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Abstract 

This dissertation introduced a new type of high aspect ratio silver nanoparticle, 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 solution. After 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 and join to make one-dimensional segments. This process continue through 

assembly of the segments to form one- or two-dimensional supercrystals, the configuration of which is 

controlled by experimental condition such as silver content of the reactor, nitrate ion content, and pH. 

The introduced synthesis method answers one of the major questions that motivated this research: 

Finding a simple, feasible, high-yield, low-cost, and mass producible high aspect ratio silver 

nanoparticles for using as nanofiller in hybrid electrical 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 µm length nanobelts. TEM and XRD demonstrate that the 

synthesized nanostructures exhibit a (111) crystal texture on their broad surface, inherited from their 

nanoplatelet structural blocks. One- and two-dimensional silver nanoparticles with (111) surface plane 

on this scale is a unique 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 high-resolution TEM observation. This is 

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) crystal texture surfaces being composed of low-energy 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 nanoparticles. 

In addition to application of the synthesized 1-D high aspect ratio silver nano particles as nanofiller for 

enhancing electrical properties and reducing the cost of the hybrid electrical conductive adhesive, the 

synthesized 2-D silver nanosheets were employed as the primary functional material to fabricate an 
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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, high electrical stability and excellent atmospheric corrosion resistance of silver 

nanosheets at working temperature of the sensor (120˚C) are other outstanding features of the 

synthesized silver nanostructures that make them good candidate for future research.  

Looking at the thermal behaviour of silver nanoparticles a traditional question is raised about the 

hypothesized existence of a liquid layer on the surface of silver nanoparticles, called “surface 

premelting” in the literatures. Molecular dynamic simulation was employed to investigate the 

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 positions  to create stable surface defects. Accumulation of defects, which is 

temperature dependent, is able to create a solid disordered-phase layer covering the nanoparticle 

surface. Existence of this disordered layer was confirmed in the literature, although it is interpreted 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 nanoparticle happens at a constant temperature: a usual melting based on classical 

thermodynamics. This finding contradicts the predicted behavior of the literature’s “surface pre-

melting” phenomena, providing an alternative answer to a traditional question that has been asked in 

this field of science since the 1940s.  
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Chapter 1 

Introduction 

In 1959, Richard Feynman introduced a new concept of small systems in his presentation entitled “There's 

Plenty of Room at the Bottom”[1]. However, research into nanoscience and nanotechnology has only 

started two decades after Feynman, in the early 1980s considering developments in analysis and microscopy 

techniques [2]. During the last three decades, research outcomes have developed our understanding of small 

systems and led to new materials, apparatus and many potential applications. As part of this advancement, 

nanoparticles with different sizes, shapes and morphologies have been synthesized.  

Today, individual nanoparticles can be used for various applications such as nanosensors and 

nanotransistors. In addition, nanoparticles have been employed by other routes such as membrane, thin and 

thick film, pellets and filler materials for making composites, and research continues in these fields. Another 

potential application of nanoparticles is fabrication of structures, devices or machines from nano scale 

building blocks. For this purpose, nanoparticles should assemble and join as two important steps in the 

fabrication process. The assembly of nanoparticles is a hot research topic and scientists have put many 

efforts into this subject [3-7]. Nowadays, it is possible to control nanoparticles and push them to the desired 

positions by different methods such as self-assembly and electric field assisted assembly [8, 9]. However, 

current knowledge about joining of nanoparticles, which can be named nanojoining, is in a preliminary 

stage. Expanding the knowledge in the field of nanojoining along with the progress in self-assembly of 

nanoparticles will provide the capability to design and produce new nanomaterials, nanodevices and 

nanomachines. Therefore, research for understanding joining methods for nanomaterials and finding 

controllable joining methods seems to be a very 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 applications such as optoelectronic sensors and devices, biological 

sensors, nanocomposites and catalysts, and these researches are ongoing [10-14]. Along with this progress, 

difficulties arise, however, when researches attempt to go further from prototype to market. A feasible, high 

yield, repeatable, and environmentally friendly, 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 susceptible to electromigration. This issue becomes more serious in nanoparticles 

because of higher energy level of the silver atoms in nano-scale than bulk [15-17]. Thermal stability of 
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silver nanoparticles, especially silver nanowires, is another important obstacle in front of application of 

silver nanoparticles, which limits working temperature of these nanoparticles [18]. Regarding those 

fascinating proposed applications for silver nanoparticles, and above-mentioned issues, synthesis of a fast, 

high yield, high stability zero-, one-, and two-dimensional silver nanoparticle seems to be very critical 

research topic. 

Stability of a material strongly relates to its atomic arrangement. It is well known that non-crystalline solids 

have higher energy and less stability than crystalline structures; and, among different crystallographic 

planes, higher packing factor provides lower energy and higher stability for that crystal plane. Silver has 

face centered cubic crystal structure in which the (111) planes have the densest packing. Among all different 

silver nanoparticles, the hexagonal and triangular nanoplates have maximum (111) surface texture [19-21]. 

Therefore, silver nanoplates seem ideal structural blocks for fabricating high stability one-, two-, or three-

dimensional superstructures.  

Assembly of the structural blocks can be done by different methods, however, joining of the assembled 

blocks is a challenging task. To understand the difficulties of nanojoining from a material point of view, it 

is worthwhile to pay attention to the thermodynamic behaviour of nanoparticles. Total energy of a system 

can be divided into potential and kinetic energy. Origin of the potential energy of the system is attraction 

and repulsion forces between the atoms. The kinetic energy presents movement and vibration of the atoms. 

In large scale, the total energy of the internal atoms of a system is very much larger than the sum of the 

energy of atoms at surfaces and around structural defects. Hence, the effect of surfaces, interfaces and 

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 energy must be taken into account for any calculation. The surface atoms can change stability of 

the nanoparticles because of their high energy level [22-25]. The tendency of these excited atoms to 

decrease their excess energy is the origin of much special and unusual behaviour of small systems. This 

phenomenon can influence nanojoining processes, and it can also introduce new joining methods for small 

systems. On the other hand, high-energy surface atoms of nanoparticles can cause problems for 

implementing traditional joining process in nano scale. 

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

on the surface of nanoparticles are the most important barriers in front of traditional joining methods at 

nano-scale [26-28]. The melting point of nanoparticles is a function of their size and is usually lower than 

the melting point of bulk material. In addition, high mobility atoms on the surface of the particles and 

surface disordering can be observed in nanoparticles before melting. Therefore, control of thermally 

activated joining process such as sintering and welding will be very difficult and complex. In addition to 

the aforementioned issues, existence of high energy atoms at the surface of nanoparticles leads to absorption 
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of ions and molecules from surroundings or agglomeration of nanoparticles which can be a barrier in front 

of nanojoining by eliminating direct and simple contact of the structural blocks.  

To overcome these complicated problems facing nanojoining, more research in this field is necessary. To 

solve these problems, two different approaches can be considered. First, one may attempt to achieve enough 

knowledge from behaviour of nanomaterials to control traditional joining process for nanojoining 

applications. The second approach is to invent new methods for joining of nanomaterials. The focus of this 

research is the investigation of novel methods for joining of nanomaterials. In this regard, both theoretical 

study and experimental observation are considered. Theoretical studies have been conducted by molecular 

dynamics simulation; and, experiments have been employed to examine the simulation predictions. 

1.2 Research objectives 

Synthesis of high stability one- and two-dimensional silver nanoparticles with a high yield, using a feasible 

and repeatable method is a main goal of this project. For this purpose, hexagonal and triangular silver 

nanoplates were selected as structural blocks for fabricating one- or two dimensional structures. These 

nanoplates have been selected because of their special surface texture, which consist of two large (111) flat 

surfaces. This unique surface texture could provide special properties such as high stability for the 

nanoplates. The first part of this research is an attempt to systematically investigate nanojoining of the 

hexagonal and triangular nanoplates. For this purpose, the molecular dynamics simulation method was 

selected to uncover the joining mechanisms, features and limitations. Molecular dynamics is a powerful 

simulation technique, which can be employed to investigate nanoparticle behaviour; but simulation by itself 

is not sufficient and experimental observation should also be done to confirm that simulation results are 

reliable and applicable in the real world. Therefore, experimental observations are also considered in this 

research.  

The tendency of the nanoparticles’ surface atoms for decreasing their excess surface energy by absorbing 

other molecules or ions can be a new window to nanojoining. If the surfaces of two nanoparticles are placed 

in contact properly, they will join to decrease their surface energy. This type of joining is experimentally 

observed at large scale through joining of silicon wafers in a well-controlled condition [29]. To carry out 

joining through this method, very special conditions such as extremely clean and flat surfaces are required 

to get good joints. Meanwhile, different issues such as surface roughness, oxidation and contamination of 

the surfaces with some molecules such as oil and grease are big barriers in front of this joining process.  

Therefore, direct contact joining does not seem feasible as a joining method at large scale. However, the 

story can be different at nanoscale. Surface atoms of nanoparticles not only have higher energy than large-

scale particles but also the larger ratio of the surface energy to total energy of the particle than those of large 

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

This is a new concept and it has not been systematically studied to be employed in joining of nanomaterials 
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yet. This self-joining will be tested in the first part of this research to see if it can be considered 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 parameters will be investigated. 

In addition to theoretical study, nanojoining mechanisms are verified by experimental observation. For this 

purpose, the silver hexagonal and triangular nanoplates self-joining was the subject of study. Importance 

of these tiny silver nanoplates relates to the existence of (111) crystal planes on their surfaces. If these 

nanoplates can be assembled and joined to each other and built into one or two dimensional structures, the 

resultant fabricated structure will be a unique material with special crystal structure, while all other one 

one-dimensional silver nanoparticles have mostly (100) planes on 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 and high-yield method is a critical 

step in development of nanotechnology 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 self-assembly and nanojoining of the hexagonal and triangular silver 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 emphasized by considering the potential applications for nanostructures, nanomachines 

and nanodevices. In addition, complicated behaviour of nanomaterials, which are size and morphology 

dependent, should be well established to have successful nanojoining. This research will introduce a novel 

nanojoining method which is oriented attachment or self-joining of nanoparticles. This method of 

nanojoining can be used for many applications such as temperature sensitive systems and flexible electronic 

circuits. 

On the other hand, 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 nanoplates are the only silver nanoparticles that have maximum 

high close packed (111) planes 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 classical molecular dynamics simulation.  
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Experimental observations of self-joining will be restricted to joining of triangular and hexagonal silver 

nanoparticles, although the modeling side will not be restricted to these nanoplates, and other structures can 

be considered for simulation. All restrictions of a molecular dynamics simulation such as total simulation 

times, sizes of the particles, will be limitations of the simulation part of the project. 

1.5 Thesis Layout 

This thesis consists of eight chapters as follows: 

The current chapter (Chapter 1) outlines the motivation of this research and declares the thesis objectives. 

The Chapter 2 presents the background information about different synthesized silver nanoparticles. 

Following this chapter, nanojoining methods and self-assembly 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 one- and two dimensional silver nanoparticles by self-assembly and nanojoining of 

hexagonal and triangular nanoplates are depicted and discussed in chapter 5. Then thermal stability of the 

synthesized nanoparticles is revealed in chapter 6. Moreover in this chapter, surface disordering and melting 

of silver nanoparticles are discussed. Chapter 7 depicts some applications of the synthesized silver 

nanoparticles. Finally, conclusions and recommendation for future work are summarized in chapter 8. 
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Chapter 2 

Literature review 

2.1 Silver 

Silver is a metal with a very long history. This metal has excellent electrical and thermal conductivity with 

good mechanical properties and chemical stability. Meanwhile, special properties of nano-size particles and 

thin films of silver such as antibacterial, catalytic and optical properties change this old metal into a strategic 

material for the modern world. These outstanding properties of silver, which is also associated with 

reasonable price in comparison to its competitors such as gold and platinum encourage scientists to conduct 

many researches to develop the synthesis methods, investigate properties in different conditions, and find 

new applications, and studies into these topics are ongoing [30-36]. Among them, one of the most important 

and basic topics is synthesis of nanoparticles with different morphologies. Since the material properties of 

nanoparticles is dependent on their shape and morphology, synthesis of silver nanoparticles with different 

morphologies has been a hot research topic in recent years. 

Various methods have been developed for synthesis of silver nanostructures, including chemical reduction, 

chemical vapor deposition (CVD) and physical vapor deposition (PVD) [19, 37-41]. Among them, the 

solution-based chemical reduction is a simple, low-cost and flexible method. In this method of synthesis, it 

is possible to adjust solution conditions and chemical agents of the reaction to produce different types of 

nanoparticles, nanowires and nanoplates (Figure 2-1). 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 crystallographic directions [7, 38, 42-44]. Thus far,  the surface planes of 

synthesized silver nanomaterials through solution-based chemical reduction route are mostly (100) planes  

although the (100) plane is not the most stable or low energy plane in the fcc crystal structure[45, 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 structures[41]. In addition, 

it has been shown that (111) planes have better performance in comparison to other crystallographic planes 

in some applications such as catalytic reactions [41].  In this regard, the synthesis of new grades of silver 

nanoparticles with preferred (111) surface planes will be highly beneficial for different applications. 
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Figure 2-1: Synthesized silver nanoparticles through chemical reduction method [37] 

Among different morphologies of silver nanoparticles, hexagonal 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 twin plane [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 crystal in this direction. Hence, 

the nanoplates can grow mostly from the edges. The edges of very thin nanoplates are a combination of 

(100) and (111) planes. A flat hcp layer is formed at the edge between the (111) and (100) planes when 

nanoplates become thicker[21]. Different growth rate of silver crystal in directions leads to change initial 

hexagonal particles to triangular form. 

In this research, silver has been selected for all experiments and simulation works. It is well known that 

response of all nanoparticles to environmental stimuli is size dependent. Based on the traditional joining 

strategies, two nanoparticles have to be placed in contact or have a special material between them and then 

one must give 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 transfers to it are powerful stimuli 
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and could lead to change in the shape, morphology and 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 results, it will be beneficial 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 and restriction of computing capability of available computers.    

2.2 Self-assembly 

Experimental observation of self-joining of silver nanoparticles shows first self-assembly of the particles 

during synthesis, which is followed by self-joining (nanojoining) of the particles. In this section, self –

assembly of nanoparticles will be reviewed as a background for experiments. Nanoparticle self-assembly 

and joining has been reported in the literature [3, 7, 47, 48]. Sun et al reported that it is possible to transform 

silver nanospheres to nanobelts through self-assembly of the nanoparticles and subsequent thermal 

treatment to remove adsorbed surface molecules and sinter the particles[39]. In another research, Tang et 

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

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

each other and made crystalline CdTe nanobelts [49]. 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 formation [39, 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 nanoparticles could 

join to each other to form a diamond-like lattice structure [52]. They showed that these nanoparticles created 

unusual binary crystals through electrostatic self-assembly and could join to each other at room temperature 

to make crystalline particles. Recently, Zhang et al reported self-assembly of silver nanoparticles at room 

temperature which led to a 2D array ultrathin film of silver nanoprisms on the glass substrate, providing a 

tunable Plasmon response property [53]. 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 way that they keep their original shape, 

morphology, size and make a proper bond that can withstand applied forces in an acceptable range. It is 

well known that the morphology, shape and size of nanoparticles play important role in outstanding 
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properties of nano-size materials. Therefore, for having the benefit of the distinguishing features of nano-

size particles in the manufactured devices or structures, their original shape, morphology and size should 

remain intact during fabrication. On the other hand, the strength of a structure is a function of mechanical 

properties of its building blocks and their joining strength. Hence, the joints between nanoparticles must 

have proper strength. Common methods of joining at large scale are welding, sintering, soldering, brazing 

and adhesive bonding. Each of these methods employs special materials, techniques and apparatus to join 

different parts and has its properties and applications. General 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 summarized into four different groups as listed in 

Table 2-1. To implement these joining techniques at nano scale, precisely controlled machines and devices 

are required. In addition, properties of nanoparticles should be known to adjust the process. Although these 

successful nanojoining examples are very good news for joining of nanomaterials, many questions have not 

been answered yet. For example, it should be determined if these joining methods can be applied for 

different size nanoparticles, especially very small ones, and different morphologies. In addition, some new 

devices such as flexible electronics cannot withstand high temperature treatments. Therefore, some 

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

Table 2-1: Nanojoining methods [54-56] 

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 nanoparticles. However, their focus has almost always 

been investigation of some unusual behaviour of the material at the nano-scale such as lower melting point 

of nano materials or surface premelting that is used to explain nanoparticle sintering [57-61]. Surface 

premelting and size dependent melting behaviour in nano scale were usually employed to explain 

nanoparticle joining. A good example of these theoretical studies is one by Hu et al concerning low 

temperature sintering of silver nano particles for flexible electronic packaging [62]. They employed a Monte 

Carlo simulation to support their experimental results. Size dependent behaviour of the silver nano particles 

was 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 
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of sintering of silver nano particles were published by Guo et 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 Monte 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 

simulation, the most 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 configurations [64]. On the other hand, the 

size of the biggest particle in their research was less than 1 nm. Qi et al shows that the cohesive energy of 

the particles is size dependent [24]. 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 

using the following equation: 

𝐸𝑝 = 𝐸𝑏 (1 −
𝑑

𝐷
)          (1) 

In this equation, 𝐸𝑝 is cohesive energy of the spherical particle, 𝐸𝑏 is cohesive energy of bulk material, 

which is equal to 284 KJ/mol for silver [24], 𝑑 is equal to atomic diameter, which is equal to 0.288 nm for 

silver and 𝐷 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 the total energy 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 nanoparticles joining. 

Different joining methods have been employed to join nanoparticles. Some of these methods have been 

listed in table 1-1 and, as mentioned in introduction many researches should be done to find a well-

established method for joining of nanoparticles. In this chapter, a short review on the mechanism of 

sintering is provided here to make a background for future discussions about similarities and differences 

between sintering and self-joining or oriented attachments of nanoparticles. After 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 technologies, coming from the time when people made their goods 

from clay and fired them to make them stronger. Sintering is a thermally activated process in which, 

particles make a bond through mass transfer process [65]. From thermodynamic point of view, driving force 

for sintering is minimizing surface energy of the particles [65-69]. 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, grain-boundary diffusion, surface diffusion, viscous or plastic 

flow that is caused by surface tension or internal stresses of the particles and evaporation/condensation of 
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atoms on surfaces[70]. Based on the thermodynamic models, the behaviour of an array of same size 

spherical particles can be explained[67]. Sintering process starts from necking. This preliminary neck grows 

as shown in Figure 2-2.  

 

Figure 2-2: Schematic presentation of sintering of an array of spherical particles [67] 

During neck growth, the contact angle between the particles increases as shown in Figure 2-2. This angle 

has an equilibrium value, which can be calculated from the balance between the surface and grain boundary 

energy through the Yang relation as presented in equation 8 [67].  

𝛾𝑔𝑏

𝛾𝑠
= 2𝑐𝑜𝑠(𝜑𝑒)   (8) 

Where, 𝛾𝑔𝑏 is the grain boundary energy, 𝛾𝑠is the surface energy and 𝜑 is the contact angle between the 

particles. This process makes a bond between the particles, meanwhile shape of the particles changes as 

shown in Figure 2-2, schematically.  

The sintering process is a dynamic process and simultaneously other phenomena such as grain growth and 

coalescence may occur; because, the mechanisms of these phenomena are the same as sintering. As 

mentioned, neck growth causes the shape of the particles to change during sintering. This process is more 

dramatic when size of the particles is not equal. Figure 2-3 shows schematic of sintering progress of two 

particles with different size followed by grain growth. The process starts by necking initiation that is 

followed by neck growth. This process continues until the contact angle reaches an equilibrium value. From 

this stage, the grain boundary moves and grain growth occurs. After grain growth the barrier that stop the 

sintering process, equilibrium between grain boundary and surface energy, does not exist and the particle 

shape can change to find a more stable condition. This shape change can be done by diffusion.  

 

Figure 2-3: Sequential mass transport between two touching particles; steps: a to b, sintering; b to c, 

coarsening; c to d, grain boundary motion [67]. 
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Figure 2-4 shows another schematic sintering process that shows sintering of three particles. Same as the 

previous case, sintering starts from neck initiation and follows by neck growth to reach equilibrium. After 

this stage, grain growth can happen and after that another sintering can be done to reach a new equilibrium. 

It is worthwhile to mention that these schematic explanations were supported by experiments [66-68]. 

The aforementioned explanation of the sintering process shows that it is a thermally activated process. 

Therefore, all other phenomena such as grain growth and coalescence that work with the same mechanisms 

can arise during sintering. For nanoparticles sintering, enough thermal energy should be provided 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 particles can change to reach the most thermodynamically stable condition. 

This shape change is a big issue in front of using sintering as a candidate for nanojoining. 

 

Figure 2-4: Sequential mass transport for two larger particles sandwiching smaller particle; steps: a to b, 

sintering; b to c, coarsening; c to d, sintering between larger touching particles [67]. 

 

Sintering of nanoparticles has been employed in many applications such as conductive adhesive, metal-

metal bonding and flexible electronics [71-74]. Sintering or coalescence of very small nanoparticles such 

as silver nanoparticles will happen at a temperature lower than bulk material. Importance and potential 

applications of low temperature sintering of nanoparticles lead to many studies into this unusual 

phenomenon. Based on the published research articles, researchers believe that existence of liquid layer on 

the surface of nanoparticles and higher energy of small nanoparticles in comparison to bulk material are 

two major origins of these phenomena [27, 28, 58, 75].  

Research into coalescence of nanoparticles have revealed the structural changes during coalescence. An 

example of these experimental observations is presented in Figure 2-5, which shows coalescence of two Au 

nanoparticles with different crystal structure [76]. As clearly seen, the coalescence started from a necking 

while the particles were aligned completely, Figure 2-5-a and b. The coalescence process had continued by 

neck widening which led to more alignment of the particle. This crystal alignment had induced stress in the 

crystal, which led to some crystal defects, Figure 2-5-e. These defects then moved out from the crystal and 



 

 13 

final structure after coalescence was a perfect crystal, Figure 2-5-f. This complicated process was observed 

by TEM microscope and the particles were heated by electron beam. Therefore, this coalescence process 

occurred at high temperature.        

 

Figure 2-5: Coalescence between Au nanoparticles of different crystal structures; (a,b) Neck formation at 

the contacting surfaces; (c) The planes align between the two nanoparticles, and the neck widens; (d) 

Planes are completely aligned, and the voids formed by the previously existing neck fade away, tending to 

a rounder shape; (e) Plane defects begin to appear as a result of the stress in the new structure; stacking 

faults are clearly observed as marked by the arrows; (f) The newly formed structure is now relaxed, and 

structural defects are no longer noticeable [76]. 

 

Moreover, several theoretical studies were conducted to explain nanosintering and coalescence [27, 28, 59, 

61]. These observations show that nanoparticles can be joined to each other in different configurations, 

situations and temperatures. Generally, these theoretical studies have followed experimental observations 

for sake of comparison. In addition, limitations of simulation methods restricted the cases theoretically 

studied. Figure 2-6 is an example of these simulations that shows coalescence of two iron nanoparticles at 

different temperatures [59]. 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 atoms have diffused to 

adjacent particles while shape of the particles started to change.     
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Figure 2-6: Snapshots at different temperatures during Fe5000 +Fe5000Fe10000 coalescence and melting; a) 

initial structure at 400 K; b) 800 K; c) 1200 K; d) 1400 K; e) 1460 K. The left pictures in B–E are of the 

entire cluster and show the surface atoms, whereas the pictures on the right-hand side are cross sections 

through the clusters [59]. 

 

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 Gosele et. al. in 1995 [29]. 

They washed two piece of silicon wafer with diluted HF acid then put in an ultrahigh vacuum chamber, 

heated to 600˚C-800˚C to degas the surface and then push the wafers together at room temperature. The 

clean flat silicon wafers welded and make a single piece. Nanoscale particles seem to be able to join to each 

other directly when they get in contact, particularly because of high energy surface atoms of nanoparticles 

[25]. Therefore, this phenomenon can be used as a method of joining for constricting nano-scale structures 

or synthesis supercrystals. This type of nanostructures are classified under non-classical crystallization and 
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this type of joining calls oriented attachment [77]. Classical crystallization starts from nucleation of a 

crystalline phase in a matrix and continues via atom-by-atom attachment process. In contrast, non-classical 

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 

characterization of this type of structures [78]. Based on these research, this method of nano-fabrication or 

synthesis can be employed for many applications, while current researches in this field are mostly restricted 

to fundamental observations.  

Oriented attachment or self-joining 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 small [79]. Interestingly, the joining happen very fast and finish. 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 attachment or self-joining 

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

Simulation methods 

3.1 Classical molecular dynamic simulation 

Classical molecular dynamics (MD) is an atomic scale method of simulation, in which a system 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 the 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 atoms are calculated by using classical mechanic 

equations of motion. The material properties can be calculated from the positions, velocities and applied 

forces on each atom. In this research, classical MD simulation will be employed, which means quantum 

effects are 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 three major limitations for classical MD simulation. One of them is the limitation that comes 

from replacing Schrödinger equation for nuclei with classical Newton equations. One indicator of the 

validity of the replacement is the de Broglie wavelength Λ. Quantum effects are expected to become 

significant when λ is much larger than inter particle distance. For thermal motion we can use the thermal 

de Broglie wavelength: 

𝜆𝑡ℎ =
ℎ

√2𝜋𝑚𝑘𝐵𝑇
      (1) 

In which, h is plank constant, m is mass of the atom, 𝑘𝐵 is Boltzmann constant and T is temperature. Typical 

interatomic spacing in solid-state materials is d ~ 1-3 Å. Therefore, All atoms, except for the lightest ones 

such as H, He, Ne, can be considered as “point” particles at sufficiently high temperature (d >> λ) and 

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 in the simulation, typically 103 – 107. 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 the simulation should be smaller than the size of the computational 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 

cm-1 which corresponds to a period of ~10 fs. Optical phonon frequencies are ~10 THz - period of ~100 fs. 

Therefore, a typical time step in MD simulation is on the order of a femtosecond. Using modern computers 
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it is possible to calculate 106 – 108 time steps. Therefore simulation time can be only in the range of 1 ns to 

100 ns. This is a serious limitation for many problems which involve thermally-activated diffusional 

processes. 

As mentioned, in order to use MD simulation interatomic potential should be defined for the atoms in the 

system. The potential function U(r1, r2, …, rN) describes how the potential energy of a system depends on 

the coordinates of the atoms (r1, r2, …, rN). The forces in MD simulation are defined by the potential: 

𝐹⃗𝑖 = −∇⃗⃗⃗𝑟𝑖
𝑈(𝑟1, 𝑟2, … , 𝑟𝑁)                    (2) 

 𝛻⃗⃗𝑟𝑖
 operates on the position ri of atom i. Any change in the total potential energy that results from a 

displacement of atom i contributes to the force acting on atom i. Position of atoms are calculated by using 

the calculated force through the second Newton’s equation of motions.  The total potential energy of the 

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 method is employed to study nanojoining of silver nanoparticles. 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 Baskes[80, 81]. In EAM, the total energy is taken by the following 

equation: 

𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐹(𝜌𝑖)𝑖 +
1

2
∑ ∅𝑖,𝑗(𝑟𝑖𝑗)𝑖,𝑗,𝑖≠𝑗         (3) 

Where ∅𝑖𝑗 is the two body potential between two atoms 𝑖 and 𝑗  with distance 𝑟𝑖𝑗 , 𝐹(𝜌𝑖) is required energy 

to embed atom 𝑖 into the electronic gas due to all neighbor atoms which can be calculated by following 

equation: 

𝜌𝑖 = ∑ 𝑓(𝑟𝑖𝑗)𝑖≠𝑗       (4) 

EMA interatomic potential parameter for silver and some other fcc metals were calculated by Foiles et al 

[82]. MD simulation is done in a C++ program that developed and visualizations are done through VMD 

and Atomeye, which are  open source software [83]. The MD simulations were carried out in the canonical 

(NVT) ensemble. Temperature was kept constant during simulation according to the Nose-Hoover 

thermostat [84]. The equations of motion were solved numerically using the Verlet algorithm [85]. Each 

time step of calculation was one femto second (1×10-15fs). Cut off radius in this MD simulation was set 

to 12Å. 

To investigate existence of solid and liquid phases in the system we used the Lindemann index that was 

calculated as follows [60]: 

𝐿𝑖 =
1

𝑁 − 1
∑

√〈𝑟𝑖𝑗
2〉𝑇 − 〈𝑟𝑖𝑗〉𝑇

2

〈𝑟𝑖𝑗〉𝑇
𝑗(𝑗≠𝑖)

                   (5) 
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𝐿 =
1

𝑁
∑ 𝐿𝑖                                      (6)

𝑖

 

Where 𝐿𝑖 and 𝐿 are the Lindemann index of ith atom and whole particle, respectively, 〈… 〉𝑇  denotes the 

average at temperature T over time, rij is the distance between two atoms 𝑖 and 𝑗. As is well known, 

Lindemann index equal to 0.1 is a criterion to distinguish solid and liquid phase. If the Lindemann index of 

an atom or a particle is below 0.1, it is in solid state while the Lindemann index above 0.1 represents high 

mobility liquid phase.  

It is worthwhile to emphasize that the Lindemann index revels the mobility of atoms. Liquid 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 when they flow 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 triangular silver nanoplates 

Nanojoining is a challenging but essential step in the nanotechnology for assembly of nanoscale 

building blocks into 2D or 3D structures[55]. It is well known that individual atoms may apply 

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 

zero[86]. Obviously, the most stable configuration 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 energy[55, 87]. However, how nanoparticles joined together at low 

temperature is still unclear. Solid-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 nanoparticles 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 mechanism is critical in the assembly and 

joining of nanomaterials.  

Nanoparticle self-assembly and joining has been reported in the literature [3, 7, 47, 48]. Sun et al 

reported that it is possible to transform silver nanospheres to nanobelts through self-assembly of the 

nanoparticles and subsequent thermal treatment to remove adsorbed surface molecules and sinter the 

particles[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 each other and made crystalline CdTe nanobelts[49]. 

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 formation [39, 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 nanoparticles could join to each other to 

form a diamond-like lattice structure [52]. They showed that these nanoparticles created unusual binary 

crystals through electrostatic self-assembly and could join to each other at room temperature to make 

crystalline particles. Recently, Zhang et al reported self-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 property [53]. These experimental researches show the importance of 

nanoparticle 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 the nano-scale such as melting 

point of nano materials or surface premelting that is used to explain nanoparticle sintering[57-61, 90]. 

Surface premelting and size dependent melting behavior in nano scale were usually employed to explain 

nanoparticle joining. A good example of these theoretical studies is one by Hu et al concerning low 

temperature sintering of silver nano particles for flexible electronic packaging [72]. They employed a 

Monte Carlo simulation to support their experimental results. Size dependent behavior of the silver 

nano particles was 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 were published by Guo et. 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 Monte 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 simulation, the most 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 configurations[64]. On the other hand, the size of the biggest particle in their research 

was less than 1 nm. Qi et al shows that the cohesive energy of the particles is size dependent [24]. 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 using the following equation: 

𝐸𝑝 = 𝐸𝑏 (1 −
𝑑

𝐷
)          (1) 

In this equation, 𝐸𝑝is cohesive energy of the spherical particle, 𝐸𝑏 is cohesive energy of bulk 

material, which is equal to 284 KJ/mol for silver  [24], 𝑑 is equal to atomic diameter, which is equal to 

0.288 nm for silver and 𝐷 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 for sub-nanometer particles to bigger ones is not accurate. Therefore, another 

simulation method providing the detailed explanation should be employed to clarify mechanisms of 

nanoparticles joining. 
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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 of their 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 there is not 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, which 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, self-assembled and joined hexagonal and 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 1785 silver atoms and the 

triangle consists of 1288 atoms. In this research, hexagonal nanoparticles were used to show joining in 

edge-to-side configurations while triangular nano particles were used to show joining. Triangular silver 

nanoparticle in side-to-side configurations was selected for side to side joining, because of their simple 

structure at the edges [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 to edge joining. In 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 run for 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 any pressure or impact. 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 particles 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 



 

 22 

activated process of joining such as surface or bulk diffusion cannot play 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 of atoms on the joining.   

4.1.2  Synthesis and characterization of silver nanoparticles joining 

To synthesize, self-assemble and join silver nano particles, 2.1 g of AgNO3 (Sigma-Aldrich) was 

added to 60 ml H2O and agitated by ultrasonic bath for one minutes to dissolve AgNO3 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 200 ml H2O and 

agitated by ultrasonic bath for one minutes. 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 ml of this suspension was added to a solution that contained 0.1 ml of PMAA in 3 

ml of H2O. 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 stirred for five minutes with a 

magnetic stirrer to wash the surface of the silver nano particles from polymer molecules to get better 

conductivity. 0.02 µl of this dilute suspension was poured on a clean silicon wafer and dried at 70°C. 

TEM samples were prepared from the 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 

Figure 4-1 shows the simulation results at 1K, which was done to check what happened in side-to-

side configuration joining of triangular silver nanoparticles when the thermally activated mechanism 

of sintering such as diffusion was deactivated. Figure 4-1-a shows the triangular nanoparticles just after 

they were put near each other in a small 3D misalignment (around 5o) 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 Figs 1-b and 1c respectively. The 

rotation occurred to make the edges of the particles parallel for a complete contact. Final configuration 

of the particles after joining is presented in Figure 4-1-c and d from two different views. In this 

simulation, the particles made a joint at the edge 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. However, the 

alignment was restricted only to the joint area and these particles made a line contact. Figure 4-1-e 

shows the potential energy change of the system during this simulation. The energy of the system 

corresponding to Figure 4-1-a, b and c are marked on this figure. Figure 4-1-e reveals that the potential 

energy of the system reduced by around 15eV, which is the driving force for joining of the particles. In 

Figure 4-1-c and d, it is shown that around 30 atoms participated in this joining sequence. The binding 

energy of silver in fcc crystal is about 2.6 eV for each atom [91]. 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. 

  

 

Figure 4-1: 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, the lines show local aligned of atoms at the interface; 

e) Potential energy change of the system, corresponding energy of the snapshots of Figure 4-1-a to c 

and Figure 4-2-a to d are pointed. 
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To explain the joining mechanism, a close view of the movement of atoms during joining is 

presented in Figure 4-2 and corresponding energy of each snapshot is marked on Figure 4-1-e. During 

joining, atoms of the edges of the particles moved to find the most stable position. Figure 4-2-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 joining. Figure 4-2-b is a snapshot after 8000 time steps. In this 

figure, the atoms came out of their positions in the right hand side crystal and went toward atoms in the 

left hand side. Figure 4-2-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. The atoms number 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 and rearranged in a new configuration based on the initial orientation of the 

particles. Figure 4-2-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 right hand side followed 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 seen in Figure 4-1-e.  

Our simulation revealed that even at 1K, the surface atoms of silver 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 very low, diffusion is inhibited. Only the joint in line contact is formed by rearranging of 

surface atoms. This occurs through short movement of the atoms (5-10 Å) under columbic attraction of 

the adjacent surface atoms of the other particle to reduce the excess energy 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 the silver clusters can join [63] and further, we provide a clear explanation for the mechanism 

of joining. 
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Figure 4-2: Rearrangement of atoms at the interface between two nanodisks during joining at 1K; a)  

Before joining; b) 8000 time step after first touch; c) 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 (Figure 4-3). Potential energy change of the system during joining is presented in 

Figure 4-3-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 decreasing curve 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 some reduction in total energy of the system (Figure 4-3-b). After 4000 

time steps, nanoparticles completed their initial joining which means the edges of the particles were in 

a line contact, completely (Figure 4-3-c). The joining process was accomplished through 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 1K (Figure 4-2). Similarly, when the atoms at the joint area 

changed their atomic position and built new 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 of the system, which is 

shown on the energy curve (Figure 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 

Figure 4-3-c by a counterclockwise arrow for the left hand side particle and a clockwise one for the 

right hand side nanodisk. Configuration of the particles after 38000 time steps is shown in Figure 4-3-

d and e from two different views. Looking at the backside of the interface (Figure 4-3-e), it is 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 simulation 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 the particles are marked at 

Figure 4-3-e. The gap-filling process induced additional elastic energy to the system that was released 

by second rotation of the particles. This energy release is shown in Figure 4-1-a from 49000 to 56000 

time steps. The arrows in Figure 4-3-f show particles’ rotation directions. Figure 4-3-g presents the 

final configuration of the particles after joining. 
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Figure 4-3: Joining of two triangular nanodisks at 300K; a) Potential energy change of the system, 

corresponding energy of the snapshots of Figure 4-3- 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)Nanodisks at first step of joining; e) 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 particles; g) 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 presented in Figure 4-4. As shown, the particles were 
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aligned very well during the joining. Dashed lines show twin planes of the triangular nano disks [19]. 

As shown in Figure 4-4, (111) planes on the upper half part of the particles above dash lines on the 

Figure 4-4 were aligned. It is worthwhile to emphasize that there are some irregularities at the bottom 

of the presented image of the particles in Figure 4-4. These irregularities come from the sharp corners 

of the triangular particles. The corners’ atoms have very high energy and high mobility. Hence, the 

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

the added image to Figure 4-4. 

 

 

Figure 4-4: Crystal structure of A-A cross section of two nanodisks after joining at 300K; (111) 

planes above dash lines were aligned. 

 

Our MD simulation at 300K showed an out-of-plane rotation during joining. This rotation was found 

to be dependent on the geometry 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 structure[21]. To investigate effect of flattened edges of 

the nanodisks on rotation of the particles, we modified the edge of the triangular silver nanoparticles 

through deleting outer row of atoms from the middle plane of the particles and re-ran the simulation 

again. Figure 4-5-a shows the particles before joining at 300K. Arrows in this figure point to flattened 

edges of the particles. After joining, these two nanoparticles showed a different configuration 

(Figure 4-5-b) in comparison to the previous case as shown in Figure 4-3-g; two particles joined to each 

other without such rotation. Figure 4-5-c shows alignment of (111) planes of the nanodisks at the 

interface. Comparison between Figure 4-5-c and Figure 4-4 reveals that in both case [111] directions 
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of the nanodisks aligned at the interface. The presented result in Figure 4-5 proved that the surface 

plane of the edge of the particles plays an important role in final configuration of the joined particles 

while alignment direction of the particles follows the same crystallographic 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 out-of-plane rotation was not observed at 1K since the particles 

have not enough energy to extend their interface by rotation. 

   

 

Figure 4-5: Joining between two flat-edge triangular nanodisks; a) Before joining, the arrows pointed 

the flattened edges; b) 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 investigated the effect 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 configuration. Figure 4-6-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 nanoparticles 

were moved in the interface toward lower energy positions 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 area in Figure 4-6-b. However, the dislocation moved out of the 

crystal as shown in Figure 4-6-c. Finally, this dislocation reached the surface and made a step. These 

steps are pointed by arrows in Figure 4-6-d. Final configuration of the particles is shown in Figure 4-6-

e where the plastic deformation step can be seen in both particles near the boundary, which is created 

through dislocation movement out from the particles. Figure 4-6-f shows the complete alignment of the 

particles after joining. Note that the dislocations are 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 in Figure 4-6, MD simulation revealed that nucleated dislocations at the interface 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 from Hall-Petch to inverse 

Hall-Petch softening at nano grain metals because of the instability of dislocation arrays in nano-size 

crystalline materials[92]. Not only nano crystalline metal, but also nano-size individual particles’ 

defects are affected by the size of the crystal. Liu et al showed that when the size of iron nano particles 

became less than a critical value, dislocation core could not be stable in the iron nanoparticles [93]. In 

another research, Schallet al by using a continuum model and experimental observation showed that 

there is a critical radius for the particles below, which dislocations cannot be stable in the particles[94]. 

Jose-Yacaman et al claimed that partial dislocations can be stable in nano particles[95] and Carlton et 

al showed that stacking fault and twin defects might be stable in nanoparticles while they are rare in 

coarse grain material[96]. 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: 

hexagonal and triangular nanoparticles have stable stacking faults[95, 96]; meanwhile dislocations at 

the nanodisk interfaces were not stable and moved to the surface of the nanoparticles [92, 93]. 
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Figure 4-6: Hexagonal nanodisks joining at 300K; a) Initial contact; b) Interface structure at 22500 

time steps, generated dislocation was circled; c) Movement of dislocation; d) Final interface structure;  

e) The nanodisks after joining, the arrows show the plastic deformation in the particles; f) Crystal 

alignment of the particles after joining. 

 

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

nanoparticles at higher temperatures was studied. The Lindemann indices of the particles before joining 

at different temperatures are reported in Figure 4-7-a. As shown in this figure, the Lindemann index of 

the particle is less than 0.1 at 500K and lower temperatures. This indicates that the joining procedure 

at a temperature lower than 500K is based on a solid-state diffusion. In addition, the Lindemann indexes 

as a function of the distance to the center for all of the atoms of a triangular nanoparticle at 1K, 300K 

and 500K were presented in Figure 4-7-b, c and d respectively Figure 4-7-b and 7c show that all atoms 

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

all of the atoms are below 0.1. However, at 500K (Figure 4-7-d), it can be seen that a few atoms located 

on the vortex of the triangle have Lindemann index higher than 0.1. High Lindemann index of these 

five atoms demonstrates that they had higher mobility. This is an evidence for high mobility 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 mobility atoms 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.  

 

 

Figure 4-7: a) Lindemann index of a triangular nanodisk at different temperatures; b) Lindemann 

index of atoms of the triangular nanodisk at 1K; c) Lindemann index of atoms at 300K; d) Lindemann 

index of atoms at 500K. 

 

Figure 4-8-a-d show different views of the final configuration of the particles 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 of increasing 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 and consequently, the 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 applications although the shape of the structural blocks have changed.   
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Figure 4-8: Final configuration of the silver triangular nanodisks after 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 presented in Figure 4-9. As it was explained, potential 

energy of the system has decreased due to joining. The noisy 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 on the potential energy of the system. As shown in Figure 4-9-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 the particles and hence, takes more time 

to complete. This fact can be easily understood when comparing Figure 4-1c and d, and Figure 4-3-f 

and Figure 4-4. On the other hand, joining at 500K is faster than 300K because of the higher thermal 

energy of the system that 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 respect to the initial potential energy of 

the systems before joining at the same temperature were plotted in Figure 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 to the 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 at 1 K (Figure 4-1-c, Figure 4-3-f and Figure 4-4). 

At 500K, the particles deformed during joining as shown in Figure 4-8. 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.  

 

Figure 4-9: a) Potential energy change of the system during joining at 1K, 300K and 500K; b) 

Normalized potential energy change at 1K, 300K and 500K versus simulation time 

Both triangular and hexagonal nanoparticles are synthesized in an experiment. Therefore, their 

joining is predictable and should consider for simulation as a real case. Figure 4-10 shows MD modeling 

result of joining between a hexagonal and a triangular silver nanoparticle. The edges of two particles 

were parallel at the beginning of joining as it can be seen in Figure 4-10-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 nanoparticle. Figure 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 configuration. Figure 4-10-c shows that the (111) 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 showed in Figure 4-6-f and Figure 4-4. Figure 4-10-

d demonstrates the 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 particles, indicates that the triangular particle rotated 

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

 

Figure 4-10: joining of hexagonal and triangular nanoparticle; a) initial configuration of the 

nanoparticles at the start of joining; b) rotation of the particles before joining; c) corner to corner join 

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

The rotation of nanoparticles during migration of the particles before joining that depicted in 

Figure 4-10, shows the importance of nanoparticle’s geometry and its impact on the self-assembly of 

the particles. The Lindemann index of atoms of triangular nanoparticles presented in Figure 4-7 shows 

that the atoms at the corner of the triangular particles have 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 deduced that the shape of nanoparticles and its effect on the 

energy of the surface atoms are the important parameters in the self-assembly of the particles. It is 

worthwhile to emphasize that this case is still a special configuration for joining of the hexagonal and 
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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 affect the self-assembly of the 

particles and should be taken into account.    

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 at a nano scale [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 particles42. Therefore, 

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 reduce their energy. 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 

elastic 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 joining mechanism 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 after 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 the atoms 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 comparison 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 and lower temperature. As mentioned earlier, 

room temperature joining and crystal alignment was reported by other researchers [39, 47-49, 51, 98]. 

They reported that nano particles could assemble and join at room temperature and after joining. In 

some cases, crystal 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 join to each other 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 interface can be employed in some applications such as sensing, because of 

localized surface plasmonic hot spots [97]. At 300 K, the interface of the joined nanodisk is more 

extended. This area will be a perfect crystal without usual defects such as dislocations. In this 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, 500K is too 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 do that, we employed a wet 

chemical route to synthesize, self-assemble and join hexagonal and triangular silver nanoparticles. 

Synthesized silver nanoparticles structural blocks are shown in Figure 4-11-a and b individually. It is 

worthwhile to emphasize that the hexagonal 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 hexagonal and triangular nanodisks that were synthesized in the experimental 

part of this research are well known [19, 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 nanoparticles will grow to make 

a triangular shape crystal because of different growth rates in [111] and [100] directions. To synthesize 

silver structural blocks, we used ascorbic acid as the reducing agent [21, 101]and PMAA as 

stabilizing\capping agent. PMAA was used as reducing agent to reduce Ag+ to Ag by itself; however, 

as reported by Zhang et al, this process is very slow and needs long aging time[102]. Since 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 silver ions can attach to PMAA. On the other 

hand, PMAA molecules could attach to the Ag crystals after reduction [103]. The surface atoms of 

silver particles desired to share their energy and become more stable. Therefore, PMAA molecules may 

attach to the surface atoms of the small silver particles. Based on published papers and also, the shape 

of the synthesized silver nano particles that presented in Figure 4-11-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, however they 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.    

 

Figure 4-11: a) SEM Images of a hexagonal silver nanodisk; b) SEM Images of a triangular silver 

nanodisk; c) SEM image of silver nanobelts formed by joining of structural blocks; d) low 

magnification SEM image of the nanobelts. 

SEM images of self-assembled and joined silver nanoparticles are shown in Figure 4-11-c. The 

hexagonal and triangular silver particles were attached to each other and result in nanobelts. Different 

joining configurations can be seen in Figure 4-11-c. The marks of “one” and “two” in the figure indicate 

the positions where hexagonal structural blocks joined to each other. The area marked by “three” shows 

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 presented at Figure 4-10. The 

mark of “four” points to the joining of hexagonal and triangular blocks while these blocks keep their 

initial shapes. Two tri-angular nanoparticles marked by “five” in Figure 4-11-c have been joined in two 

different configurations to a nanobelt, indicating a random nature of the self-assembly of the structural 

blocks. Figure 4-11-d shows a low magnification SEM image of nanobelts consisting of the silver 

structural blocks. This image reveals that the structure and joining configuration shown in Figure 4-11-

c 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 with our MD simulation 

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 observation. Figure 4-12-a and b show a HRTEM image of the boundary area 

between the nanoparticles. Figure 4-12-a reveals two nanoparticles that joined to each other and 

perfectly aligned. As shown in Figure 4-12-a, the particles were joined and aligned on their (111) 

planes. The crystal structure of the boundary between two particles was perfect as predicted through 

MD simulation (Figure 4-6-f). More evidence of the joint morphology is presented in Figure 4-12-b. In 

this image, five particles were joined to each other and as clearly shown, all of the particles tended to 

achieve their lowest energy level by aligning their crystal structure, which was predicted by our MD 

simulation in Figure 4-4, Figure 4-6-d and 6f. (111) planes of five particles are marked in Figure 4-12-

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 predicted by the MD simulations.     

 

 

 

Figure 4-12: a) HRTEM image of the interface area between two joined nanodisks, direction of (111) 

planes of the particles are marked; b) HRTEM image of five silver nanodisks after joining, directions 

of (111) planes of the particles 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 joining occurred 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 particles. If crystal defects 

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 level. 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 sufficient to make a complete 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 other particle followed by subsequent elastic deformation to release stored 

elastic energy. In contrast, at 300 K, the particles not only make a line-contact joint at beginning, but 

also the joint grows to cover the whole interface area between two nanoparticles. In this 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 during migration 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 were self-assembled 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 observation 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 

Synthesis of silver nanoparticles by self-assembly and nanojoining 

of nanoplates 

Silver has attracted extensive research interest because of its potential applications in 

nanotechnology and biotechnology [30-36]. The properties of silver nanoparticles, similar to other 

nanomaterials, depend not only on size, but also on morphology and surface crystal orientation. 

Researchers have employed various methods for synthesizing silver nanoparticles, including chemical 

reduction, chemical vapor deposition (CVD) and physical vapor deposition (PVD) [19, 37, 38, 40, 41, 

104, 105]. Among them, the solution-based chemical reduction is a simple, low-cost and flexible 

method. In this synthesis method, it is possible to adjust solution conditions and chemical agents to 

synthesize various nanoparticles. Strategies for controlling the morphology and the geometry of the 

synthesized structures are well established: a shape-directing capping agent is employed to change the 

growth rate in different crystallographic directions [7, 38, 42-44, 106]. Therefore, the surface crystal 

plane of the nanoparticles is dictated by the choice of capping agent. Thus far, the surface planes of 

synthesized silver nanomaterials through the solution-based chemical reduction route are mostly (100) 

planes, although this is not the lowest energy plane in the fcc crystal structure [37, 45]. It is well known 

that the lowest energy crystallographic plane of fcc crystals is the highly packed (111) plane, which 

usually forms the surface of stable crystals of fcc structures [41]. In addition, research has demonstrated 

that (111) planes have better performance in some applications such as catalytic reactions [41].  In this 

regard, the synthesis of a new grade of one- and two-dimensional silver nanostructures with (111) 

surface planes is desired. 

Among different silver nanoparticles, hexagonal and triangular silver nanoplates are two shapes 

with maximum (111) planes on their surfaces. Such nanoplates have a twin plane in the center and two 

(111) planes at the top and bottom surfaces parallel to the twin plane [19-21]. They are synthesized by 

capping the top and bottom (111) planes with special molecules to reduce the growth rate of the crystal 

in the [111] direction. Hence, the nanoplates can grow mostly from the edges. When a nanoplate is very 

thin, its edges are a combination of (100) and (111) planes and when the nanoplates become thicker, a 

flat hcp layer forms at the edge between the (111) and (100) planes [21]. Different growth rates of silver 
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crystal in [111] and [100] directions lead to the change of initially hexagonal particles into a triangular 

form. 

The silver nanoplates seem ideal structural blocks for fabricating high stability supercrystals. Based on 

the literature, a non-classical crystallization mechanism is proposed for supercrystals in which, first the 

initial structural blocks are synthesized and then, they are assembled and finally joined. The joining 

mechanism of the structural blocks could be diffusional sintering [75, 107], or a non-thermal diffusion-

less, which is called oriented attachment [108, 109]. The product of joining through oriented attachment 

is usually a defect-free perfect crystal structure at the interface [110]. We examined the oriented 

attachments of the nanoplates through Molecular Dynamics simulation, which demonstrates how the 

nanoplates align themselves and join [111]. 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 reducing of silver 

nitride with ascorbic acid in presence of PMAA via the chemical reaction (1) are investigated. 

2AgNO3+C6H8O6  2Ag + 2HNO3+ C6H6O6                                             (1) 

Based on this chemical reaction, main factors that are able to play role in the synthesis are: 1) the pH 

of the mixture, 2) the ratio of silver nitrate to ascorbic acid, 3) the reagent concentrations, in the reaction 

mixture, including that of the capping agent and 4) nucleation of the crystalline silver. The pH in 

particular is expected to have a significant effect as influences the redox reaction rate and the affinity 

of the polymer capping agent [112]. Experimental observation and mathematical modeling have applied 

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

nanostructures.  

In this chapter, systematic experimental studies of the formation of silver nanostructures through 

simultaneous self-assembly and room temperature nanojoining of hexagonal and triangular silver 

nanoplates is described. First synthesis methods for synthesizing different nanostructures is revealed. 

Then, the identification of the effect of the key chemical agents of this synthesis method (silver nitrate, 

ascorbic acid and PMAA) and the synthesis procedure on the shape and morphology of synthesized 

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, 50-81-17) was dissolved into 200 ml H2O. In another 

beaker, 1 ml 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 AgNO3 (Sigma-Aldrich) was poured in a 500c beaker and 60 ml of H2O (except for 

recipe 9) added to it and gently sway the container to dissolve AgNO3 and prepare the silver nitrate 

solution (Solution A). When the silver nitrate crystals disappeared, the solution B was poured into this 

500 beaker. After five minutes (10 minutes for recipe 9 and 10), the synthesized silver nanoparticles 

was collected by büchner funnel vacuum filtration.   

For SEM and TEM observations, 0.5 ml of nanoparticles suspension was added to a solution that 

contained 0.1 ml of PMAA solution in 3 ml of H2O. 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 

was stirred for five minutes. 0.02 ml of this dilute suspension was poured on a clean silicon wafer and 

dried at 70°C for SEM observation. TEM samples were prepared in the same way as SEM samples. 

One drop of the prepared diluted suspension was poured on a TEM grid and after drying, the grid was 

used for TEM observation. 

XRD analysis with Cu-K1 ( = 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 nanoparticles were deposited on a filter paper (Whatman® # 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., SML-XL1110SOC-BTR) were used. They installed 

in two standard cuvettes (LIGHTLAB, C-6001) and the cuvettes are fix in 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 predictive model of the pH developed throughout the silver reduction was constructed. 

The reacting mixture is assumed to be well mixed, and to be at pH equilibrium for every point of the 

reaction, where the equilibrium point will shift as the relative concentrations and 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 to the pH equilibrium without 

sequestration; which is to say that it is assumed that the adsorption of the PMAA by the silver surface 

has a negligible effect on its buffering capacity, and that the developed dehydroascorbate is stable on 

the timescale of the synthesis. Ionic strength, μ, is calculated as shown in Equation 2, where 𝑐𝑖 

represents the molar concentration of an ionic species, and 𝑧𝑖 represents 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 overall ionic strength, and the self-ionization 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 dissociation pK values influenced by the 

solution ionic strength μ.  For ascorbic acid, Ball demonstrated that across the applicable range of total 

ionic strengths the Henderson-Hasselbalch equation is acceptable when the apparent dissociation 

constant is varied with ionic strength according to the equation proposed by Ball (Eq. 3), with a pK 

constant of 4.21 at zero ionic strength [113].  PMAA·Na is a polyelectrolyte, and was treated according 

to the Katchalsky model (Eq. 4) [114]. 

𝜇 =
1

2
∑ 𝑐𝑖𝑧𝑖

2𝑛
𝑖=1                                                        (2) 

𝑝𝐾′ = 𝑝𝐾 −  0.5√𝜇 (1 + 0.5√𝜇)⁄                           (3) 

𝑝𝐻 = 𝑝𝐾𝑎′ + 𝑛 log((1 − 𝛼) 𝛼⁄ )                            (4) 

In which,  is degree of dissociation of PMAA.Na. For PMAA, Katchalsky and Spitnik reported 

analytical titration curves of across the range of interest, linearized independently for five ionic 

strengths [112].  The data presented in a figure by Katchalsky and Spitnik was digitized by image 

analysis, where it 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: 

𝑝𝐻 = 𝐴 + 𝐵√𝜇 + (𝐶 + 𝐷√𝜇) log((1 − 𝛼) 𝛼⁄ )                          (5) 
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Table 5-1: Linear model constants for dissociation of Poly(methacrylic) acid, obtained from linear 

regression of data derived from [112] 

 A B C D 

Values 6.33324 -1.32015 -1.80890 0.37048 

Linearized using: 
X1 X2 X3  

√𝜇 log((1 − 𝛼) 𝛼⁄ ) X1X2  

 

to be performed on the full set of data [112].  This obtained the model constants presented in Table 5-

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 pre-weighed 20mL glass scintillation vial, and dried under 32 in-Hg vacuum at 80°C for 

24 hours. Once dried, the vial was sealed and re-weighed, 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 Q500 TGA, 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 

Na2CO3 ash.  A molar analysis of the masses determined that the sodium salt substitution of the PMAA 

carboxylic acid groups was 86.86 mol%.  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 

solutions, 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 estimates of pH 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 equilibrium pH at 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 the current pH 

estimate based on recalculations of the buffer dissociation from the last estimates of pH, μ, and 

dissociation constants. The PH was estimated based on the current estimated concentration of 

hydronium ions, obtained by summation of estimated concentrations for all hydrogen-dissociated 

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

acceptable pH estimate had been found for that degree of conversion when the difference between two 
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consecutive pH estimates was <0.001 and the difference between two consecutive μ estimates was 

<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 above pH model, relative reaction kinetics were calculated for recipes 1-6, based 

on data reported by Kimura et al., and Moya et al, for the reduction of tris(oxa1ato)-cobaltate(III) by 

L-ascorbic acid [115, 116].  This makes the assumption that the pH and ionic strength scaling for the 

two systems is similar, and allows us to compare relative rates on an arbitrary timescale.  In accordance 

with Kimura et al., the rate model equation 6 was used, where K0 was dependent on pH and ionic 

strength, and calculated by equation 7 in the range of pH < 4.5.  In accordance with the findings by 

Moya et al., K0 was considered constant at K0 = -2.69 for 4.5 < pH < 7.5. This relationship was found 

by comparing the two published datasets, and determining that ionic strength had an insignificant effect 

in the studied range.   

𝛼̇ =  𝑘0[𝐴𝑔𝑁𝑂3][𝐿 − 𝐴𝑠𝑐𝑜𝑟𝑏𝑖𝑐]  (6) 

𝑘0 =  0.42(𝑝𝐻) − 4.6                (7) 

 

5.2 Results and Discussion 

5.2.1 Silver Nanobelts 

Figure 5-1-a is a typical SEM image of the belt shaped silver particles that synthesized through 

reduction of silver nitrate by ascorbic acid when we did not add PMAA to the system. The inset 

illustrates a wavy shape and small side branches of the belt. Figure 5-1-b reveals local structure of a 

belt with a highly magnified image. This figure reveals that the belts consist of small nanoparticles. 

Thickness of the belts was found to be around 200 nm (Figure 5-1-c). Based on the IUPAC definition 

of nano materials, one of the upper size limits of the nano materials is 100nm [117]. Therefore, these 

silver particles could be named microbelts. Figure 5-1d shows the XRD pattern of the microbelts. It 

was thereby confirmed that the sample can be indexed as silver, according to JCPDS card number 00-

001-1164. 

This experiment confirmed that ascorbic acid can reduce silver ions to silver atoms as expected. We 

evaluated the yield of the process based on the mass balance of silver, which was 99%. However, it is 

not clear why the silver particles are belt shaped. No chemical was present to play a shape-directing 

role in this experiment, except ascorbic acid. The ascorbic acid molecule has a carboxyl group and two 
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more carboxyls could be generated after reaction of this molecule with silver nitrate [118, 119]. On the 

other hand, it is well known that the carboxyl group can attach to the surface of silver nanoparticles 

[120]. Therefore, it is likely ascorbic acid has played a shape-direction role to synthesize microbelts, 

although further investigation is needed to directly confirm this. 

 

Figure 5-1: One-dimensional silver irregular belts synthesized without capping agent after 20 min; a) 

overall view of the product and close-up image of a belt; b) high magnification image of the surface 

of a belt; c) thickness of the belts; d) XRD pattern of the belts. 

Figure 5-2-a shows one-dimensional silver particles and Figure 5-2-b provides a higher magnification 

image of them, which reveals their structure as serpentine belts. These belt shape silver particles were 

synthesized when PMAA was added to the system. Figure 5-2-c illustrates the thickness of the belts, 

measured as 25 nm. Hence, the particles are nanobelts. Figure 5-2-d shows an individual silver nanobelt 

which consists of hexagonal and triangular structural blocks; some of the triangles and hexagons are 

highlighted. The inset shows a triangular nanoplate that remained unattached in the system. 

The role of PMAA in this synthesis can be established by comparing Figure 5-1 and Figure 5-2. Adding 

PMAA to the system reduced the thickness of the synthesized belts (Figure 5-c and Figure 5-2-c). In 

addition, since hexagonal and triangular structural blocks were synthesized in the presence of the 

PMAA (Figure 5-2-d), one can hypothesize that the PMAA molecules attach to the (111) planes of 

silver crystals and decrease the growth rate in a [111] direction; thus conforming to a well-established 

synthesis process of the nanoplates[19, 21, 121]. And then, the nanoplates self-assembled and joined to 

each other, side by side, to fabricate each nanobelt; a process that we have previously elucidated[122]. 

The hypothesized role for the PMAA can be investigated by examination of the crystal structure of the 
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nanobelts. Figure 5-3-a is a TEM image of a silver nanobelt. This image shows that the nanobelts 

consist of silver nanoplates. Selected area diffraction (SAD) pattern of the marked area of Figure 5-3-

a revealed that the zone axis of all of the particles in the area of diffraction pattern is [111] (Figure 5-3-

b). The area of diffraction pattern consists of several individual particles that joined to each other 

laterally. Since only one diffraction pattern was observed from all of them, it can be concluded that all 

of these particles oriented in the same direction and their flat basal planes were parallel. This is 

compatible with the aforementioned synthesis mechanism of nanobelts [122]. Figure 5-3-c shows the 

XRD pattern of the silver nanobelts, which confirmed that only the (111) crystallographic direction 

exists on the surface of the nanoparticles. This crystal texture is different from that of the microbelts 

(Figure 5-1-d). The TEM and XRD results revealed 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 nanobelts provides evidence 

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.     

 

 

Figure 5-2: a) Synthesized silver nanobelts; b) High magnification image of the nanobelts ; c) 

Thickness of the nanobelts is around 25nm; d) Structure of a nanobelts, inset is one of the triangular 

blocks. 
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Figure 5-3: a) TEM image of a nanobelts; b) SAD pattern of the marked area; c) XRD pattern of the 

silver nanobelts.  

5.2.2 Silver Nanoflakes 

Aging of the silver nitrate solution resulted in a change in the morphology of one-dimensional silver 

nanobelts to two-dimensional silver nanoflakes. Figure 5-4 illustrates synthesized silver particles using 

the same recipe as that used for nanobelts, but after 48 hour ageing of silver nitrate solution. In this 

synthesis, the particles took on a flake shape instead of the belt shape (Figure 5-4-a). High magnification 

SEM examination revealed that the flakes formed by joining of hexagonal and triangular silver blocks; 
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some of the blocks were bigger than usual (Figure 5-4-b). Figure 5-4-c reveals that the thickness of the 

flakes was around 25 nm, almost same as that of the synthesized silver nanobelts (Figure 5-4-c). This 

shape change from one-dimensional nanobelt to two-dimensional 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 blocks. The effect of preparation method of silver nitrate solution of 

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

 

 

Figure 5-4: a) Overall view of the synthesized silver nanoflakes; b) higher magnification image of the 

silver nanoflakes; c) structural blocks of silver nanoflakes 

 

5.2.3 Silver nanosheet 

Figure 5-5 shows multilayer and single-layer 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 solution was added dropwise to reducing solution. This 

type of mixing resulted in floating very thin sheets of silver on top of the solution (Figure 5-5-a). 
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Figure 5-5-b and c demonstrate that these floated nanoparticles are multilayer or single-layer porous 

silver nanosheets, respectively. Insets of Figure 5-5-b and d reveal the structure of the nanosheets in 

higher magnification. XRD analysis of the nanosheets demonstrated the crystal structure of the sheet 

(Figure 5-5-d). This pattern confirmed that the crystal structure 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 on the suspension. 

Individually floated particles can join with each other to make large silver nanosheets, even up to 

several centimeters in diameter. 

 

Figure 5-5: a) Optical image of the floated silver nanosheets; b) multilayer porous silver nanosheets, 

inset is 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 AgNO3/C6H8O6 molar ratio on the shape of silver supercrystals, six different 

recipes were selected (Table 5-2). We performed five replicates of each recipe, both with and without 

the addition of balance water used to maintain constant final volume (4th column of Table 5-2). The 

addition of water had minimal effect of the resulting nanoparticles, which otherwise exhibited 

repeatable morphologies specific to each recipe, providing ten replicates per recipe. Figure 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 AgNO3/C6H8O6 molar ratio (0.05) leads to ball-like 

nanoparticles, which are actually disordered clusters of very small structural blocks (inset of Figure 5-6-

a). Increasing the AgNO3/C6H8O6 ratio to 0.27 changes the supercrystals to flower-shape particles 

created by short and wavy ribbons-like structural blocks (inset of Figure 5-6-b).  Molar ratios of 0.53 

and 1.0 produced small porous nanosheets of silver (Figure 5-6-c and d). Inset image of Figure 5-6-d 

reveals the thickness of the sheets is about 25 nm. Finally, high AgNO3/C6H8O6 molar ratios (1.6 and 

3.2) produced one-dimensional silver nanobelts (Figure 5-6-e and f).  

Careful examination of the SEM images of Figure 5-6 reveals a clear trend in the synthesized 

nanoparticles. All recipes other than recipe 1 produced nanostructures 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. Recipe 3 through 6 display joining that is highly selective to the narrow edges. This 

progresses from long-edge-to- long-edge “lateral” joining dominating (recipe 3), to tip-to-long-edge 

“branching” joining dominating (recipes 4 and 5), with tip-to-tip “linear” joining becoming more in the 

progression from Recipe 5 to 6. This is either due to an increasing preference towards linear joining, or 

an increasing aversion to long-edge joining.  Recipe 1 appears to be consistent with this progression, 

representing clusters of particles that have joined indiscriminately. In our 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 in all recipes has same molarity. In addition, 

the pH 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 reactor and PH evolution during progress of the 

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

Table 5-2: The recipes of the syntesis with different concentraion of silver ion. 

Recipe Number Solution A  (ml) Solution B (ml) H2O (ml) 
AgNO3

C6H8O6
 (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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Figure 5-6: SEM images of the silver supercrystals synthesized by recipe 1 to 6 (a to f, respectively)  

Evolution of the pH versus progress of the reduction reaction (Equation 1) for each recipe was 

calculated using the proposed model (Figure 5-7-a). Regarding fast progress of the chemical reaction, 

precise measurement of the pH during reaction was practically impossible due to time lag of the 

conventional pH meters. Hence, to examine the accuracy of the model, the pH of the reactor after 

completion of the reaction was measured for all recipes, which illustrates excellent agreement between 

the model prediction and experiment (Figure 5-7-b). Based on the presented data in Figure 5-7-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, the PH evolution shows a descending trend and, increasing silver content of 

the recipes leads to higher rate of the PH reduction. To explain the difference between the recipes, we 

select PH 2 as a benchmark. Based on the Figure 5-7-a, the reaction of the recipe 1 to 3 finish at a PH 

higher than 2. In recipe 4, 70% of silver ions reduced at a PH higher than 2, while 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 nanoparticles synthesize in lower PH when AgNO3/C6H8O6 molar ratio increases. 

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

dependent [77, 110]. In addition, changing the PH of the reactor is able to change the reactivity of 

ascorbic acid and hence, the kinetic of reduction reaction. Figure 5-7-c presents moles 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 the stoichiometric ratio of AgNO3 to C6H8O6 is 2:1, and recipe 4 and 6 lie 

equidistant to the crossover point.  Figure 5-7-d presents the reaction rate of each recipe versus arbitrary 

time, demonstrating that the reaction rate increases monotonically with the increasing AgNO3/C6H8O6 

molar ratio.     

   

Figure 5-7: a) pH changes during progress of synthesis redox reaction for recipe 1 to 6; b) 

Comparison between predicted final pH of the recipe 1 to 6 and experiments; c) Calculated molarity 

of silver converted for recipe 1 to 6 and recipe 10 versus time; d) The reaction rate of recipe 1 to 6 

versus time. 

To distinguish between the effect of AgNO3 to C6H8O6 molar ration and PH on the morphology of the 

products, we manipulate the pH of recipe 6 by using NaOH and HNO3 to the solution B, while the 

silver content of the solution was kept constant (Table 5-3). The PH value of reduction solution of recipe 
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7 was adjusted to be higher than PKa value of ascorbic acid and less than PKa value of PMAA, and for 

recipe 8 was adjusted to be higher than PKa value 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 at a pH high than 2. Figure 5-8-b and c show the SEM images of 

the synthesized nanoparticle by recipe 7 and 8. These images illustrate that increasing pH of the solution 

at constant AgNO3/C6H8O6 molar ratio was tremendously changed the morphology of the products. The 

Product of recipe 7 is wavy silver nanobelts and individual overgrown hexagonal and triangular silver 

particles (Figure 5-8-b). Increasing the pH to 7.4 in recipe 8 eliminate assembly of the structural blocks 

and let them to growth as individual particles. Recipe 7 and 8 illustrate the upper margin of the pH, 

however in recipe 1 to 6 pH is less than 4 in all cases. Therefore, to clarify what happen if all silver 

ions reduce at a PH lower than 2, we modified recipe 3 by adding HNO3 to adjust the pH of reducing 

solution to be 1.85.  This also changed the concentration of nitrate ions to be between that of recipes 4 

and 5. The pH versus conversion of the chemical reaction of recipe 9 is demonstrates Figure 5-8-a. The 

pH of this recipe is always bellow pH 2 while as demonstrated in Figure 5-7-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 reactor and conversion time. 

Synthesized silver nanostructures by recipe 9 is demonstrated in Figure 5-8-d, which demonstrated that 

the synthesized particles are a combination of wavy and straight one-dimensional silver nanostructures. 

Based on this observation, the silver 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. 

 

Table 5-3: Recipies of the synthesis with adjusting PH by using NaOH or HNO3 

Recipe 

Number 

Solution A  

(ml) 

Modified reducing solution 
AgNO3

C6H8O6
 (mol/mol) 

Solution B (ml) Adjusted pH  

7 60 200 5.70 3.2 

8 60 200 7.40 3.2 

9 10 200 1.85 0.53 
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Figure 5-8: a) pH changes during synthesis of supercrystals by recipe 6 to 9; SEM image of the 

synthesized particles by pH manipulated in: b) Recipe 7; c) Recipe 8; d) Recipe 9.  

  

We observed that the size of the silver nanobelts that synthesized by recipe 6 is very sensitive to 

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 synthesis. Figure 5-9-a shows the synthesized sliver nanobelts after severe shaking 

of silver nitrate solution. Comparison between Figure 5-9-a and Figure 5-6-d clearly demonstrates that 

shaking of silver nitrate solution is able to reduce the length of the synthesized silver nanobelts. On the 

other hand, it is reported in the literature that dissolution of the silver nitrate is not a simple one-step 

process , but that the silver nitrate dissolves through  some  intermediate  stages such as silver trimers 

(𝐴𝑔3
3+ and 𝐴𝑔3

+) and these silver trimers can be considered as nucleation site for nanoplates [123]. 

Therefore, it can be hypothesized that silver trimers play the role of precursor for silver hexagonal and 

triangular nanoplates, and that aggressive mixing decreases the number of silver precursors available 

in the reactor. To examine this idea, we designed the second precursor solution experiment, recipe 10, 

in which 2.1 gr AgNO3 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 AgNO3 was 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 same as recipe 6, 50 ml water was added 

to the reactor simultaneously with reducing solution (Table 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 by recipe 10are much longer than recipe 6. Figure 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 the nanobelt.  

 

Figure 5-9: a) Short nanobelts, synthesized by recipe 6 by using agresivly shaked silver nitrate solution; b) Long 

nanobelts, synthesied by recipe 10; c) High magnification SEM image of a long belt-shape supercrystal 

synthesized by recipe 10. 

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

Recipe 

Number 
Silver nitrate solution 

Solution 

B (ml) 
H2O (ml) 

AgNO3

C6H8O6
 (mol/mol) 

10 2.1 gr AgNO3+10 ml H2O 200 50 3.2 

 

 

It is noted that the differing reaction rates among the recipes 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 in Figure 5-10 . In addition, it was possible to record the changing pH of the 

solution during synthesis for recipe 10, due to its exceptionally slow reaction rate, and the results have 

been superimposed.  Figure 5-10 demonstrates that the synthesis with recipe 8, in which the addition 

of NaOH raised the pH 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 low reaction rate, even 

though the fully-mixed concentration, pH, and AgNO3/L-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 preparation method of this solution.   
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Figure 5-10: Kinetic of synthesis reaction measured by light-transmission for recipe 6, 8, and 10. Evolution of 

pH during synthesis by recipe 10 is superimposed on the graph. The presented pH data is the average of 6 

replicates. 

 

 

5.2.4.1 Discussion 

 Literature would argue that the type of nanoparticle growth and assembly observed here 

achieves varying morphologies through kinetically controlled processes [77, 124]. However, in this 

system the kinetics of the process was determined not to be the controlling factor.  The reduction 

reaction appears to be the rate-limiting step, as evidenced by the agreement between light-transmission 

and pH data for recipe 10, and the general agreement between light-transmission 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. Meanwhile, recipe 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 long incubation 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 nanostructures can be 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, and 10, it can be seen that the progression in preference for 

lateral, branching, or linear joining correlates either with the final pH or with the concentration of nitrate 

ions.  Based on our model, correlation with final pH may be due to the changing ionization of PMAA 

from 3% to 0.4% as the pH 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 source of the pH sensitivity 

is the unreacted L-ascorbic acid, which changes ionization from 19% to 0.3% across this pH regime as 

predicted by model.  However, for most recipes investigated the lowering pH throughout the reaction 

is caused by the consumption of the ascorbic acid, in some cases to completion (recipes 6, 10).  

Therefore, a reasonable hypothesis is that either the uncharged L-ascorbic 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; however, 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 high pH value produced initial PMAA ionization of 38% as predicted by our model, 

the majority of the silver is in the form of prismatic 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% (calculated 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 prior to their final assembly, based on comparison within Figure 5-6.  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 the trend in linear 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 change in the nucleation characteristics caused by this gentle mixing, which may indicate a 

change in the number-concentration of the primary silver nanoplates.   

5.3 Summary 

In this research, one-dimensional silver nanobelts, two-dimensional silver nanoflakes and multilayer 

and single-layer porous silver nanosheets were synthesized by choosing suitable solution parameters. 

From the crystal structure point of view, these silver nanoparticles are unique because of the special 

surface texture of the products. The surfaces of the nanobelts, nanoflakes and nanosheets are (111) 

crystallographic planes. This special crystal structure of the products was confirmed by TEM and XRD 

observations.  

Repeatable and fast synthesis of one- and two- dimensional silver nanostructures, constructed from 

highly stable hexagonal and triangular nanoplates.  We demonstrated that the primary nanoplate 

structural blocks will assemble into secondary 1-dimensional belt-shaped segments, followed by 

secondary assembly and joining into various larger scale 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 with pH and 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 was correlated with the factors that also selected for more 

linear secondary assembly modes, complicating analysis.   
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Chapter 6 

High temperature stability, surface disordering and melting of 

silver nanoparticles 

In this chapter, first, thermal stability of silver nanobelts is compared to pentagonal silver nanowires 

by Molecular dynamics simulation and experimental observations. Then, surface disordering and 

melting of silver nanoparticles are discussed.  

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 nanoparticle at high temperature [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 independent of other factors. Researchers have employed 

protective layers to manipulate the surface atoms and enhance the stability of the nanoparticles within 

this size regime [125, 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 in many applications. 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 

question as to 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 thermodynamically 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. Researchers are developing silver nanoparticles for many unique applications [6, 

30-35, 133-137], synthesizing them in a variety of sizes and morphologies during last two decades [19, 

38, 41, 46]. Among those reported, pentagonal silver nanowire is unique: a high aspect-ratio particle, 

achieving excellent electrical conductivity and mechanical strength [40, 138]. These desirable 

properties have led to many previous works where silver nanowires were employed for various 

applications such as flexible and transparent electronics, nanosensors, transparent heaters, and 

nanocomposites [139-143]. However, it has reported these silver nanowires are not stable when 

subjected to high temperatures [18, 130, 139, 144] This has been attributed to sulfidation of silver 

nanowires, based on energy dispersive spectroscopy analysis [18, 145, 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 vacuum or in 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 nanoparticles 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 different crystal planes have different packing densities; more packing means 

lower energy and higher stability. In the case of silver, the close-packed (111) plane is the lowest energy 

crystal plane with maximum packing, and therefore the most stable. By comparison, the (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 instability for nanoparticles such as nanowire. Silver nanowires have a 

pentagonal cross-section 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 nanowires, which project 

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

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

most stable possible configuration for a silver nanoparticle in theory.  

Recently we synthesized a new one-dimensional flat silver nanoparticle, the nanobelt [122], by 

simultaneous self-assembly and nanojoining of hexagonal and triangular silver nanoplates as structural 
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blocks. The nanoplates have been previously investigated [39, 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 surfaces [19]. The majority of the nanobelt surface area is composed of closed packed (111) 

planes, as a result of realignment of the nanoplates during joining [122].  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 nanoparticles can 

affect its thermodynamic instability and how this inherent instability is temperature dependent. This 

question is answered by comparing the thermal stability behavior of two closely-related 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 nanoparticles. 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 

6.1.1.1 Simulation  

Using the molecular dynamic simulation, for each 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 of all atoms. 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 distance from its original 

position. To investigate the position of the atoms in the nanoparticle, the Ackland-Jones parameter  was 

used to categorize the atoms based on their local crystal structure, setting a characteristic value for each 

atom [149]. In this MD simulation program, fcc structure was denoted by 2, hcp structure by 3 and 

unknown structure, such as a surface, by 1.     

The simulated nanowire contained 3530 atoms, with the initial state designed according to crystal 

structure of nanowires [19]. To show the 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 4804 atoms, and 

was composed of three joined sub-units: 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 simulation domain at 300K, with the distance between the 
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nanoplates less than cut-off 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 previous paper [122]. Using 

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

desired temperatures, for 106 time-steps in all cases. 

6.1.1.2 Experimental Procedure 

The silver nanowires were prepared in a polyol solution with polyvinylpyrrolidone (PVP) as a structure-

directing reagent, using a method modified from the literature [73, 141, 150, 151]. In this study, 330 

mg PVP ((C6H9NO)n, K25, M.W.= 24000, Alfa Aesar) and 12.5 mg silver chloride (AgCl, Alfa Aesar) 

were mixed with 40 ml ethylene glycol (EG, Fisher Chemical) in a round-bottom flask to make solution 

A. This solution was heated to a temperature between 160oC and 170oC. Then, 110 mg silver 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 to remove the residual ethylene glycol and PVP. 

To synthesize silver nanobelt, 2.1 g of silver nitrate (AgNO3, Sigma-Aldrich) was added to 60 ml H2O 

and agitated by ultrasonic bath for one minute to form AgNO3 solution. Reducing solution was prepared 

separately by 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 structure-directing reagent to 200 ml H2O 

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

while the mixture was stirred by a magnetic stirrer.  

6.1.1.3 SEM, TEM and XRD characterization 

SEM and TEM were utilized to investigate the morphology and crystallography of both nanoparticles 

and EDX was employed to analyze the chemical composition of the products. To prepare SEM, EDX 

and TEM samples, 0.5 ml of the suspension containing nanowires or nanobelts was added to 3 ml H2O, 

then agitated by ultrasonic bath for 5 min.  For SEM samples, 0.02 ml was deposited by pipette onto a 

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 atmosphere. After annealing, the annealed samples were placed in a vacuum desiccator. For TEM 

samples, approximately 100μl of 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 nanobelts. To 

prepare XRD samples without annealing, suspended nanobelts were collected on filter paper 

(Whatman® # 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.   To prepare 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 (15cm×2.5cm) drop-wise and dried under argon at 60˚C using a 

controlled atmosphere tube furnace, then annealed.  After annealing, the nanobelts were dispersed 

again in water using ultrasonic agitation, and then collected on filter paper (Whatman® # 1001042) 

by vacuum filtration. This was dried at under argon 70°C using a controlled atmosphere tube furnace, 

then detached by peeling away the filter paper.  XRD was performed using an x-ray tube with 

wavelength output of Cu-K ( = 0.154056 nm). 

 

6.1.2  Results and discussion 

6.1.2.1 MD Simulation of Silver Nanowire 

The results of four MD simulations of a short silver nanowire being annealed at four different 

temperatures (-272˚C, 200˚C, 300˚C, and 400˚C) are presented in Figure 6-1. It is apparent that the 

nanowire is thermally unstable above 200˚C, with degradation worsening as temperature increases. The 

-272˚C simulation (Figure 6-1-a) reveals the nanowire to be stable and well ordered, having developed 

no apparent defects; the (100) plane of the nanowire side is highlighted in the inset view. At 200˚C 

(Figure 6-1-b) and above (Figure 6-1-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).  In the 400˚C simulation (Figure 6-1-d), a great 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: the hexagonal close-packed (111) crystal plane, outlined by the white rectangle in 

(Figure 6-1-d) and shown magnified in the inset. Interestingly, the tips of the nanowire were stable at 

each of these simulated temperatures, and are composed exclusively of (111) crystal planes. An 

additional simulation of a larger diameter nanowire at 400˚C for 2106 time-steps is also included 

(Figure 6-1-e), and confirms that the larger nanowire degrades in the same way as the smaller one.  The 

longer simulation time in this 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 imply that the thermal instability of silver nanowires is primarily a result 

of surface atoms diffusing from the edges of high-energy (100) planes to form new surfaces. The 

production of (111) surfaces, and the lack of observed degradation of the nanowire tips, supports that 

the (111) surfaces are significantly more stable than the (100) planes. Figure 6-1-f presents the potential 

energy of the nanowire as the 400˚C simulation progressed; as anticipated, there is a reduction of 

potential energy as the nanowire degrades.   

Figure 6-2 is an analysis of the potential energy, kinetic energy, and displacement of atoms for a 

simulated nanowire at 200˚C. This data is gathered from the beginning of the simulation, using the 

atomic states at five equally spaced time steps between 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 an X-Y plane perpendicular to the 

major axis of the central nanowire segment.  Figure 6-2-a shows atoms plotted by the A-J parameter 

versus initial X-Y coordinate; surface, interior, and twin boundary atoms are clearly distinguished.  The 

remaining properties of Figure 6-2 are plotted with respect to radial distance (R) from the central Z-

axis, calculated by equation 3.   

𝑅 = √𝑋2 + 𝑌2                                    (3) 

Where, X and Y are the instantaneous coordinates of the atoms projected onto the X-Y plane. To 

highlight that simulated atom states are not being over-constrained, Figure 6-2 b-d displays the state of 

every atom for each distance R, rather than presenting average values.  Figure 6-2-b demonstrates that 

interior and twin boundary atoms have similar potential 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 axis, and therefore 

located close to the edges that describe the intersections of the (100) surfaces. Figure 6-2-c presents the 

kinetic energy with respect to radial distance, demonstrating that the simulation was appropriately 

isothermal. Plotting atom displacement in a similar manner (Figure 6-2-d), we see that the highest 

mobility was displayed by members of the edge-occupying group of surface atoms.   
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Figure 6-1: a) Structure of silver nanowires annealed at -272 ˚C; b) Silver nanowire annealed at 

200˚C; c) Silver nanowire annealed at 300˚C; d) Silver nanowire annealed at 400˚C; e) A larger silver 

nanowire annealed at 400˚C for 2106 time-steps, twice as long as the previous cases; f) Potential 

energy change of silver nanowire during annealing at 400˚C. 

To explain how temperature can affect degradation, the potential energy of surface and interior atoms 

after annealing at 200˚C, 300˚C and 400˚C were compared (Figure 6-3-a). The average potential energy 

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 potential energy 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 considering Figure 6-3-b though d. Figure 6-3-b shows the kinetic 
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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 the atoms escape from the potential well. The potential energy of surface 

atoms is around 13% higher than the interior atoms (Figure 6-3-b). When the temperature is lower than 

200˚C, the atoms of the corners remain in the potential energy well (Figure 6-3-c). However, increasing 

temperature to 200˚C or more will provide enough kinetic energy for some of the atoms to escape from 

their potential well (Figure 6-3-d). Obviously, few atoms with high kinetic energy have this chance to 

move out of their position. When 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.     

 

 

Figure 6-2: a) The Ackland-Jones parameter of the atoms of the silver nanowire versus x and y 

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 section (R); d) Displacement 

of atoms versus distance from center of cross section (R). 
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Figure 6-3: a) Average, maximum and minimum potential energy of the surface and interior atoms at 

200˚C, 300˚C and 400˚C; b) Schematic grapH shows the kinetic energy and vibration of a surface 

atom compare to its potential energy; c) Schematic grapH shows the kinetic energy and vibration of 

an edge atom compared to potential energy at low temperature; d) Schematic grapH shows the kinetic 

energy and vibration of an edge atom compared to potential energy at high temperature. 

6.1.2.2 Experimental Annealing of Silver Nanowire 

The thermal stability of silver nanowires was examined experimentally though SEM and EDX of the 

annealed samples under argon atmosphere at 200˚C and 300˚C. Before annealing, Figure 6-4-a shows 

silver nanowires featuring sharp edges and well-defined morphology.  Similarly, silver nanowires 

annealed for 10 hours at 200˚C are found largely stable, having maintained their gross morphology, as 

shown in Figure 6-4-b.  However, after annealing for 10 hours at 300 ˚C (Figure 6-4-c) the nanowires 

were clearly unstable, having degraded by eroding in some areas while growing new surface features 

in others; this degradation is easily visible at high-magnification (Figure 6-4-d).  The degradation is 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 their thermal instability, and instead reveals that silver nanowires are 

inherently unstable at high temperature. 

 

Figure 6-4: a) Synthesized silver nanowires; b) Silver nanowires after annealing at 200˚C for 100 

hours; c) silver nanowires after annealing at 300˚C for 10 hours; d) High magnification image of a 

silver nanowire after 10 hours annealing at 300˚C, inset: the EDX analysis of the highlighted area. 

 

For silver nanowire, the MD simulations and experimental observations indicate inherent thermal 

instability 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 comparison, the (111) planes of the surfaces at the 

tips of the nanowires appeared stable in the MD simulations, owing to their low-energy close-packed 

state.  If this analysis of silver nanowires is correct, it follows that the primary feature of a silver 

nanoparticle with higher thermal stability would be a majority of surfaces composed of more stable 

(111) planes 

6.1.2.3 MD Simulation of Silver Nanobelt 

Recently, we have synthesized silver nanobelts, a new high-aspect ratio silver nanoparticle featuring 

(111) crystallography on its broadest flat surfaces. These nanobelts are produced easily through the 
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nanojoining of hexagonal and triangular structural blocks [122]. If the nanobelts found to be more 

thermally stable than silver nanowires, they would not only support the hypothesis 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 temperatures (-272˚C, 

200˚C, 300˚C, 400˚C, 500˚C, and 600˚C) are presented in Figure 6-5.  The final states of these 

simulations demonstrate that the nanobelt is thermally stable in temperatures up to and including 500˚C 

(Figure 6-5-a  to e).  The -272˚C simulation (Figure 6-5-a) reveals the nanobelt to be well ordered, 

having developed no apparent defects. From 200˚C and above, the nanobelt sub-units undergo a small 

relative rotation at their junctions (arrow 1) to minimize internal stresses. From 300˚C to 500˚C 

(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 sub-units (arrow 2), filling the joints between the nanobelt sub-units and improving 

continuity of the (111) surface.  As high as 400˚C and 500˚C (Figure 6-5-d, e) the simulations 

demonstrate that the broad (111) surfaces of the nanobelt are still intact. However, the minor 

restructuring of the sharp edges has occurred (arrow 3). In the 600˚C simulation (Figure 6-5-f) does the 

nanobelt display thermal instability, with atoms migrating from the edges to form clusters on the flat 

(111) surfaces (arrow 4).  At this temperature, it is expected that atoms would continue to migrate across 

the surface until the nanobelt morphology completely degraded. 

Numerical analysis of these MD simulation results (Figure 6-6), evaluates the potential energy, kinetic 

energy, and displacement of atoms in the 200˚C simulation, using the long-axis of the simulated 

nanobelt segment as the X-axis.  Similar to the previous analysis, this data was gathered from the 

beginning of the simulation using the atomic states at five equally spaced time steps between 10000 

and 11000, and the surface and interior atoms were differentiated using the Ackland-Jones parameter.  

Interestingly, Figure 6-6-a shows the surface atoms are divided into two distinct energy bands across 

the entire nanobelt length.  A color-coded 3D model of the nanobelt (Figure 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 energy than the edges, and that the high-energy atoms are a small fraction of the total 

nanoparticle. Some of the small faces are high-energy, as seen on the visible side of the triangular sub-

unit; close inspection reveals these are composed of the minority (100) surface crystallography. A 

comparison between the nanobelt and nanowire (Figure 6-6 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 are few atoms at the sharp vertexes of the nanobelt, which Figure 6-5 showed were 

not sufficient to produce thermal instability. The kinetic energy of surface and interior atoms have no 

significant difference (Figure 6-6-c), while surface atoms at the boundary and the corners are high 

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

The initial potential energies of atoms in the 500˚C and 600˚C simulations are plotted in Figure 6-6-e 

and f.  As expected, the 500˚C simulation (Figure 6-6-e) has a pattern of potential energies 

approximately similar to that of the 200˚C (Figure 6-6-a).  The lower surface energy band at 500˚C 

displays nearly the same as 200˚C.  However, the band corresponding to the higher-energy edge atoms 

shows more high-energy atoms.  In contrast, the 600˚C simulation (Figure 6-6-f) reveals that the surface 

atoms occupy a diffuse distribution, and representing the onset of thermal instability of silver nanobelts 

in the vicinity of 600˚C. 

 

Figure 6-5: a) Structure of silver nanobelt annealed at -272 ˚C; b) Silver nanobelt annealed at 200˚C; 

c) Silver nanobelt annealed at 300˚C; d) Silver nanobelt annealed at 400˚C; e) Silver nanobelt 

annealed at 500˚C; f) Silver nanobelt annealed at 600˚C. 
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Figure 6-6: a) Potential energy of atoms at 200˚C versus position of atom on the X axis; b) Silver 

nanobelt, the color of atoms shows their potential energy; c) Kinetic energy of atoms at 200˚C versus 

position of atom on the X axis; d) Displacement of atoms at 200˚C; e) Potential energy of atoms at 

500˚C; f) Potential energy of atoms at 600˚C. 
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6.1.2.4 Experimental Annealing of Silver Nanowire 

Similar to the investigation of nanowires, we compare these MD simulations to SEM observations of 

silver nanobelts, first in their as-synthesized state, and then after annealing at various temperatures. 

Since these nanobelts are newly developed, we also include X-ray diffraction (XRD) and TEM 

observations to better demonstrate their nature. Before annealing, Figure 6-7 demonstrates the as-

synthesized condition of the nanobelts.  A low-magnification SEM image (Figure 6-7-a) shows many 

high-aspect ratio nanobelts, inset with a higher magnification example of a serpentine nanobelt.  SEM 

of several stacked nanobelts in Figure 6-7-b reveals the thickness of each to be in the range of 20 nm 

to 30 nm, and imaging by TEM (Figure 6-7-c) demonstrates that the belt is composed of joined 

nanoplates. The inset diffraction pattern of the indicated area of Figure 6-7-c confirms that the broad 

nanobelt surfaces are composed of (111) crystallography. XRD of the as-synthesized nanobelts 

(Figure 6-7-d) confirms this further, presenting only one peak corresponding to the (111) plane (in 

accordance with JCPDS card number 00-001-1164). Corresponding XRD on synthesized nanobelt 

powder reveals this structure to be uniform, and all nanobelts to share this (111) broad surface.  This 

combined characterization confirms that the model nanobelt segment in the MD simulation is a good 

representative of the as-synthesized material.  

Figure 6-8 shows SEM images of five batches of nanobelts, each annealed at a different temperature 

for 10 hours.  After annealing at 200˚C, 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 are intact. It is worthwhile to mention that the PMAA that cover the surface of 

the nanobelts will degrade around 150˚C [83]; therefore, it cannot affect our the stability observations. 

Similar to 200˚C, after annealing at 300˚C, the nanobelts remained stable (Figure 6-8-b), and did not 

sinter to one another (Figure 6-8-c). The nanobelts remain stable enough to maintain their high-aspect 

ratio form when annealed at temperatures of 400˚C and 500˚C (Figure 6-8-d and e).  Insets show that 

the edges are still intact at 400˚C (Figure 6-8-d), but after exposure to 500˚C the edges have eroded and 

contacting nanobelts have begun to sinter together (Figure 6-8-e), although the belts have kept their 

one-dimensionality.  After 10 hours of annealing at 600˚C (Figure 6-8-f), the nanobelts are found to be 

thermally unstable, and have lost their high-aspect ratio morphology due to the continuing diffusion of 

atoms at high temperature, as predicted by the simulations. 
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Figure 6-7: a) Synthesized silver nanobelts. The added image shows a single silver nanobelt; b) 

thickness of silver nanobelts; c) TEM image of a silver nanobelt, the added images shows the selected 

area diffraction pattern of the marked area; d)X-Ray diffraction pattern of synthesized silver 

nanobelts. 

XRD patterns of the annealed nanobelts at different temperatures are presented in Figure 6-9-a. These 

XRD patterns reveal that the crystal structure of the nanobelts did not change after annealing at the 

200˚C, 300˚C, and 400˚C. At 500˚C, there are two very small peaks belong to (200) and (220) planes 

of silver crystal (indicated by arrows on the Figure 6-9-a). Figure 6-9-b shows an SEM of a nanobelt 

after annealing at 500˚C, and Figure 6-9-c presents EDX analysis of the circled area of Figure 6-9-b.  

Combined, 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 annealed sample at 600˚C has completely different crystal structure, confirming 
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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 temperature (Figure 6-5-f and Figure 6-8-f).             

 

Figure 6-8: a) Silver nanobelts after 10 hours annealing at 200˚C; b) Silver nanobelts after 10 hours 

annealing at 300˚C; c) Agglomerated silver nanobelts after 10 hours annealing at 300˚C are stable and 

did not sinter; d) Silver nanobelts after 10 hours annealing at 400˚C; e) Silver nanobelts after 10 hours 

annealing at 500˚C; f) Silver nanobelts after 10 hours annealing at 600˚C; 



 

 77 

 

 

Figure 6-9: a) XRD pattern of the annealed samples at 200˚C, 300˚C, 400˚C, 500˚C and 600˚C; b) 

SEM of the annealed sample at 500˚C; d) 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 the 2nm – 100nm size 

regime. This is a fundamental issue, which should be addressed first when studying a nanoparticle 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 nanobelts by both MD simulation and 

experimental observation. These particles are excellent candidates for this study because both of them 

are one-dimensional and their lengths are in the same range, while their crystal textures are completely 

different. For pentagonal 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, followed by their 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 high-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 contaminates, demonstrating 

this degradation is independent of chemical attack. In contrast to silver nanowires, the MD simulations 

and experimental observations indicate that silver nanobelts are stable up to 600˚C, which makes them 

suitable for high-temperature functional 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 provide better 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 surface atoms to displace 

and degrade the nanoparticle, 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 been investigated 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 

non-corrosive atmosphere. Therefore, although sulfidation is a factor to be investigated, it is 

accompanied by an inherent thermodynamic instability that limits the performance of silver nanowires 

in high-temperature applications. In contrast, silver nanobelts are demonstrated to be a high thermal 

stability one-dimensional 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 nanoparticle for further 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 nano-scale particles is a complex phenomenon because of lower melting temperature of 

these particles compared to large-scale ones, and “surface premelting”. Among those, many 

fundamental questions related to the possible existence of a liquid layer on the surface of nanoparticles 

prior to reaching melting temperatures remain unanswered. Based on the literature, there is no doubt 

that a disordered layer can be created on the 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. In this section, the melting of a metallic nanoparticle is 

investigated with a view to clarifying the nature of this 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 when research into nanoscience and nanotechnology 

became popular. It is a well-established premise that many of the outstanding capabilities of 

nanotechnology are due to the high specific surface area and surface crystal texture of nanomaterials. 

However, these characteristics of nanoparticles can be affected by surface melting, which causes shape, 

size and surface texture change: an important phenomenon from theoretical and practical point of view. 

[76, 125, 131, 132, 152-155]. Hence, the thermodynamics and kinetics of this phenomenon 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 knowledge, “surface premelting” was reported for 

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 planes [156]. The concept of a quasiliquid, introduced by 

Stranksi, has been 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 thermodynamics, 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 

energy-temperature domain [157]. Based on this basic rule of thermodynamics, a pure 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 clear explanation 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 available for the pure material at constant pressure. 

Recently, the phase-field simulation method has been utilized to explain “surface premelting” or the 

coexistence of liquid and solid phases at a range of temperatures [160, 161]. Phase field is a mesoscale 

simulation method that establishes a system by defining a phase field [162]. To illustrate coexisting 

solid and liquid phases over a range of temperatures, the above-mentioned research considered a 

bistable phase, a solid particle with a liquid shell, as an individual phase. By using this approach, 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 must be different from both the solid and liquid phases to fulfill 

the thermodynamic requirements. However, in the research, the bistable phase was translated as the 

“surface premelting” of the solid phase, which is in contradiction to thermodynamic rules. Therefore, 

further research is required to establish the so-called “surface premelting” phenomenon, using 

thermodynamic modeling based on classical or nano-scale thermodynamic rules. 

Surface melting has been examined experimentally by investigating the surface structure of metallic 

nanoparticles. Techniques such as low-energy ion scattering [163, 164], low energy electron diffraction 

[111, 165, 166], atom scattering [167], grazing angle x-ray diffraction [168-170], low energy ion 

scattering [171],and neutron scattering [172] have been employed to make the observations. All of these 

methods have successfully illustrated surface disordering produced after annealing at high temperatures 

(close to the melting point), which leads to surface roughening and/or amorphization. Some researchers 

have interpreted this amorphous layer as a liquid and reported their findings as evidence for “surface 

premelting”. However, experimental evidence for a structural factor that directly distinguishes a liquid 

surface layer from an amorphous solid has not yet been reported. Another observation which has been 

purported as experimental evidence of “surface premelting” is the thermal instability of nanoparticles 

[173, 174]. The shape and morphology of nanoparticles can be changed dramatically via thermal 

annealing. This shape evolution of the nanoparticles, called crystal-crystal phase transformation, can 

be explained by assuming the hydrodynamic flow of a surface liquid layer below the melting point of 

the nanoparticles [174]. Although the “surface premelting” hypothesis is able to explain the 

nanoparticles’ shape changes at temperatures below the melting point, phenomena such as surface 

diffusion and high mobility surface defects (i.e., adatoms), can also be used to explain shape and 
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morphology changes of nanoparticles in solid state and more research is required to compare and 

experimentally validate these mechanisms. 

Finally, the “surface premelting” problem has also been approached through molecular dynamic (MD) 

simulation. One of the first attempts to explore surface melting through MD was reported in 1973 and 

investigated the melting of a fifty-five atomic cluster [175]. This research revealed that the cluster 

melted at a specific melting point and the diffusion coefficient of 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 

“surface premelting”, especially at nano-scale [108, 176-187]. 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 layer, which they submit as evidence of 

“surface premelting” of the nanoparticles. These visualizations were supported by calculating various 

structural indexes such as the Lindemann index, the mean-square displacement of atoms, the number 

of disordered atoms, the potential 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 well-defined surface crystal structure 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 atoms [178]. 

However, individual atoms on the surface of a structure are a well-known surface defect, known as 

adatoms, and cannot be considered as a liquid phase until they join with each other and make liquid 

clusters [109]. Therefore, research into the presence of a liquid layer on the surface of nanoparticles 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 

nanoparticle’s surface at high temperatures 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 point were 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 for 1×106 time-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 for 2×106 time-steps for all data points because the phase 

transformation occurs very slowly and the model needs to run for more time-steps 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 100,000 time-steps of the 

simulation for each temperature.  

The radial distribution function (RDF) was calculated by finding the pairwise distance between the 

atoms in the cut-off radius by using equation 3 [85]: 

𝑔(𝑟) =
〈𝑁(𝑟,∆𝑟)〉

1

2
𝑁𝜌𝑉(𝑟,∆𝑟)

              (3) 

Where 〈 〉 represents time averaging, N is the total number of atoms, 𝑝 =
𝑁

𝑉
 is the number density, 

𝑁(𝑟, ∆𝑟) is number of atoms found in a spherical shell of radius 𝑟 and thickness ∆𝑟, and 𝑉(𝑟, ∆𝑟) is the 

volume of the spherical shell [85]. The potential energy of the nanoparticle 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 computing the applied force on the atom the by all 

atoms in cut-off radius of the desired atom in each time step [188, 189]. To measure the internal 

pressure, the stress tensor of each atom during 1000 successive time steps of the MD simulation was 

calculated and the average of the radial stress was found. Then, the nanoparticle was divided to 

concentric spherical shells with thickness of 1Å and mean radial stress of the atoms of each shell was 

reported as internal stress.  

6.2.3 Results 

Figure 6-10 demonstrates the potential 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 defect-free truncated cube silver nanoparticle.  This grapH uncovers a sharp 

jump in the potential energy curve between 1087K and 1087.5K (inset curve). It is well known that the 

jump in potential energy represents a first order phase transformation. Moreover, it is apparent in 

Figure 6-10 that a change in the 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 into four distinct regions: T≤1000K, 1000≤T≤1087, 1087≤T≤1087.5 and 

T>1087.5. The effect of thermal annealing on the nanoparticle’s crystal structure, surface, and physical 

state in these temperature ranges will be discussed below.  
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Figure 6-10: Potential energy of the silver nanoparticle versus temperature. Inset shows an enlarged 

section of the grapH in the range of 1040K to 1125K. 

Figure 6-11 demonstrates the nanoparticle after annealing at 300K, 900K, and 1000K. As can be seen 

in Figure 6-11-a, the nanoparticle’s surface remained intact after annealing at 300K. Increasing the 

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 phonons. At lower 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 

phonon at 900K. An atom was marked in the original network (Figure 6-12-a). When the phonon 

reaches the surface, the atoms move from their position and are compressed together (Figure 6-12-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 reach the surface, and subsequently moving around on the surface (Figure 6-12-c and 

d). The atom’s trajectory is illustrated in Figure 6-12-e in which, the position of the marked atom in the 

four fist snapshots (Figure 6-12a-d) is showed on the curve. Movement 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 a thermal phonon is temperature dependent, more defects will be created on the surface 

at higher temperatures (compare Figure 6-11-b and Figure 6-11-c). Based on these observations, at 
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temperatures below 1000K the silver nanoparticle is a crystalline particle but, depending on the 

temperature, surface defects may observable. 

 

Figure 6-11: Silver nanoparticle after 2×106 time-steps annealing at: a) 300K; b) 900K; c) 1000K. 

 

Figure 6-12: Creation of an adatom by thermal phonons. a) initial position of the atom; b) position of 

the atom when the thermal phonon reaches it; c) atom thrown out from the lattice when its energy is 

released; d) displacement of the atom on the surface;  

e) trajectory of the atom’s displacement. 

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 snapshots (Figure 6-13-a, and Figure 6-13-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 arranged. Figure 6-13-c demonstrates the potential 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 energy increase 
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during the first 0.2×106 time-steps, the potential energy remains constant. However, by increasing the 

temperature by 0.5K, a different trend in the potential energy of the cluster is observed. From the time-

step number 0.75×106, the potential energy of the sample began to increase, and this trend continued 

up to 1.2 ×106. The potential energy remaining stable after this point. The structure of the nanoparticle 

before and after this potential energy change have been added to the figure and confirm that during this 

phase transformation the crystal structure 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 structure; Figure 6-11-a), 1087K, and 1087.5K are shown in Figure 6-13-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 phase [85]. At 1085K the RDF curve’s peaks are broad but detectable, 

which is predictable for a crystal 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 nanoparticle lays between 1087K and 1087.5K; above this 

temperature range the particle is liquid. 

 

Figure 6-13:  a) Snapshot of a silver nanoparticle annealed for 2×106 time-steps at 1087K; b) snapshot 

of a silver nanoparticle annealed for 2×106 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 and arrangement of atoms of a nanoparticle after annealing at 

1050K for 2×106 time steps. This figure depicts that a disordered atomic layer covers the surface of the 

nanoparticle and shape of the particle is change from original truncated cube toward a spherical one, 

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 (Figure 6-11-c and Figure 6-14) illustrates that the main differences between these two 

nanoparticles are the disordered surface layer and particle’s shape change. Our MD simulation 

demonstrated that the disordered layer was created by accumulation of surface defects that created by 

the aforementioned mechanism (Figure 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 above-mentioned slop change in potential energy 

curve of the silver nanoparticle versus temperature between 1000K and 1050K (Figure 6-10) is 

observed because of the creation of a continuous disorder shell on crystalline core. As discussed before, 

the crystalline nanoparticle 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 responsible to the slop change. 

This disorder surface layer of nanoparticle might be what researchers detected on the surface of 

nanoparticles by using different experimental techniques. Three different physical state can be proposed 

for this layer: super-cooled liquid, amorphous phase 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).  The super-cooled liquid is an unstable thermodynamic state in which, the atoms 

are able to flow under external stress filed. This phase can be transform to amorphous phase A ( or 

glass phase) by enough fast cooling rate. This change is a reversible second order phase transformation. 

On the other hand, by definition, an amorphous phase is a non-crystalline solid that creates from 

crystalline solid by various mechanisms such as sever mechanical deformation (amorphous phase B)  

[190].  

To investigate the physical state of the disorder layer, surface atoms should be analyzed. However, the 

surface layer is being mechanically impacted by thermal phonons. Because of the disordering of the 

surface layer, the mechanical waves are not able to propagate into this layer and hence, the phonons 

deform the layer. Considering 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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existence 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, 

and Lindemann index cannot be employed to ascertain whether the surface layer is solid or liquid and 

hence, another approach must be selected for this purpose. 

 

Figure 6-14: a) Silver nanoparticle after 2×106 time-step annealing at 1050K, b) cross section of the 

nanoparticle. 

If the disordered surface layer is proposed as super-cooled liquid, heating a nanoparticle with surface 

disorder layer to melting point creates an equilibrium liquid layer, which promote melting process. In 

the case of   amorphous phase A, increasing temperature of the nanoparticle to melting point may induce 

some residual stress in the solid core that will released by transformation of this amorphous phase to 

liquid.  However, if we assume the disordered surface layer as amorphous phase B, heating nanoparticle 

to melting point may introduce some residual stress or internal pressure due to the different thermal 

expansion coefficients of the crystalline and non-crystalline solids and this pressure shifts the melting 

point. Therefore, to distinguish if the disordered surface layer is liquid or solid, melting point of the 

nanoparticle must be ascertained. Hence, we annealed a nanoparticle at 1085K for 2×106 time-steps to 

form the surface disordered layer and then annealed at different temperatures for 10×106 time-steps to 

find the melting point of this nanoparticle. The result of this simulation illustrates that the melting point 

of the nanoparticle is shifted about 3˚C (Figure 6-15). This simulation was repeated for a nanoparticle 

that annealed at 1000K for 2×106 time-steps that only creates individual surface defects (Figure 6-15), 

which demonstrated 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 

internal pressure compare to original nanoparticle.  

 

Figure 6-15: Potential energy versus temperature for two annealed nanoparticles at 1000K, and 

1085K. 

To evaluate the above-mentioned explanation, the internal pressure of the nanoparticle was calculated 

for three different cases. Figure 6-16-a demonstrates the internal pressure and number of atoms in each 

shell, when the nanoparticle was annealed at 1000K. In this case, the internal pressure of the shells are 

mostly positive which demonstrates the effect of the surface energy of the nanoparticle.  When the 

nanoparticle partially melted, pressure of the liquid surface layer on solid core is around zero and the 

internal crystalline solid is under compressive pressure (Figure 6-16-b). However, when a nanoparticle 

annealed at 1085K to create the disorder surface layer and then annealed for 1×1010 time steps at 

1089.5K, a positive  pressure was induced on the surface layer (marked Figure 6-16-c), and rest of the 

shells are almost under compressive 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 solid. The time of this simulation is 10 times longer than the time scale that is required for 

melting the particle (Figure 6-13-c). Therefore, duration of this simulation seems enough to claim that 

the layer is not liquid due to stability of the induced pressure over entire simulation at 1089.5K.  
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Figure 6-16: Average radial pressure of concentric spheres of atoms with thickness of 1Å and number 

of atoms in each shell versus distance from center (radius) of: a) a nanoparticle after 2×106 time steps 

annealing at 1000K; b) a partially melted nanoparticle at the melting point (Temperature: 1087.5K, 
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Time step:1.1 ×106); c) a annealed nanoparticle with a disorder surface layer at 1089.5K for 1×1010 

time steps.        

 

 

 

 

6.2.4 Summary 

This research demonstrates that the melting of the nanoparticle occurred at a specific temperature and 

that surface melting does not happen before the melting temperature, which is compatible with classical 

thermodynamic. The mechanical waves generated by the thermal phonons 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 defects leads to an amorphous layer covering the surface of the nanoparticle in a 

range of temperature below melting point. By investigating internal pressure of the nanoparticle, we 

demonstrate that the surface layer is a non-crystalline solid, which remain solid up to the melting 

temperature. The existence of this layer was confirmed before this research by experimental 

observations, and this new definition is compatible with previous observations in the litrature.  
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Chapter 7 

Applications 

In this research, one- and two- dimensional silver nanoscale supercrystals were synthesized. Beyond 

special features of the products such as unique surface crystal texture and high stability of the silver 

nanoparticles, simplicity is another interesting aspect of the developed method. Every usual synthesis 

takes only two minutes to complete. After vacuum filtration and drying, the product is around 0.9 gr 

silver cake. This cake can be stored for a long time without reaction with environment, thanks to PMAA 

which has covered surface of the nanoparticles. On the other hand, when a piece of the cake is put in a 

liquid media such as water or one of the alcohols like ethanol and ultrasonicated for few minutes, the 

silver nanoparticles will be easily dispersed. This simple, fast and high-yield production, along with 

easy storage and good dispersion capability make this material an ideal one for industrial applications. 

Therefore, there is a huge potential for future researches into employing this material for different 

applications. Here in this chapter, two applications, one of them for silver nanobelts and the other for 

silver nanosheets will be introduced as two examples of applications.              

 

 

7.1 Application of silver nanobelts 

As first application, one-dimensional silver nanobelts were employed as one-dimensional  

conductive nanomaterial to enhance electrical conductivity of Electrical conductive adhesive (ECA) 

[191]. The idea behind this hybrid composite is bridging between silver flakes by one-dimensional 

silver nanobelts. For this purpose, the silver nanobelts along with silver flakes (Aldrich, 10 mm) at 

different weight fractions were added to epoxy (diglycidyl ether of bisphenol A, DERTM 322, DOW 

chemical company, USA). Figure 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 is preliminary results 

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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Figure 7-1: The bulk resistivity of the hybrid ECAs (solid line) and the conventional ECAs (dashed 

line) at various silver concentrations [191].  

 

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 the nanoscale and microscale systems. In this 

research, we introduce a new nanoscale sensing material, silver nanosheets, for applications such as 

nanoscale and microscale gas flow sensors. The silver nanosheets were synthesized through the 

reduction of silver ions by ascorbic acid in the presence of poly (methacrylic acid) as a capping agent, 

followed by the growth of silver in the shape of hexagonal and triangular nanoplates, and self-assembly, 

and nanojoining of these structural blocks. At the end of this process, the synthesized nanosheets were 

floated on the solution. Then, their electrical and thermal stability was demonstrated at 120˚C, and their 

atmospheric corrosion resistance was clarified at the same temperature range by thermogravimetric 

analysis (TGA). the silver nanosheets was employed for fabricating airflow sensors, first by scooping 

out the nanosheets by means of a sensor substrate; after that, drying them at room temperature and then 

annealing them at 300˚C for one hour. The fabricated sensors were tested 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 the response of the sensors were stable and hence, the sensors can be used for a long 

time without detectable drift in their response.  Detail of the fabrication ad characterization is discussed 

in the rest of this chapter.   

 

7.3 Introduction 

The fast development of nanotechnology promises the existence of microscale- and nanoscale-

machines in the not too far future. Generally, the construction of a nanoscale or microscale system 

requires synthesis or fabrication of appropriately scaled structural blocks, a facile energy source, a 

sound and economically feasible fabrication and assembly process, and adequate control and 

monitoring to help achieve these goals. Scientists can employ the numerous breakthroughs already 

made by the scientific and technological communities [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 scaling down the 

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 with large-scale sensing materials [163, 

193, 194]. However, for nanoscale or microscale systems, not only are these new sensors required, but 

also the miniaturization of conventional sensors such as force, strain, weight and flow sensors. Among 

them, gas flow sensors are urgently needed for a wide range of applications - from nano- and micro-

mechanical systems to medical apparatus and nano-bioassays [195]. Different types of large-scale 

sensors have been fabricated to measure gas flow meanwhile, the fast development of micro and 

nanoscale technologies is increasing the demand for new miniaturized sensors [196]. The hot wire 

anemometer, currently available in macro scale, is one of the most common flow sensors. In a hot wire 

anemometer, the temperature and as a consequence electrical resistance of a metallic wire is changed 

by gas flow. The convection 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 determine the sensor’s sensitivity [196, 197]. Generally, increasing the surface area and 

decreasing the mass of the sensing material enhance the sensitivity of a sensor to the external stimulus. 

The thermal and electrical stability and mechanical strength of the sensing material are other affecting 

parameters that must be considered in designing a reliable flow sensor. Hot wire 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 micron- or nano-scale hot wire flow meters usually requires a 

very expensive apparatus [197-207]. Therefore, new feasible methods for the design and fabrication of 

accurate gas flow sensors for current and future applications is an important research topic. 

One- and two-dimensional 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 dependency of their electrical conductivity increased by 

reducing the size of the nanoparticles [208]. Hence, metallic nanoparticles are a good candidate for 

sensing gas flow from the electrical property point of view. High specific surface area and acceptable 

mechanical strength are two other advantages of metallic nanoparticles for this application. On the other 

hand, thermal stability [18], electrical stability or electromigration resistance [16, 17] and high 

temperature corrosion [146] are important issues that must be 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 

resistance. In addition, silver nanoparticles have unique 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 synthesized [38, 41]. All of these facts and the relatively lower price of silver 

in comparison to its competitors such as gold and platinum, make it a promising choice for hot wire 

sensor fabrication. 

Recently, we synthesized a new type of silver nanoparticle by the simultaneous self-assembly and 

nanojoining of hexagonal and triangular silver nanoplates as structural blocks in the form of nanobelts, 

nanoflakes and porous nanosheets [122, 209]. Our synthesis is a fast, high yield and feasible method. 

The thickness of these nanoparticles, including the 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 defect free, which is 

important conferring good electrical conductivity [122]. Another important feature of this new type of 

silver nanoparticle is its unique surface texture[122]. The majority of the surface area of this type of 

silver nanoparticles is composed of a closed packed (111) crystal plane, which is the result of the 

realignment of the hexagonal and triangular nanoplates during the lateral nanojoining process. We have 

demonstrated by molecular dynamic simulation and experimental observation that the silver nanobelts 

are stable at high temperature and remain intact over long time annealing at high temperature because 

of their unique low energy surface texture [153]. We have used this new type of silver nanoparticles as 
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filler material to enhance the electrical conductive adhesive performance [73]. In this current research, 

we have employed silver nanosheets to fabricate a mass airflow 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 observations 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 synthesize silver nanosheets, 2.1 g of AgNO3 (Sigma-Aldrich) was added to 60 ml H2O and 

shaken for one minute to form a silver nitrate solution. A reducing solution was prepared separately by 

adding  0.68 g ascorbic acid (Alfa Aesar) and 0.16 ml poly (methacrylic acid, sodium salt) 40% in water 

(PMAA solution, Aldrich Chemistry, Typical molecular weight: 4,000-6,000) as a structure-directing 

reagent to 200 ml H2O. The mixture was then vigorously shaken for one minute to dissolve the ascorbic 

acid. Synthesis was performed by adding the silver nitrate solution to the reducing solution. After a few 

seconds, the silver nanosheets self-assembled and floated on the solution. 

Scanning and transmission electron microscopes (SEM and TEM) and optical profilometery were 

utilized to investigate the morphology and crystal structure of the synthesized nanosheets. To prepare 

SEM and optical profilometery samples, a silver nanosheet was put on a clean silicon wafer, then dried 

at 70°C by using a hot plate and annealed at 300˚C for one hour.  For TEM observation, the nanosheet 

was put on a TEM grid, dried under room conditions and then annealed at 300˚C for one hour. 

An x-ray diffractometery technique (XRD) was utilized to characterize the crystal structure of the 

synthesized silver nanosheets. To prepare XRD samples, the floating nanosheets were collected using 

a filter paper (Whatman® # 1001042). The sample was dried at 70°C, then the nanosheets were detached 

by peeling away the filter paper and putting the sample on a piece of glass. XRD was performed using 

an x-ray tube with a wavelength output of Cu-K1 ( = 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 

were investigated 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 hours while the sensor was kept at 120°C, which 

is the working temperature of the sensor.  

7.4.2 Sensor Fabrication and test 

An alumina substrate with interdigitated electrodes (spaced about 100 m apart) was used for 

sensor fabrication. This alumina substrate was equipped with 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 300˚C for one hour to remove the PMAA from the surface of the sheet. This sensor was 

installed in a chamber with a channel with a 1 mm2 square 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 data\sec. 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 inset of Figure 7-2-a is a high 

magnification side view of a nanosheet clarifying that the thickness of the nanosheets is 25 nm. The 

TEM image of a sheet is presented in Figure 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 in Figure 7-2 -c. This SAD pattern 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 simulation [122]. The x-ray diffraction pattern of the 

nanosheets shows only one peak, belonging to the (111) crystal plane of silver (Figure 7-2-d), which 

confirms the supposed structure of the nanosheets. These combined characterizations demonstrate that 

the synthesized silver nanosheet is a very thin sheet 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 structure and 

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 elucidated in [122, 209]. 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 nanoplates 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 reducing solution where silver ions exist, 

and the product floats on the reactor. The right inset of Figure 7-2-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. This SEM image verifies the proposed mechanism for the synthesis.  

 

Figure 7-2: a) SEM image of the synthesized silver nanosheet. Inset at left demonstrates the thickness of the 

nanosheet and right inset image demonstrate a hexagonal structural block of the nanosheet.; b) TEM image of a 

nanosheet; c) Selected area diffraction pattern of the marked area of 2-b; d) 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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(Figure 7-3-a). For this experiment, first the sample was heated at 300°C for one hour to remove the 

adsorbed PMAA molecules from the surface of the silver nanosheets. This happened successfully, 

which was evident by around 2% weight loss within the first 30 minutes of the TGA test. The Inset 

curve of Figure 7-3-a demonstrate the TGA test results of the PMAA, which shows the PMAA 

decomposed in temperature range of 350°C to 450°C. It is well stablished that the PMMA molecules 

tends to have all-trans conformation for maximum number of the bonds between carboxylate groups 

and silver nanoparticles [210]. Because of this special all-trans conformation, the PMAA molecule will 

be under stress, which caused a reduction of the decomposing temperature of chelated PMAA in 

comparison to free PMAA molecules. Therefore, it can conclude that the observed weight loss in the 

TGA test of the silver nanosheets was happened because of the decomposition of the PMAA. After one 

hour annealing at 300°C, the temperature was set at 120°C and kept constant for 900 minutes. During 

this period, around 0.1% weight increase was observed, which was followed by the same amount of 

decrease in weight. Therefore, it can be concluded that no traceable oxidation occurred in the sample. 

Hence, silver nanosheets are not subject to oxidation when exposed to airflow at this temperature.  

Electrical stability testing was performed on a silver nanosheet with current density equal to 1×107 

A/cm2, while its temperature was controlled at 120˚C. The current characteristic curve versus timing is 

demonstrated in Figure 7-3-b. It is well known that electromigration causes a decreasing current regime 

versus time because of induced microstructural defects. However, in this case the current was stable 

over time, which suggests high electromigration resistance in the silver nanosheet. This result is 

compatible with the literature, where it has been reported that a thin film of silver with a high degree 

of (111)-orientation texture exhibits more electromigration resistance than one with a lower degree of 

(111)-orientation texture [15]. Moreover, it has been reported that pentagonal silver nanowires with 

(100) surface crystal are susceptible to electromigration at room temperature when a current density of 

3.5×107 A/cm2 is passed through a nanowire, and electromigration damage happens within a few hours 

[17]. Therefore, the (111) surface texture and defect-free boundary between the hexagonal and 

triangular structural blocks might result in high electromigration resistance, as observed in Figure 7-3 

-b. 

The structure and morphology of the silver nanosheets were observed after 30 days annealing at 

120˚C, to scrutinize their response to temperature at the working temperature of the flow sensor, as 

thermal stability is one of the requirements for a durable and repeatable hot anemometer flow sensor. 

Figure 7-3-c shows an SEM image of a silver nanosheet after annealing, confirming that the shape and 

morphology of the nanosheet kept its morphology intact during 30 days heat treatment. XRD analysis 



 

 99 

of heat treated silver nanosheets confirmed not only that the morphology, but also the crystal structure 

of the silver nanosheets was stable after heat treatment (Figure 7-3-d). This stability can be highlighted 

by comparison with that of silver pentagonal nanowires [18]. The silver nanowires degraded by 

annealing at 100˚C for 17 days while silver nanosheets are stable at this temperature [18]. The effect of 

the surface crystal texture of silver nanoparticles on their thermal stability was investigated, and it was 

clarified that the existence of low energy (111) crystal planes on the surface of nanocrystals leads to 

higher thermal stability [153]. In the case of silver nanosheets, the surface of the nanoparticles is almost 

all (111) plane and this special crystal structure results in superior thermal stability. 

 

Figure 7-3: a) TGA analysis of the silver nanosheet. Inset is the TGA curve of the PMAA; c) 

Electrical current was passed through a silver nanosheet for 600 hours confirming the electrical 

stability of the sensing material; c) SEM image of a silver nanosheet after 30 days annealing at 150˚C. 

Inset demonstrate the nanosheet before annealing; d) XRD pattern of the silver after 30 days 

annealing at 150˚C. 
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7.5.3 Sensor Fabrication 

A prototype sensor was fabricated by using an alumina sensor substrate to scoop out a floating 

silver nanosheet (Figure 7-4-a). Figure 3-b illustrates the sensor fabricated on the alumina substrate and 

the interdigitated electrodes of the sensor are shown in the inset. The existence of the PMAA layer on 

the surface of silver nanosheets prevents direct contact between the nanosheets and reduces electrical 

connection between the electrodes and silver nanosheets. In addition, a PMAA layer may cause a small 

gap between different silver islands and prevent complete nanojoining. TGA analysis of Figure 7-3-a 

revealed that the surface of the nanosheets can be cleaned by annealing at 300˚C. Therefore, the 

fabricated sensor was annealed at 300˚C for one hour to remove the PMAA. After cleaning, adjacent 

silver nanosheets are able to do more spontaneous nanojoining and increase conductivity of the layer. 

In addition, this heat treatment is able to increase the electrical contact between the electrodes and silver 

nanosheet by removing the PMAA surface layer.  

Figure 7-4-b shows that the deposited silver nanosheet is not flat. To clarify the morphology of 

the sensing layer, deposition was done on the flat surface of a silicon wafer by scooping. The silicon 

wafer was selected for this observation to avoid complexity because of the roughness of the substrate. 

SEM observation demonstrated that the deposited layer was creased during scooping (Figure 7-5-a). 

Optical profilometry (3D universal profilometer - Rtec Instrument) was employed to examine the 

roughness of the deposited layer. Figure 7-5-b demonstrates an image prepare by the optical 

profilometry. The colors represent the thickness of the nanosheet and the color bar demonstrate the 

relation between the color and thickness. Based on this measurement, the average roughness of the 

layer is 0.097 m. The deposited layer creased because the solution trapped below the nanosheet layer 

during scooping (inset in Figure 7-4-a) evaporated, leading to shrinkage and crimping of the nanosheet.    
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Figure 7-4: a) Sensor fabrication by scooping. Inset shows deposited silver nanosheet immediately after 

scooping; b) a silver nanosheet on the interdigitated electrodes. Inset is the interdigitated electrodes of the 

sensor substrate. 

 

Figure 7-5: a) SEM images of the scooped silver nanosheet on a silicon wafer; b) Roughness of the 

scooped silver nanosheet. 

7.5.4 Electrical properties of the fabricated sensor 

Figure 7-6-a demonstrates the I-V curve of the fabricated sensor. The linear relation between the 

applied voltage and the electric current passing through the silver nanosheets confirmed the metallic 

nature of the silver nanosheet. The electrical resistance of the sensing material at different temperatures 

was measured under a static atmosphere (Figure 7-6-b). This experiment revealed that the response of 

the sensor to temperature change is linear at a rate of 0.0157 /˚C between 50˚C to 210˚C. This linear 

relation between the temperature change and resistance of the sensor is important in reducing 

complexity of the sensor response to airflow. 
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Figure 7-6: a) I-V curve of a silver nanosheet; b) The change of electrical resistance of a silver 

nanosheet versus temperature.  

7.5.5 Sensor characterization 

To investigate the response of the sensor to airflow, the sensor’s temperature was kept at 120˚C 

by using the micro heater. Doing so enhanced the response of the sensor to air flow by decreasing the 

initial conductivity of the sensing material. The resistance of the sensor in its flow chamber was 

measured at various flow rates in the range of 0.1 to 10 ml/min (Figure 7-7-a). This measurement 

clarified a linear relation between airflow and resistance of the sheet, in the range of 0.1 to 5 ml/min. 

Therefore, a working range of 0.1 to 5 ml/min can be considered for this sensor and chamber geometry. 

A dynamic test was performed to find the response time of the sensor, which was around 2 second to 1 

ml/min change in the flow (Figure 7-7-b). Finally, repeatability of the response of the sensor was 

examined by a dynamic test for 560 min with an on-off cycle of 20 min. (Figure 7-7-c), which revealed 

that the sensor is stable over a long dynamic experiment. 
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Figure 7-7: a) The resistance change of the sensor versus rate of the airflow; b) Airflow versus time, the on and 

off time of the air solenoid valve were marked on the graph; c) Dynamic test of the sensor: the duration of each 

on\off cycle was 20 min. 

 

7.6 Conclusion 

A high aspect ratio porous silver nanosheet was formed by simultaneous self-assembly and 

nanojoining of synthesized hexagonal and triangular silver nanoplates. The nanoplates resulted from 

the reduction of silver ions by ascorbic acid in the presence of PMAA molecules. The 25 nm thick 

nanosheets will float on top of reacting solutions after a few minutes. Atmospheric corrosion resistance, 

electrical or electromigration resistance, morphology and crystal stability of the synthesized silver 

nanosheet was investigated. Observations revealed that the silver nanosheet has excellent stability at 

120˚C from an oxidation, thermal and electrical point of view, which is essential for a durable flow 

sensor.  
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An alumina substrate with interdigitated electrodes was selected as a sensor baseplate. The sensor 

was fabricated by scooping out a piece of the floating silver nanosheets onto the electrodes. The 

nanosheet was fixed on the senor substrate by with a one hour heat treatment at 300˚C. This sensor was 

used to measure the flow rate of air. Based on our experiments, the sensor showed a linear response to 

air flow in the range of 0.1 to 5 ml/min. The response time of the sensor was around 2 seconds when a 

1 cc/min change happened in air flow. The dynamic test demonstrated that the response of the senor 

was stable after 9 hours of continued dynamic on-off experiments. Therefore, it was concluded that the 

synthesized silver nanosheet is an excellent candidate for a hot wire flow sensor, having high stability, 

proper gain, a remarkable response time and repeatability.    
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Chapter 8 

Conclusions and future work 

8.1 Conclusion 

The main goal of this project was to develop a simple, high-yield, environmentally friendly method for 

synthesizing high aspect ratio silver nanoparticles. The classical synthesis methods for one-dimensional 

silver nanoparticles such as pentagonal silver nanowires are usually low-yield and costly, which have 

restricted application of the silver nanoparticles to special high-value applications such as nano- and 

bio-sensors. Regarding these weaknesses, in this research, a different approach was proposed for 

synthesis of the particles. The idea was to join silver nanoparticles to construct nanostructures. Looking 

at the literature illustrates that only few studies have been done in this field. Therefore, theoretical study 

was necessary along with experiments from which observations were made to provide basic knowledge 

from the process. In this regard, molecular dynamic simulation was employed to support the 

experimental observations.  

The proposed particle formation method consists of synthesis of the structural blocks, then self-

assembly and joining of them in a controllable way to achieve a repeatable product. The final 

nanostructure inherits the properties of the structural blocks. Hence, the structural blocks should be 

selected, carefully. For this study, among all silver nanoparticles, the triangular and hexagonal silver 

nanoplates were selected as structural blocks. By this selection, the final high aspect ratio structures 

should have a maximum fraction of (111) planes on the surface, which provides maximum stability for 

the synthesized nanostructures. Furthermore, one-dimensional silver nanowires with (100) surface 

texture had been synthesized before this research.  However, nobody has previously reported large scale 

synthesis of high aspect ratio nanoparticles with high packing (111) crystal surface planes. Therefore, 

from this point of view, the new synthesis proposed here seems to be important and beneficial. 

Based on the experimental observations and molecular dynamics simulations, conclusions can be drawn 

as follows: 

1) The hexagonal and triangular nanoplates can join if they form in contact. This type of joining 

has been called oriented attachment in the literature. The mechanism of joining was studied by 

molecular dynamics simulation.  MD simulation has shown that low temperature joining 

occurred by short movement of atoms to reach lower energy levels. These atoms have forced 
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their adjacent atoms to follow them and impose elastic strains on the crystal structure, which 

are released through subsequent rotation and elastic deformation of the particles. If crystal 

defects such as dislocations are created in the interface during joining, they will move out thus 

causing plastic deformation in the particles and after these events, the two nanoplates will be 

perfectly aligned and the system reaches minimum energy level. This decrease in the energy of 

the surface atoms is the driving force for nanoparticle joining. This mechanism works at all 

temperatures from 1K to melting of the nanoparticles, however the degree of alignment is 

temperature dependent. Based on the simulation results, two nanoplates are able to make a joint 

just through attachment without deformation. However, high temperature can provide enough 

energy to allow nanoparticles to expand the joining area through elastic and plastic 

deformation. Based on this observation, this process is more than a simple oriented attachment.   

2) The original shape of the structural blocks will remain intact during joining, especially at room 

temperature.  

3) The results of molecular dynamics simulation were confirmed by high-resolution TEM 

microscopy of the joined nanoplates, which demonstrated that joining of the nanoplates makes 

perfect crystals at the boundary. 

4) Silver nanostructures have been synthesized by reduction of silver nitrate by ascorbic acid in 

presence of PMAA. In this reaction, ascorbic acid was mainly used to reduce silver ions. The 

PMAA is the major capping agent which controls the thickness of the product to around 25 nm 

by capping (111) planes. By using these chemicals and choosing suitable solution parameters, 

one-dimensional silver nanobelts, two-dimensional silver nanoflakes and multilayer and 

single-layer porous silver nanosheets were synthesized. Crystal structure of the synthesized 

nanoparticles was studied which confirmed that the nanobelts, nanoflakes and nanosheets have 

(111) surface crystal texture. This is not surprising since they are made by joining of hexagonal 

and triangular nanoplates. This special crystal structure of the products was confirmed by TEM 

and XRD observations. 

5) The proposed synthesis method is a repeatable and fast synthesis. It is demonstrated that 

primary nanoplate structural blocks will assemble into secondary 1-dimensional belt-shaped 

segments, followed by secondary assembly and joining into various larger scale 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 with pH and 
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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 was correlated with the factors that also selected for more linear secondary assembly 

modes, complicating analysis.   

6) This work has demonstrated the importance of morphology and surface atomic arrangement as 

independent influences on the thermal stability of metallic nanoparticles. This is a fundamental 

issue, which should be addressed first when studying a nanoparticle at high temperature. 

7) Thermal stability of silver nanowire and silver nanobelts were compared by both MD 

simulation and experimental observation. For pentagonal silver nanowire, the MD simulations 

and experimental observations indicate inherent thermal instability due to most surfaces being 

of (100) crystallography.  This instability results in the erosion and diffusion of atoms across 

the surface, followed by their recrystallization as new clusters.  The greatest erosion of these 

surfaces appears to occur at the edges between two adjoining (100) surfaces.  This is likely in 

part due to the geometry of the cross section placing the atoms in proximity to two high-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 contaminants, demonstrating that this 

degradation is independent of chemical attack. In contrast to silver nanowires, the MD 

simulations and experimental observations indicate that silver nanobelts are stable up to 500˚C, 

which makes them suitable for high-temperature functional 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 provide better thermal stability. 

8) The effects of temperature on the crystal structure of silver nanoparticles were investigated by 

molecular dynamics simulation. This research demonstrates that the melting of the nanoparticle 

occurred at a specific temperature and that surface melting does not happen before the melting 

temperature, which is compatible with thermodynamic rules. At relatively high temperature, 

the mechanical waves generated by the thermal phonons 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 defects leads to an amorphous layer covering the surface of the nanoparticle 

in a range of temperature below the melting point. By investigating the internal pressure of the 
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nanoparticle, we demonstrate that the surface amorphous layer is a non-crystalline solid, which 

remains solid up to the melting temperature. The existence of this layer was confirmed prior to 

this research by experimental observations, and our new definition is compatible with previous 

observations.  

9) The simulations revealed that the melting process around the melting point required a long 

incubation time before the nucleation of liquid and that melting occurred very slowly. 

Therefore, the simulation time must be selected with caution as insufficient simulation time-

steps may generate erroneous results and lead to inaccurate conclusions such as surface 

premelting or melting of nanoparticles over a temperature range. 

10) As one application, the silver nanobelts were introduced to silver nanoflakes-epoxy resin 

composite. This experiment has revealed that addition of 1 wt% of silver nanobelts to 

conventional ECA is able to enhance conductivity of the composite by 1300%.   

11) Electrical stability and chemical stability of silver nanosheets were investigated at 150˚C. This 

observation has demonstrated that the synthesized nanosheets are stable under the experimental 

conditions used.   

12) High aspect ratio porous silver nanosheet was employed for fabrication of an airflow sensor. 

The sensor was fabricated by scooping out a piece of the floating silver nanosheets onto the 

interdigitated electrodes, which were printed on an alumina substrate. The nanosheet was fixed 

on the sensor substrate by one-hour heat treatment at 300˚C. This sensor was used to measure 

the flow rate of air. Based on our experiments, the sensor showed a linear response to air flow 

in the range of 0.1 to 5 ml/min. The response time of the sensor was around 2 seconds when a 

1 ml/min change happened in air flow. The dynamic test demonstrated that the response of the 

senor was stable after 9 hours of continued dynamic on-off experiments. Therefore, it was 

concluded that the synthesized silver nanosheet is an excellent candidate for a hot wire flow 

sensor, having high stability, proper gain, a remarkable response time and repeatability.    

8.2 Recommendations for future work. 

This research has introduced a new recipe for synthesizing high aspect ratio silver nanoparticles. 

Regarding all interesting aspects of the synthesis process and products, this would be an important and 

fruitful area for further work. The following topics can be suggested as some important research areas 

for future work: 



 

 109 

1) Temperature of the reactor seems to be an important influence on the synthesis of nanoparticles 

by this method. In this research, all experiments were done at a temperature between 18˚C to 

22˚C of the reactants in the synthesis. More research is required to determine the effect of 

temperature of the system on the morphology of the products. 

2) Further experimental investigations are needed to clarify the role of ascorbic acid as structure 

modifier. This very important research topic will help in understanding the synthesis process. 

3) Further investigation and experimentation into the nucleation of silver crystals in the reactor is 

strongly recommended. In this research it is observed that aging of silver nitrate solution, 

ultrasonication of the silver nitrate solution, and  increasing the concentration of the silver 

nitrate solution have vital roles in the size and shape of the structural blocks. Therefore, 

understanding the nucleation mechanism might be very helpful in controlling the process.   

4) In this research, a multistage joining process was proposed for the synthesis. However, it is 

not clear exactly by which mechanism the joining process may be shut down. If this 

mechanism can be understood, it will be possible to control the joining mechanism to have 

more progress, build complex nanostructures, and extend the process to three-dimensions. 

5) There are not any grain boundaries in the structure of the assembled supercrystals. This was 

demonstrated by molecular dynamic simulation and by experiments. A reason for this 

phenomenon is instability of line defects in the nano-size crystals. This instability seems to be 

size dependent. However, there has not been any systematic investigation into this topic. 

Therefore, it can be a very important research topic for further investigation. 

6) Another possible area of future research would be to investigate the mechanical properties of 

the synthesized particles. This might be an interesting topic because of the absence of stable 

dislocations in the crystal structure of the nanobelts. On the other hand, it is very easy to 

fabricate these nanoparticles in gram-scale. Therefore, this material can be a good candidate as 

nanofiller for composites. Hence, characterization of the mechanical behaviour of the nanobelts 

might be beneficial for future applications.   

7) Further investigation into crystal structure and surface texture of the synthesized silver 

nanobelts and silver nanosheets could be interesting research topic. More detailed TEM 

analysis and employing the mathematical model to investigate the surface texture of the 

synthesized materials, as well as complementary experimental methods such as EBSD could 
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clarify the uniformity of the synthesized material and the effect of synthesis condition of the 

crystal texture of the product.     

8) The synthesized silver nanoparticles are unique because of their special surface crystal texture.  

Therefore, investigation into the impact of this surface crystal texture on different applications 

such as catalytic and antibacterial performance of silver nanoparticles might be investigated.   
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