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Abstract

This dissertation introducednew type of high aspect ratio silver nanopatrticle, synthesized by assembly
and joining of hexagonal and triangular nanoplates. The synthesis procedure is a simple mixing at room
temperature of silver nitrate solution with ascorbic acid and PMAA solwiider mixing, the synthesis

starts from reduction of silver ions, leading to nucleation of silver crystals. Growth of the nucleated
crystals in presence of capping agent produces thin hexagonal and triangular nanoplates. These
nanoplates assemble andnjdo make ongimensional segments. This process continue through
assembly of the segments to form ometwo-dimensional supercrystals, the configuration of which is
controlled by experimental condition such as silver content of the reactor, nitrateniemt, and pH.

The introduced synthesis method answers one of the major questions that motivated this research:
Finding a simple, feasible, higheld, lowcost, and mass producible high aspect ratio silver
nanoparticles for using as nanofiller in hybakbctrical conductive adhesives and for various other
industrial applications.

SEM observation reveals that final thickness of the synthesized nanoparticles are around 25 nm, while
the other sides are bigger, even up to 100 um length nanobelts. TEXREhdemonstrate that the
synthesized nanostructures exhibit a (111) crystal texture on their broad surface, inherited from their
nanoplatelet structural blocks. Orand twedimensional silver nanoparticles with (111) surface plane

on this scale is a unig material that has not reported before this research.

Molecular dynamics simulation reveals that the nanoplates join together to produce a perfect crystal at
the formed joint. The simulation results are confirmed by -négiolution TEM observation. Thiis

another important feature of the synthesized nanocrystals that provide unique properties such as good
electrical conductivity. Another important property of the synthesized material is high thermal stability,
which originates from the (111) crystalxtere surfaces being composed of l@mergy and high

stability atoms, compared to the surfaces of other silver nanoparticles. This stability is confirmed by
molecular dynamics simulation and experimentation, with comparison to pentagonal silver nanowires
with (100) surface crystals. This high thermodynamic stability of the synthesized silver nanoparticles
raises the working temperature limit of silver nanoparticles by several hundred degrees over that of the
competing nanopatrticles.

In addition to applicatin of the synthesized high aspect ratio silver nano particles as nanofiller for
enhancing electrical properties and reducing the cost of the hybrid electrical conductive adhesive, the

synthesized -D silver nanosheets were employed as the primary ibiraitmaterial to fabricate an



airflow sensor. The fabricated sensor was examined for detecting low airflows (below 5 ml/min). The

sensor shows a linear and repeatable response to airflow in the range of experiment. Simple sensor
fabrication method, highlectrical stability and excellent atmospheric corrosion resistance of silver
nanosheets at working temperature of the sensor
synthesized silver nanostructures that make therd gandidate for future research

Looking at the thermal behaviour of silver nanoparticles a traditional question is raised about the
hypot hesi zed existence of a liquid | ayer on the
premeltingd in the 1iter an wasespoyedMw lingestigdteathe dy n a mi
phenomenon. This thermodynamic investigation uncovered that by increasing temperature, thermal
phonons become potent enough to overcome the cohesive energy of the surface atoms, throwing atoms

from their lattice positionsto create stable surface defects. Accumulation of defects, which is
temperature dependent, is able to create a solid disorgbas@ layer covering the nanoparticle

surface. Existence of this disordered layer was confirmed in the literature, alth@uigiteitpreted as

liquid layer in some reports. Investigation into the physical state of this disordered surface layer
uncovered that it exists as an amorphous solid, which remains solid until melting temperature, and that

the melting of the nanopartickeeppens at a constant temperature: a usual melting based on classical

t her modynami cs. This finding contradicts- the pre
mel ti ngd phen onmléemaiveangmerdovaitrdditiongl quastion that hasrbasked in

this field of science since the 1940s.
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Chapter 1

| naducti on

In 1959,Richard Feynman introduced a new conceoéll systems n hi s presentati on
Pl enty of R o o fh]. Hotvever, neseardh antotnanosodience and nanotechnologgnhas
started two dedes after Feynmarnn the ealy 1980s considering developments in analysis and microscopy
technique$2]. Duringthelast three dedes, research outcomes have developed our understayfcimgl|

systems and led to new materials, apparatus and many potential appli¢egipas ofthis advancement
nanoparticles with different sigeshapes and morphologies have been synthesized.

Today, individual nanoparticles can be used farious applications such as nanosensors and
nanotransistors. In addition, nanopatrticles Haaenemployel by other routes such as membrane, thin and
thick film, pellesand filler materiad for making compositg and research continsim these fields. Another
potential application of nanoparticles is fabrication of structures, devices or mafrbimesanoscale

building blocks. For this purpose, nanopatrticles should assemble and join as two important steps in the
fabrication process. Thassembly of nanoparticles is a hot research topic and scidmiigtput many

efforts irto this subjec{3-7]. Nowadaysit is possible to control nanoparticles and push them to the desired
positiors by different methods such as safsembly and electric field assistesbembly[8, 9]. However,

current knowledge about joining of nanoparticles, which can be nhamed narpjdina preliminary

stage. Expanding the knowledge in the field of nanojoining along with the progressasssatibly of
nanoparticle will provide the capabilityto design and prodecnew nanomaterials, nanodevices and
nanomachines. Therefore, resgarfor understanding joining methodsr nanomaterials and finding

controllable joining methods seems toebeery important topic.

1.1 Motivation

Among all elements, silver is one of the most interesting materials for nanotechnology because of its
remarkable properties. In recent years, silver nanoparticles with different shapes and sizes have been
synthesized and proposed for various applicatioick ®1s optoelectronic sensors and devices, biological
sensors, nanocomposit@sdcatalyss, and these researches are ongpligl4]. Alongwith this progress,
difficulties arise, however, when researches attempt to go further from prototype to méelesibbe, high

yield, repeatable, and environmehtafriendly, method of synthesis is a real demand for industrial
applications. On the other hand, stability is another major weakness of silver nanoparticles. It is well known
that silver is inherently saeptible to electromigration. This issue becemm®re serious in nanoparticles

because of higher energy level of the silver atoms in-saate than bulk15-17]. Thermal stability of

e



silver nanoparticles, especially silver nanowires, is another impartetacle in front of application of
silver nanoparticles, which limits working temperature of these nanoparfitBs Regarding those
fascinating proposed applications for silver nanopatrticles, and abertoned issues, synthesis of a fast,
high yield, high stability zera one, and twedimensional silver nanoparticle seems to be very critical
research topic.

Stability of a material strongly relates to its atomic arrangement. It is well known thatystalline solids

have higher energy and less digbthan crystalline structuresand among different crystallographic
planes, higher packing factor provedewer energy and higher stability for that crystal plane. Silver has
face centerdcubic crystal structure in which the (111) planesgshthedensespacking. Among all different
silver nanoparticles, the hexagonal and triangular nanoplates have maximum (111) surfadd 821jjire
Therefore, silver nanoplates seem ideal structural blocks for fabricating high stab#itywameor three
dimensional superstructures.

Assembly of the structural blocks can be done by different methods, hoyaniry of the assembled
blocks is a challenging task. To understémedifficulties of nanojoining froma material point of view, it

is worthwhile topay attention tahe thermodynamic behaviour of nanoparticles. Total energy of a system
can be dividednto potential and kinetic energy. Origin of the potential energy of the system is attraction
and repulsion forces between the atoms. The kinetic epeeggnts movement and vibration of the atoms.

In large scale, the total energy of the internal atoms of a systeenyisnuch largethan the sum of the
energy of atoms at surfacand around structural defects. Hence, the effect of surfaces, interfates an
defects on the total energy of the system can be ignored. However, when the particle size decreases the ratio
of surface energy to bulk energy of the particle will increase. Therefore, when the particle is very small, the
surface energynust betaken into account for any calculation. The surface atoms can change stability of
the nanoparticles because of their high energy |[E22P5]. The £ndency of these excited atorus
decreas their excess energy the origin of much special and unusual behaviolismall systems. This
phenomenon can influence nanojoining proegsmd it caralsointroduce new joining methador small
systems. On the other hand, highergy surface atoms of nanoparticles cause problens for
implementing traditional joining po@ss in nano scale.

Stability of nanoparticles, their special properties such as unusual meltpertsand absorbed species

on the surface of nanoparticles are the most important barriers in front of traditional joining methods at
nanascale[26-28]. The nelting point of nanoparticles is a function of their size and is usually lower than
the melting point of bulk material. In addition, high mobilisfjomson the surface of the particlesd
surface disordering can be observed in nanoparticles befdtengn& herefore, control of thermally
activated joining process such as sintering and welding will be very difficult and &orirpladdition to

the aforementioned issues, existence of high energy atoms at the surface of nanoparticles leads to absorption



of ions and molecules from surroundéray agglomeration of nanoparticles which can be a barrier in front

of nanojoining by eliminating direct arsimplecontact of the structural blocks.

To overcome these complicated probldatsng nanojoining, more rezarch in this fields necessary. To

solve these problems, two different approaches cantgderedFirst,one mayattempt to achieve enough
knowledge from behaviour of nanomaterials to control traditional joining process for nanojoining
applications. Tie second approach is to invent new methods for joining of nanomaterials. The focus of this
research is the investigation of novel methods for joininggmomaterials. In this regardoth theoretical

study and experimental observation are consideredré&tieal studietiave beerwonducted by molecular
dynamics simulatiorand experiment$ave beeemployed to examine the simulation predictions.

1.2 Research objectives

Synthesis of high stability onand twadimensional silver nanoparticles with a high yielding afeasible

and repeatable method asmain goal of this project. For this purpose, hexagonal and triangular silver
nanoplates were selected as structuratksldor fabricating oneor two dimensional structures. These
nanoplates haveeenselected because of their special surface texture, which consistlafge@l11)flat
surfaces. This unique surface texture could provide special properties such adabitity for the
nanoplatesThe first part of this research is an attempt to systemltitnvestigaé nanojoining of the
hexagonal and triangular nanoplates. For this purgbsenolecular dynamics simulation method was
selected to uncover the joinimgechanisms, features and limitations. Molecular dynamics is a powerful
simulation technique, which can be employed tegtigate nanoparticle behaviobttsimulation by itself

is not sufficient and experimental observation shaldthbe done to confin that simulation results are
reliable and applicable ithe real wotd. Therefore, experimental observations are also considered in this
research.

Theendency of the nanoparticlesdéd surface atoms for
other molecules or ions can be a new window to nanojoinitige furface of two nanoparticleareplaced

in contact properly, they will join to decrease their surface energy. This type of joining is experimentally
observed at large scale through joinirigsiticon wafers in a weltontrolled conditiorf29]. To carry out

joining through this method, very special condiignch as extremely clean and flat surfeene required

to getgoodjoints. Meanwhile, different issues such as surface roughness,ioridaitd contamination of

the surfaces with some molecules such as oil and grease are big barriers in front of this joining process.
Therefore direct contact joiningloes noseem feasibl@s a joining method at large scale. However, the
story can be diffrent at nanoscale. Surface atoms of nanoparticles not only have higher energy than large
scale particles but also tlegerratio of the surface energy to total energy of the particletti@se ofarge

scale materials, and in consequence, nanoparhelss higher tendency to decrease their surface energy.

This is a new concept and it has heensystematically studied to be employed in joining of nanomaserial



yet. This seHjoining will be tested inhefirst part of this research to see if it candomsidered as a joining
method for small systems. If yes, the mechanism of joining, the particle size range that this mechanism can
be employed for joining and affecting paramsteill be investigated.

In addition to theoretical study, nanojoining medkas areverified by experimental observation. For this
purpose, the silver hexagonal and triangular nanoplatefosgifg was the subject of studymportance

of these tiny silver nanoplateslates to theexistence of (111) crystal plasen their suréces. If these
nanoplates can be assembled and joined to each other aridtbuifte or two dimensional structures, the
resultant fabricated structure will be a unique material with special crystal structure, while all other one
onedimensional silver n@oparticles have mostly (100) plaen their surface. Therefore, the experimental

part of this project is designed not only to compare experimental results with the simulations but also
introduces self-joining as a method for fabrication of silver structures with special properties.

1.3 Justifications

Synthesis of high stability silver nanoparticles with a feasible, repeatable angddiymethod is a critical

step in development of nanotemlogy from laboratory to industrial scale production. In this research a
new approach to the synthesis of silver nanoparticles is proposed. This method is fabrication of silver
nanoparticles by seissembly and nanojoining of the hexagonal and triangill@r nanoplates.

Nanojoining is essential for nanofabrication. However, a systematic theoretical study and experimental
observation in this area of nanoscience have not been conducted yet. The importance of research into
nanojoining can be emphasizegddwonsidering the potential applications for nanostructures, nanomachines
and nanodevices. In addition, complicated behaviour of nanomaterials, avkisize and morphology
dependent, shouldewell establiskedto have successful nanojoining. This reskeavdl introduce a novel
nanojoining method which isriented attachment oselfjoining of nanoparticles. This method of
nanojoining can be used for many applications such as temperature sensitive systems and flexible electronic
circuits.

On the other hat using silver nanoplates as structural blocks will provide unique properties for silver
nanostructures. By a successful fabrication, surface texture of the product should be same as the structural
blocks. The hexagonal and triangular silver nanoplatetharonly silver nanoparticles that have maximum

high dose packed (111planes on the surface. This texture must provide very unique properties for the
fabricated structures such as high stability, which will be investigated in this research.

1.4 Criteria and constraints

This research will be done on silver nanoparticles for both simulation and experimental parts. This system
is selected based on the importance of silver in nanotechnology and biotechnology. All simulation will be

based on classat molecuar dynamics simulatio



Experimental observations of s@hining will be restricted to joining of triangular and hexagonal silver
nanoparticles, althoughemodeling side will noberestricted to these nanoplatasd other structures can

be considerefbr simulation. All restrictions of a molecular dynamics simulation sagtbtal simulation

times, size of the particleswill be limitations of the simulation part of the project.

1.5 Thesis Layout

This thesis consists eight chapters as follows:

The curent chapter (Chapter dutlines the motivation of this research and declares the thesis objectives.
The Chapter 2presents the background information about different synthesized silver nanoparticles.
Following this chapter, nanojoining methods and-astembly of the nanoparticles is introduced as
background for this research. The molecular dynamics simulation is briefly described in chapter 3. The
chapter 4 focuses on the nanojoining of hexagonal and triangular silver nanoparticles. Experimental results
on the synthesis of onand two dimensional silver nanoparticles by -sasli$embly and nanojoining of
hexagonal and triangular nanoplates are depicted and discussed in chapter 5. Then thermal stability of the
synthesized nanoparticles is revealed in ava@tMoreover in this chapter, surface disordering and melting

of silver nanoparticles are discussed. Chaftatepicts some applications of the synthesized silver

nanoparticles. Finally, conclusions and recommendation for future work are summarizapitéar 8h



Chapter 2

Literature review

2.1 Silver

Silver is a metal witka very long history. This metdlasexcellent electrical and thermal conduittiwvith

good mechanical properties and chemical stability. Meanwhile, special properties-sfaegasticles and

thin films of silver such as antibacterial, catalytic and optical properties change this olthtoediadtrategic
material forthe modern world. These outstanding properties of silver, wischlso associated with
reasonable price in comparison to its competitors such as gold and platinum encourage scientists to conduct
many researches to develihie synthess methodsjnvestigate propertieim different conditionsandfind
newapplicatons, and stdies into theetopicsare ongoing30-36]. Among them, one of the most important

and basic topics is synthesif nanoparticles with different morphologies. Since the material properties of
nanoparticles is depeadton their shape and morphology, syris®f silver nanoparticles with different
morphologies has been a hot research topiecent years

Variousmethods have been develogedsynthesis of silver nanostructures, including chemical reduction,
chemical vapor deposition (CVD) and physicaperadeposition (PVD]19, 37-41]. Among them, le
solutionbased chemical reduction is a simple, doest and flexible method. In this method of synthesis, it

is possible to adjust solution conditions and chemical agents of the reaction to produce tyffeseof
nanoparticles, nanowires and nanoplakégure2-1). The general strategy for controlling morphologies of

the synthesized nanoparticles is to coat a certain crystallographic plane with a capping agent to change the
growth rate in different ctallographic directiong7, 38, 42-44]. Thus far, the surface planes of
synthesized silver nanomaterials through solubiaged chemical reduction route are mostly (100) planes
although the (100) plane is not the most stablew energy plane in the¢ crystal structufd5, 46). It is

well known that the most stable crystallographic planes with the lowest energy in a fcc crystal structure are
highly packed (111) planes that usually form the surface of stable crystals of fcc stfddiuhesddition

it has been showthat (111) planes have better performance in comparison to other crystallographic planes
in some applications such as catalytic react[ddf. In this regard, the synthesis of new graofiesilver

nanoparticles with preferred (111) surface planes will be highly beneficial for different applications.
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Figure2-1: Synthesized silver nanoparticlégsough chemical reduction methfil]

Among different morphologies of silver nanoparticlesxagonal and triangular silver nanoplates are two
morphologies of silver with maximum (111) planes on their surface. The crystal structure of these
nanoplates was revealed to have a twin plane in the center and two (111) planes at the top and bottom
surfaces parallel to the twiplane[19-21]. These nanoplates are synthesized by capping the top and bottom
(111) planes with special molecules or ions to reduce the growth rate of the criystdiirection. Hence,

the nanoplates can grow mostly from thgesiThe edgesof very thin nanoplateare a combination of

(100) and (111) planes. A flat hcp layisrformedat the edge between the (111) and (100) planes when
nanoplates become thicket]. Different gowth rate of silver crystah directionsleads tochange initial
hexagonal particles to triangular form.

In this research, silver has been selected for all experiments and simulationltverkeell known that
response of all nanoparticles to environmental stimusize dependent. Based on the tradél joining
strategies, two nanoparticles havdéplacel in contact ohavea special material between them dimen

one musgive energy to the system to make a strong bond between the particles. The existence of another

particle or material close to a nanoparticle and any kind of energy that tsdnstesre powerful stimuli



and could lead to change the shape, morpholognd structure of that nanoparticle. The sensitivity of
nanomaterials to environmental stimulus is not only size dependent but also material dependent, since it is
related to the interaction between the atoms. Hence, for consistency of the resultseiberikficial if all
simulations and experiments are done on same material. In addition, it seems more realistic if a pure system
is selected for simulations and experiments because of the complicated mathematical calculations,

simplifying assumptions aneestriction of computing capability of available computers.

2.2 Self-assembly

Experimental observation of sgtfining of silver nanoparticleshows firstselfassembly of the particles
during synthesiswhich is followed by selfjoining (nanojoining)of the particles. In this section, sélf
assembly of nanoparticles will be reviewed as a background for experitdantsparticle sethssembly

and joining has been reported in titerature[3, 7, 47, 48]. Sun et al reported that it is possible to transform
silver nanospheres to nanobelts through-aetembly of the nanoparticles and subsequent thermal
treatment to remove adsorbed surface molecules and sinter the g&8jcliesanother research, Tang et

al reported organization of CdTe nanopartiahks nanobelts, in which after partial removal of thioglycolic

acid stabilizer layer of the colloidal CdTe nanoparticles by methanol, the izdibparticlesttached to

each other and made crystalline CdTe nanolpé8is It is interesting that individual CdTranoparticles
coalesced to become a single crystal. The authors suggested two different mechanisms: one is Oswald
ripening and the other is the direct fusion of the particles for single crystal forrf28j&o, 51]. However,

the mechanism of orientatiomas not discussed and a dynamic procedure transferring fused nanoparticles
into single crystals was not clarified. Kalsin et al reported that silver and gold colloidal nanoparticles could
join to each other to form a diamatikle lattice structur§s2]. They showed that these nanopatrticles created
unusual binary crystals through electrostatic-asfembly and could join to each other at room temperature

to make crystalline particles. Recently, Zhang et al reportecisefimbly of silver nanoparticles abm
temperature which led to a 2D array ultrathin film of silver nanoprisms on the glass substrate, providing a
tunable Plasmon response propefB8]. These experimental researches show the importance of

nanoparticle joining especially at low temperature.

2.3 Nanojoining

Nanojoining can be defined as joining of two nanoparticles in such a walgelidieep their original shape,
morphology, sizeand make a proper bond that can withstand applied forces in an acceptabldt iange.

well known that he morphabgy, shape and size of nanoparticles play important roleutiatanding



properties of nangize materials. Therefore, for havitite benefitof the distinguishing featuresf nane

size particles in the manufactured devices or structures,atiginal shape, morphology and size should
remain intact during fabrication. On the other hand, the strength of a structure is a function of mechanical
propertes of its building blocks and their joining strength. Hence, thetglietween nanopartes must

have propr strengthCommon methods of joining at large scale are welding, sintering, soldering, brazing
and adhesiveonding Each of these methods employs special materials, techniques and apparatus to join
different parts and has its properties and applicatiGasieral trend in the field of nanojoining is using
same methodology and scientists try to customize these techniques for nano scale applications. Based on
the literature, current nanojoining methods can be summarizedounr different groupsas listed in
Table2-1. To implement these joining techniques at nano spedeisely controlled machines and devices

are required. In addition, properties of nanopauisteuld be known to adjust the process. Although these
successful nanojoining examples aegywgood news for joining of nanomaterials, many questions have not
beenanswered yet. For example, it should determinedif these joining methods can be applied for
different size nanoparticles, especialgry smallonesand different morphologies. bddition, some new
devices such as flexible electromicannot withstand high temperatuteatments Therefore, some

restrictions in using high power energy sources arise in these applications.

Table2-1: Nanojoining methodfs4-56]

Solid state bonding Electron beam welding, Diffusion welding, Ultrasonic welding, cold
welding,
Soldering/Brazing Liquid-phase reflow soldering, Resistance soldering, Active brazing

Laser brazing

Fusion welding Laser beam welding, Resistance welding

Adhesive bonding Adhesive bonding

There are several theoretical studies on the joining of nanoparticesver their focus haalmost always

been investigation of some unusbahaviourf the material at the narszale such dswer melting point

of nano materials osurface premelting that is used to explain nanoparticle sintgsingl]. Surface
premelting and size dependent meltibghaviourin nano scale were usually employed to explain
nanoparticle joining. A good example of these theoretical studies is onel gy &l concerning low
temperature sintering of silver nano particles for flexible electronic packig&Zhd hey employed a Monte
Carlo simulation to support their experimental results. Size depepelestiourof the silver nano particles

was the goalfatheir model, which was employed to explain low temperature joining and high temperature

application of the silver nano particles as electronic packaging. Detailed results of Monte Carlo simulation



of sintering of silver nano particles were published lp @t a[63]. They showed that small silver clusters
could join to each other even at 0.01K. At a higher temperature, attachment and initial joining were followed
by sintering of the particles because of the diffusion of atoms. Although Monte Carlonmpla and
powerful method for prediction of the most probable state of a system regarding minimization of the energy
of the system, it is not suitable for explanation of the dynamic sintering process. Because, in this method of
simulation, the most stabt®onfiguration for atoms of the system is found based on a random change in
atomic positions and comparing the energy change of the two configur®n®n the other hand, the
size of the biggest particle in their research was less than 1 reha(@hows that the cohesive energy of
the particles is size depend¢B4]. They developed a model to explain cohesive energy of particles as a
function of the particle size. Based on their model, cohesive energy of a spherical particle can be calculated
usingthe following equation:

O O p - 1)
In this equation©O is cohesive energy of the spherical parti€de,is cohesive energy of bulk material,
which is equal to 284 KJ/mol for silvg24], Qis equal to atomic diameter, which is equoa0.288 nm for
silver andO is the diameter of the nanopatrticle. Equation (1) shows when the particle diameter becomes
around 1nm or less, the effect of size on cohesive energy of the particle becomes very important. It means
changes irthe total energ of a particle are not linear and extrapolation of the modeling results for
subnanometer particles to bigger ones is not accurate. Therefore, another simulation method providing the
detailed explanation should be employed to clarify mechanisms of nanl@sguining.
Different joining methods havieeenemployed to join nanoparticles. Some of these methods have been
listed in table 11 and, as mentioned in introduction many researches should be done to find a well
established method for joining of nandpaes. In this chapter, ahort review on the mechanism of
sinteringis providedhere to make a background for future discussabout similarities and differences
between sintering and sgtfining or oriented attachmentd nanoparticlesifter that, oriented attachment

is introduced as an alternative method of joining method, which is starting point for current research.

2.3.1 Sintering

Sintering is one of the oldest human technologiesiing from the timewhenpeople mde their goods

from clay and firal them to makethem stronger. Sintering is a thermally activated psscen which,

particles make a ol through mass transfer procg8s]. From thermodynamic point of view, driving force

for sintering is minimizing surface energy of the paesdb5-69]. Sintering starts from neck formation
between two adjacent particles and follows by pore shrinkage. The mass transfer can be done in solid state
sintering through bulk diffusion of atoms, grdioundary diffusion, surface diffusion, viscous dagtic

b o w isdawsed by surface tension or internal stresses of the particles and evaporation/condensation of
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atoms on surfacgsl]. Based on the thermodynamic models, tedaviourof an array of same size

spherical particles can be explaif@d. Sintering process starts from necking. This preliminary neck grows

e ¥

Figure2-2: Schematic presentation of sintering of an array of spherical pafédles

as shown irFigure2-2.

During neck growth, the contact angle between the particles increases as skigundB-2. This angle
has an equilibrium value, which can be calculated from the balance between the surface and grain boundary
energy througlthe Yang relation as preseitén equation §67].

— cwéd (8
Where, s the grain boundary energdy,is the surface energy andis the contact angle between the
particles. This process makes a bond between the particles, meanwhile shape of the panigéssas
shown inFigure2-2, schematically.
The gntering process is a dynamic process and simultaneously other phenomena such as grain growth and
coalescence may ocgubecausethe mechanisms of these phenomenatheesameas sintering. As
mentioned, neck growth causes the shape of the pattiobbsinge during sintering. This process is more
dramatic when size of the particles is not egbgure2-3 shows schematic of sintering progress of two
particles with different si followed by grain growth. The process starts by necking initiation ithat
followedby neck growth. This process continues until the contact angleasadquilibrium value. From
this stage, the grain boundary moves and grain growth occurs. Afterggoavth the barrier that stop the
sintering process, equilibrium between grain boundary and surface eti@egyot exist and the particle

shape can change to fiaanore stable condition. This shape change can be done by diffusion.

Sintering Coarsening

.H ] ? i : @ O
(a) (b) (©) (d)

Figure2-3: Sequential mass transport between two touching particles; steps: a to b, sintering; b to c,

coarsening; c to d, grain boundary motjéi].
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Figure2-4 shows another schematic sintering process that shows sintering of three particles. thame as
previouscase, sintering startsofn neck initiation and follows by neck growth to reach equilibriéter

this stage, grain growitan happen and after that another sintering can be done tareastequilibrium.

It is worthwhile to mention that these schematkplanations were supported by experimgdéssg].

The aforementioned explanation of the sintering proshssvs thait is a thermally activated process.
Therefore, all other phenomena such as grain growth and coalescence that wibrsaithemechaisms

can arise during sinteringor nanoparticlesintering, enough thermal energy shawdgbrovided to activate

the sintering mechanisms. On the other hand, during sintering and other phenomena, which happen at the
same time, shape and size of the plasican change to reach the most thermodynamically stable condition.
This shape change is a big issue in front of using sintagragandidate for nanojoining.

sintering — ‘grain growth’ — sintering

Y=2¢g -

ooocz@dbé

(a) (b) (d)

Figure2-4: Sequential mass transport for two larger particles sandwiching smallereyatiigls: a to b,
sintering; b to ¢, coaening; c to d, sintering between larger touching part{@és

Sintering of nanoparticles has been employed in many applications such as conductive adhesive, metal
metal bonding and flexible electrosif/1-74]. Sintering or coalescence of very small nanopasdisieh

as silver nanoparticles will happen at a temperature lower than bulk material. Importanmeeaicl
applications of low temperature sintering of nanoparticles lead to reamdiesinto this unwsual
phenomenon. Based time publishedesearctarticles researchers believe thatistence of liquid layer on

the surface of nanoparticles and higher energy of small nanoparticles in comparison to bulk material are
two majororigins of these phenomefiav, 28, 58, 75].

Research into coalescence of nanopatdibkve revealed the structural changes during coalescence. An
example of these experimental observations is presenfegure2-5, which shows coalescence of two Au
nanoparticles with differerdrystal structurg¢76]. As clearly seen, the coalescence started from a necking
while the particles were aligned completdfigure2-5-a and b. The coalescence process had continued by
neck widening which led to more alignment of the particle. Thisargignment had induced stress in the

crystal, which led to some crystal defeéligure2-5-e. These defecttenmovel out from the crystal and
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final structure after coalescence was a perfect cry@talre2-5-f. This complicated process was observe

by TEM microscope and the particles were heated by electron beam. Therefore, this coalescence process
occurred at high temperature.
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the contacting surface&) The planes align between the two oparticles, and the neck widetid)
Planes are completely aligned, and the voids formed by the previously existing neckdgdeeading to
a rounder shapée) Phne defects begin to appear as a result of the stress in the new structure; stacking
faults are clearlyloserved as marked by the arro@$:The newly formed structure is now relaxed, and

structural defects are no longer noticed 7.

Moreover, sevetdheoretical studies were conducted to explain nanosintering and coaldg&28259,

61]. These observatigrshow that nanoparticles can be joined to each other in different configurations,
situations and temperatures. Generally, these theoretichésthave followed experimental observations

for sake of comparison. In addition, limitations of simulation methods restrictechffestheoreticaly
studied.Figure2-6 is an example of these simulatigthat shows coalescence of two iron nanoparticles at
different temperaturd$9]. The presented results reveal that at 400K the particles have only joined to each
other and kept their initial shapes intact. However, at higher temperature, some atomifiec td
adjacent particles while shape of the particles started to change.
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Figure2-6: Snapshotat different temperatures duringsb®@+Fesccc Feroosocoalescence and melting)

initial structure at 400 Kp) 800 K; ¢) 1200 K d) 1400 K e) 1460 K. The left pictures in Bt are of the

entire cluster andhow the surface atoms, whereas the pictures on thehaghit sideare cross sections
through the clustef$9].

2.3.2 Orientad attachment

When two piece of a solid material that have clean and flat surface reach to each other, they will join and
make a unique crystal. One example of this type of joining was reported by @bsalen 1995[29].

They washed two piece of silicon wafer withuted HF acid then put in an ultrahigh vacuum chamber,
heated -8 @W0e&6@®O0tecC degas the surface and then push
clean flat silicon wafers welded and make a single piece. Nanoscale particles seem to heimbbegach

other directly when they get in contact, particularly because of high energy surface atoms of nanoparticles
[25]. Therefore, this phenomenoan be used as a method of joining for constricting +saate structures

or synthesis supercrystalchis type of nanostructures are classified underatassical crystallization and
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this type of joining calls oriented attachméi¥]. Classical crystallization starts from nucleation of a
crystalline phase in a matrix and continues via abyratom attabment process. In contrast, Rcliassical
nucleation happens through assembly and oriented attachment of structural blocks. Different examples of
this type of crystallization was reported in the literature, most of the restricted to experimental
characterdation of this type of structur¢g8]. Based on these research, this method of-feorication or
synthesis can be employed for many applications, while current researches in this field are mostly restricted
to fundamental observations.

Oriented attachent or seHjoining of nanoparticles has some distinguishing features. It is a room
temperature, and fast joining and result of joining is a perfect crystal boundary when the joined particles
are smal[79]. Interestingly, the joining happen very fast éingsh. However in case of sintering, if thermal
energy is provided, sintering will continue and two initial structural blocks completely dissolve in each
other and make a single particle. Therefore, understanding mechanism of oriented attachmeéoirongelf

and using it for constructing nanostructures could be very important progress in nanotechnology.
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Chapter 3

Si mul ation met hods

3.1 Classical molecular dynamic simulation

Classical molecular dynamics (MD) is an atomic scale method of simulation, in wéyskean is defined

by atoms and evolution of the system during simulation time explored by calculating movement of atoms.

To build a MD model, initial positions, initial velocities and masses of the atoms are set as initial conditions.

The interaction of th atoms is defined as another input for the model. To do a simulation, total simulation

time is divided into equal time steps. In each time step, the applied force on each atom by other atoms is
calculated and new positions and velocities of the atomsaloelated by using classical mechanic
equations of motion. The material properties can be calculated from the positions, velocities and applied
forces m each atom. In this researdtassical MD simulation will be employed, which means quantum

effects ae not considered in this simulation. In other word, electrons are not present explicitly in this MD
simulation. They are introduced through the potential energy, which is a function of atomic positions only
(Born-Oppenheimer approximation).

There are threengjor limitations for classical MD simulation. One of them is the limitation that comes

from replacing Schrodinger equation for nuclei with classical Newton equations. One indicator of the
validity of the replacement 1 sffectstare exdeetedBorbeaprhei e wa
significant when & is much | arger than inter part

de Broglie wavelength:

- — (0

In which, h is plank constarrtis mass of the atorif) is Bolzmann constant ariiis temperatureTypical
interatomic spacing in solistate materials is d ~3 A. Therefore, All atoms, except for the lightest ones
such as H, He , Ne, can be considered as fAm@oi nt o
classical mechanics can be used to describe their motion. Second limitation of MD is limitations on the size
of the MD computational cell (number of atoms). The size of the computational cell is limited by the number
of atoms, which can be included imetsimulation, typically 10i 10’. This corresponds to the size of the
computational cell on the order of tens of nm. Any structural features of interest and spatial correlation
lengths in thesimulation should be smaller than the size of cbeputational cell. The last important
limitation of MD is time scale of the simulation. The maximum time step of integration in MD simulation

is defined by the fastest motion in the system. Vibrational frequencies in a molecular system are up to 3000
cnrtwhich corresponds to a period of ~10 fs. Optical phonon frequencies are ~1@@atitm of ~100 fs.

Therefore, a typical time step in MD simulation is on the order of a femtosedsitdy modern computers
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it is possible to calculate 40 1C° time stepsTherefore simulation time can be only in the range of 1 ns to
100 ns. This is a serious limitation for many problems which involve theraetiyated diffusional
processes.
As mentioned, in order to use MD simulation interatomic potential should beeddéinthe atoms in the
system. The potential function W(r, &), describes how the potential energy of a system depends on
the coordinates of the atoms, (&, &), The forces in MD simulation are defined by the potential:

® P YbhBh (2)

9 operates on the positionaf atom i. Any change in the total potential energy that results from a
displacement of atomncontributes to the force acting on atorPosition of atoms are calculated by using
thecalcuh ed force through t he s e cDhawtal potentil emergysofteeq uat i ¢
system is a sum over all pairs and the total force acting on each atom is found by summing over all pairwise
interactions.

In this research, MD simulation methzemployed to study nanojoining of silver nanopatrticles. One of
the best interatomic potentials which can be used for MD simulation of metals is embedded atom method
(EAM) which is developed by Daw and Basj&; 81]. In EAM, the total energy is taken bye following
equation:

(0] B "O” -Bgrp M (3)
Wheren s the two body potential between two atdf@sd Qwith distancd ,’O” s required energy
to embed atonfinto the electronic gas due to all neligpr atoms which can be calculated by following
equation:

" B Qi 4)

EMA interatomic potential parameter for silver and some other fcc metals were calculated bgtrdiles
[82]. MD simulation is done in a C++ program that developed &ublizations are done through VMD
and Atomeye, which are open source softyj@8e TheMD simulations were carried out in the canonical
(NVT) ensemble. Temperature was kept constant during simulation according to thélddese
thermosta{84]. The egations of motion were solved numerically using the Verlet algor[sh Each

time step of calculation was ofemto seconc(lxlolsfs). Cut off radius in this MD simulation was set

to 12A.
To investigate existence of solid and liquid phases in the system we uddddéeam index that was

calculated as followgs0]:
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Whered and0 are theLindemann index ofith atom and whole particle, respectively, denotes the
average at temperature T over timgjs the distance between two atoiff@ndQAs is well known,
Lindemanrindex equal to 0.1 is a criterion to distinguish solid and liquid phase. lindemannindex of

an atom or a particle is below 0.1, it is in solid state whild_.thdemam index above 0.1 represents high
mobility liquid phase.

It is worthwhile toemphasizethat the Lindemann index revels the mobility of atolriguid atoms has

higher mobility than solid atoms; however, it not necessarily true that any high mobility atom has liquid
physical state. For example, the solid atoms show high mobility wegriltw during plastic deformation

or under impact. In other word, The Lindemann index is able to distinguish between solid and liquid state

in when the system is in equilibrium condition and external stimulus dose not influence the atoms.
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Chapter 4

Oriented attachments of hexagonal and

Nanojoining is a challenging but essential step in the nanotechnology for assembly of nanoscale
building blocks into 2D or 3D structufg®]. It is well known that individual atoms magpply
attractive or repulsive force on each other depending on their distances, and the atoms in a crystal
network will try to find a stable position for themselves in which the net force on each atom becomes
zerd86]. Obviously, the most stableonfiguration of atoms in a crystal is the lowest energy
configuration. In this regard, if two particles with clean uncovered surfaces meet each other, they could
join to reduce their excess surface engsgy87]. However, how nanopatrticles joined togethtlow
temperature is still uncleagolid-state bulk and surface diffusion of atoms at a temperature below half
of the melting point of bulk material is very slow, because there is not enough energy in the system. In
sharp contrast, sintering of nanajpaes can occur at a temperature as low as 0.2 to 0.4 of the melting
point [64, 88, 89]. Thus, clarification of the nanojoining mechanigcritical in the assembly and
joining of nanomaterials.

Nanoparticle selhssembly and joining has been reportethie literaturd3, 7, 47, 48]. Sun et al
reported that it is possible to transform silver nanospheres to nanobelts throwvagsegibly of the
nanoparticles and subsequent thermal treatment to remove adsorbed surface molecules and sinter the
particle$39]. In another research, Tang et al reported organization of CdTe nanoparticles to nanobelts,
in which after partial removal of thioglycolic acid stabilizer layer of the colloidal CdTe nanoparticles
by methanol, the CdTe nanoparticles attached to eachartlenade crystalline CdTe nanobel.

It is interesting that individual CdTe nanoparticles coalesced to become a single crystal. The authors
suggested two different mechanisms: one is Oswald ripening and the other is the direct fusion of the
particles for single crystal formatidi39, 50, 51]. However, the mechanism of orientation was not
discussed and a dynamic procedure transferring fused nanoparticles into single crystals was not
clarified. Kalsin et al reported that silver and gold colloidal nanopatrticles could join to each other to
form a diamondike lattice structur¢52]. They showed that these nanopatrticles created unusual binary
crystals through electrostatic sesembly and could join to each other at room temperature to make
crystalline particles. Recently, Zhang et al reportelf-assembly of silver nanoparticles at room

temperature which led to a 2D array ultrathin film of silver nanoprisms on the glass substrate, providing
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a tunable Plasmon response prop¢8$]. These experimental researches show the importance of
nanopartite joining especially at low temperature.

There are several numerical and theoretical studies on the joining of nanoparticles, but their focus
has been in investigation of some unusual behavior of the material at thecadeauch as melting
point of natw materials or surface premelting that is used to explain nanoparticle sifiéig90].
Surface premelting and size dependent melting behavior in nano scale were usually employed to explain
nanoparticle joining. A good example of these theoreticalietuis one by Hu et al concerning low
temperature sintering of silver nano particles for flexible electronic packpgZhgrhey employed a
Monte Carlo simulation to support their experimental results. Size dependent behavior of the silver
nano particlesvas the goal of their model, which was employed to explain low temperature joining and
high temperature application of the silver nano particles as electronic packaging. Detailed results of
Monte Carlo simulation of sintering of silver nano particles weiglished by Guet. al[63]. They
showed that small silver clusters could join to each other even at 0.01K. At a higher temperature,
attachment and initial joining were followed by sintering of the particles because of the diffusion of
atoms. Although Mnte Carlo is a simple and powerful method for prediction of the most probable state
of a system regarding minimization of the energy of the system, it is not suitable for explanation of the
dynamic sintering process. Because, in this method of simulaitiermost stable configuration for
atoms of the system is found based on a random change in atomic positions and comparing the energy
change of the two configuratidiggl]. On the other hand, the size of the biggest particle in their research
was less than dm. Qi et al shows that the cohesive energy of the particles is size defj@dlertiey
developed a model to explain cohesive energy of particles as a function of the particle size. Based on

their model, cohesive energy of a spherical particle canlbelad using the following equation:
O O p - (1)

In this equationO is cohesive energy of the spherical partiée,is cohesive energy of bulk
material, which is equal to 284 KJ/mol for silvi24], Qis equal to atomic diameter, which is equal to
0.288 nm for silver an® is the diameter of the nanoparticle. Equation (1) shows when the particle
diameter becomes around 1nm or less, the effect of size on cohesive energy of the particle becomes
very important. It means changes in total energy of a particle are not linear and extrapolation of the
modeling results forsubnanometerparticles to bigger ones is not accuraiderefore, another

simulation method providing the detailed explanation should h#oged to clarify mechanisms of

nanoparticles joining.

20



In this research, we employed a Molecular dynamics (MD) simulation method to study room
temperature nanoparticles joining. Since silver nanoparticles have attracted intensive research efforts
because faheir interesting applications, we selected hexagonal and triangular silver nanodisks for MD
simulation. The aim of this research was clarification of joining of the particles at a temperature range
below half of the melting point of material when thesanot surface premelting of the particles. To
study the joining mechanism, we perform MD simulation at three different temperatures: 1K, 300K,
and 500K. 1K is low enough to deactivate thermally activated mechanisms of joining. 300K is room
temperature, hich is our focus, and 500K is the highest temperature before surface premelting that
can affect the joining mechanism. The room temperature joining mechanisms was validated with
experimental observations of synthesized,-asffembled and joined hexagonat triangular silver
nanodisks.

4.1 Simulation and Experimental

4.1.1 Simulation.

A hexagonal and a triangular particle were designed; and MD program was run for each particle for
50000 time steps to get equilibrium. The hexagonal particle consists of 1785asidwes and the
triangle consists of 1288 atoms. In this research, hexagonal nanoparticles were used to show joining in
edgeto-side configurations while triangular nano particles were used to show joining. Triangular silver
nanoparticle in sidéo-side cafigurations was selected for side to side joining, because of their simple
structure at the edg¢21]. However, the corner atoms of these particles are not stable because of the
sharp angle of the corners of triangle; hence, they are not suitable to show edge to side joining.
Therefore, we selected hexagonal silver nanoparticles to observe side toimidge ljo addition, we
will report joining of a triangular and a hexagonal particle. To simulate joining in all of the cases, the
particles were put far away from each other, which means a distance larger than the cut off radius and
the MD program was rufor 20000 time steps before joining. During these 20000 time steps, two
particles reached equilibrium and initial potential energy of the system could be calculated. After that,
the particles were put in close to each other to join freely without anyupeessimpact. The distance
between nearest points of the particles in this condition must be less than the cut off radius of the atoms
and not too close to push each other away. In this situation, the atoms apply attractive force on each
other, the parties become closer and closer, and finally, the joining starts. In this research we selected

1K as the lowest temperature in which thermal energy of the system is very low and the thermally
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activated process of joining such as surface or bulk diffusionotauteny a role in joining, because the
surface and bulk atoms have not enough energy to diffuse. Our focus in this research was room
temperature joining, which was modeled at 300K. Finally, we did simulation at 500K to investigate

role of thermal energy @ftoms on the joining.

4.1.2 Synthesis and characterization of silver nanoparticles joining

To synthesize, selissemble and join silver nano particles, 2.1 g of Ag{8@ymaAldrich) was
added to 60 ml kD and agitated by ultrasonic bath for one minutesssoti’e AQNQ powder. At the
same time in another beaker, 0.68 g Ascorbic acid (Alfa Aesar) and 0.16 ml Poly (methacrylic acid,
sodium salt) 40% in water (PMAA) solution (Aldrich Chemistry) were added to 200l a#d
agitated by ultrasonic bath for onénmtes. Synthesis was started by pouring silver nitrate solution into
reducing solution while it was agitating in the ultrasonic bath.

To prepare samples for SEM and TEM observations, two min after adding silver nitrate solution to
reducing agent, 0.5 mf ¢his suspension was added to a solution that contained 0.1 ml of PMAA in 3
ml of H.O. This suspension was agitated in ultrasonic bath. After 5 min agitation, 0.1 ml of this
suspension was added to 3 ml distilled water. This dilute suspension stirfec forinutes with a
magnetic stirrer to wash the surface of the silver nano particles from polymer molecules to get better
conductivity. 0.02 pl of this dilute suspension was poured on a clean silicon wafer and dried at 70°C.
TEM samples were prepared frahre same suspension. One drop of the suspension was poured on a

TEM grid and after drying, the grid was used for TEM observation.

4.2 Results and Discussion

Figure4-1 shows the simulation results at 1K, which was done to check what happenedt@ side
side configuration joining of triangular silver nanoparticles when the thermally activated mechanism
of sintering such as diffusion was deactivatédure4-1-a shows the triangular nanopatrticles just after
they were put near each other in a small 3D misadignt (around 9 before attachment. After first
touch at the nearest point of the two particles, they rotated (the left hand side particle counterclockwise
and the right hand side particle clockwise) and aligned as shown in-Bigad 1c respectively.he
rotation occurred to make the edges of the particles parallel for a complete contact. Final configuration
of the patrticles after joining is presentedHFigure 4-1-c and d from two different views. In this
simulation, the particles made a joint at #dge and no more progress was observed. There was a

crystallographic orientation between the two particles after joining. As seen in d, three (111) planes of
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the left hand side particle were aligned with a few atoms of the right hand side particle. Holngever
alignment was restricted only to the joint area and these particles made a line Eoguaetd-1-e

shows the potential energy change of the system during this simulation. The energy of the system
corresponding t&igure4-1-a, b and ¢ are markenh this figure Figure4-1-e reveals that the potential
energy of the system reduced by around 15eV, which is the driving force for joining of the particles. In
Figure4-1-c and d, it is shown that around 30 atoms patrticipated in this joining seqlibedanding

energy of silver in fcc crystal is about 2.6 eV for each d@ith Therefore, the total energy reduction

of the system in the boundary area was around 19.2% of total energy of these atoms if they were in the
bulk.

-4.09

Potential Energy (1000 eV)

4.1
10 30 50 70
Time step (x1000)

Figure4-1: Joining of two triangular nanodisks at 1K: a) Initial contact; b) After 45000 time step, the
arrows show the rotation direction of the particles; c) Final configuration of the particles, after 57000
time steps (top view); d) Structure of interface, thed show local aligned of atoms at the interface;

e) Potential energy change of the system, corresponding energy of the snapSigoiedfl-ato c

andFigure4-2-a tod are pointed.
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To explain the joining mechanism, a close view of the movementoofisaduring joining is
presented ifrigure4-2 and corresponding energy of each shapshot is markgEayore4-1-e. During
joining, atoms of the edges of the particles moved to find the most stable pésgime4-2-a shows
the edge of two particles when they were near each other, before joining. In this image, four atoms were
marked to trace their movement during joiniRggure4-2-b is a snapshot after 8000 time steps. In this
figure, the atoms came out of thpositions in the right hand side crystal and went toward atoms in the
left hand sideFigure4-2-c is a snapshot after 12000 time steps showing that the atoms were trying to
find their stable positions in the crystal network at the left hand side. Tims atember one, two and
three went to the backside of their adjacent atoms from the left hand side particle and atom number four
went to the front of its neighbors. As mentioned, the atoms migrated to new positions because of the
attraction between them amearranged in a new configuration based on the initial orientation of the
particles.Figure4-2-d shows final configuration of atoms after 27000 time steps. As seen, the atoms
were arranged in new crystal positions and their neighbors in the rightitleridil®wed the migrated
atoms and rearranged themselves. Obviously, movement and rearrangement of atoms were done to
decrease the total energy of the system that can be sEguiasd-1-e.

Our simulation revealed that even at 1K, the surface atorsivef nanoparticles can move and
make a contact between two particles because of the attractive forces that exist between the atoms when
their distance is less than the cut off radius of the MD simulation. Since the temperature of this
simulation is venjow, diffusion is inhibited. Only the joint in line contact is formed by rearranging of
surface atoms. This occurs through short movement of the ateb@sABbunder columbic attraction of
the adjacent surface atoms of the other patrticle to reduce thesextaergy of surface atoms. Migration
of the surface atoms imposes elastic strain that leads to small rotation of the particles. Nanoparticle
joining at 1K as reported here is consistent with previous Monte Carlo simulation results that showed
at 0.01 K he silver clusters can jo[63] and further, we provide a clear explanation for the mechanism

of joining.
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Figure4-2: Rearrangement of atomas the interface between two nanodidksing joiningat 1K; a)
Before joining; b) 8000 time step after fitstich; ¢) 12000 time steps after first touch d) Final

configuration of atoms.

The second simulation was performed at 300K for the same configuration of triangular silver
nanoparticles Kigure 4-3). Potential energy change of the system during joining is presented in
Figure4-3-a. Similar to the previous case at 1K, the potential energy of the system reduced through the
joining of nanoparticles. However, this curve did not present a simple degreasve like the 1K

result Figure 4-1-e). To elucidate this complex behavior, joining progress has been monitored at
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different stages. At the beginning, the particles touched each other by attractive forces that existed
between them, which led to someduction in total energy of the systeRigure4-3-b). After 4000

time steps, nanoparticles completed their initial joining which means the edges of the particles were in
a line contact, completelyF{gure 4-3-c). The joining process was accomplishetbtigh a short
movement of surface atoms of the right hand side particle toward the edge atoms of the left hand side
particle, same as what was revealed at BEigure4-2). Similarly, when the atoms at the joint area
changed their atomic position and buiéw aligned structure at the interface, their neighbors in the
crystals tended to follow them. This means that the particles were deformed elastically. This elastic
deformation induced elastic energy in the nanoparticles. Excess elastic energy oktne whath is

shown on the energy curv&igure 4-3-a) with a circle, was released through first rotation of the
particles within the next 10000 time steps. The direction of rotation of the particles is shown in
Figure4-3-c by a counterclockwise arrowrfthe left hand side particle and a clockwise one for the

right hand side nanodisk. Configuration of the particles after 38000 time steps is shiaguréd-3-

d and e from two different views. Looking at the backside of the interfigaré4-3-e), itis shown

that a gap existed between two particles at the joint area that is marked by an arrow. The surface atoms
of the particles in the sides of the gap attracted each other. Therefore, they moved toward each other
and filled the gap. During MD simulath from 38000 to 49000 time steps, the gap was filled. Fig3e
shows the particles after gap filling. During this process, a little out of plane rotation was seen in the
particles due to elastic energy release in the system. Rotation directions of thespamtienarked at
Figure4-3-e. The gagilling process induced additional elastic energy to the system that was released
by second rotation of the particles. This energy release is shdvigure4-1-a from 49000 to 56000

time steps. The arrows Figure 4-3f s how parti cl e Bigure4-Pgtpesentdtine di r ect i

final configuration of the particles after joining.
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Figure4-3: Joining of twatriangularnanalisksat 300K a) Potential energy change of the system,
corresponding energy of the snapshotBigtire4-3- b-g is pointed on the graph; b) First contact of
nanodisks; c)Line contact of nanodisks, the arrows show the rotation direction of the particles;
d)Nanodigs at first step of joining; €) Gap at the Interface, the straight arrow points the gap between
the particles, round arrows show the rotation direction of the particles; f) Nanodisks after gap filling,

the arrows show the rotation direction of the parsicty Final configuration of the particles.

To clarify what happens for two nanoparticles after joining from crystal structure point of view, we
reduced the size of the atoms in the visualization software to see the crystal structure of the new particle
after joining. A cross section of the particles is presentdedgare4-4. As shown, the particles were
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aligned very well during the joining. Dashed lines show twin planes of the triangular nanfilé]sks

As shown inFigure4-4, (111) planes on the uppbalf part of the particles above dash lines on the
Figure4-4 were aligned. It is worthwhile to emphasize that there are some irregularities at the bottom

of the presented image of the particle§igure4-4. These irregularities come from the shaopners

of the triangular particles. The cornersodo atoms
corners of the particles lost their regularity. For better clarification, this part of the crystal is marked on

the added image teigure4-4.

Section A-A

Figure4-4. Crystal structure of-A cross section of two nanodis&gter joining at 300K(111)

planes above dash lines were aligned.

Our MD simulation at 300K showed an eftplane rotation during joining. This rotation was found
to be dependent ondghlgeometry of the edge of the particles. The sharp edges of the triangular and
hexagonal silver particles can be flattened by increasing the thickness of the particles. In this condition,
the edges of the particles have a hcp crystal stry2tijreTo investigate effect of flattened edges of
the nanodisks on rotation of the particles, we maodified the edge of the triangular silver nanoparticles
through deleting outer row of atoms from the middle plane of the particles -#ad tiee simulation
again.Figure4-5-a shows the patrticles before joining at 300K. Arrows in this figure point to flattened
edges of the particles. After joining, these two nanoparticles showed a different configuration
(Figure4-5-b) in comparison to the previous case as showigimre 4-3-g; two particles joined to each
other without such rotatiorigure 4-5-c shows alignment of (111) planes of the nanodisks at the

interface. Comparison betweé&igure4-5-c andFigure4-4 reveals that in both case [111] directions
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of the nanodisk aligned at the interface. The presented resufigare 4-5 proved that the surface

plane of the edge of the patrticles plays an important role in final configuration of the joined particles
while alignment direction of the patrticles follows the sanystatlographic orientation. In other words,
rotations were done because the particles wanted to align in a certain crystallographic direction that is
[111]. These kinds of rotations during joining of nano particles are also reported in other simulations
[63]. It is important to mention that this eot-plane rotation was not observed at 1K since the particles
have not enough energy to extend their interface by rotation.

Section: A-A

Figure4-5: Joiningbetweenwo flat-edgetriangularnanalisks;a) Before joining the arrows pointed

the flattened edgeb) After joining c) Alignment of crystals after joining.
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Not only the structure of the particles at the edges, but also their contact direction, can affect the
joining of the particles. We further investigatea #ffect of contact direction of the particles on the
final configuration and crystal structure of the joint area because of its potential importance in the
joining. To do that, we simulated the joining between two hexagonal nano particles at 300K-in edge
to-edge configurationFigure4-6-a shows the configuration of the particles in early stage of joining
where first contact of the particles took place. Surface atoms of these two silver hexagonal nanopatrticles
were moved in the interface toward lower gyepositions and other atoms followed them. During
these migrations of atoms, we observed an edge dislocation that was created in the interface between
the particles as shown in the circled are&igure4-6-b. However, the dislocation moved out of the
crystal as shown ifrigure4-6-c. Finally, this dislocation reached the surface and made a step. These
steps are pointed by arrowsRigure4-6-d. Final configuration of the particles is showrigure4-6-
e where the plastic deformation step can be seen in both particles near the boundary, which is created
through dislocation movement out from the partidiegure4-6-f shows the complete alignment of the
particles after joining. Note that the dislocasare created because of crystal mismatch at the interface
when the particles reach each other. The same mismatch can be observed in joining of the triangular
nanoparticles.

As shown inFigure4-6, MD simulation revealed that nucleated dislocationsetrtterface are not
stable and will move to the surface. Instability of dislocations in nanoparticles has been reported
previously. For example, the strengthening mechanism of metals changes frePetdalto inverse
Hall-Petch softening at nano grain tads because of the instability of dislocation arrays in ran®
crystalline materia[®2]. Not only nano crystalline metal, but also nando ze i ndi vi dual
defects are affected by the size of the crystal. Liu et al showed that when thdarsimeaho particles
became less than a critical value, dislocation core could not be stable in the iron nanof@gtidles
another research, Schallet al by using a continuum model and experimental observation showed that
there is a critical radius fdine particles below, which dislocations cannot be stable in the pdQigles
JoseYacaman et al claimed that partial dislocations can be stable in nano @%jctesl Carlton et
al showed that stacking fault and twin defects might be stable in n#intgzawhile they are rare in
coarse grain mater{@6]. They claimed that these defects are stable in nano structured material because
of the stability of partial dislocation in nano scale. Our modeling results are consistent with these results:
hexagonahbnd triangular nanoparticles have stable stacking {86]t86]; meanwhile dislocations at

the nanodisk interfaces were not stable and moved to the surface of the nanof@2tigis
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Figure4-6: Hexagonal narttisksjoining at 300K a) Initial contact;b) Interfacestructureat 22500
time steps, generated dislocation was cirak@dfovement of dislocatigrd) Final interfacestructure
e) Thenanodisksafter joining the arrows show the plastic deformation in the parti€jeSrystal
alignmert of theparticlesafter joining

To investigate the possible phase transition during joining of particles, joining of two triangular

nanoparticles at higher temperatures was studied.indemanrindices of the particles before joining

at different temperatures are reportetrigure4-7-a. As shown in this figure, thégndemannindex of

the particle is less than 0.1 at 500K and lower temperatures. This indicates that the joining procedure
at a emperature lower than 500K is based on a ssihitk diffusion. In addition, tHéndemanrindexes

as a function of the distance to the center for all of the atoms of a triangular nanoparticle at 1K, 300K
and 500K were presentedhiigure4-7-b, c and despectivelyrigure4-7-b and 7c show that all atoms

of the nanoparticle (surface and bulk) at 1K and 300K are in solid state singedemannindex of

all of the atoms are below 0.1. However, at 50Bigre4-7-d), it can be seen that a few atomsated

on the vortex of the triangle haténdemannindex higher than 0.1. Highindemannindex of these

five atoms demonstrates that they had higher mobility. This is an evidenughomobility surface
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atoms High mobility of these atoms seems reasonable because of the missing neighbors of the atoms
at the sharp corners of triangles. Although few atoms were of high mobility, most of the atoms of the
particles were in the solid state. Thus these high mohiiitgns would not affect joining of the particles

too much and it is reasonable to state that the joining was done in solid state. However, it is expected
that with increasing temperatures the number of the high mobile atoms will reaches a critical value and
trigger a local phase transition. If that occurs, the joining will be the combined effect of both solid state
diffusion and liquid phase sintering. The further detailed study at a higher temperature is under way.
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Figure4-7: a) Lindemannindex of atriangular nanodiskt different temperatureb) Lindemann
index of atoms of th#giangular nanodiskt 1K; c) Lindemannindex of atoms at 30GKd) Lindemann

index of atoms at 500K

Figure 4-8-a-d show different views of the final configuration of thetwdes after 200000 time
steps. Our modeling reveals that the joining procedure at 500K was same as 1K and 300K, but shape
of the initial structural blocks (triangular nanodisks) were changed during joining. The atoms at 500K
had high mobility because d@ficreasing kinetic energy of the system by increasing temperature. In
other words, silver is very soft at higher temperature and induced energy in the system during joining
can deform particles. Therefore, the interface of the nanodisks extended andieothgeitpe strength
of the joint is higher than other joining at lower temperature. The strength of the joints between
nanoparticles is important in some applications and high temperature solid state joining can be

applicable in this kind of applicatiomdthough the shape of the structural blocks have changed.
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Figure4-8: Final configuration of the silvariangularnanalisksafter joining at 500K from different

views, the coordinate axes on each image shows viewing direction.

To compare the joining process at different temperatures, potential energy changes of the system
during simulation at different temperatures were presenteigjime4-9. As it was explained, potential
energy of the system has decreased due to joinirgn@isy nature of the curves at 300K and 500K is
related to kinetic energy of the system. When temperature increased, the atoms vibrate and during
vibration the distances between the atoms change randomly and this leads to some noises that
superimpose orhe potential energy of the system. As showfkigure4-9-a, the joining process at
300K takes more time to become stable. In comparison to 1K, joining of the particles at 300K is more
complicated and leads to larger area in the boundary between tloepatid hence, takes more time
to complete. This fact can be easily understood when compaignge4-1c and d, andrigure4-3-f
andFigure4-4. On the other hand, joining at 500K is faster than 300K because of the higher thermal
energy of the systethat helps the atoms to move faster and even diffuse on the surface or in the bulk.

To compare the change in energy of the system through joining at different temperatures, the changes
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in potential energy of the system at different temperatures with tasgée initial potential energy of

the systems before joining at the same temperature were plottégliie 4-9-b. This figure reveals

that the potential energy drop during joining at 300K is more than those at two other temperatures. In
comparison tahe 1K, the energy reduction of the system through joining at 300K is higher because of
the larger joint area compared to the line contact joint atFidt{e4-1-c, Figure4-3-f andFigure4-4).

At 500K, the particles deformed during joining as shawRigure4-8. These deformations create new
surfaces. In contrast, joining at room temperature shows perfect alignment of the atoms. Hence, the
total energy drop in 500K is less than 300K when the crystals did not align well at 500K.
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Figure4-9: a) Potential energy change of the system during joininbkat300K and 500Kb)
Normalized potential energy changel&t, 300K and 500K/ersus simulation time

Both triangular and hexagonal nanoparticles are synthesized in an experiment. Therefore, their
joining is predictable and should consider for simulation as a reaFégsee4-10shows MD modeling
result of joining between a hexagonal and a triangullarsnanopatrticle. The edges of two particles
were parallel at the beginning of joining as it can be seEigure4-10-a. However, it is clearly shown
in Figure 4-10-b that the particles rotated while they migrate toward each other. The arrow in
Figure 4-10-b shows the rotation direction of the triangular nanopartkigure 4-10-c shows the
nanoparticles after joining. As it can be seen in this figure, the particles rotated and joined in-a corner
corner configuratiorfigure4-10-c shows that th€l11) plane of the triangular particles is aligned with

the (111) plane at the edge of hexagonal nanoparticle which is compatible with other joining of
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triangular particles and hexagonal particles that are showaglire4-6-f andFigure4-4. Figure4-10-

d demonstrateshe perfect crystal alignment between the joined hexagonal and triangular silver
nanoparticles by decreasing size of the ball with visualization software. The image viewed
perpendicular to the (111) plane of the hexagonal particlesaitedi that the triangular particle rotated

and aligned with the (111) plane at the edge of hexagonal nanoparticles.

(111) plane of
the triangular > ie—d;;=2.36A

nanoparticle

(111) plane

at the edge of

nanoparticle

Figure4-10: joining of hexagonal and triangular nanoparticle; a) initial configuration of the
nanoparticles at the start of joinirtg); rotation of the particles before joining; c) corner to corner join

and alignment of the nanopatrticles; d) crystal structure of nanoparticles after joining.

The rotation of nanoparticles during migration of the particles before joining that depicted in
Figure4-10, shows the importance of nanop-asseambledfeds
the particles. Theindemannindex of atoms of triangular nanoparticles presentdtdgare4-7 shows

that the atoms at the corner of the triangular gladihave a higher mobility, which means a higher

energy in comparison to the atoms inside or at the surface far from corners. High energy levels of the

atoms at the corners of triangular particle leads to a higher tendency of these atoms to join to their

neighbors to reduce their energy levels. Therefore, during the migration of hexagonal and triangular

particles, the higher attraction force at the corners drives the particle to rotate and creates contacts at

high-energy corners. Therefore, it can be dediuihat the shape of nanoparticles and its effect on the
energy of the surface atoms are the important parameters in tessaibly of the particles. It is
worthwhile to emphasize that this case is still a special configuration for joining of the hakagd
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rectangular nanoparticles. Other parameters such as the sizes of particles, their initial velocities when
they approach to each other, absorbed surface molecules and so on, can affeeisberablfy of the
particles and should be taken into aatio

Overall, the MD simulation shows that the silver nanodisks are able to join to each other even at 1K
by movement of the surface atoms because of atomic attraction. These movements of atoms occurred
because of the high energy of surface atoms aha scal¢22, 23, 25, 97]. The surface atoms of nano
particles are excited and their bond with other atoms is weaker than surface atoms of micron size
particles, which means their energy is higher than surface atoms of micron size frarfickrefore,
when two nanoparticles become enough close and their surface atoms attract each other, this attraction
force can be enough strength to pull out them from their position on the surface and guide to a new
position. Hence, the atoms make a new bond and réldeiceenergy. This energy release is the driving
force for movement of atoms and joining. On the other hand, continuity of the crystals in solid state
leads to rearrangement of the neighbors of the migrated atoms. These fast migrations of atoms store
elagic energy in the system through elongation of the atomic bonds around the jumped atoms. This
excess energy will be released through elastic or plastic deformation. The joining process is fast and
finished within few thousand time steps. Hence, the joimieghanism at room temperature is different
from diffusional process, which is the dominant mechanism of sintering at high temperature (above
half of melting point of the material). Another important outcome of the simulation is alignment of the
crystals éter joining at room temperature (300K). In comparison to 1 K, joining of the particles at 300
K has more progress after first atom contact. The mechanism of the first attachment of the particles at
300 K is similar to that at 1 K. However, at 300 K thenas have more kinetic energy than at 1 K,
which means the atoms have more vibration. Therefore, the surface atoms of the particles in the joining
area have more chance to move toward each other. Hence, the joining process can show more progress
in comparisn to joining at 1K. Based on our findings, the interface of joined nanodisks at 300 K will
be free from crystal defects and the joining at room temperature serves as the lowest energy condition
to the particles in comparison to joining at very higher lamger temperature. As mentioned earlier,
room temperature joining and crystal alignment was reported by other resef3éhévs49, 51, 99].
They reported that nano particles could assemble and join at room temperature and after joining. In
some casesyystal alignment was also observed. These experimental observations emphasize that the
results of our MD simulation are reliable. Therefore, the provided mechanism for low temperature
nanojoining can be used to explain how and why nano particles joincto ather in different

conditions. Another important feature observed in our MD modeling is the existence of different
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interface conditions between the particles at different temperatures. At 1K, the interface is restricted to
line contact. This type of iatface can be employed in some applications such as sensing, because of
localized surface plasmonic hot spf®F]. At 300 K, the interface of the joined nanodisk is more
extended. This area will be a perfect crystal without usual defects such as distdatihis condition,
the particles are joined and aligned meanwhile their initial shape remain intact. These interesting
features of the nanojoining at 300 K introduce unique and novel morphology for silver in nano scale.
From this point of view, 500Ksitoo hot to keep the initial shape of the particles intact. The particles
will deform at high temperature solid state joining and the bond between the particles will be strong.
We did some experiments to validate our MD simulation results. To doviteagmployed a wet
chemical route to synthesize, saffsemble and join hexagonal and triangular silver nanoparticles.
Synthesized silver nanoparticles structural blocks are shoWwigume4-11-a and b individually. It is
worthwhile to emphasize thatethexagonal and triangular structural blocks were almost join to each
other. Only few individual structural blocks can be observed individual in the product. Crystal
structures of the silver kagonal and triangular nanodisks that were synthesized irxezimental
part of this research are well knoyt®, 21, 99, 100. In these two kinds of nanodisks, each crystal
consists of a twin plane in the middle of the particle. Since the stacking fault energy of silver is quite
low, the twin plane can be formed easily. Therefore, the top and bottom planes of the crystal will be
(111). The edges of the crystal consisted of (111) and (100) planes. The initial crystal shape will be
hexagonal because of the symmetry of fcc structure. These hexagonal nanopatrticles will grow to make
a triangular shape crystal because of different greates in [111] and [100] directioriBo synthesize
silver structural blocks, we used ascorbic acid as the reducing @fent0ljand PMAA as
stabilizindcapping agent. PMAA was used as reducing agent to reduce Ag by itself; however,
as reportethy Zhang et al, this process is very slow and needs long agifd @itheSince our synthesis
was very fast and finished in few minutes, it indicates that PMAA cannot function as a dominant
reducing agent by attaching to Ag ions, although some silvercamattach to PMAA. On the other
hand, PMAA molecules could attach to the Ag crystals after redufti@®. The surface atoms of
silver particles desired to share their energy and become more stable. Therefore, PMAA molecules may
attach to the surface as of the small silver particles. Based on published papers and also, the shape
of the synthesized silver nano particles that presentéidime4-11-a and b, it can be assumed that the
PMAA molecules were attached to the (111) planes of initial silver clusters. The PMAA that covered

the top and bottom sides of the particles reduced the chance of joining of the particles from the big flat
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sides, howewuethey could touch from the edges and join. This is compatible with our edge to edge and

edge to corner MD simulation so we could compare the experimental and MD results.

Figure4-11: a) SEM Images o hexagonal silvenanodisk}b) SEM Images oé triangularsilver
nanodisk,c) SEM image of silvenandelts formed byoining of structural blocksg) low

magnification SEM image of the nanobelts

SEM images of selissembled and joined silver nanoparticles are shoviigure 4-11-c. The
hexagonal anttiangular silver particles were attached to each other and result in nanobelts. Different
joining configurdions can be seenkigure4-11-c. The mar ks of Aoned and At wo
the positions where hexagonal structural blocks joinedagoc h ot her . The area mar ked
the triangular structural blocks join together. The head to the corner or edge configuration of these
triangular nanoparticles is compatible with MD simulation results that preserfégliee4-10. The
markofAif our 6 points to the joining of hexagonal and
initial shapes. Twotrangularnaopar t i c | e s miEgurkdelttc have bedrfjdingdendwoi n
different configurations to a nanobelt, indicating a random nature of thasselinbly of the structural
blocks. Figure 4-11-d shows a low magnification SEM image of nanobelts consisting of the silver
structural blocks. This iage reveals that the structure and joining configuration sihofigure4-11-
¢ are uniformly distributed through the whole sample. These two SEM images prove that the
nanoparticles can join to each other at room temperature. This is consistent witD aimdation
results Figure 4-3, Figure 4-4, Figure 4-5, Figure 4-6 and Figure 4-10). To check the important
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alignment feature of the nanojoining at room temperature that was revealed by the MD simulation, we
performed HRTEM observatiofkigure 4-12-a and b show a HRTEM image of the boundary area
between the nanoparticleBigure 4-12-a reveals two nanoparticles that joined to each other and
perfectly aligned. As showim Figure 4-12-a, the particles were joined and aligned on their (111)
planes. Te crystal structure of the boundary between two particles was perfect as predicted through
MD simulation Figure4-6-f). More evidence of the joint morphology is presernteigure4-12-b. In

this image, five particles were joined to each other aradeasly shown, all of the particles tended to
achieve their lowest energy level by aligning their crystal structure, which was predicted by our MD
simulation inFigure4-4, Figure4-6-d and 6f. (111) planes of five particles are markefigure4-12-

b. The experimental outcomes have supported our MD simulation results and show that nanojoining
can be considered as a synthesis method to build nanostructures. In addition, the boundaries of the
joined particles had perfect crystal structure as predictédeoD simulations.

Figure4-12: a) HRTEM image of thenterfaceareabetweertwo joined nanalisks direction of (111)
planes of the particles are markélHRTEMimage of five silver nargisksafter joining directions

of (111) planes of thparticles are marked.
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4.3 Summary

In this research, we have employed molecular dynamics simulation method to study room
temperature joining of silver nano particles as an applicable noble material. Our MD simulation has
shown that low temperature joiningcurred by short movement of atoms to reach lower energy levels.
These atoms have forced their adjacent atoms to follow them and impose elastic strain on the crystal
structure, which are released through subsequent elastic deformation of the partinlstallfiefects
such as dislocations are created in the interface during joining, they will move out and make plastic
deformation in the particles and after these events, the final crystal structure of the particles will align
and reach minimum energy kv This decrease in the energy of the surface atoms is the driving force
for nanoparticle joining at room temperature. Our MD simulations at lower temperature show that the
joining can occur even at 1K. However, energy of the system is not sufficieaktbarcomplete joint
between the particles. At this temperature, the particles assembled and made a line contact. The
mechanism of joining at 1K is short movement of atoms from their position on the surface of a particle
toward surface atoms of the otharficle followed by subsequent elastic deformation to release stored
elastic energy. In contrast, at 300 K, the particles not only make-ediriact joint at beginning, but
also the joint grows to cover the whole interface area between two nanopdrtithes condition, the
original shape of the structural blocks will remain intact. This phenomenon is very important for
assembled nanoparticles to fabricate nanodevices. At higher temperature (500K), the particles are very
ductile, stored energy duringignation of atoms is enough to do plastic deformation, and shape of the
structural blocks will change. Therefore, the final product is more like sintering of the nanoparticles.
Experimentally, synthesized silver hexagonal and triangular nanodisks wesiessstibled and joined
into nanobelt morphology simultaneously, which is compatible with our MD simulation results. In
addition, HRTEM clarified that the interface area of the joined particles is perfect and no dislocations
remain in the interface. This darwation confirms our MD simulation results that show generated

dislocations will move out and the final crystal structure of the joined particles will be perfect.
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Chapter 5
Synt hesis of sil ver -amsanreanpd ryt iacnlde sn almyo j

of nanopl at es

Silver has attracted extensive research interest because of its potential applications in
nanotechnology and biotechnolof30-36]. The properties of silver nanoparticlesmilar to other
nanomaterials, depend not only on size, but alsanorphology andsurface crystal orientation.
Researchers hawmployedvariousmethods for synthesizing silvaanoparticlesincluding chemical
reduction, chemical vapor deposition (CVD) and physical vapor deposition (R¥[37, 38, 40, 41,

104, 105. Among them, thesolutionbased chemical reduction & simple,low-costand flexible
method.In this synthesis method, i possible to adjust solution conditions and chemical agents to
synthesize various nanoparticl&rateges for controlling the morphologgnd the gometryof the
synthesizedtructures arevell establisheda shapalirecting capping agefig employedto change the
growth rate in different crystallographic directidits 38, 42-44, 106. Therefore, the surface crystal
plane of the nanoparticlés dictated by the choice ottapping agent. Thus faihe surface planes of
synthesized silver nanomaterials throtiglsolutionbased chemical reductioauteare mostly (100)
planes althoughthis is not the lovestenergyplanein the fcc crystal structuf®7, 45]. It is well known
that the lowest energy crydtagraphic plane ofcc crystas is the highly packed (111) plane, which
usually fornsthe surface of stable crystals of fcc structidds. In addition research has demonstrated
that (111) planes a better performanda some applications such as catalytic react[ddk In this
regard,the synthesis ofa new grade of oneand twadimensional silvemanostructuresvith (111)
surface planess desired

Among different silver nanopatrticles, hexagband triangular silver nanoplatase twoshapes
with maximum (111) planes on their surfacgéuchnanoplatesave a twin plane in the center and two
(111) planes at thmp and bottom surfaces parallel to the twin plgir821]. Theyaresynthesizd by
cappingthe top and bottom (111) planes with special molecules to reduce the growth rate of the crystal
in the[111] direction Hence, the nanoplatean grow mostly from the edgé¥henananoplate is very
thin, its edges are a combination of (100 &h11) planesnd when th@anoplates beme thicker a
flat hcplayerforms at the edge between the (111) and (100) p[@igsDifferent growth rateof silver
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crystal in [111] and [100] directiodead tothe changeof initially hexagonal particleisto atriangular

form.

The silver nanoplates seem ideal structural blocks for fabricating high stability supercrystals. Based on
the literature, a nenlassical crystallization mechanism is proposed for supercrystals in which, first the
initial structural bocks are synthesized and then, they are assembled and finally joined. The joining
mechanism of the structural blocks could be diffusional sint¢7ifdL07], or a northermal diffusion

less, which is called oriented attachmdi@8 109 . The product ojoining through oriented attachment

is usually a defeefree perfect crystal structure at the interfa&@(. We examined the oriented
attachments of the nanoplates through Molecular Dynamics simulation, which demonstrates how the
nanoplates align themsels and joif111]. However, adjusting the affecting parameter of the chemical
reaction to achieve a successful synthesis by this method is a challenge.

In this research, the affecting parameters on the synthesis of silver supercrystals by rediilei@g of
nitride with ascorbic acid in presence of PMAA via the chemical reaction (1) are investigated.
2AgNO;+CsHgOs- 2Ag + 2HNG+ CsHeOs (@H)

Based on this chemical reaction, main factors that are able to play role in the synthd3ithagi

of the mixture, 2) the ratio of silver nitrate to ascorbic acid, 3) the reagent concentrations, in the reaction
mixture, including that of the cappiragent and 4) nucleation of the crystalline silver. Pphtin
particular is expected to have a significant effect as influences the redox reaction rate and the affinity
of the polymer capping ageitl 2. Experimental observation and mathematical modekiwvg lapplied

to investigate the influence of the aforementioned factors on the resultant morphologies of
nanostructures.

In this chaptersystematic experimental studies of the formation of silver nanostructures through
simultaneous sefissembly and roortemperature nanojoining of hexagonal andngular silver
nanoplatess described. st synthesis methods for synthesizing different nanostructures is revealed.
Then, the identificationf theeffectof the key chemical agents$ this synthesis methodiliger nitrate,
ascorbic acid and PMAA) and the synthesis procedartheshape ananorphology ofsynthesized

nanoparticles are explained.
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5.1 Experimental procedure and modeling method

5.1.1 Experimental Procedure

First, 0.68 gr Ascorbic acid (Alfa Aesar, 81-17) wasdissolved into200 ml HO. In another
beaker, Iml of Poly(Methacrylic Acid, Sodium salt), 40 wt. % solution in water (PMAA) (Aldrich
Chemistry)and 100 ml deionized water were mixed by gently shaking (Solution B). Then, 1.6 ml of
this solution was added to ascorbic acid solution and mixed to prepare reducing solution (solution B).
Then,2.1 gr of AgQNQ (SigmaAldrich) waspoured in a 500c beakand 60 ml ofHO (except for
recipe 9)added to itandgently sway the containgéo dissolve AgN@and prepare the silver nitrate
solution (Solution A). When the silver nitrate crystals disappeared, the solution B was poured into this
500 beaker. After fie minutes (10 minutes for recipe 9 and 10), the synthesized silver nanoparticles
was collected byichner funnel vacuum filtration

For SEM andlTEM observations, 0.5 ml of nanoparticles suspension was added to a solution that
contained 0.1 ml of PMAA dotion in 3 ml of HO. This suspension was agitated in an ultrasonic bath.
After 5 min agitation, 0.1 ml of this suspension was added to 3 ml distilled water. This dilute suspension
wasstirred for five minutes. 0.02 ml of this dilute suspension was parredclean silicon wafer and
dried at 70°C for SEM observation. TEM samples were prepardte same waps SEM sampke
One drop of the prepared dilutedspension was poured on a TEM grid and after drying, the grid was
used for TEM observation.

XRD andysiswith Cu-Ka; (I = 0.154056 nm) was employed to investigate the crystal structure of
the products. XRD tests were carried out on a thick film prepared from silver nanoparticles. To prepare
the thick film, suspended silver nanoparticlesredeposited o a filter paper (Whatm&n# 1001042)
through a vacuum filtration apparatus after 20 min stirring. The thick film was dried at 70°C. The film
was detached from the filter paper by bending of the paper and used for XRD test.

To measure transmittance of the solution during reaction, a photoconductive cell (Parallax inc., 350
00009) and a LED (Lumex Opto/component Inc., SKIL1110SOCGBTR) were used. They installed

in two standard cuvettes (LIGHTLAB,-6001) and the cuvettes diein a way that the gap between

the photodetector and LED was 5 mm. The setup was connected to a data logger to record the data.

This setup was placed in the reactor and transmittance of the solution was measured every 5 ms.
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5.1.2 Modeling

A predicive model of theoH developed throughout the silver reduction was constructed.
The reacting mixture is assumed to be well mixed, and to pE atuilibrium for every point of the
reaction, where the equilibrium point will shift as the relative conceotrstand activity of each
contributing species changes throughout the reaction. It is also assumed that every species that is in the
mixture throughout the progression of the reaction is contributing tekhequilibrium without
sequestration; which is say that it is assumed that the adsorption of the PMAA by ther siluface
has a negligible effect on its buffering capacity, and that the developed dehydroassostadikeion
the timescale of the synthesi®nic strengthg, is calculated as showm iEquation 2, where)
represents the molar concentration of an ionic species, agpresents the absolute value of its charge.
Counter ions related to the PMAA are considered to be localized near the polymer chain and do not
contribute to the ovellaionic strength, and the selbnization of water was included in the model.
Strong acids and bases are treated as fully dissociated. Ascorbic acid and PMAA.Na are weak acids
expected to act as buffers, and both are expected to have their dissociatadngsinfluenced by the
solution ionic strength ¢. For ascorbic acid,
ionic strengths thddendersorHasselbalchequation is acceptable when the apparent dissociation
constant is varied with ion strength according to the equation proposed by Ball (Eqg. 3), with a pK
constant of 4.21 at zero ionic strenfiid. PMAA-Na isa polyelectrolyteand was treated according
to the Katchalsky model (Eq. f14.

‘' -B  Qa (2)
n NL U] p TS (3)
nNonRw &1 1 ¢ | j| 4)

In which, a is degree of dissociation of PMAA.N&or PMAA, Katchalsky and Spitnik reported
analytical titration curves of across the range of interest, linearized independently for five ionic
strengthq112. The data presented in a figure by Katchalsky and Spitnik was digitized by image
analysis, wheré@ was assumed that distortions by rotation, stretch and shear were applied uniformly to
the figure, and the axes were used for scale calibration. The resulting dataset was fit by a linear
regression of the form:

noo oy 6 o 11 ¢ | |l (5)
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Table5-1: Linear model constants for dissociation of Poly(methacrylic) acid, obtained from linear

regression of data derived frdhl2]

to be performed on the full set of dfdd2. This obtained the model constants presented in Table

A B C D
Values 6.3332 -1.32015 -1.80890 0.3708
X X X
Linearized using - — _
‘ LT e Il XX

1. For accurate modelling of the PMAA-Na, the molar concentration and salt substitution of the

polyacid needed to be determined. A specimen of the stock PMAA solution was carefully weighed into

a cleaned and pmeeighed 20mL glass scintillation vial, and driender 32 ifrHg vacuum at 80°C for

24 hours. Once dried, the vial was sealed awvdgighed, to determine that the stock solution contained
40.01wt% dissolved PMAA/PMAA-Na. A 19 mg specimen of this dried material was then placed in
a TA Instruments Q500GA, degraded at 10°C/min to 700°C under nitrogen, cooled to 390°C, then

reheated at 10°C/min under air flow to 900°C to drive off the carbon content, leaving only white

NaCOs; ash. A molar analysis of the masses determined that the sodium salt sabsifttiie PMAA

carboxylic acid groups wa6.86mol%. This was treated in the model as 0.8686 mol NaOH strong

base being added alongside each mol of PMAA.

To solve the model, the user provided the ingredient amounts intended in the two reactants

solutians, the ratio of the two solutions, and a list of desired degrees of silver conversion that the model

is to be solved. From these, the program calculates the total concentration of each species present at

the degree of conversion being solved. The estisnafpH and the degree of dissociation of ascorbic

and PMAA species were initialized at 12 and 0.5, respectively, and the initial ionic strength estimate is

calculated. The program then solves for equilibripishat this degree of conversion by repeatedly

alternating between recalculating the ionization strength and dissociation constants of each buffer

species under the current species concentration estimates, and iteratively solving for theldurrent
estimate based on recalculations of the buffer disso¢ i

dissociation constants. TheH was estimated based on the current estimated concentration of

on from

t he

| ast

hydronium ions, obtained by summation of estimated concentrations for all hysfisgeniated

esti

species and subtractirtige concentration of strong base. The convergence criteria used was that an

acceptableH estimate had been found for that degree of conversion when the difference between two
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consecutivepH estimates was <0.001 and the difference between two consegutive st i mat e s
<0.0001, concurrently. Once converged, the model would recalculate concentrations based on the next
degree of conversion, and reinitialize the estimates as before.
Using data from the aboyeH model, relative reaction kinetics were caltedfor recipes 16, based
on data reported by Kimura et al., and Moya et al, for the reduction of tris(oxabatd)ate(l11)by
L-ascorbic acid115 11€6. This makes the assumption that ph€and ionic strength scaling for the
two systems is similaand allows us to compare relative rates on an arbitrary timednadecordance
with Kimura et al., the rate model equati6rwas usedwhere k was dependent opH and ionic
strength, anaalculated by equation 7 in the rangepbf < 4.5. In accordare with the findings by
Moya et al., kk was considered constant at KO2:69 for 4.5 pH < 7.5. This relationship was found
by comparing the two publisheldtasets, and determining that iortiesgth had an insignificant effect
in the studied range.

| VOO0 0i GET QL)
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5.2 Results and Discussion

5.2.1 Silver Nanobelts

Figure5-1-a isatypical SEM image ofhe belt shapd silver particles that synthesized through
reduction of silver nitrate by ascorbic acid when we did not add PMAA to the syftenmnset
illustratesa wavy shapand small side branches of thelt Figure5-1-b revealdocal structure of a
belt with a highly magnified image. This figureevealsthat the belts consist of small nanoparticles.
Thickness of the beltwas found to baround 200 nmKigure5-1-c). Based on the IUPAC definition
of nano materialspne of the uppesize limits of the nano mateais is 100nnj117]. Therefore, thee
silver particlescould be namedicrobels. Figure5-1d shows theXRD pattern of the microbeltdt
was thereby confirmed th#te sample can be indexed as sile&cording to JCPDS card number 00
001-1164.

This experiment confirmed that ascorbic acid can reduce silver ions to silver atoms as eXyfected.
evaluatedhe yield of the process based on the mass balance of gihieh was99%. However, it is
not clear why the silver particles are belt shaped. No chemical was present to play-dirgictipg

role in this experiment, except ascorbic acid. The ascorbic acid moleculedra®@ylgroup and two
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more carboxyls could be generatétareaction of this molecule with silver nitrdtel8 119. On the
other hand, it is well known that the carboxyl group can attach to the surface of silver nanopatrticles
[12Q. Therefore, itis likely ascorbic acid haplayeda shapedirection role to gnthesize microbelts,

although further investigatiois neededo directlyconfirmthis.

Intensity (a.u.)

X 200 nm

100 nm
—

0O 20 30 40 50 60 70
20

Figure5-1: Onedimensional silver irregular belts synthesized without capping agent after 20 min; a)
overall view of the product and clesp image of a belt; b)igh magnification image of the surface
of a belt; ¢) thickness of the belts; d) XRD pattern of the belts.

Figure5-2-a showsonedimensional silver particles artigure5-2-b provides ehigher magnification
image ofthem, which reveals their structuresgspentine beltsThese belt shape silver particles were
synthesized when PMAA was added to the sysfgure5-2-c illustratesthe thickness of the belts,
measured a&5 nm.Hencetheparticlesare nanobeltszigure 5-2-d shows an individual silver nanobelt
which consists of hexagonal and triangular structural blaaime ofthe triangles and hexagons are
highlighted.The inset shows a triangular nanoplate that reggimattachedh the system.
The role of PMAAIN this synthess can be established by comparfigure5-1 andFigure5-2. Adding
PMAA to the system redudehe thickness of the synthesized beRigy(re5-c andFigure5-2-c). In
addition, since hexagonal and triangular structural bleegee synthesized in the presence of the
PMAA (Figure5-2-d), onecan hypothesize that the PMAA molecules attach to the (111) planes of
silver crystals and decrease the gitovate in a [111] direction; thus conforming tavell-established
synthess process othe nanoplatg¢49, 21, 121]. And then, the nanoplates sa¥sembled and joined to
each other, side by side, to fabricate each nanobelt; a process that we have previously Fl2&dated
The hypothesized role for the PMAA can be investigated by examinatithe crystal structure of the
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nanobeltsFigure 5-3-a is a TEM imageof a silver nanobelt. This imagshowsthat the nanobelts
consist of silver nanoplates. Selected area diffraction (SAD) pattern of the markefl Rigpae5-3-
arevealedhat thezoneaxis ofall of the particles in the area of diffraction patterfil11] (Figure5-3-

b). The area of diffraction pattern consists of several individual particles that joined to each other
laterally. Since only one diffraction pattemas observed tim all of them, it can be concluded that all

of these particles oriented in the same direction and their flat basal plereegparallel This is
compatible with the aforementioned synthesis mechanism of nanpl#lisFigure5-3-c shows the

XRD pattern of the silver nanobeltwhich confirmed thabnly the (111) crystallographic direction
exists on the surface of the nanoparticldss crystal texture is different from that of the microbelts
(Figure5-1-d). The TEM and XRD resudtrevealed that the nanobelts formed by joining of hexagonal
and triangular nanoplates. The structural blocks remained intact and only joined at their edges. Hence,
flat surfaces of the nanobelts are (111) planes. This special structure of nanobelesspeoiddnce

that PMAA can stabilize the (111) plane of fcc crystals. Therefore, adding of PMAA to the system

causes a change in the product from microbelts to well oriented single crystal nanobelts.

t

H20 nm

Figure5-2: a) Synthesized silver nanobelts) High magnification image of the nanobelts)
Thickness of the nanobelts is around 25djStructure of a nanobelts, inset is one of the triangular

blocks
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Figure5-3: a) TEM image of a nanobelts; b) SAD pattern of the marked area; ¢) XRD patteen of

silver nanobelts.
5.2.2 Silver Nanoflakes

Aging of the silver nitrate solution resulted in a change in the morphology afioremsional silver
nanobelts to twalimensional silver nanoflakeBigure5-4 illustratessynthesized silver particlesing
the sane recipeas thatused fornanobelts, but after 48 hour ageing of silver nitrate solution. In this
synthesis, the particles took on a flake shiapad of the belt shapeigure5-4-a). High magnification

SEM examination revealed that the flakes forroggbining ofhexagonal and triangular silvielocks;
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some of the blocks were bigger than us&adre5-4-b). Figure5-4-c reveals that the thickness of the
flakeswas around 25 nmalmost same ahat of thesynthesized silver nanobelfFigure5-4-¢). This
shape change from ofltmensional nanobelt to twdimensional nanoflakes that observed after aging
of silver nitrate solution is clarified that preparation of silver nitrate solution has important impact in
the assembly of silver structural blocR$ie effect of preparation method of silver nitrate solution of

the morphology of the product will discuss later in this chapter.

100 nm

Figure5-4: a) Overall view of the synthesized silver nanoflakes; b) higher magnification image of the

silver nanoflakesg) structural blocks of silver nanoflakes

5.2.3 Silver nanosheet

Figure5-5 shows multilayer and singlayer silver nanosheets that were synthesized by the same recipe
used for silver nanobelts. The only difference between this synthesis and the others was mixing of the
solutions. In this experiment, the silver nitrate soluti@s added dropwise to reducing solutidhis

type of mixing resulted irfloating very thin sheets of silvesn top ofthe solution Eigure 5-5-a).
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Figure5-5-b and ¢ demonstrate that these floated nanoparticles are multilayer odayeglporous

silver nanosheets, respectively. Inset$igure5-5-b and dreveal the structure of the nanosheets in
higher magnification. XRD analysis of the nanosheets demonstrated thad stygtture of the sheet
(Figure5-5-d). This pattern confirmed that the cigisttructure of the sheets is same as that of the silver
nanobelts. By adding silver nitrate solution to the reducing solution, the reaction happens on the surface
of the liquid and because of the special geometry of the particles, they will float amsffension.
Individually floated particles can join with each other to make large silver nanosheets, even up to

several centimeters in diameter.

10 60

20
Figure5-5: a) Optical image of the floated silver nanosheets; b) multilayer porous silver nanosheets,
insetis a high magnification image of the nanosheet; c) single layer porous nanosheet, inset is a high

magnification image of the nanosheet; d) XRD pattern of the silver nanosheets.

5.2.4 Synthesis mechanism and affecting parameters of one- and two-dimensional
silver nanostructures by oriented attachment
To investigate the effect of AgN{CsHsOs molarratio on the shape of silver supercrystals, six different
recipes were selectgdiable5-2). We performed five replicates of each recipe, both with and without
the addition of balance water used to maintain constant final volufheamn ofTable5-2). The
addition of water had minimal effect of the resulting nanoparticles, which otherwise exhibited
repeatable morphologies specific to each recipe, providing dplicates per reciperigure 5-6
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demonstrates the synthesized nanostructures by these six recipes, Based on these observations,
chemical reduction of silver ions at very low AgbBlCGsHsOs molar ratio (0.05) leads to bdike
nanoparticles, which aextudly disordered clusteisf very smallstructural blocks (inset ¢figure5-6-

a). Increasing the AgN@)CsHsOs ratio to 0.27 changes the supercrystals to flovebiape particles

created by short and wavy ribbelilee structural blocks (inset dfigure5-6-b). Molar ratios of 0.53

and 1.0 produced small porous nanosheets of sihrgue5-6-c and d). Inset image &igure5-6-d

reveals the thickness of the sheets is about 25 nm. Finally, high AQ#{g0s molar ratios (1.6 and

3.2) produced onrdimensional silver nanobeltBifure5-6-e and f)

Careful examination of the SEM images feigure 5-6 reveals a clear trend in the synthesized
nanoparticles. All recipes other thaecipel produced nanostruces composed of short nanobelt
segments that have undergone a second stage of assembly. In recipes 2 through 6 we see a progression
in preferred joining site. Recipe 2 displays extensive joining along all segment faces, producing flower

like clusters. Regie 3 through 6 display joining that is highly selective to the narrowseddps
progresses from lorgdgeto-longe dge Al at eral 6 j oi ni nw-lomredged nat i ng
ibranchingd joining domitataitpi nigl j(oreeacri npge sb e4c cammidn g )mo
progression from Recipe 5 to 6. This is either due to an increasing preference towards linear joining, or

an increasing aversion to lomglge joining. Recipe 1 appears to be consistent with this progression,
representing clsters of particles that have joined indiscriminatilyour experiments, all recipes have

same ascorbic acid and PMAA concentration. However, silver content of the recipes are different,
although the silver nitrate solution (Solution A) that used ineglipes has same molarity. In addition,

thepH of the solution is a function of the amount of ascorbic acid and silver nitrate that react with each
other. Therefore, the effect of silver content of the reactorRihevolution during progress of the

reaction on the formation of the silver supercrystals must be uncovered.

Table5-2: The recipes of the syntesis with different concentraion of silver ion.

Recipe Number | SolutionA (ml) | SolutionB (ml) | H20(ml) —— (mol/mol)
1 1 200 59 0.05

2 5 200 55 0.27

3 10 200 50 0.53

4 20 200 40 1

5 30 200 30 1.6

6 60 200 0 3.2
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Figure5-6: SEM images of the silver supercrystals synthesized by recipe 1 to 6 (a to f, respectively)

Evolution of thepH versus progress of the reduction reaction (Equdfjdor each recipe was
calculated using the proposed mod€b(res-7-a). Regarding fast progress of the chemical reaction,
precise measurement of tipel during reaction was practically impossible due to time lag of the
conventionalpH meters. Hence, texamine the accuracy of the model, tité of the reactor after
completion of the reaction was measured for all recipes, which illustrates excellent agreement between
the model prediction and experimefigure5-7-b). Based on the presented datdigure5-7-a, the
pH value of the recipe 1 shows very small change, which is predictable due to low silver content of the
reactor. For other recipes, tRél evolution shows a descending trend and, increasing silver content of
the recipes leads to higher ratellod PH reduction. To explain the difference between the recipes, we
selectPH 2 as a benchmark. Based on Higure5-7-a, the reaction of the recipe 1 to 3 finish &t
higher than 2. In recipe 4, 70% of silver ions reducedP higher than 2, whé this value is 50% for

recipe 5 and 40% for recipe 6. Hence, Not only the silver content of the reactor increased in the recipes,
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but also more silver nanopatrticles synthesize in Id¥¢when AgNQ/CsHsOs molar ratio increases.

This finding is very impdant because the role of PMAA molecules as capping agent might be

dependeni77, 11(Q. In addition, changing th@H of the reactor is able to change the reactivity of

ascorbic acid and hence, the kinetic of reduction reackayure 5-7-c presentamoles of silver

converted per liter of reaction mixture for each recipe as a function of arbitrary time, demonstrating

that the time to completion increases up to recipe 5, while recipe 6 displays a similar reaction duration

as recipe 4. This is because stoichiometric ratio of AgNgxo GsHsOgs is 2:1, and recipe 4 and 6 lie

equidistant to the crossover poiigures-7-d presents the reaction rate of each recipe versus arbitrary

time, demonstrating that the reaction rate increases monotonicallyheithcreasing AgNeCsHsOs

molar ratio.
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Figure5-7: a) pH changes during progress of synthesis redox reaction for recipe 1 to 6; b)

Comparison between predicted fipdd of the recipe 1 to 6 and experiments; ¢) Calculatethrity

of silver conveted for recipel to 6 and recipe 10 verstise; d) The reaction rate of recideto 6

versus time

To distinguish between the effectANOs to CsHsOs molar ration andPH on the morphology of the

products, we manipulate theH of recipe 6 by using NaOldnd HNQ to the solution B, while the

silver content of the solution was kept constaiatye5-3). ThePHvalue of reduction solution of recipe
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7 was adjusted to be higher thaneRilue of ascorbic acid and less than PKa value of PMAA, and for
recipe 8was adjusted to be higher thandkalue of both ascorbic acid and PMAA. a demonstrates the

pH vs conversion of the chemical reaction of recipe 7, and 8 in comparison to recipe 6, which uncovers
that the 90% of the reaction has done jpiHdnigh than 2Figure5-8-b and ¢ show the SEM images of

the synthesized nanopatrticle by recipe 7 and 8. These images illustrate that inpie¢asihg solution

at constant AQNeCsHsOs molar ratio was tremendously changed the morphology of the products. The
Product ofrecipe 7 is wavy silver nanobelts and individual overgrown hexagonal and triangular silver
particles Figure5-8-b). Increasing th@H to 7.4 in recipe 8 eliminate assembly of the structural blocks

and let them to growth as individual particles. Recignd 8 illustrate the upper margin of the pH,
however in recipe 1 to pH is less than 4 in all cases. Therefore, to clarify what happen if all silver
ions reduce at BH lower than 2, we modified recipe 3 by adding HiN@adjust thgH of reducing

solution to be 1.85. This also changed the concentration of nitrate ions to be between that of recipes 4
and 5. TheH versus conversion of the chemical reaction of recipe 9 is demonsétigiies5-8-a. The

pH of this recipe is always bellopH 2 while as demonstrated figure5-7-d, required time to convert

all silver ions in this case is much longer than recipe 3 and equal to recipe 6. This circumstance seem
to be a good index to distinguish the effect of pH, silver content of the reactepawersion time.
Synthesized silver nanostructures by recipe 9 is demonstrafagliie5-8-d, which demonstrated that

the synthesized particles are a combination of wavy and straighimeasional silver nanostructures.
Based on this observation, thidver content of this recipe is almost same as recipe 3, the conversion
time of this recipe is close to recipe 4, 6, and less than 5; however, the resultant silver nanostructure is

more similar to recipe 5 and 6.

Table5-3: Recipies of the synthesistiadjusting®H by using NaOH or HN@

Recipe Solution A Modified reducing solution
(mol/mol)
Number | (mi) Solution B (m) AdjustedpH
7 60 200 5.70 32
8 60 200 7.40 32
° 10 200 1.85 0.53
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Figure5-8: a) pH changes during synthesis of supercrystals by recipe 6 to 9; SEM image of the
synthesized particles pH manipulated in: b) Recipe 7; ¢) Recipe 8; d) Recipe 9.

We observed that the size of the silver nanobelts that synthesized by recipe 6 is vere gensit
preparation method of the silver nitrate solution. To investigate this phenomenon, we conduct two
experiments. First, we used 5 minutes severe shaking to dissolve silver nitrate crystals and then, this
solution was used for synthedisgure5-9-ashows the synthesized sliver nanobelts after severe shaking

of silver nitrate solution. Comparison betwdggure5-9-a andrFigure5-6-d clearly demonstrates that
shaking of silver nitrate solution is able to reduce the length of the synthesizedailebehsOn the

other hand, it is reported in the literature that dissolution of the silver nitrate is not a simgltene
process but that the silver nitrate dissolves througbme intermediatestages such as silver trimers

(6'Q and0"Q) ard these silver trimers can be considered as nucleation site for nan¢pZgks
Therefore, it can be hypothesized that silver trimers play the role of precursor for silver hexagonal and
triangular nanoplates, and that aggressive mixing decreases therrafrsiiver precursors available

in the reactor. To examine this idea, we designed the second precursor solution experiment, recipe 10,
in which 2.1 gr AgNG@was slowly dissolved in 10 mL water by very gentle movement of the container

to minimize mixing To examine this idea, we designed recipe 10, in which 2.1 gr Agi©dissolved
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in 10 ml water by very gently movement of the container. Concentration of this solution is 6 times
higher than recipe 6. To keep total concentration of the system saevipast, 50 ml water was added

to the reactor simultaneously with reducing solutidlable 5-4). Figure 5-9-b demonstrates the
synthesized silver nanobelts and inset of this image demonstrates the thickness of the nanobelts. The
synthesized nanobelts bgcipe 10are much longer than recipeF&ure 5-9-c shows one of the
synthesized nanobelts, which is around 95 nm in length. The Insets of this image, demonstrate high
resolution image of two parts of this nanobelts, which confirm continuity of théoakino

| 96 um ‘

¥y e S B e e
;¢ \
il 10 um #%00 nm™
— J s

Figure5-9: a) Short nanobelts, synthesized by recipe 6 by using agresivly shaked silver nitrate solution; b) Long

nanobelts, synthesied by recipe 10; ¢) High magnification SEM image of a lorahap# supercrystal
synthesized by recipe 10.

Tabe 5-4: Recpie of the synthsis with high silver nitrate concentration

Recipe ) ) | Solution

Silver nitrate solution H20(ml) | —— (mol/mol)
Number B (ml)
10 2.1 gr AgNex10 ml H20| 200 50 3.2

It is noted that the differing reaction rates amongréwpes were not negligible and can be visibly
differentiated by changing color of the solution from a clear solution to black. Therefore, we measured
the transmittance of the solutions during synthesis. The results of these measurements for recipe 6, 8,
and 10 are presented Figure5-10 . In addition, it was possible to record the changirbof the
solution during synthesis for recipe 10, due to its exceptionally slow reaction rate, and the results have
been superimposed-igure5-10 demonstrates that the synthesis with recipe 8, in which the addition
of NaOH raised thpH of the solution above the PKa value of the ascorbic acid and PMAA, displayed
a reaction rate higher than recipe 6. More interestingly, recipe 10 has a very ldonreate, even
though the fullymixed concentration, pH, and AgND-ASB molar ratio of these two recipes were
similar. The only difference between these two recipes was higher concentration of the precursor silver
nitrate solution, and the preparationthw of this solution.
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Figure5-10: Kinetic of synthesis reaction measured by ligahsmission for recipe 6, 8, and 10. Evolution of
pH during synthesis by recipe 10 is superimposed on the graph. The prgueltaid is the average of 6
replicates

5.2.4.1Discussion

Literature would argue that the type of nanoparticle growth and assembly observed here
achieves varying morphologies through kinetically controlled procgg3e424. However, in this
system the kinetics of the process was determinedonbe the controlling factor. The reduction
reaction appears to be the ritniting step, as evidenced by the agreement betweentligigmission
andpH data for recipe 10, and the general agreement betweettrgismission and kinetic predictions

for recipes 6 through 8. Based on morphology, recipes 6 and 10 were the most similar, and yet their
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reduction kinetics differ by orders of magnitude. Meanashilecipe 4 had reduction degree of
conversion kinetics most similar to recipe 6, while the two display significantly different morphology.
Similarly, recipes 9 and 10 were both observed to significantly deviate from their predicted kinetics
due to longmcubation times. Although they displayed similar incubation times and reaction durations,
recipe 9 and 10 produced significantly different final morphologies. This insensitivity to kinetics
appears to be why the repeatable synthesis of these nanostreetures completed so rapidly. A
working hypothesis on why the morphologies display such insensitivity to kinetics is that they each
represent a local equilibrium under their experimental conditions. Comparing the
morphologies of recipes 1 through 6, 9, dfyl it can be seen that the progression in preference for
lateral, branching, or linear joining correlates either with the fiFsdr with the concentration of nitrate
ions. Based on our modelpaelation with finalpH may be due to the changing iortioa of PMAA
from 3% to 0.4% as thpH dropped from approximately 4 to 1.5. This is a relatively small change,
and so this having such a significant effect would be surprising. A potential sourceldfsiesitivity
is the unreacted-ascorbic acid, Wwich changes ionization from 19% to 0.3% acrosspHisegimeas
predicted by model However, for most recipes investigated the lowepHghroughout the reaction
is caused by the consumption of the ascorbic acid, in some cases to completion (retipes 6,
Therefore, a reasonable hypothesis is that either the unchaagembibic acid, or the dehydroascorbic
acid product of the reduction, may be involved in this process. We cannot rule out the correlation of
the nitrate ion with the morphology; howary we do not have a hypothesis of the mechanism at this
time.

It should be noted that Recipe 7 and 8 represent a different regime in the PMAA ionization. In
recipe 7, where the higiH value produced initial PMAA ionization of 3886 predicted by our med
the majority of the silver is in the form of prigtic crystals that we hypothesize are overgrown primary
structural blocks, accompanied by limited quantities of assembled nanostructures. In recipe 8, where
the PMAA initial ionization was 85%calculded by model)the assembled nanostructures are absent.
Therefore, highly ionized PMAA may be inhibiting assembly, due to charge repulsion.

There is an indication that the silver ion concentration may affect the length of the short
nanobelt segments prito their final assembly, based on comparison wikigure5-6. If this is the
case, we hypothesize the trend would be related to the increasing concentration of primary silver
nanoplates. However, silver content is partially correlated with theitréinéar joining, complicating
analysis. Recipe 10 displays exceptionally long linear nanobelts, at the same silver concentration as

recipe 6, and differs only in the AgNO3 dissolving procedure. The long reaction time of recipe 10 may
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indicate a changia the nucleation characteristics caused by this gentle mixing, which may indicate a

change in the numb&oncentration of the primary silver nanoplates.

5.3 Summary

In this research, orgimensional silver nanobeltsvo-dimensional silver nanoflakesid nultilayer
and singldayer porous silver nanosheets weyathesized by choosirmyitablesolution parameters.
From the crystal structure point of view, these silvanaparticlesare unique because of the special
surface texturef the products. The sudes of the nanobeltsnanoflakesand nanosheetre (111)
crystallographic planed his special crystal structure of the products was confirmed by TEM and XRD
observations.
Repeatable and fast synthesis of -omed twe dimensional silver nanostructurasnstructed from
highly stable hexagonal and triangular nanoplates. We demonstrated that the primary nanoplate
structural blocks will assemble into secondargdirhensional belshaped segments, followed by
secondary assembly and joining into various laggale structures. The selectivity of preferred joint
locations during this secondary assembly directed the development of the final morphology. We
demonstrated that these are not kinetically controlled processes, and that the selectivity of joining
location during secondary assembly correlated pitand the concentration of nitrate ions in solution.
There were some indications that the concentration of silver ions correlated with the developed length
of the secondary belt segments, however this waslated with the factors that also selected for more

linear secondary assembly modes, complicating analysis.
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Chapter 6
Hi gh t e mpsetraabtiulriet y, surface dofsorder

silmnanoparticles

In this chapter, first, thermal stability of silveanobelts is compared to pentagonal silver nanowires
by Molecular dynamics simulation and experimental obsenatidhen, surface disordering and

mdting of silver nanoparticles adiscussed.

6.1 How morphology and surface crystal texture affect thermal stability of a
metallic nanoparticle: the case of silver nanobelt and pentagonal silver

nanowire

The thermal stability of crystalline metallic nanoparticles is a challenging topic in nanoscience, which
can limit the employment of a nanopatrticle at high tenaipee[125-132). This is a complicated issue,

since processes of chemical attack, diffusion, and phase change are all temperature dependent, and so
it is often difficult to identify which are the dominant causes of thermal instability in a particular case

It has been shown that for metallic nanoparticles smaller than 2 nm the surface atoms play a critical
role [125. In this regime, most of the atoms are at the surface, and the arrangement of the atoms
influences the stability of the particles independehibther factors. Researchers have employed
protective layers to manipulate the surface atoms and enhance the stability of the nanoparticles within
this size regim§l25 126. At larger particle size regimes between 2 nm and 100 nm, the internal bulk

of the particle becomes sufficient to produce a transition between the surface and core atoms. In this
size regime, systematic investigation of thermal stability of metallic nanoparticles has been limited,
though nanoparticles of this size are employed inywapplications. In this size regime, research
typically investigates the contribution of surface texture to stability in terms of how easily the
nanoparticle surface is chemically attacked by outside contaminates. However, there remains an open
guestion aso whether crystallography and surface texture act independently on the thermal stability of
these metallic nanoparticles. In other words, before referring to the effect of external reactants, it is
worthwhile to answer whether a nanoparticle is thermadyoally stable at high temperature or exhibit

sufficient kinetic barriers to resist changing to a more stable form.
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Of the metallic nanoparticles, silver is a desirable nanomaterial thanks to its remarkable physical and
chemical properties. Researchare developing silver nanoparticles for many unique applicdons
30-35, 133-137], synthesizing them in a variety of sizes and morphologies during last two dgt@des

38, 41, 46]. Among those reported, pentagonal silver nanowire is unique: a $pgleteatio particle,
achieving excellent electrical conductivity and mechanical strefdfth 138. These desirable
properties have led to many previous works where silver nanowires were employed for various
applications such as flexible and transparelecteonics, nanosensors, transparent heaters, and
nanocomposite$139-143. However, it has reported these silver nanowires are not stable when
subjected to high temperaturgl8, 130, 139, 144 This has been attributed to sulfidation of silver
nanowires, based on energy dispersive spectroscopy arfa§sils 146. Sulfidation of silver is a
well-known process that can happen at room temperature and is intensified at elevated temperatures.
Therefore sulfidation can be one of the driving forces of degradation of silver nanowires, under an
appropriate environment. However, it is not clear how temperatures alone contribute to this instability,
which could be investigated by annealing under vacouim an inert atmosphere. This is of concern
because this instability may also be driven by the physical properties of nanoparticles such as surface
crystallography. Such an effect would confound research efforts to mitigate the thermal instability of
silver nanopatrticles intended for high temperature applications; techniques that prevent chemical attack
would be undermined or obscured by any intrinsic thermodynamic instabilities that exist for that
particle crystallography.

It is well known that diffeent crystal planes have different packing densities; more packing means
lower energy and higher stability. In the case of silver, the qglasked (111) plane is the lowest energy
crystal plane with maximum packing, and therefore the most stable. By é¢sonmpdhe (100) plane is

more loosely packed, higher energy, and therefore relatively unstable. However, no work has been
reported to utilize theoretical calculation or experimental observation to investigate the surface
morphology effects on thermal inbthty for nanoparticles such as nanowire. Silver nanowires have a
pentagonal crossection when viewed perpendicular to their major axis, with each edge corresponding
to a (100) surface that runs parallel to the major axis. The pointed tips of the masnawiich project

in the direction of the major axis, are fiseled pyramids where each triangular face is a (111) surface.

It means this crystal morphology, which mainly covered by the five-tirgirigy 100 planes is not the

most stable possible configtin for a silver nanoparticle in theory.

Recently we synthesized a new afimensional flat silver nanoparticle, the nanoldl??, by

simultaneouself-assembly and nanojoining of hexagonal and triangular silver nanoplates as structural
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blocks. The namplates have been previously investigd®j 99, 147, 148 and their crystal structure,
explored by Elechiguerra et al. [34], were found to have a twin plane at the center and two (111) planes
on the flat surfacefd9]. The majority of the nanobelt sucaarea is composed of closed packed (111)
planes, as a result of realignment of the nanoplates during j¢it28g Therefore, it could be expected

that silver nanobelts should be stable at higher temperature than pentagonal silver nanowire.

In this research, we demonstrate how the morphology and surface texture of a nanopatrticles can
affect its thermodynamic instability and how this inherent instability is temperature dependent. This
guestion is answered by comparing the thermal stability behaviovmfckoselyrelated metallic
nanoparticles, which differ mainly in surface crystal texture: silver nanowires and silver nanobelts. To
do this research, we employed MD simulation and experimental observation to compare the thermal
stability of these nanopt&les. Moreover, this study clarified the thermal stability of silver nanowires
and nanobelts, which indicated nanobelts are a new candidate for high temperature applications, such

as a transparent heater material.
6.1.1 Simulation and experimental methods

6.1.1.1Simulation

Using the molecular dynamic simulationy ach atom, the potential energy is calculated by summing

the bonding energy between that atom and its neighbors, and the total potential energy of the system
was the sum of the potential energy ofetims. Similarly, for each atom, the kinetic energy calculated
according to the velocity of that atom, and the total kinetic energy of the system was the sum of the
kinetic energy of all atoms. The displacement of each atom is calculated as the distaritsediriginal

position To investigate the position of the atoms in the nanoparticle, the AcBtames parameter was

used to categorize the atoms based on their local crystal structure, setting a characteristic value for each
atom[149. In this MD sinulation program, fcc structure was denoted by 2, hcp structure by 3 and
unknownstructure, such as a surface,loy

The simulated nanowire contained 3530 atoms, with the initial state designed according to crystal
structure of nanowird4.9]. To show he effect of nanowire size on thermal stability, we did simulation

by a nanowire contained 6355 atoms. The diameter of this wire was 6.2 nm, which was approximately
two times larger than the first nanowire. The simulated nanobelt segment contained 48&)4atb

was composed of three joined gutits: two hexagonal nanoplates and one triangular nanoplate. To
represent a real silver nanobelt accurately, the simulated nanobelt segment was constructed by initially

placing the simulated nanoplates in a MD detion domain at 300K, with the distance between the
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nanoplates less than eoff radius of the MD program. Under these conditions, the surface atoms of

the particles attracted each other, and the nanoplates joined to produce the model nanobelt segment.
This joining mechanism was investigated by the author, and reported in our previoyd pdpétsing

these simulated structures, thermal stability was studied by simulating the MD simulations at various

desired temperatures, for®ttime-steps in all cases

6.1.1.2Experimental Procedure

The silver nanowires were prepared in a polyol solution with polyvinylpyrrolidone (PVP) as a structure
directing reagent, usi ng 473 v, 180 d5]. Imtbisgdsituglye3®0 f r om t h
mg PVP ((GH9NO),, K25, MW.= 24000, Alfa Aesar) and 12.5 mg silver chloride (AgCl, Alfa Aesar)

were mixed with 40 ml ethylene glycol (EG, Fisher Chemical)inartundt t om pask t o make
A. This solution was heated to a temperature betweetCl&dd 176C. Then, 110 mg sikr nitrate

was dissolved in 10 ml ethylene glycol liquid to form solution B. This solution added into the solution

A while stirring vigorously and continuing the reaction conditions for 4 hours. Silver nanowires were
washed with deionized (DI) water tameve the residual ethylene glycol and PVP.

To synthesize silver nanobelt, 2.1 g of silver nitrate (AgMiymaAldrich) was added to 60 ml

and agitated by ultrasonic bath for one minute to form AgdtQution. Reducing solution was prepared
separatelpy adding 0.68 g Ascorbic acid (Alfa Aesar) and 0.16 ml Poly (methacrylic acid, sodium

salt) 40% in water (PMAA) solution (Aldrich Chemistry) as structtirecting reagent to 200 ml,B

and agitated by ultrasonic bath for one minute. Synthesis waspeddy mixing these solutions

while the mixture was stirred by a magnetic stirrer.

6.1.1.3SEM, TEM and XRD characterization

SEM and TEM were utilized to investigate the morphology and crystallography of both nanoparticles
and EDX was employed to analyze gtemical composition of the products. To prepare SEM, EDX

and TEM samples, 0.5 ml of the suspension containing nanowires or nanobelts was added,(®,3 ml H
then agitated by ultrasonic bath for 5 min. For SEM samples, 0.02 ml was deposited by pipette onto
clean silicon wafer, then dried under argon at 70°C using a controlled atmosphere tube furnace.
Immediately after drying, the samples was annealed at the proper temperature at same furnace under
argon atmospherafter annealing, the annealed samplesensaced in a vacuum desiccator. For TEM
samples, approximately 180of the diluted suspension was deposited onto a TEM grid, then dried

under room conditions.
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XRD was utilized to characterize the crystal structure of the newly developed silver nanbbelts
prepare XRD samples without annealing, suspended nanobelts were collected on filter paper
(Whatmar? # 1001042) by vacuum filtration to form a 1.2mm thick film. This was dried at 70°C in
the air, then detached by peeling away the filter paper. dmape all annealed XRD samples, 500

mg of silver nanobelts was dispersed in 10 cc water by ultrasonic agitation. This suspension was
deposited onto an iron sheet (15cmx2.5cm) dvige and driedunder argona t 6ubing @
controlled atmosphere tube fureathen annealed. After annealing, the nanobelts were dispersed
again in water using ultrasonic agitation, and then collected on filter paper (WRatm&01042)

by vacuum filtration. This was dried atder argorr0°Cusing a controlled atmosphere tdbmace

then detached by peeling away the filter paper. XRD was performed usingagntube with
wavelength output of G, (I = 0.154056 nm).

6.1.2 Results and discussion

6.1.2.1MD Simulation of Silver Nanowire

The results of four MD simulations of a short silver nanowire being annealed at four different
temperatures-2 7 2 e C, 200eC, 300eC, FRgurd6-l4l0iDapparent thatthe pr es e
nanowire is thermall y un s Wwasbkringastempenatare idcte@sesCrhe wi t h
-2 7 2 e C s iFguré6d-n)iregeals the nanowire to be stable and well ordered, having developed

no apparent defects; the (100) plane of the nan
(Figure6-1-b) and aboveHRigure6-1-c to d), atoms (arrows 1, 3, 6 and 7) migrate from their initial

positions onto (100) surfaces to form clusters (arrows 3, 6 and 7), leaving vacancies at the edges where

the (100) surfaces intersect (arrows 2, 4 and 5). I4t@e0 e C s i FAguré6d-t)j agmeat deal of
degradation has occurred; large clusters of migrated atoms have formed, and the edges at the
intersection of the (100) surfaces have eroded. These eroded edges leave behind a new surface
crystallography: ie hexagonal cloggacked (111) crystal plane, outlined by the white rectangle in
(Figure6-1-d) and shown magnified in the inset. Interestingly, the tips of the nanowire were stable at

each of these simulated temperatures, and are composed exclusi&lylpfcrystal planes. An

additional simulation of a larger diameter nanowire ate@0for 2 10° time-steps is also included
(Figure6-1-e), and confirms that the larger nanowire degrades in the same way as the smaller one. The

longer simulation time ithis case reveals that the degradation is not limited to a single atomic layer at
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the sharp edge: the nanowire will continue to degrade, eroding (100) surfaces while producing surface
clusters and new (111) planes.

These qualitative observations implythize thermal instability of silver nanowires is primarily a result

of surface atoms diffusing from the edges of kagiergy (100) planes to form new surfaces. The
production of (111) surfaces, and the lack of observed degradation of the nanowire fipgsdbpat

the (111) surfaces are significantly more stable than the (100) pragee6-1-f presents the potential
energy of the nanowire as the 400eC simulation p
potential energy as the nanowire detgs.

Figure 6-2 is an analysis of the potential energy, kinetic energy, and displacement of atoms for a
simulated nanowire at 280. This data is gathered from the beginning of the simulation, using the
atomic states at five equally spaced time stepswéden 10000 and 11000. The nanowire tips are stable

at all temperatures, and so it is reasonable to remove them from the following analysis. Coordinates
were assigned by projecting the initial position of each atom onto-érpléne perpendicular to the

major axis of the central hanowire segmeRtgure 6-2-a shows atoms plotted by theJparameter

versus initial XY coordinate surfacejnterior, and twin boundary atoms are clearly distinguishEde
remaining properties dfigure6-2 are plotted wi respect to radial distance (R) from the central Z

axis, calculated by equation 3

Y o o
Where, X and Y are the instantaneous coordinates of the atoms projected onteYhglaxe.To
highlight that simulated atom states are not being-owastrainedFigure6-2 b-d displays the state of
every atom for each distance R, rather than presenting average \FEjae6-2-b demonstrates that
interior and twin boundary atoms have dianipotential energy, while the surface atoms have notably
higher energy, implying that the instability is likely not the result of the twin boundary presence. The
highest potential energies belong to the surface atoms farthest from the center axigerefodet
located close to the edges that describe the intersections of the (100) sEifaces:2-c presents the
kinetic energy with respect to radial distance, demonstrating that the simulation was appropriately
isothermal. Plotting atom displacemeénta similar mannerKigure 6-2-d), we see that the highest

mobility was displayed by members of the edgeupying group of surface atoms.
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Figure6-1: a) Structure of silver nanowires annealeedkat 2 e C; b ) &nnhdalgdatr nano wi
2 0 0 e Cilver mpowir® annealed800e C; d) Silver nanowire anneal
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energy change of silver nanowire during

To expain how temperature can affect degradation, the potential energy of surface and interior atoms
afterannealingat2@@, 3 00e C and 4 0 BiguE6-3rap The averageyotantiad eherdy

of surface is around 13% lower than the interior at these temperatures in all cases. However,
considerable differences can be observed in the maximum potential energy of surface atoms. In other
words, the maximum potentiahergy of a small fraction of the atoms is very high, which may allow
them to escape from their original position. Based on this data, the mechanism of the instability of

surface atoms can be explained consideFigyre 6-3-b though d.Figure 6-3-b shavs the kinetic

67



energy and vibration of the surface atoms in their potential well. The arrows in this figure show

fluctuation of the kinetic energy. MD simulation data reveal that the interior atoms are stable and their

vibration is not enough to let théoans escape from the potential well. The potential energy of surface

atoms is around 13% higher than the interior atdfigu¢e6-3-b). When the temperature is lower than

200eC, the

temperatur e

ato
t o

of
200eC

ms

t he

or

mor e wi l

c o r IrigureB-3-c). ldomever rincreasingt h e

provide

enough

their potential well Figure6-3-d). Obviously, few atoms with high kinetic energy have this chance to

move out of their position. WWém an atom moves out from its position, the potential energy of the atoms

around its vacancy increases, they will be more susceptible to escape from their original position, and

this process can continue.

...:l (XX

m Surface
¢ Bulk (FCC structure)
A Twin Boundary

Kinetic energy (eV)

0 4 8
Distance from center (A)

()

Figure6-2: a) The Acklandlones parameter the atoms of the silver nanowire versus x and y

12 16 20

21 Surface
> | #Bulk (FCC structure)
2 A Twin Boundary m | i
Zz:-2.3 I
) v N
b The atoms on the Lty
s 25 sharp edegs i b
= @0 A
= ©
= A
) sl
S
£, 0
-2.9
0 4 8 12 16 20
(b) Distance from center (A)
1.6

—
(88}

S
»

(d)

Displacement (A)
(=}
o0

® surface
¢ Bulk (FCC structure)
A Twin Boundary

12

16 20

Distance from center (A)

dimension of the atoms; b) Potential energy of the atoms versus distance from center of cross section

(R); c) Kinetic energy of the atoms versus distance from center of cross s&tidhDisplacement

of atoms versus distance from center of cross sed®pn (

68

pot e



-L.5 OAverage BMaximum OMinimum S
; ko
2 -1.8 ﬁ §
> o i
)
- -2.1
=
@ R
= 24 = z e
= o o :
= «<
3
e -2.7
o
3 ‘
Surface Bulk Surface Bulk Surface Bulk
(a) Silver nanowire = Silver nanowire = Silver nanowire
200°C 300°C 400°C
L. [, 2 H

atoms
Potential energy’
of the edges

urface

l——s
[Potential energy!
of the edges :

Figure6-3: a) Average, maximum and minimum potential energy of the surface and interior atoms at
200eC, 300eC and 44H9dawEthe kimétic eBargly anchdbtratioa of g sudace
atom compare to its potential energy; ¢) Schematipldishows the kinetic energy and vibration of

an edge atom compared to potential energy at low temperature; d) Schenpdishgrars the kinetic
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6.1.2.2Experimental Annealing of Silver Nanowire

The thermal stability of silver nanowires was examined experimentally though SEM and EDX of the
annealed samples under argon atmosphere aC20@ 306C. Before annealind;igure6-4-a shows

silver nanowires featuring sharp edges and -delined morphology. Similarly, silver nanowires
annealed for 10 hours at 200eC are found | argel.y
shown inFigure6-4-b. However, afteranneagn f or 1 0 h drigure$-4-@ the narWirese C  (
were clearly unstable, having degraded by eroding in some areas while growing new surface features

in others; this degradation is easily visible at higéignification Figure6-4-d). The degradatiois not
electrochemical in nature; inset is EDX spectra of the indicated area, confirming that no contaminants
were present, including sulfur. This contradicts the current literature findings that the sulfidation of
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silver nanowires is the cause of théietmal instability, and instead reveals that silver nanowires are

inherently unstable at high temperature.

Figure6-4: a) Synthesized silver nanowires; b) Silver
hours; c) silver nanowires after annealingd@ 3C f or 10 hours; d) High magn
silver nanowire after 10 hours annealing at 300e¢

For silver nanowire, the MD simulations and experimental observations indicate inherent thermal
instabilty above 200°C, which makes them unsuitable for high temperature applications. The results
imply that the greatest factor in this is the high potential energy of the nanowire surfaces, due to the
majority of them being (100) crystallography. In compamighe (111) planes of the surfaces at the

tips of the nanowires appeared stable in the MD simulations, owing to theémiergy closgacked

state. If this analysis of silver nanowires is correct, it follows that the primary feature of a silver
nanopaticle with higher thermal stability would be a majority of surfaces composed of more stable
(111) planes

6.1.2.3MD Simulation of Silver Nanobelt

Recently, we have synthesized silver nanobelts, a newasigéct ratio silver nanoparticle featuring
(111) crystallogaphy on its broadest flat surfaces. These nanobelts are produced easily through the
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nanojoining of hexagonal and triangular structural bldd&d]. If the nanobelts found to be more

thermally stable than silver nanowires, they would not only suppotiypethesis of the cause of

nanowire degradation, they would also provide a feasible alternative to silver nanowires for high
temperature applications.

Six MD simulations of a short segment of silver nanobelt annealed at a different tempetatur@s¢ C ,

200 e C, 300e¢eC, 400¢C, 5 0 0 e (Fjgures6®.d Thes fihdl st&@lds ofahess pr e s
simulations demonstrate that the nanobelt is the
(Figure6-5-a toe). The-2 7 2 e C s i Figuré6ebia) reveals (he nanobelt to be well ordered,

having developed no apparentdefeEts. om 2 00e C and a bumiseandergoasmalnanobe
relative rotation at their junctions (arro®) to minimize internal stresses.r om 3 00e C t o 5
(Figure 6-5-c, d and e) the nanobelt develops sparse surface vacancies along its edges. Instead of
forming random surface clusters like those on the nanowires, the migrated atoms relocate to the seams
between the subnits (arrow?2), filling the joints between the nabelt subunits and improving
continuity of the (111) S u r Figare6e5-d, e) thessimidatioph as 4
demonstrate that the broad (111) surfaces of the nanobelt are still intact. However, the minor
restructuring of the sharp edgesiuecurred (arro8).I n t he 6 0 0 €igure65-fndaestha i on (
nanobelt display thermal instability, with atoms migrating from the edges to form clusters on the flat

(111) surfaces (arrod). At this temperature, it is expected that atoms wouhtiimoe to migrate across

the surface until the nanobelt morphology completely degraded.

Numerical analysis of these MD simulation resufig(re6-6), evaluates the potential energy, kinetic
energy, and di splacement of at o mss of the simhlaaed 2 0 0 e C
nanobelt segment as theaXis. Similar to the previous analysis, this data was gathered from the
beginning of theisulation using the atomic states at five equally spaced time steps between 10000

and 11000, and the surface and interior atoms were differentiated using the Altkl@scbarameter.
Interestingly,Figure6-6-a shows the surface atoms are divided into distinct energy bands across

the entire nanobelt length. A colooded 3D model of the nanobeRidgure 6-6-b), with each atom

colored according to its potential energy, confirms that the broad and flat (111) surfaces of the nanobelt
have lower energyhan the edges, and that the hegtergy atoms are a small fraction of the total
nanoparticle. Some of the small faces are {eiglrgy, as seen on the visible side of the triangular sub

unit; close inspection reveals these are composed of the minority f@f@ce crystallography. A
comparison between the nanobelt and nanowigi(e6-6 and 2, respectively) demonstrates that even

at the edges of the nanobelt, the potential energy of surface atoms is smaller than nanowire. The only
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exceptions to this arfew atoms at the sharp vertexes of the nanobelt, viiighie 6-5 showed were

not sufficient to produce thermal instability. The kinetic energy of surface and interior atoms have no
significant difference Kigure 6-6-c), while surface atoms at the bolany and the corners are high

mobility atoms based on the displacement of atBigae6-6-d).

The initial potenti al energies of atHkgme66ien the 50
and f As expected, Figuee 6-&€) Dag @ pasternmal Ipadential oenergi€s
approximately si mi Figure6-6tao) .t h alth eo fl otwheer 2s0uOrefGac(e ene
di splays nearly the same as 200ce¢C:energifiedgeatorssr , t he
showsmorehige ner gy at oms. I n ¢ qFgure6sHs) teveald thathe sérface e C s i mu |
atomsoccupy a diffuse distribution, and representing the onset of thermal instability of silver nanobelts

in the vicinity of 600e¢C.

T=-272°C . T=200"C

Figure6-5: a) Structure of silver nanobelt annealeeka? 2 e C; b) Sil ver nanobel't
c) Silver nanobeltarmma |l ed at 300eC; d) Silver nanobelt anne
annealed at 500eC; f) Silver nanobelt an
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6.1.2.4Experimental Annealing of Silve Nanowire

Similar to the investigation of nanowires, we compare these MD simulations to SEM observations of
silver nanobelts, first in their agynthesized state, and then after annealing at various temperatures.
Since these nanobelts are newly developeel,also include Xay diffraction (XRD) and TEM
observations to better demonstrate their nature. Before anneiiljnge 6-7 demonstrates the -as
synthesized condition of the nanobelts. Admagnification SEM imageHgure6-7-a) shows many
high-aspetratio nanobelts, inset with a higher magnification example of a serpentine nanobelt. SEM
of several stacked nanobeltsHigure6-7-b reveals the thickness of each to be in the range of 20 nm
to 30 nm, and imaging by TEMFi{gure 6-7-c) demonstrates that the belt is composed of joined
nanoplates. The inset diffraction pattern of the indicated arBaofe 6-7-c confirms that the broad
nanobelt surfaces are composed of (111) crystallography. XRD of thgnthesized nanobelts
(Figure 6-7-d) confirms this further, presenting only one peak corresponding to the (111) plane (in
accordance with JCPDS card number0003-1164). Corresponding XRD on synthesized nanobelt
powder reveals this structure to be uniform, and all nanobelts te ghar(111) broad surface. This
combined characterization confirms that the model nanobelt segment in the MD simulation is a good
representative of the aynthesized material.

Figure6-8 shows SEM images of five batches of nanobelts, each annealeatifigrent temperature

for 10 hours. After annealing at 26) Figure 6-8-a reveals that the nanobelts remained stable, as
predicted by the MD simulation. Inset is a high magnification view, demonstrating that the surface and
edges of the nanobelts angact. It is worthwhile to mention that the PMAA that cover the surface of
the nanobelts will degrade around &5@83]; therefore, it cannot affect our the stability observations.
Similar to 20@ Cafter annealing at 3@0, the nanobelts remained stalfiégure 6-8-b), and did not

sinter to one anotheFigure6-8-c). The nanobelts remain stable enough to maintain theirasigéct

ratio form when annealed at temperatures oB@@0n d 5 BEiglire88-d @nd e). Insets show that

the edges are still iact at 406C (Figure6-8-d), but after exposure to 5@Dthe edges have eroded and
contacting nanobelts have begun to sinter togeffigule 6-8-e), although the belts have kept their
onedimensionality. After 10 hours of annealing at @D(Figure6-8-f), the nanobelts are found to be
thermally unstable, and have lost their haggpect ratio morphology due to the continuing diffusion of

atoms at high temperature, as predicted by the simulations.
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Figure6-7: a) Synthesizedsilver nanobelts. The add image shows a single silver nanobelt; b)
thickness of silver nanobelts; ¢) TEM image of a silver nanobelt, the added images shows the selected
area diffraction pattern of the marked area;-&8&y diffraction pattern of synthesized silver

nanobelts.

XRD patterns of the annealed nanobelts at different temperatures are preséigaceit-9-a. These

XRD patterns reveal that the crystal structure of the nanobelts did not change after annealing at the
200eC, 300ecC, and 400 e Cmall pdaks belofgeod200) aind €20 planes e t w
of silver crystal (indicated by arrows on tRigure6-9-a). Figure6-9-b shows an SEM of a nanobelt

after anneal Figup6-SctpresetDEDX analysis af the circled are&iglire 6-9-b.

Combned, these confirm that this sample was not corroded by sulfur, and that the small structural
change observed by XRD is because of sintering and changes in the morphology of the particles. The

XRD pattern of the anneal e derestarysml seuctad, codfibnlhhg C h a s
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that degradation occurred at this temperature. This is in agreement with MD simulation and SEM

images of the sample after annealing at this temperdtiger€6-5-f and Figure6-8-f).

Figure6-8:a)Si | ver nanobelts after 10 hours annealing a
annealing at 300eC; c¢) Agglomerated silver nanobe
did not sinter; d) Silver nanobelts after 10 hours annealingg @0 e) Sil ver nanobel ts

annealing at 500eC; f) Silver nanobelts aft.e
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Figure6-9: a) XRD pattern of the annealed samples ag2080&C, 40@&C, 50@C and 60€C; b)
SEM of the annealed sample at 800d) EDX analysis of the marked area of the SEM image (b).

6.1.3 Summary

We have demonstrated the importance of morphology and surface atomic arrangement as an

independent influence on the thermal stability of metallic nanoparticles in theé 2Zrinm size

regime. Tlis is a fundamental issue, which should be addressed first when studying a nanopatrticle at

high temperature, which has not been previously addressed by the literature. To do this research we
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performed comparative studies of silver nanowire and silver dtsolly both MD simulation and
experimental observation. These patrticles are excellent candidates for this study because both of them
are onedimensional and their lengths are in the same range, while their crystal textures are completely
different. For patagonal silver nanowire, the MD simulations and experimental observations indicate
inherent thermal instability due to most surfaces being (100) crystallography. This instability results
in the erosion and diffusion of atoms across the surface, folldyeteir recrystallization as new
clusters. The greatest erosion of these surfaces appears to occur at the edges between two adjoining
(100) surface. This is likely in part due to the geometry of the cross section placing the atoms in
proximity to two hgh-energy surfaces. Through this process, the nanowires appear to favor the
formation of new surfaces with (111) crystallography, and the obstruction of (100) planes by the
recrystallizing clusters. All of this has been observed without detectable coatespidemonstrating

this degradation is independent of chemical attack. In contrast to silver nanowires, the MD simulations
and experimental observations indicate that silver nanobelts are stable ugdpv@ieh makes them
suitable for higitemperaturdunctional materials. These results showed that the broad and flat (111)
surfaces of the nanobelts were highly resistant to the effects of high temperature, which supports the
prior statement that low energy crystal planes with high packing density etwefigtr thermal stability.

This case study clarifies that the surface texture of a nanoparticle plays a key role in stability. Based on
the presented results, increasing temperature provides enough energy for the surfaced&plasgo

and degrade theanoparticle, independent of other contributors. This thermodynamic inherent
instability is a fundamental issue and must be considered when selecting nanoparticle for high
temperature applications. In the case of silver nanowires, sulfidation has bestigatged as the cause

of thermal instability before this research. However, this research demonstrates that pentagonal silver
nanowires are inherently unstable because of their high energy structure, and will degrade even in a
noncorrosive atmosphere. Tiefore, although sulfidation is a factor to be investigated, it is
accompanied by an inherent thermodynamic instability that limits the performance of silver nanowires
in hightemperature applications. In contrast, silver nanobelts are demonstrated loghettermal

stability onedimensional silver nanoparticle, which might be a feasible and high performance
candidate for different nanotechnology applications. In addition, the intrinsic stability of silver
nanobelts promotes them as a model nanopafticfarther research into the mitigation of degradation

by chemical attack.
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6.2 Surface induced amorphous solid shell: A new explanation for melting of

nanoparticles contradicting surface pre-melting

The melting of nanacale particles is a complex phenomeheoause of lower melting temperature of

these particles compateto largescale ones, andi s ur f ac e . @Amangnthdse imany O
fundamental questions related to the possible existence of a liquid layer on the surface of hanopatrticles
prior to reaching melting temperatures remain unanswered. Based on the literature, there is no doubt
that a disordered layer can be createdtle surface of crystalline structures because of thermal
annealing at a range of temperatures below the melting point. However, the physical state of this
disordered surface layer has not been clarified. Ins#tion the melting of a metallic nanopaie is
investigated with a view to clarifying the naturetlois disordered surface layer.

6.2.1 Introduction

The surface melting of nanoscale particles, at temperatures less than the melting point of these
materials began to be investigated in the 1980s wieeseairch into nanoscience and nanotechnology
became popularlt is a wellestablished premise that many of the outstanding capabilities of
nanotechnology are due to the high specific surface area and surface crystal texturenafarais
However, theseharacteristics of nanopatrticles can be affected by surface mettirdncauseshape,
size and surface textuchange: aimportantphenomenoifrom theoretical and practical point of view
[76, 125 131, 132 152-155. Hence, the thermodynamics and kio® of this phenomenn should be
well understood as they form basic knowledge in this field.
Although research into surface melting of nanoparticles began when nanoscience started to grow, the
phenomenon has a longer history. To the best of our knowlgdgey r f a c e was repored fori n g o
the first time in 1942, when Stranksi claimed that melting began at a temperature below the melting
point of the material on some surface crystal plghB€§. The concept of a quasiliquid, introduced by
Stranksi, haveen the subject of many experimental and theoretical research works. These attempts,
which now include nanoscale investigations, can be divided into thermodynamic models, experimental
observations, and atomistic simulations.
Based on classical thermodynigs, it is known that for a pure material at a constant pressure only one
degree of freedom is available and, hence, any phase transformations happen at a singular point in the
energytemperature domaifilL57]. Based on this basic rule of thermodynamicguge material has a
specific melting temperature that is determined by the energy balance between its solid and liquid
phases. Considering the contribution of the surface energy to the energy of the material, thermodynamic
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calculations can provide a cleakplanation for the size dependent melting temperature of small
particles[158 159. However, the coexistence of two phases, solid and liquid, within a temperature
range needs one more degree of freedom that is not availatite fare materiat congant pressure.
Recently, the phaseld simulation method has been utilized to expidis ur f ace q@the mel t i n g«
coexistence of liquid and solid phases at a range of tempergt@:$61]. Phase field is a mesoscale
simulation method that establishesystem by defining a phase fi¢litbZ. To illustrate coexisting

solid and liquid phases over a range of temperatures, the -afe®ned research considered a
bistable phase, a solid particle with a liquid shell, as an individual phase. By usingptttiach, the

bistable phase is in equilibrium with purely solid and liquid phases at two singular temperatures and
the premelting phenomenon can be demonstrated thermodynamically. The key problem with this model
is the nature of the bistable phase; it mhesdifferent from both the solid and liquid phases to fulfill

the thermodynamic requirements. However, in the research, the bistable phase was translated as the
Asur f ace atheesalid phase, migoh is in contradiction to thermodynauoies Theefore,

further research is required to establish thecated i s ur f ac e phenemeadn,t usimgg O
thermodynamic modelingased on classical or nasoale thermodynamic rules

Surface melting has been examined experimentally by investigating theesstrfacture of metallic
nanoparticles. Technigues such as-kwergy ion scattering.63 164, low energy electron diffraction

[111, 165 166, atom scattering167], grazing angle xay diffraction[16817(, low energy ion
scattering171],and neutron scatterii@ 72 have been employed to make the observations. All of these
methods have successfully illustrated surface disordering prodtteeannealing at high temperatures

(close to the melting point), which leads to surface rougheamidfpr amorphization. Some researchers

have interpreted this amorphous layer as a liquid and reported their findings as evidénseuar f a c e
p r e me .|Hboweveg éxperimental evidence for a structural factor that directly distinguishes a liquid
surface ayer from an amorphous solid has not yet been reported. Another observation which has been
purported as experimental evidencdio$ ur f a c e iptheahmrendl instabilgyoof nanoparticles

[173 174. The shape and morphology of nanoparticles canHamged dramatically via thermal
annealing. This shape evolution of the nanopatrticles, called ecygtthl phase transformation, can

be explained by assuming the hydrodynamic flow of a surface liquid layer below the melting point of
the nanoparticled174]. Although thefdi s ur f ac e  pypothess list able gooexplain the
nanoparticles6 shape changes at temperatures bel

diffusion and high mobility surface defectse(, adatoms), can also be used to expkkiape and
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morphology changes of nanopatrticles in solid state and more research is required to compare and
experimentally validate these mechanisms.

Finally,thed s ur f a c e ppoblemmhaslalsa baeg approached through molecular dynamic (MD)
simulatin. One of the first attempts to explore surface melting through MD was reported in 1973 and
investigated the melting of a fifjve atomic cluste{175. This research revealed that the cluster
melted at a specific melting point and the diffusion coedfitiof the surface atoms increased before
melting. Researchers claimed that the unexpected diffusion coefficient change was evidence for surface
melting of the cluster. Since that time, many MD simulations have been done to verify and characterize
Asur prae mme, daspeciayoat nanscale [108 176187]. Some researchers have reported
snapshots of the simulated crystals at different annealing times and temperatures to visualize high
mobility surface atoms and the amorphization of the surface layeshiiney submit as evidence of
Asur f ace gthenaneparticdlesn §heese visualizations were supported by calculating various
structural indexes such as thimdemannindex, the meagquare displacement of atoms, the number

of disordered atoms, th@ntial energy of the atoms, the structural ordering parameter, and the radial
distribution function of surface and bulk atoms . MD simulations have successfully demonstrated that
the surface of a crystal will change from a wddfined surface crystalrsicture through annealing.
However, there are few reports in the literature that investigate the mechanisms of surface crystal.
Reports have been limited to illustrating the existence of individual high mobility dtbrgks
However, individual atoms on ¢hsurface of a structure are a weailbwn surface defect, known as
adatoms, and cannot be considered as a liquid phase until they join with each other and make liquid
clusterd109. Therefore, research into the presence of a liquid layer on the surfaameopfarticles at
temperatures below the melting point, which examines the physical state of the surface clusters, should
be conducted.

In this research, the MD simulation method was utilized to investigate whether the disordering of a
nanopar taceat highotemperatures leads to surface melting or whether this layer remains solid.
To carry out this investigation, a truncated cube of silver was used, and the melting of silver clusters,

and the surface evolution of particles below the melting poéné studied.

6.2.2 Simulation Method

The simulated nanoparticle contained 28741 atoms, with the initial state designed as a truncated cube.
To prepare potential energy data, the model was run<biftime-steps at temperatures outside the

range of 900K to 1200K. Between 900K to 1200K phase transformation occurred. Around the phase
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transformation, the model was run fox12° time-steps for all data points because the phase
transformation occurs veryastly and the model needs to run for more tisteps to specify the
thermodynamically stable phase. The potential energy of the silver nanoparticle versus temperature was
calculated by obtaining the average of the potential energy data of the last 100@8@ps of the
simulation for each temperature.

The radial distribution function (RDF) was calculated by finding the pairwise distance between the
atoms in the cuoff radius by using equation[85]:

6 W O

Qi =
- (i

®3)

Whered Otrepresents time averaginiy,is the total number of atom§, — is the number density,

0 i1 is number of atoms found in a spherical shell of radiasd thicknes¥i , andw i Vi is the

volume of the spherical sh¢B5]. The potential energy dhe nanopatrticle is calculated by summing

the potential energy of all of the atoms, and for each atom, the potential energy is calculated by
summing the bonding energy of that atom and its neighbors

Stress tensor of each atom was calculated through ¢omgphbe applied force on the atom the by all
atoms in cubff radius of the desired atom in each time dt&®8 189. To measure the internal
pressure, the stress tensor of each atom during ddf@ssivéime steps of the MD simulation was
calculatedand the average of the radial stress was fodien, the nanoparticle was divided to
concentric spherical shells with thickness Afdandmeanradial stress of the atoms of each shell was

reported as internal stress

6.2.3 Results

Figure6-10 demonstrates ehpotential energy change of the silver nanoparticle versus temperature in
the range of 300K to 1400K. To prepare this graph, at each temperature, initial arrangement of atoms
was formed the perfect and deféae truncated cube silver nanoparticle. rgpH uncovers a sharp

jump in the potential energy curve between 1087K and 108MmSKt curvé. It is well known that the

jump in potential energy represents a first order phase transformation. Mori¢dsespparent in

Figure 6-10 that a change ithe slope of the potential energy curve occurred between 1000K and
1050K, which indicates a second order phase transformation. These results help us to divide the
behavior of the nanoparticle infour distinct regions: ©L000K, 100@T0L087,10870TO1087.5 and

T>10875 The effect of thermal anneal iaa@ndphysicalhe nanoy

state in thestemperature ranges will be discussed below.
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Figure6-10: Potential energy of the silver nanoparticle versus temperature. tioset an enlarged
section of the ggaH in the range of 1040K to 1125K.

Figure6-11 demonstrates the nanoparticle after annealing at 300K, 900K, and 1000K. As can be seen
in Figure6-11-a , the nanoparticlebs surf acelncreasingatiened i n
temperature to 900K led to several surface defects: adatoms, vacancies, and surface clusters. Further
increasing the temperature to 1000K resulted in more defects on the surface. The observed surface
defects were created by thermal phondkislower temperatures, the thermal phonons do not have
enough mechanical energy to create defects. However, at higher temperature, stronger mechanical
waves reach the surface and can detach surface atoms from the crystal network and create defects.
Figure 6-12 reveals the creation of an adatom and a vacancy under the impact of a strong thermal
phononat 900K An atom was marked in the original netwofkgure 6-12-a). When the phonon

reaches the surface, the atoms move from their position and are cesolpiagetherRigure6-12-b),

after which the atoms release their stored energy and return to their original position. However, the
kinetic energy of the marked atom was high enough under this condition that it was able to slide over
its neighbors and reh the surface, and subsequently moving around on the suffgoee-12-c and

d). The at ombs t rFigyreé-t2te omwihyich,ithe positlon ofitsetmarked &tain ini the

four fist snapshotsHjgure6-12a-d) is showed on the curve. Mawent of this atom led to the creation

of an adatom and a vacancy. Adatoms are high energy and unstable and hence, they will react with
other surface defects and fill the vacancies or make surface clusters by joining to other adatoms Since
the energy of ahiermal phonon is temperature dependent, more defects will be created on the surface

at higher temperatures (compdfigure 6-11-b andFigure 6-11-c). Based on these observations, at
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temperatures below 1000K the silver nanopatrticle is a crystalline lpatit, depending on the

temperature, surface defects may observable.

Figure6-11: Silver nanopatrticle after.0° time-steps annealing at: a) 300K; b) 900K; ¢) 1000K.

Figure6-12: Creation of an adatom by thermal phonons. a) initial position of the atom; b) position of
the atom when the thermal phonon reaches it; ¢) atom thrown out from the lattice when its energy is
released; d) displacement of the atom on the surface;

e)traje¢t ory of the atomdbs di splacement.

To clarify the nature of the first order phase transformation of nanoparticles between 1087K and
1087.5K, the atomic structure of the cluster before (1087K) and after (1087.5K) the phase
transformation are shown in two sisapts Figure6-13-a, andrigure6-13-b). Based on these images,

it appears that the cluster has a crystalline structure before the phase transformation, while after the
transformation the atoms are randomly arrandgedure 6-13-c demonstrates the poteal energy

change of the nanoparticle during annealing at 1087K and 1087.5K. This figure reveals a significant

difference between the two potential energy curves. At 1087K, after the initial potential iecezge
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during the first 0.21CPtime-stepsthe potential energsemains constantHowever, by increasing the
temperature by 0.5K, a different trend in the potential energy of the cluster is observed. From the time
step number 0.28.(F, the potential energy of the sample begaimtoease and thistrend continued

up to 1.2x10°. The potential energy remaining stable after this point. The structure of the nanoparticle
before and after this potential energy change have been addedigatdand confirm that during this

phase transformation the ctgkstructure of the nanoparticle changes from a crystalline structure to a
random one. In addition, the radial distribution function (RDF) of the stable cluster at 300K (when the
cluster has a crystalline structuFégure6-11-a), 1087K, and 1087.5K ashown inFigure6-13-d. The

RDF curve at 300K depicts the typical RDF curve of a crystalline phase; at 1087.5K it depicts the
typical RDF curve of a liquid phag85. At 1085K the RDF curvebts peak
which is predictable for a gstal at high temperature with high thermal vibration. Therefore, the
observed first order phase transformation can be interpreted as the melting of a crystalline nanoparticle
and hence, the melting point of the silver nanopatrticle lays between 1087K&n&K; above this
temperature range the particle is liquid.
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Figure6-13: a) Snapshot of a silver nanoparticle annealed*¥a02ime-steps at 1087K; b) snapshot
of a silver nanoparticle annealed for12f time-steps at 1087.5K; c) potential energy change of the
nanoparticle during annealing at 1087K and 1087.5K; d) radial distribution function of the silver
nanoparticle after annealing at 300K, 1085K, and 1087.5K.
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Figure 6-14shows the surface texture aadangement of atoms of a nanopatrticle after annealing at
1050K for 10° time steps. This figure depicts that a disordered atomic layer covers the surface of the
nanoparticle and shape of the patrticle is change from original truncated cube towardcalspheri

while the internal atoms are arrange in a crystalline form. Comparison between the shape and structure
of two annealed nanoparticles at 1000K and 1050K, before and after the second order phase
transformation Figure6-11-c andFigure6-14) illustrates that the main differences between these two
nanoparticles are the disordered surface | ayer
demonstrated that the disordered layer was created by accumulation of surface defects that created by
the aforenentioned mechanisnFigure 6-12). However, the higher temperature leads to stronger
thermal phonons in the nanoparticles and so, increases the defect density ultimately resulting in a
continuous disordered surface layer. Therefore, the almeveioned sip change in potential energy

curve of the silver nanoparticle versus temperature between 1000K and 1Big0ike 6-10) is
observed because of the creation of a continuous disorder shell on crystalline core. As discussed before,
the crystalline nanoparte remains solid at any temperature less than the melting point. Hence, the
potential energy of the crystalline core would follow the same trend that observed before creation of
disorder surface layer. Therefore, the surface disorder layer might be ibkptmshe slop change.

This disorder surface layer of nanoparticle might be what researchers detected on the surface of
nanoparticles by using different experimental techniqtim®edifferent physical state can be proposed

for this layer: supecooled liquid, amorphousphase that makes by quenching a liquid phase
(amorphous phase A), and amorphous phase that makes by amorphization of a crystalline phase by
creation of surface defects through increasing temperature to cause high energy thermal phonons
(amorphous phase B)rhe supeicooled liquid is an unstable thermodynamic state in which, the atoms

are able to flow under external stress filed. This phase can be transfamotphous phase Aor
glassphasg¢ by enough fast cooling rate. This changa ieversible second order phase transformation.

On the other handyy definition, anamorphous phasis a noncrystalline solidthat creates from
crystalline solid by various mechanisms such as sever mechanical defor(aat@mphous phase)B

[190.

To investigate the physical state of the disorder layer, surface atoms should be analyzed. Hwvever,
surface layer is being mechanically impacted by thermal phonons. Because of the disordering of the
surface layer, the mechanical waves are not ableojgagate into this layer and hence, the phonons
deform the layerConsidering the energy and density of thermal phonons at a temperature close to

melting point, these impacts lead to continues deformation of the thin disorder surface layer and hence,
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exisience of very high mobility surface atoms, which overlay a great deal of noise on any observation.
Therefore, the structural indexes such as surface diffusion coefficient, root mean square displacement,
andLindemannindex cannot be employed to ascertairethier the surface layer is solid or liquid and

hence, another approach must be selected for this purpose.

s

Figure6-14: a) Silver nanoparticle aftex2(® time-step annealing at 1050K, b) cross section of the

nanoparticle.

If the disordered surface layesrproposed as supeooled liquid, heating aangarticle with surface
disorder layer to melting point creatasexjuilibriumliquid layer, which promote melting process.
the case ofamorphous phase, Mcreasing temperature of the nanoparticleétting point may induce
someresidual stresi the solid corghat will released by transformation this amorphous phage
liquid. However if we assuméhe disordered surface layeraamorphoughase Bheating nanoparticle
to melting pointmay introducesomeresidual streser internal pressurdue to the different thermal
expansion coefficients of the crystalline and 1toystalline solids and this pressure shifts the melting
point. Therefore, to distinguish if the dislered surface layer is liquit solid, melting pointof the
nanoparticlenust be ascertained. Hence, we annealed a nanoparticle at 1085H @otir2e-steps to
form the surface disordered layer and then annealed at different temperatures fétih@<4i@ps to
find the melting pait of this nanoparticle. The result of this simulation illustrates that the melting point
of the nanoparticle is shifted abatBeC (Figure6-15). This simulation was repeated for a nanoparticle
that annealed at 1000K fox 2(° time-stepsthat only create individual surface defectEigure6-15),

which demonstrate that the melting point of this nanoparticle is exactly same as the perfect crystal.
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Hence, higher melting point of the nanoparticle with disorder layer confirms the existence of a lower

interral pressureompare to original nanoparticle.
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Figure6-15: Potential energy versus temperature for two annealed nanoparticles at 1000K, and
1085K.

To evaluate the abovaentioned explanation, the internal pressure of the nanoparticle was calculated
for three different caseBigure6-16-a demonstrasghe internal pressure and number of atoms in each
shell,when the nanoparticle was annealed at 1000khis casethe internal pressure of the shells are
mostly positive whichdemonstrates the effect of the surface energy of the nanopanMidten the
nanoparticle partially melted, pressure of the liquid surface [ayesolid coras around zero and the
internal crystalline solid is under compressive presstigeife6-16-b). However, when a nanoparticle
annealed at 1085K to create the disorder surface layethandinnealed for 1x*0 time stepsat
1089.5K, a positive pressure was induced on the surface(laggtedFigure6-16-c), and rest of the
shells are almost undeompressive pressure. This internal pressure distribution of the particle confirms
that the surface layer of the nanoparticle was amorphous solid and before melting point, the particle is
completely solidThe time ofthis simulationis 10 times longer i the time scale that is required for
melting the particleKigure6-13-c). Therefore, duration of this simulation seems enough to claim that

the layer is noliquid due to stability of the induced pressorer entire simulation &t089.5K
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Figure6-16. Average radial pressure of concentric spheres of atoms with thickne§saafilnumber
of atoms in each shell versus distance from center (raofius) a nanoparticle afterx2( time steps

annealing at 1000K; b) a partially melted nanoparticle at the melting point (Temperature: 1087.5K,
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Time step:1.x10P); ¢) a annealed nanoparticle with a disorder surface layer at 1089.5K1fdif 1

time steps.

6.2.4 Summary

This researcldemonstrates that the melting of the nanoparticle occurred at a specific temperature and
that surface melting does not happen before the melting temperature, which is compatidessiital
thermodynamic. The mechanical waves generated by the thermabmh are strong enough to
overcome the cohesive energy of the surface atoms and create surface defects such as adatoms,
vacancies, and surface clusters. The density of these defects increases as the temperature increases and
the accumulation of defectsaés to an amorphous layer covering the surface of the nanopirticle

range of temperature below melting poiy investigating internal pressure of the nanoparticle, we
demonstrate that the surface layer is a-ciystalline solid, which remain solidouto the melting
temperature.The existence of this layer was confirméefore this researclby experimental

observations, anthis newdefinition is compatible with previous observatiomshe litrature
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Chapter 7
Applications

In this research, on@nd twe dimensional silver nanoscale supercrystals were synthesized. Beyond
special features of the products such as unique surface crystal texture and high stability of the silver
nanoparticlessimplicity is arotherinteresting aspect of the developed methocerizusual synthesis

takes only two minutes to complete. Aftexcuum filtration and dryinghe product is aound0.9 gr
silvercake. This cake can be stdfer along time without reaction with environmetitanks to PMAA

which has covered surface of th@noparticles. On th&ther handwhen a piece of the cakepstin a

liquid media such as water or one of the alcohols like ethanol and ultrasonicated for few minutes, the
silver nanoparticles wilbe easily dispersed. This simple, fast and hyg#ld production, along with

easy storage and good dispersion capability make this material an ideal one for industrial agplication
Therefore,there is a huge potential for future reseasinto employing this material for different
applications. Here in thishapter, two applicaticm oneof them for silver nanobelts and the otlf@r

silver nanosheets wibleintroducel as two examplesf applications

7.1 Application of silver nanobelts

As first application, onelimensional silver nanobelts were employed as-dimensional
conductive nanomaterial to enhance electrical conductivity of Electrical conductive adhesive (ECA)
[191]. The idea behind this hybrid composite is bridging betweerrsilakes by onelimensional
silver nanobelts. For this purposiesilver nanobeltsalong withsilver flakes (Aldrich, 10 mm) at
different weight fractions were added to epoxy (diglycidyl etheviggihenol A, DERTM 322, DOW
chemical company, USAFigure 7-1 shows the conductivity of prepared hybrid ECA in comparison
to conventional ECA. This figure shows that adding 1 wt% of silver nanobelts to conventional ECA is
able to enhance conductivity of the composite by 1300%. The presented results ingmeliesults
of application of the fabricated structures in different applications and more research is required to

clarify, properties and potential applications of this new grade of silver materials.
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Figure7-1: The bulk resistivity of the hybrieCAs (solid line) andhe conventional ECAs (dashed
line) at various silveconcentration§197].

7.2 Application of Silver nanosheets

Fabrication of nanoscale and microscale machines and devices is one the goals of nanotechnology.
For this purpose, different materials, methods, and devices should be developed. Among them, various
types of miniaturized sensors are required to build theseale and microscale systems. In this
research, we introduce a new nanoscale sensing material, silver nanosheets, for applications such as
nanoscale and microscale gas flow sensdhe silver nanoshegtwere synthesized through the
reduction of silverans by ascorbic acid in the presenceally (methacrylic acidas a capping agent
followed bythe growth of silvein the shapef hexagonal and triangular nanoplatasd glf-assembly
and nanojoining of these structural blocks. At the end of thieepsjibe synthesized nanosheets were
floated on thesolution.Then, their electrical and thermal stability was demonstrated a€120d their
atmospheric corrosion resistance was clarified at the same temperature range by thermogravimetric
analysis (TGA) the silver nanosheetgs employed fofabricating aiflow sensos, firstby scooping
out thenanosheatby means of a sensor substratier that, dryinghemat room temperature atiden

annealinghemat 300eC for one hourThe fabricated sensors weetested for their ability to measure
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airflow in the range of 1 to 5 ml/min, which resulted a linear response to the flow of air in this range
with a response and recovery time around 2 seconds. Moreover, continuous dynamic testing
demonstrated that thesmonse of the sensors were stable and hence, the sensors can be used for a long
time without detectable drift in their respongaetail of the fabrication ad characterization is discussed

in the rest of this chapter.

7.3 Introduction

The fast developmentf manotechnology promises tlexistence of microscal@nd nanoscate
machines irthe not too fafuture. Generaly, the construction oh nanoscale or microscale system
requiressynthesis or fabrication afppropriately scaledtructural blocksa facile energy sources
sound and economically feasibfabrication and assembly process, and adequate control and
monitoringto help achieve these goafscientists can employ the numerous breakthroughs already
made by the scientific and technological coamities[192. However, from where we are now to the
desired destination, a lot of work remain to be done. Nanosensors are crucial to these efforts. Employing
nanomaterials for sensing has its own benefits because of the constructive effects of sealitig do
sensing material to nanoscale. The nanoparticles are being employed to build a new generation of
sensors with a bigger sensitivity range than was not achievable witkstaalgesensing materigls63
193 194. However, for nanoscale or microscalestems, not only are these new sensors required, but
also the miniaturization of conventional sensors such as force, strain, weight and flow sensors. Among
them, @s flowsensorareurgently needefor a wide range of applicationdrom nane and micre
mechanical systems tmedical apparatusand nanebioassayqd195. Different types of largecale
sensors have been fabricated to measure gas flow meanwhile, the fast development of micro and
nanoscale technologies is increasing the demand for new mirgatigensor$196]. The hot wire
anemometercurrently available in macro scaigone of the most common flow sensdnsa hot wire
anemometerthetemperatureand as a consequenelectrical resistancef a metallic wire is changed
by gas flow.The covection heat transfer equation, the heat capacity of the sensing material, and the
relation between the temperature and electrical resistivity of the sensing material are the governing
equations that det er[i86 ID4. Genbrallyirsceasiagahe usfacsaeenand t i v i t
decreasing the mass of the sensing material enhance the sensitivity of a sensor to the external stimulus.
The thermal and electrical stabilignd nechanical strength of the sensing material are other affecting

parametershat must be considered in designing a reliable flow sehsrwire anemometers have a
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wide range of applications, although they are not suitable for some conditions such as a high vibration
environment. In addition, fabricating microar nanescale hotwire flow meters usually requires a

very expensive apparat[97-207]. Therefore, new feasiblaethods fothedesign and fabrication of
accurate gas flow sensors for current and future applicas@amsimportant research topic

One and twedimensional metallic nanoparticles can be considered as potential candidates for the
sensing material of a hot wire flow meter. It is reported that the electrical conductivity of the
nanoparticles is decreased and the temperature dependdmely efectrical conductivity increased by
reducing the size of the nanopartic[@9g. Hence, metallic hanoparticles are a good candidate for
sensing gas flow from the electrical property point of view. High specific surface area and acceptable
mechanial strength are two other advantages of metallic nanoparticles for this application. On the other
hand, thermal stabilityf18], electrical stability or electromigration resistande, 17] and high
temperature corrosiofl4q are important issues that mus# considered when we want to employ
metallic nanoparticles as sensing material of the flow sensor. Among different metals, silver is a noble
metal with excellent electrical and thermal conductivity, high mechanical strength and good corrosion
resistanceln addition, silver nanoparticles have unigue properties which have led to much research
into this material. As a result of these studies, various silver nanoparticles with different sizes and
morphologies have been synthesifg8 41]. All of these fact andtherelatively lower price of silver
in comparison to its competitors such as gold and platinum, makerdangsingchoicefor hot wire
sensor fabrication.

Recently, we synthesized a new type of silver nanopatrticle by the simultaneeasssetblyand
nanojoining of hexagonal and triangular silver nanoplates as structural blocks in the form of nanobelts,
nanoflakes and porous nanoshdé&®2 209. Our synthesis is a fast, high yield and feasible method.
The thickness of these nanoparticles, inclgdihe nanosheets, is around 25 nm and, the nanosheets
can be designed to be in the range of few microns to few millimeters in diameter. We have found that
the boundaries between the structural blocks are perfect crystals; that is, there are defduthrée, w
important conferring good electrical conductiviy2Z]. Another important feature of this new type of
silver nanopatrticle is its unique surface texflg®]. The majority of the surface area of this type of
silver nanoparticles is composed otlased packed (1119rystal plangwhich is theresult ofthe
realignmentf thehexagonal and triangular nanoplatiesingthe lateral nanojoining process. We have
demonstrated by molecular dynamic simulation and experimental observation that the sibettaan
are stable at high temperature and remain intact over long time annealing at high temperature because

of their unique low energy surface textit®3. We haveusedthis new type of silver nanopatrticles as
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filler material to enhance thaectricalconductive adhesive performands). In thiscurrentresearch,

we haveemployed silver nanosheets to fabricateass affow sensor.The synthesis process, sensor
fabrication method and response of the sensor will be discussed in this paper. Additionally, the results
of hot corrosion resistance investigation under atmospheric conditions and the electrical and thermal
stability observaons of the sensing material are reported to address the essential requirements for a
long-lasting sensor application.

7.4 Experimental Procedure

7.4.1 Synthesis and characterization of the porous silver nanosheets

To synthesizesilver nangheets2.1 g of AgNQ (Sigma-Aldrich) was added to 60 ml & and
shakerfor oneminuteto form a silver nitratesolution A reducing solution was prepared separately by
adding 0.68 gascorbic acid (Alfa Aesar) and 0.16 paly (methacrylic acidsodium salt) 40% in water
(PMAA solution, Aldrich Chemistry Typical molecular weight: 4,000,000 as a structuréirecting
reagento 200 ml HO. The mixture was thevigorously shakeffor one minuteéo dissolve the ascorbic
acid Synthesis wagerformed by adding the silver nitratewin to the reducing solution. After a few
seconds, the silver nanosheets-asembled and floated on the solution.

Scanning and transmission electron microscope&dA and TEN and optical profilometery were
utilized to investigate te morphology and gstal structuref the synthesized nanoshe€ls prepare
SEMand optical profilometery samplessilver nanosheet was part a clean silicon wafethen dried
at 70°Cby using a hot plate and annealed atd@30f@r one hour. For TEM observatidhe nanosheet
was put ora TEM grid,dried under room conditions and then annealed aC3fid one hour.

An x-ray diffractometery technigu&RD) was utilized tacharacterizéhe crystal structure of the
synthesizedilver nansheetsTo prepare XRD samplethe floatingnansheetaverecollected using
afilter paper (Whatmah# 1001042)The samplsvas driecat 70°C, therthe nanosheets wedetached
by peeling away the filter papand putting the sample on a piece of glx$D was performed using
anx-raytube withawavelength output of Ga; (I = 0.154056 nm).

Thermal stability of the silver nanosheets was investigated by annealing of the nanosheets at
150°C for 100 hours. The morphology and crystal structure of the silver nanosheets after annealing
wereinvestigated by SEM and XRD. Hot corrosion resistance of the nanosheets was investigated using

a thermogravimetery (TG) machine under flow of air. The electrical stability of the sensing material
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was evaluated by passing 982 mA through it for 500 houile Wie sensor was kept at 220) which

is the working temperature of the sensor.

7.4.2 Sensor Fabrication and test

An alumina substrate with interdigitated electrodes (spaced aboutriQfpart) was used for
sensor fabrication. This alumina substrate was @guiwith a micro heater on the back side of the
electrodes. A nanosheet was loaded onto the electrodes simply by scooping it from the solution surface.
To do that, the alumina substrate was dipped into the liquid and used to pick up a nanosheet in such a
way that this sheet sat on the electrodes. After that, the sensor was dried at room temperature and then
annealed at 300eC for one hour to remove the PMARA
installed in a chamber with a channel with a 13squae cross section. To examine the sensor, it was
exposed to air flowing at different rates, and its electrical resistance was measured by a 16 bit data
logger at a rate of 10 dasac. A moving average noise rejection filtering with a window of 5 data was
used to smooth the data.

7.5 Results and discussion

7.5.1 Synthesis and characterization of sensing material

Figure 7-2-a shows a SEM image of a nanosheet, revealing that the silver nanosheet is a
continuous mesh of silver with irregular shaped holes. The left mfs€igure 7-2-a is a high
magnification side view of a nanosheet clarifying that the thickness of thehemt®ds 25 nm. The
TEM image of a sheet is presentedrigure 7-2-b and demonstrates this sheet is composed of joined
nanoplates. The selected area diffraction (SAD) pattern of the marked area of the TEM image is
presented ifrigure7-2 -c. This SAD p#ern confirms that the surface plane of the nanosheet is (111),
although the structural blocks are not completely parallel. This tilt might have occurred during
nanojoining, as predicted by molecular dynamic simuldti®®]. The xray diffraction patterrof the
nanosheets shows only one peak, belonging to the (111) crystal plane off$guee 7-2-d), which
confirms the supposed structure of the nanosh&e¢se combined characterizatisrdemonstrate that
the synthesized silver nanosheet is a veny #ieet of silver, with a (111) surface crystal texture.
Therefore, because of their low mass and high surface area, silver nanosheets are an excellent candidate
for use as a sensing material in hot wire anemometers. Moreover, the unique crystal singtture
surface texture of the nanosheets could provide special properties for this type of nanoparticle, such as

high stability, which may be beneficial for this sensing application.
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The synthesis mechanism for this type of nanoparticle was elucidaf@d2an209. After the
nucleation of initial silver clusters through reduction of silver ions by ascorbic acid, the PMAA covers
(111) crystal planes of silver and controls the growth process to synthesize the hexagonal and triangular
nanoplates. These narates move randomly in the solution, and if they get close enough to each other
they will join. In the case of silver nanosheets, we added silver nitrate solution to ascorbic acid. The
reduction reaction happens immediately at the top layer of the redatutgpn where silver ions exist,
and the product floats on the reactor. The right insEigefre7-2-a is a high magnification SEM image
of a hexagonal structural block of the nanosheet, which is joined to the other structural blocks from one
side. Ths SEM image verifies the proposed mechanism for the synthesis.
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Figure7-2: a) SEM image of the synthesized silver nanosheet. &deft demonstrates the thickness of the
nanosheeand right inset image demonstrate a hexagonal structural block of the nandghEeM image of a
nanosheet; c) Selected area diffraction pattern of the marked ardm df X-ray diffraction pattern of the

synthesized silver nanosheets.

7.5.2 Stability of the silver nanosheets
The atmospheric corrosion resistance of the synthesized silver nanosheets was investigated using
an annealing heat treatment with thermogravimetric analysis (TGA) at 120°C under flow of air
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