
increase to 18.3. From the result obtained, if the molar ratio of PVP to AgNO3 increased,
the aspect ratio also increased gradually. The optimum molar ratio of PVP to AgNOz was
7.5:1 because under this condition only {100} faces of multitwinned particles were
passivated and as the Ag atoms joined active (111) planes, hence longitudinal growth in the

[110] direction becomes favorable (Coskun et al., 2011).

(i) Effect of injection time

SOO@ momn

Figure 4.9: TEM image of as-synthesized sample at injection time of 5 minutes.
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Figure 4.10: TEM image of as-synthesized sample at injection time of 10 minutes.
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Figure 4.11: TEM image of as-synthesized sample at injection time of 15 minutes.
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TEM images of AgNWs synthesized with different injection times of 5, 10 and 15
minutes respectively with constant molar ratio of PVP to AgNOs of 7.5:1 are shown in
Figures 4.9 — 4.11. For 5 minutes of injection time (Figure 4.9), the diameter of the AQNWs
was 97 nm and the length was 1780 nm while the aspect ratio is 18.3. As the injection time
increased to 10 minutes (Figure 4.10), the diameter decreased to 96 nm while the length
increased to 5115 nm with the aspect ratio was 53.5. For 15 minutes of injection time
(Figure 4.11), the diameter decreased to 67 nm and the length was 1807 nm while the
aspect ratio was 26.73. At this condition, Ag ion concentration led to the formation of
multitwin particles with small diameters. Thus, these multitwin particles grow as a thin
AgNWs (Coskun et al., 2011). From the results obtained, it show that the diameter size of

AgNWs decreased as the injection time increased.
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4.2.3 Structural studies

4.2.3.1 X-Ray Diffraction (XRD) analysis

Figure 4.12 shows the XRD pattern of the sample with 7.5 molar ratios and 15

minutes injection time.
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Figure 4.12: XRD pattern of as-synthesized sample for molar ratio of 7.5 with 15 minutes

of injection time.
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All the diffraction peaks can be assigned as face-centered cubic (FCC) Ag crystals
according to standard PDF card 04-0783. The peaks at angle of 20 = 38.1°, 44.2°, 64.3°
and 77.5 ° correspond to (111), (200), (220) and (311) crystal planes of the FCC Ag,
respectively. This indicated that the AgNWSs were finely crystallized and successfully
synthesized by the polyol process. Besides that, from this pattern the lattice constant was
calculated to be 0.4086 nm, which was in agreement with the value of literature (JCPDS
04-0783). Furthermore, it was worth noting that the intensity ratio of the (111) to (200)
peaks was higher, indicating the enrichment of {111} crystalline planes in the AgNWs.
Since there was no additional diffraction peak detected in Figure 4.12, it explains that the

addition of surfactants has limited affect on the purity of AQNWs.
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4.2.4 Optical studies

4.2.4.1 UV - vis spectroscopy analysis

Figure 4.13 shows the variation of absorption wavelength with different molar ratio

of PVP to AgNO:s.
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Figure 4.13: UV-vis spectra of as-synthesized samples with different molar ratio of the

repeating units of PVP and AgNOsa.

The transverse surface plasmon resonance (SPR) band was shifted to blue side
occurred around 410 nm. The shoulder weak peak appeared around 350 nm indicating the
longitudinal SPR band shifted to the red side. As the molar ratio of the PVP to AgNOs

increased from 4.5 to 7.5, the absorption wavelength of transverse SPR band was decreased
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from 427 to 415 nm and the absorption wavelength of longitudinal SPR band was unstable.
This shows that the diameter of AgNWs of high molar ratio was decreased and the aspect
ratio was increased. The weak shoulder peak occurred around 350 nm was belong to the
optical signatures of AgNWs. The full width half maximum (FWHM) for molar ratio of 4.5
was 95 nm, FWHM for molar ratio of 6.0 was 63 nm and FWHM for molar ratio of 7.5 was
99 nm respectively. It shows that when value of FWHM increased, the peak becoming

broader and diameter distribution of AQNWs was also larger.
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Figure 4.14: UV-vis spectra of as-synthesized samples with different injection times.

Figure 4.14 shows that the AgNWs have different absorption wavelength with
different injection times of 5, 10 and 15 minutes respectively. When the injection time was

increased from 5 to 10 minutes, transverse of SPR band around 400 nm was shifted to
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lower wavelength and it caused the aspect ratio to increase. However by increasing
injection time from 10 to 15 minutes, transverse of SPR band was shifted to longer
wavelength and it caused the aspect ratio to decrease. The longitudinal of SPR band around
350 nm showed the optical signature of AgNWs. The full width half maximum (FWHM)
for injection time of 5 minutes was 99 nm, injection time of 10 minutes was 81 nm and
injection time of 15 minutes was 124 nm respectively. It shows that increased the value of
FWHM had caused the curve becoming broader and the diameter distribution of AQNWs

became larger.
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4.3  Synthesis of AQNWs with mediated agent of CuCl:

This subtopic is about the analysis results of AGNWs that had been synthesized via
polyol process with CuCl» as mediated agent. The reducing agent used was ethylene glycol,
that was also served as solvent in the synthesis. PVP was used as stabilizer or surfactant

that controls the growth of AgNWs.

4.3.1 Mechanism formation of AQNWs with mediated agent of CuCl:
The formation of AgNWs involves several steps. In the initial step, high
temperature is crucial for the conversion of ethylene glycol to glycoaldehyde as shown

below.

150°C
2HOCH,CH,0H + 0, — 2CH;CHO + 2H,0 (4.4)
AgNPs were formed by reducing Ag* ions with glycoaldehyde as shown below.
2CH;CHO + 2Ag * —» CH,CO — OCCH; + Ag + 2H* (4.5)

It was found that a small amount of CI- must be added to a polyol synthesis to

provide electrostatic stabilization for the initially formed Ag seeds (Hu et al., 1999).
2HOCH,CHO + CuCl, — 2CH,COOH + Cu + 2HCI (4.6)

AgT + CI- o AgCl 4.7)

In addition to electrostatically stabilizing the initially formed Ag seeds, the high CI

concentrations during CuCl, mediated synthesis help to reduce the concentration of free
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Ag" ions in the solution through the formation of AgCl. Subsequent, it will slowly release
the Ag® effectively. This facilitates the high yield formation of the thermodynamically
more stable multiply twinned Ag seeds that are required for wire length. Valency metal
ions (Cu?” were reduced by EG to low valence (Cu*) which in turn reacted with and
scavenged adsorbed atomic oxygen from the surface of AgNPs. Here, Cu?" can remove
oxygen from the solvent which prevents twinned seeds dissolved by oxidative etching and
scavenging adsorbed atomic oxygen from the surface of the Ag seeds, facilitating multiply

twinned seeds growth (Korte et al., 2008).

In the final step, AgNOs and PVP were added dropwise to the reaction system
allowing the nucleation and growth of AgNWs as shown in Equation (4.6). AgNPs were
well dispersed because of the presence of PVP, a polymeric surfactant that could
chemically adsorbed onto the surfaces of Ag through O — Ag bonding. As the reaction
continued, the small AgNPs were no longer stable in solution and they started to dissolve
and contribute to the growth of larger ones. When multiple twinned form the nanoparticles
during a nuclei period, the PVP was bounded preferenly on {100} then {111}(Al-Saidi et
al., 2012). This inhibited the growth along {111} direction. So the growth took place only

in the {110} direction resulting in the fivefold twinned nanowires.
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4.3.2 Morphological studies

4.3.2.1 FESEM analysis
Figures 4.15 — 4.18 show the FESEM images of as-synthesized AgNWs at different

magnification.
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Figure 4.15: FESEM image of as-synthesized sample with CuCl, mediated agent at 1000X

magnification.
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Figure 4.16: FESEM image of as-synthesized sample with CuCl, mediated agent at 2000X

magnification.
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Figure 4.17: FESEM image of as-synthesized sample with CuCl, mediated agent at

10000X magnification.
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Figure 4.18: FESEM image of as-synthesized sample with CuCl, mediated agent at

20000X magnification.

These images indicate that the sample was comprised of entangled AgNWs. It was
observed that the diameter of the AgNWSs was not homogenous throughout the samples.
Most of AgNWs diameters were categorized in the range of 61-70 nm. The formation of
AgNWs was completed with the mediated agent of CuCl> due to the Ostwald ripening
process. All the Ag particles were successfully growth in [100] direction lead to the

formation of AQNWs (Al-Saidi et al., 2012).
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4.3.2.2 TEM analysis
Figures 4.19 — 4.21 show the TEM images of as-synthesized AgNWs with CuCl>

mediated agent.

3026.09 nm

T BoD mowm

Figure 4.19: TEM image of as-synthesized individual AQNW with CuCl, mediated agent.

200 R

Figure 4.20: TEM image revealing the pentagonal cross-sectional of AQNW edge.
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Figure 4.21: TEM image of typical as-synthesized AgNWs with CuCl, mediated agent.

The diameter of AgNWs is about 87nm with 3um length. The aspect ratio is 1:35
indicated that the length of AgNWs is 35 times greater than the diameter. The pentagonal
cross-sectional of a AQNWs edge is shown in Figure 4.20. The result obtained from TEM is
in a good agreement with previous work (Korte et al., 2007). Figure 4.21 shows the TEM
image of several AQNWs in the sample. The formation of AgNWs started with Ag seeds
that reduced from AgNOsz by the EG. Sufficient molarity of AgNOs and PVP with
mediated agent of CuCl, allowed the Ag particles to transform into nanowires by the
Ostwald ripening process. During the process, Ag particles were grew in the [100] direction

that led to the formation of AgNWs.

55



4.3.3 Structural studies

4.3.3.1 XRD analysis

Figure 4.22 shows the XRD pattern of as-synthesized sample with mediated agent

of CuCl,.
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Figure 4.22: XRD pattern of as-synthesized sample with CuCl, mediated agent.

It is observed that all the reflection peaks can be indexed to face-centered cubic

(FCC) Ag. The XRD pattern reveals that the synthesis AgNWSs through polyol process
comprise of pure phase.

The sharp and strong peaks show that AQNWs are highly crystalline in nature. Four

distinct peaks of AgNWs are located at angle of 26 = 38.02°, 44.40° 64.60° and 77.60°
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which are corresponding to (111), (200), (220) and (311) plane. The lattice constant (a)
analysed from the XRD pattern is 4.07724 A. This value is almost approaching the
literature value of 4.086 A (Sun et al., 2002).

The ratio of intensity between (111) and (200) peaks reveals a relatively high value of
3.2 compared to the theoretical ratio value of 2.5 (Sun et al., 2002). This high value of ratio

indicate the enchancement of {111} crystalline planes in the AgNWs.

4.3.4 Optical studies

4.3.4.1 UV-vis spectroscopy analysis

Figure 4.23 shows the UV-vis spectrum for as-synthesized sample with mediated

agent of CuCla.
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Figure 4.23: UV-vis spectrum of as-synthesized sample with CuCl, mediated agent.
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It was observed that there were two peaks occurred in the UV-vis spectrum in
Figure 4.23. The shoulder peak at ~357 nm can be attributed to the plasmon response of the
relatively long AgNWSs which is similar as bulk Ag meanwhile, the absorption peak at 391

nm possibly attributed to the transverse plasmon mode of AQNWs (You et al., 2009).
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4.4 Synthesis of AQNWs with mediated agent of NaCl

This subtopic is about the analysis results for AgNws synthesized via polyol process
with mediated agent of NaCl. The reducing agent used for this section is ethylene glycol
NaCl. Different molar concentration of AgNO3 used was 0.025 M, 0.05 M, 0.1 M, 0.2 M

and 0.25 M.

4.4.1 Mechanism formation of AgNWs with mediated agent of NaCl
The formation of anistropic AQNWs involves a number of steps. In the first step,
high temperature is crucial for the conversion of ethylene glycol to glycoaldehyde as shown

in equation (4.7).

2 HOCH, - CH,0H + 0, —2%€ 2 HOCH,CHO + 2 H20 4.7)

AgNPs start to form via homogeneous nucleation by reducing AgNOs; with

glycoaldehyde as shown in Equation (4.8).

2 HOCH,CHO + AgNO; — > 2CH,COOH + 2 Ag + 2HNO;  (4.8)

It was found that chloride ions (Equation (4.9) & (4.10)) stabilized AgNPs against
aggregation (Hu et al., 1999). This stabilization may also prevent the growth of these
nanoparticles. As a result, nanoparticles that can grow will dissolve via Oswald ripening.
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2 HOCH2CHO + 2 NaCl —— 2 CH2COOH + 2 Na + 2HCI (4.9)

Ag® + CII ——— AgCl (4.10)

The high CI" concentration during NaCl mediated synthesis, helps to reduce the
concentration of free Ag” in the solution through the formation of AgCl nanocrystallites.
This decrease in free Ag™ during initial Ag seed formation and subsequent slow release of
Ag’, effectively. This facilitates the high yield formation of the thermodynamically stable
multiply twinned Ag seeds. So, AgCl precipitate that forms in the early stages of the
reaction serves as a seed for multitwinned particles. The formed AgCl nanoparticles can be
reduced slowly and decreased reaction rate makes anistropic growth of AgNWs favourable
(Korte et al., 2008). Meanwhile, Na* can removes oxygen from the solvent which prevents
twinned seeds dissolved by oxidative etching and scavenging adsorbed atomic oxygen from
the surface of the Ag seeds, facilitating multiply twinned seeds growth. In the final step,

AgNO;3 and PVP were added dropwise to the recreation system allowing the nucleation and

growth of AgNWs.
Ag+['CH2|—CH']n > ['CHZ_CH']n
|
/ N \ / N \ (4.11)
H,C Cc=0 H.C C=0-Ag
| | | |
H.C CH, H.C CH,
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AgNPs were well-dispersed because of the pressure of PVP, a polymeric surfactant
that could chemically adsorb onto the surfaces of Ag through O — Ag bonding (Equation
4.11). When the dispersion of AgNPs was continuously heated at 210°C, some of the
AgNPs started to dissolve and grow as larger nanoparticles via the mechanism known as
Oswald ripening (Roosen et al., 2004). With passivation of some facets of particles by
PVP, some nanoparticles can grow into multitwin particles. PVP is believed to passivate
{100} faces of these multitwin particles and leave (111) planes achieve for anistropic
growth at [110] direction (Saidi et al., 2012) (Figure 4.24). As the addition of Ag"

continues, multitwin particles grow into AgNWs.

Figure 4.24: Schematic of a 5-fold twinned pentagonal nanowires consisting of five

eclongated {100} facets and 10 {111} end facets.
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4.4.2 Morphological studies

4.4.2.1 FESEM analysis
Figures 4.25 — 4.29 show the FESEM images of as-synthesized samples mediated

with NaCl at different molar of AgGNOs.

Figure 4.25: FESEM image for as-synthesized samples with 0.025 M of AgNQs.
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Figure 4.27: FESEM image for as-synthesized samples with 0.10 M of AgNO:s.
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Figure 4.28: FESEM image for as-synthesized samples with 0.20 M of AgNO:s.

Figure 4.29: FESEM image for as-synthesized samples with 0.25 M of AgNOs.

64



From the images, these show that samples with 0.025 and 0.05 M of AgNOj3 formed
Ag particles with spherical shape as shown in Figure 4.25 and 4.26. Large size diameters of
particles were formed due to insufficient the passivation of {100} faces of multitwin
particles and thus Ag structures growth occurred on both {111} and {100} faces (Coskun et
al.,, 2011). Moreover, the multitwin particles that could not grow into nanowires
agglomerated and formed large amounts of micrometer-sized Ag particles.

However, at 0.10 M of AgNOs, the particles started to transform into nanowires.
With increasing molarity of AgNO3; at 0.2 and 0.25 M, Ag particles were completely
formed nanowires. The diameter sizes of AQNWs were decreased with increasing molarity
of AgNOs. At these conditions, enough amount of PVP molecules were covered all the Ag
particles and also responsible for blocking anistropic growth (1D) of AgNWSs (Coskun et

al., 2011) as shown in Figure 4.28 and 4.29.

4.4.2.2 TEM analysis
Figures 4.30 (a) and (b) show TEM images of as-synthesized AgNWs at 0.20 M
AgNOs at different magnification while Figures 4.31 (a) and (b) show the TEM images for

as-synthesized AgNWs at 0.25 M of AgNOj; at different magnification.
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Figure 4.30: TEM images of as-syntyhesized AgNWs with 0.20 M of AgNOs at different

magnification.
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Figure 4.31: TEM images of as-synthesized AgNWs with 0.25 M of AgNOs at different

magnification.
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The TEM images in Figure 4.30 (b) and 4.31 (b) show long and straight rod shape
of an individual AgNWs. The diameter of AgNWs for sample with 0.20 M AgNOs is in the
range of 60 to 100 nm. Meanwhile, the diameter of AgNWs for sample with 0.25 M
AgNO; decreased to 30 — 70 nm. The diameter sizes of AgNWSs were decreased with the
increasing of molarity of AgNOs.

The formation of AgNWs occurred due to the growth of Ag particles known as
Ostwald ripening process. PVP that acted as stabilizer was responsible to control the
growth of Ag particles in [110] direction to form AgNWs. Therefore with the increasing
molarity of AgNO; and PVP, there were sufficient passivation of {100} faces of multitwin

particles and the growth in longitudinal decreased the diameter size of AgNWs.
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4.4.3 Structural studies

4.4.3.1 XRD analysis

Figures 4.32 — 4.33 show the XRD patterns of as-synthesized at different molarity

of AgNO:s.
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Figure 4.32: XRD pattern of the as synthesized AgNWs at molarity 0.20 M of AgNOs.
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Figure 4.33: XRD pattern of the as synthesized AgNWs at molarity 0.25 M of AgNO:s.

Both figures exhibit four diffraction peaks corresponding to the face centre cubic
(FCC) phase structure of Ag. No phase transition was occurred with the increasing molar
concentration of AgNOs. It is worth noting that the intensity ratio between (111) and (200)
peaks exhibits a relatively value of 2.05 while the theoretical ratio is 2.5 (Sun et al., 2002).
However, the intensity for (111) plane was slightly decreased for sample with 0.25 M

AgNOs indicated that it become less crystalline at higher molar of AgNO:s.

70



4.4.4 Optical studies

4.4.4.1 UV-vis spectroscopy analysis
Figures 4.34 — 4.35 show the absorption spectra for as-synthesized AgNWs at

various molar of AgNOs.

20 T

Absorbance (a.u)

Wavelength (nm)

Figure 4.34: UV- vis spectra for as-synthesized AgNWs at 0.025 and 0.05 M of AgNOs..
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Figure 4.35: UV-vis spectra for as-synthesized AgNWs at 0.01, 0.02 and 0.25 M of

AgNO:;.

Figure 4.34 shows the absorption spectra of synthesized AgNPs with very low
molarity of AgNOs. SPR peaks for both samples occurred at 420 nm indicating the present
of AgNPs. The symmetrical shape of both SPR peaks indicating narrow particle size
distribution. Meanwhile, sample with lower molarity of AgNO3 (0.025 M) shows less
absorbance than sample with high molarity of AgNO3 (0.05 M) indicating different yield of
AgNPs.

Figure 4.35 shows the absorption spectra of as-synthesized AgNWs with high
molarity of AgNOs. There were two main peaks at wavelength around 350 nm and 400 nm.

The weak peak at 350 nm, also known as shoulder peak was attributed to the longitudinal
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SPR of AgNWs while the other main peak at 400 nm was attributed to the transverse mode

Plasmon of AgNWs (You et al., 2009).
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4.5 Synthesis of AgNWs via polyol process with different control agent

(KOH, KCL, Fe(NO3)3, Hzo)
4.5.1 Morphological studies

4.5.1.1 FESEM analysis
Figures 4.36 — 4.39 show the FESEM images for all as-synthesized samples with

different control agent.

Figure 4.36: FESEM image for as-synthesized sample with control agent of KOH.
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Figure 4.37: FESEM image for as-synthesized sample with control agent of KCI.

Figure 4.38: FESEM image for as-synthesized sample with control agent of Fe (NO3)s.
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Figure 4.39: FESEM image for as-synthesized sample with control agent of H,O.

AgNWs were successfully synthesized using control agent KCI and deionized
water. Meanwhile, a pentagonal shape or five — fold symmetry cross sectional shape was
observed for control agents KOH and Fe(NOs)s.This indicated the formation of multiply
twinned nanoparticle (MTP) of Ag, which was the early stage of AgNWs formation before
its growth. For the case of control agent KOH, the five-fold symmetry cross sectional shape

of structures proved the incomplete process of formation of AgNWSs (Chen et al., 2006).

For the case of control agent Fe(NO3)s, the overall uniformity of the structure was
low due to some over-growth rod-shape structures and small cubic-shape structures. The
failures in fabrication of AgQNWs for the case of control agents KOH and Fe(NOs); was due
to the reaction temperature since precision in controlling the temperature was critical in the

polyol process. The different failure conditions for both control agent KOH and Fe(NO3)3
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were due to higher yielding ratio of AgNWs for control agent Fe(NOs3); than that of control
agent KOH. As a result, some wire-like shape structure such as rod can be observed for

control agent Fe(NOg)s.

4.5.1.2 TEM analysis
Figures 4.40 — 4.43 show the TEM images for as-synthesized samples with different

control agents.

ANDATAD) [ALAn

Figure 4.40: TEM image for as-synthesized sample with control agents of KOH
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Figure 4.41: TEM image for as-synthesized sample with control agents of KCI.

Figure 4.42: TEM image for as-synthesized sample with control agents of Fe (NO3)s.
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Figure 4.43: TEM image for as-synthesized sample with control agents of H,O.

All the images show the wire-like shape structure. The as-synthesized AgNWSs with
control agents of KCI, Fe(NO3); and H,O with the exception of control agent KOH were
having diameter near to theoretical value. It was observed that AgNPs with diameter of 66
nm in Figure 4.40. This indicated that an incomplete growth process of AgNW for control
agent KOH. Temperature was the factor for the change of AgNW diameter from 60 to
90nm for the case of control agent KOH and non-uniform surface structure of AgNW for
the case of control agent Fe(NOs)s. AgNWs with desirable diameter have been successfully

synthesized by adding control agent KCI and H,O in polyol synthesis.

79



4.5.2 Structural analysis

45.2.1 XRD studies
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Figure 4.44: XRD patterns of all as-synthesized samples with different control agents

KOH, KC', Fe(N03)3 and H,0.

Figure 4.44 shows the XRD patterns for all samples with four peaks are appeared in
each pattern corresponding to the (111), (200), (220) and (311) planes of face-centered-
cubic of silver phase. The intensity ratio of (111) to (200) peaks exhibits a relatively high
value around 2 to 2.5 (theoretical ratio is 2.5) which indicated the abundance of the (111)

crystalline planes in all samples. Besides, no other element was detected other than Ag.
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This shows that no impurities was existed in the samples and addition of control agents has

limited effects on the purity of AQNWs (Chen et al., 2006).

4.5.3 Optical studies

4.5.3.1 UV-vis spectroscopy analysis
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Figure 4.45: UV-vis spectra of as-synthesized AgNWs with control agents KOH, KCI, and

FE(NO3)3 and H,0.

Fig. 4.45 shows the UV-vis spectra for all samples with different control agents. It

can be seen that all spectra have main and shoulder peaks due to the low symmetry of the
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pentagon cross section of AgQNWs which belong to its optical signatures (Liu & Yu, 2011).
The shoulder peak at around 350 nm regarded to the plasmon resonance of long AgNWs,

while the main peak at around 390 nm was attributed to the transverse plasmon mode of

AgNWs (You et al., 2009).
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CHAPTER S

CONCLUSION

In this dissertation AgNWs were synthesized via polyol process with different
mediated agents. Different results of AgNWs were obtained from different mediated agent
used. From the research, polyol process successfully proved as a suitable method to
synthesis AgNWs. The morphology of the nanowires could be seen clearly from the
FESEM and TEM images. The diameter sizes of the AgNWs were in the range between

from 60 to 100 nm.

From the XRD results of all the samples, all the diffraction peaks can be assigned to
the FCC Ag crystals which according to standard PDF card 04-0783. Four distinct peaks of
AgNWs were located at angle of 26 around 38°, 44°, 64°and 77.5° which corresponding to
(111), (200), and (311) plane. This indicated that the AgNWs were finely crystallized and

successfully synthesized by the polyol process.

Uv-vis spectra of synthesized AgNws show that there were two peaks at around 350
and 410 nm. The peaks at around 350 nm called as shoulder peaks, attributed to the
plasmon resonance of long AgNWs while other main peaks at around 410 nm were the

transverse plasmon mode of AgNWs.

From this research, it shows that the mediated agent was important and should be
added into the reaction to get better formation of AgNWs. The present of CuCl, and NaCl
as mediated agent into the reaction resulted in better formation of nanowires as CI

provided electrostatic stabilization for the initially formed Ag seeds. The high CI
83



concentration during CuCl, and NaCl mediated synthesis, help to reduce the concentration
of free Ag" in the solution through the formation of AgCl nanocrystallites. This decrease in
free Ag' during initial Ag seed formation and subsequent slow release of Ag’, effectively.
The formed AgCl can be slowly reduced and decreased rate made anistropic growth of
AgNws. Therefore, these CuCl, and NaCl are very good mediated agent to synthesis

AgNWs.
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5.1  Suggestions for future work

As AgNWs were successfully synthesized via this polyol process, it is possible to future the
research on the metametarial behavior of the AgNWs. Almost all materials encountered in
optics, such as glass or water, have positive values for both permittivity (&) and
permeability (). However, metals such as silver and gold have negative permittivity at
shorter wavelengths. A material such as a surface plasmon that has either (but not both) ¢ or
M negative is often opaque to electromagnetic radiation. However, anisotropic materials

with only negative permittivity can produce negative refraction due to chirality.

Although the optical properties of a transparent material are fully specified by the
parameters er and Wr, refractive index n is often used in practice, which can be determined
from ? B é VA&?u?@ All known non-metamaterial transparent materials possess positive
er and pr. By convention the positive square root is used for n. However, some engineered
metamaterials have er and pr smaller than 0. Because of the product erpr is positive, so n is

real. Under such circumstances, it is necessary to take the negative square root for n.

Therefore, further studies should be more focus on the optical properties of the
AgNWs especially to get negative value of ?. Moreover, studies on the electromagnetic
properties of the AgNWs should also be done as the electromagnetic properties of material

is size depending.
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Silver nanowires (AgNWs) have been synthesized by polyol process through different mediated agents (CuCl, and NaCl). The
presence of cations and anions (Cu(I), Na*, and CI") has been shown to have a strong impact on the shape of silver nanostructures.
The field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) show uniform nanowires.
The UV-vis spectra show that plasmon peak indicated the formation of nanowires. The X-ray diffraction (XRD) pattern displayed

that final product was highly crystallized and pure. The growth mechanism of AgNWs was proposed.

1. Introduction

One-dimensional (1-D) metal nanostructures such as nano-
wires have attracted extensive attention due to their unique
magnetic, optical, and electronic properties compared to
zero-dimensional (0-D) nanostructures [1-6]. Among these
1-D metal nanostructures, silver nanowires (AgNWs) are par-
ticularly of interest because the bulk Ag exhibits the highest
electrical and thermal conductivity among all metals. There
are many applications where nanowires could be exploited to
greatly enhance the functionality of a material [7-9]. In these
regards, the synthesis of nanowires has attracted attention
from a broad range of researchers [10-14]. Over the last
decade, various methods had been used to synthesize AgNWs
such as polyol process [12-14], wet chemical synthesis [15, 16],
hydrothermal method [17, 18], and ultraviolet irradiation
photoreduction techniques [19, 20]. Among these methods,
the polyol process is considered due to simple, effective, low
cost, and high yield. In the polyol process, an exotic reagent
leads to the formation of wire like structure. Xia and Sun [13]
have modified the polyol process by generating AgNW s with
diameters in the range of 30-50 nm. By controlling the
parameters such as reaction time, molar ratio between cap-
ping agent and metallic precursor, temperature, and addition

of control agent, a reasonable control growth of AgNWs may
be achieved. In this work, AgNWs were synthesized through
reducing silver nitrate (AgNO;) with 1,2-propanediol (Sam-
ple 1) and ethylene glycol (EG) (Samples 2 and 3) in the pres-
ence of polyvinylpyrrolidone (PVP) as the surfactant which
can direct the growth of AgNWs and protect them from
aggregation. The mediated agents such as CuCl, (Sample 2)
and NaCl (Sample 3) are added to facilitate the growth of
AgNWs. We believe Cu(II), Na*, and CI ions are necessary
for AgNWs production.

2. Experimental Method

Anhydrous 1,2-propandiol (99%), AgNO; (99%), and polyvi-
nylpyrrolidone were purchased from Acros. All the chemicals
were used as received without any further purification.
The first sample (Sample 1) is without any mediated agent.
10mL of 1,2-propanediol was added into a 50mL three-
necked flask at 170°C for 2 h. Then 0.5 mL of 1,2-propanediol
solution of AgNO; (0.005M) was injected into the 1,2-
propanediol under vigorous magnetic stirring. Later, 3 mL of
1,2-propanediol solution of AgNO; (0.1 M) and 3mL of 1,2-
propanediol solution of PVP (0.45M) were added dropwise
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simultaneously over a period of 5 minutes. The solution
immediately turned from colorless to light yellow. The reac-
tion was continued for 1h and heated at 170°C for 30 min. A
grey suspension was obtained and allowed to cool at the room
temperature. Then, the mixture was diluted by acetone,
centrifuged, washed by deionized water, and dried in a
vacuum for 24 hours at room temperature.

The second sample (Sample 2) is with CuCl, as the
mediated agent. Firstly, 5mL of ethylene glycol was added
into a beaker and heated for 1 hour using silicon oil bath
at 150°C. Then, 40 uL of a 4 mM CuCl,-H,O/ethylene glycol
was added into the solution, stirred, and allowed to heat for
15 minutes. After that, 1.5 mL of 114 mM PVP/ethylene glycol
was added into the beaker, followed by 1.5mL of 94 mM
AgNO;/ethylene glycol. The color changed to yellow and
became brownish grey after AgNO;/ethylene glycol was
added. The solution was heated for another 1 hour. Then, the
solution was taken out and let to cool at room temperature.
The solution was centrifuged at 3000 rpm and 30 min each
with acetone and deionized water. The final product was
preserved in deionized water until characterization.

The third sample (Sample 3) is with NaCl as the mediated
agent. 15mL of 0.36 M of ethylene glycol (EG) solution of
polyvinylpyrrolidone (PVP) was heated and stirred for 15
minutes. It was then followed by microwave heating at 170°C
for an hour. Then, 20 uL of 0.1M EG solution of NaCl and
20 uL of 0.06 MEG solution of AgNO; were injected into
this EG solution of PVP to produce AgCl as seeds. After
15 minutes of injection, 15mL of 0.06 M of EG solution of
AgNO; was injected into mixture solution within 5 minutes.
The mixture solution was stirred to obtain a homogeneous
solution. The color of mixture solution slowly changes to light
yellow. The mixture solution was then heated under
microwave irradiation with temperature maintained at 170°C
for approximately 30 minutes. It is allowed to cool naturally to
room temperature and turn to gray color. The resulting
solution was washed several times using acetone and ethanol
and then dried in vacuum at 60°C.

The X-ray diffraction (XRD) patterns were recorded
using a Siemens D5000 X-ray diffractometer (Cu-Ku« radia-
tion, A = 0.154 nm). The transmission electron microscopy
(TEM) images were taken on a Libra 120 model TEM
using accelerating voltage of 400 kV. Field emission scanning
electron microscopy (FE-SEM) images were taken using Zeiss
Auriga. The UV-visible spectrum of the as-prepared products
was recorded on a Varian Cary 50 UV-vis spectroscopy.

3. Results and Discussion

3.1. Mechanism for the Formation of AGNWs

3.1.1. Scheme 1 (Sample 1 without any Mediated Agent). The
formation of anisotropic AgNWs involves two steps. In the
first step, 1,2-propanediol was converted to propionaldehyde
at high temperature (170°C) as shown in (1). Then it reduces
Ag" ions to Ag atoms as shown in (2). Consider

HOCH,CH,CHOH *%, CH,CH,CHO + H,0 (1)
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2Ag" + 2CH,CH,CHO — CH,;CH,COOH, + 2Ag + 4H"
2)
In the second step, AgNO; and PVP were added dropwise

to the reaction system allowing the nucleation and growth of
AgNWs.

Ag + (-CH,-CH-),——(-CH,-CH-),
| |
PN PN
L,HC c=0 ,HC C=0 —Ag
| |
2Hc| CH, 2H<|: CH,

3)

Ag atoms are nucleated through the homogeneous nucleation
process. These AgNps were well dispersed because of the pres-
ence of a polymeric surfactant PVP that could be chemically
adsorbed onto the surfaces of Ag through O-Agbonding (3).
PVP has an affinity toward many chemicals to form coordi-
native compounds due to the structure of polyvinyl skeleton
with strong polar group (pyrrolidone ring). In this case,
C=0 polar groups were interacted with Ag" ions and form
coordinating complex as shown in (3). When this dispersion
of AgNps was continuously heated at 170°C, the small
nanoparticles progressively disappeared to the benefit of
larger ones via Ostwald ripening process [21]. The critical par-
ticle radius increased with temperature. As the reaction con-
tinued, the small AgNps were no longer stable in solution, and
they started to dissolve and contribute to the growth of larger
ones. With the assistance of PVP, some of the larger nanopar-
ticles were able to grow into rod-shaped structures. The
growth process would continue until all the AgNps were
completely consumed and only nanowires survived.

3.1.2. Scheme 2 (Sample 2 with CuCl, Mediated Agent). Inthe
initial step, high temperature is crucial for the conversion of
ethylene glycol to glycolaldehyde as shown in

2HOCH,CH,OH + 0, 2% 2CH,;CHO + 2H,0 ()

AgNps were formed by reducing Ag" ions with glycolalde-
hyde as shown in

2CH;CHO + 2Ag" — CH,;CO-OCCH; + Ag + 2H"
(5)

It was found that a small amount of CI™ must be added to a
polyol synthesis to provide electrostatic stabilization for the
initially formed Ag seeds [4]:

2HOCH,CHO + CuCl, — 2CH,COOH + Cu + 2HCI
(6)

Ag" +ClI” & AgCl (7)

In addition to electrostatically stabilizing the initially
formed Ag seeds, the high Cl~ concentrations during CuCl,
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mediated synthesis help reduce the concentration of free Ag"
ions in the solution through the formation of AgCl. Sub-
sequent, it will slowly release the Ag" and subsequent slow
release of Ag" effectively. These facilitate the high-yield
formation of the thermodynamically more stable multiply
twinned Ag seeds that are required for wire length. Valency
metal ions (Cu®") were reduced by EG to low valence (Cu*)
which in turn reacted with and scavenged adsorbed atomic
oxygen from the surface of AgNps. Here, Cu** can remove
oxygen from the solvent which prevents twinned seeds
dissolved by oxidative etching and scavenging adsorbed
atomic oxygen from the surface of the Ag seeds, facilitating
multiply twinned seeds growth [12].

In the final step, AgNO; and PVP were added dropwise
to the reaction system allowing the nucleation and growth of
silver nanowires as shown in (3). AgNps were well dispersed
because of the presence of PVP, a polymeric surfactant that
could be chemically adsorbed onto the surfaces of Ag through
O-Ag bonding. As the reaction continued, the small Ag
nanoparticles were no longer stable in solution and they
started to dissolve and contribute to the growth of larger
ones. When multiple twinned form the nanoparticles during
a nuclei period, the PVP was bounded preferently on {100}
then {111} [22, 23]. This inhibited the growth along {111}
direction. So the growth took place only in the {110} direction
resulting in the fivefold twinned nanowires (Figure 1).

3.1.3. Scheme 3 (Sample 3 with NaCl Mediated Agent). Like
in Scheme 2, the formation of anisotropic AgNWs involves a
number of steps. The first two steps are similar to (4) and (5).
Like in Scheme 2, chloride ions were added (8) to stabilize
AgNps and prevented the growth of nanoparticles [10]. As a
result, nanoparticles that can grow will dissolve via Oswald
ripening:

2HOCH,CHO + 2NaCl — 2CH,COOH + 2Na" + 2HCI”
(8)

Ag" +ClI” & AgCl 9)

The high CI” concentration during NaCl mediated syn-
thesis helps reduce the concentration of free Ag" in the solu-
tion through the formation of AgCl (9). Subsequent, it will
slowly release the Ag" and subsequent slow release of Ag",
effectively. This facilitates the high yield formation of the ther-
modynamically stable multiply twinned Ag seeds. So, AgCl
precipitate that forms in the early stages of the reaction serves
as a seed for multitwin particles. The formed AgCl nanopar-
ticles can be reduced slowly and decreased reaction rate
makes anisotropic growth of Ag nanowires favorable [24].
Meanwhile, Na* can remove oxygen from the solvent which
prevents twinned seeds dissolved by oxidative etching and
scavenging adsorbed atomic oxygen from the surface of the
silver seeds, facilitating multiply twinned seeds growth [12].
In the final step, AgNO; and PVP were added dropwise to
the recreation system allowing the nucleation and growth of
AgNWs as shown in (3).

With passivation of some facets of particles by PVP,
some nanoparticles can grow into multitwin particles. PVP is

FIGURE 1: Schematic of 5-fold twinned pentagonal nanowires con-
sisting of five elongated {100} facets and 10 {111} end facets.

FIGURE 2: FESEM image of AgNWs (without any mediated agent).

believed to passivate (100) faces of these multitwin particles
and leave (111) planes achieve for anisotropic growth at [110]
direction [13] (Figure 1). As the addition of Ag" continues,
multitwin particles grow into Ag nanowires.

3.2. FESEM Analysis. Figure 2 shows the FESEM image of
AgNWs without any mediated agents. The image shows
straightness along the longitudinal axis, the level of perfec-
tion, and the copiousness in quantity that we could routinely
achieve using this synthetic approach. The presence of silver
nanoparticles (AgNps) is also evident in the figure indicating
that not all of AgNps are transformed into nanowires.

Figure 3 shows the FESEM image of AgNW's with CuCl,
as the mediated agent. The image reveals that the product is
entirely composed of a large quantity of uniform nanowires
with a mean diameter of 65 nm. The high faces of PVP on all
faces of the seeds lead to anisotropic growth mode.

Figure 4 shows the FESEM image of AgNW s with NaCl as
the mediated agent. The image shows well-defined wires with
mean diameter of 80 nm.

3.3. TEM Analysis. Figure 5 shows the TEM image of indi-
vidual AgNWs without any mediated agents with 84 nm in
diameter and 1119 nm in length.

Figure 6 shows a TEM image of an individual AgNW
(CuCl, mediated agent) with 87 nm in diameter and 3 ym



FIGURE 4: FESEM image of AgNWSs (with NaCl mediated agent).

in length. The insert of Figure 6 reveals a pentagonal cross-
section of AgNWs and indicates the multiple-twinned struc-
ture of the AgNWs [24].

Figure 7 shows the TEM image of AgNWs with NaCl
mediated agent. The TEM image displayed a twin boundary
in the middle of nanowires and pentagon shape cross-section
at the end of nanowires.

3.4. XRD Analysis. Figure 8 shows the XRD pattern of
AgNWs with and without mediated agent. The peaks at angles
of 20 = 38.1°, 44.2°, 64.3°, and 775" correspond to the (111),
(200), (220), and (311) crystal planes of the face center cubic
(FCC) Ag, respectively. The lattice constant calculated from
the diffraction pattern was 0.4086 nm, which is in agreement
with the reported value of silver (JCPDS 04-0783). Further-
more, the intensity ratio of the (111) to (200) peaks is 2.0, in
good agreement with the theoretical ratio, that is, 2.5 [14].
Figure 9 shows the XRD pattern of highly crystalline
AgNWs with CuCl, mediated agent. It has a similar pattern
with AgNWs without mediated agent (Figure 8). The XRD
pattern reveals that the synthesis AgNWs through polyol
process comprise pure phase. The lattice constant, a, was

4.07724 A which is almost approaching the literature value of

4.086 A. The ratio of intensity between (111) and (200) peaks
reveals a relatively high value of 3.2 compared to the theoret-
ical ratio value of 2.5. This high value of ratio indicates the
enchancement of {111} crystalline planes in the AgNWs.
Figure 10 shows the XRD pattern of AgNWs with NaCl
mediated agent. It exhibits well-defined peaks without any
impurity element peaks detected. This indicated the success
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FIGURE 5: TEM image of AgNWSs without any mediated agent.
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FIGURE 6: TEM image of AgNW s with CuCl, mediated agent (insert:
pentagon cross-section of AgNWs).

FIGURE 7: TEM image of AgNWSs (with NaCl mediated agent).
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FIGURE 8: XRD pattern of AgNWs without any mediated agent.
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FIGURE 10: XRD patterns of the as-synthesized AgNWs (with NaCl
mediated agent).

in the formation of the crystalline silver nanowires. The four
diffraction peaks obtained are similar to peaks in Figures 8
and 9. It is worth noting that the ratio of intensity between
(111) and (200) peaks exhibits a relative value of 2.05 (the
theoretical ratio is 2.5). It indicated that the sample becomes
less crystalline with NaCl mediated agent.

3.5. UV-Vis Spectroscopy Analysis. Figure 11 shows the absor-
ption spectra of AgNWs without mediated agent at different
molar ratio of PVP to AgNO;. The appearance of a weak
surface plasmon resonance (SPR) at 425nm indicated the
formation of AgNps [17]. This implies that the final product
synthesized under this particular condition was a mixture of
AgNps and AgNWs. As the molar ratio increases from 4.5 to
7.5, the intensity of the SPR is slightly decreased. Furthermore,
the SPR peak around 425 nm is blue-shifted to 404 nm. The
shoulder peak at 380 nm could be considered as the optical
signature of AgNWs. At this point, optical signatures similar
to those of bulk Ag also began to appear as indicated by the
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FIGURE 11: Absorption spectra of AgNWs (without any mediated
agent) with different molar ratio of PVP and AgNO,.
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FIGURE 12: Absorption spectra of AgNWs (with CuCl, mediated
agent).

shoulder peak around 350 nm. With increasing molar ratio,
the intensity of absorption bands at 350 and 380 nm increased
apparently due to increased density of AgNWs.

Figure 12 shows the UV-vis absorption spectra for
AgNWs with CuCl, mediated agent. The peak positions at
391nm could be considered as the optical signature of rela-
tively long AgN'Ws. At this point, optical signatures similar to
those of bulk silver also began to appear as indicated by the
shoulder peak around 357 nm [25]. Compared to the previous
absorption spectra (Figure 11), no peak for AgNps existed.
This indicates that the sample is completely of AgNWs.

Figure 13 shows the absorption spectra of ANWs (with
NaCl mediated agent) synthesized with different molar of
AgNO;. The appearance of a story peak at 384 nm could be
considered as the transverse mode of relatively long AgNWs.
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FIGURE 13: Absorption spectra of the as-synthesized AgNWs (with
NaCl mediated agent) at different molar of AgNOj: (a) 0.06; (b) 0.08.

At this point, optical signatures similar to those of bulk Ag
also began to appear as indicated by the shoulder peak around
350 nm. As the concentration of AgNOj; increases from 0.06
to 0.08 M, the intensity of these peaks increased significantly
and red-shifted to 394 and 351 nm, respectively. This result
indicated that the AgNWs increased in number with apparent
growth in length. Again, the spectra show that the sample is
completely AgNWs.

4. Conclusion

AgNWs were successfully synthesized by using polyol tech-
nique with and without mediated agents. It was found that the
addition of CuCl, or NaCl to the polyol reduction of AgNO,
in the presence of PVP greatly facilitated the formation of
AgNWs. Without the mediated agents, the final product
synthesized was a mixture of AgNps and AgNWs. Both the
cation and the anions are crucial for the successful production
of AgNWs.
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