
 

ABSTRACT 

 

CHUNWEI WU. SYNTHESIS AND MONTE CARLO SIMULATION OF METALLIC 

NANOPARTICLES AND THERMOPHYSICAL PROPERTY STUDIES OF 

NANOFLUIDS. (Under the direction of Taofang Zeng) 

    Nanostructured materials, including versatile nano-objects such as nanoparticles, 

nanotubes, nanowires, quantum dots and other nano-units as the building blocks for new 

bottom-up approaches to device and system assembly, are at the leading edge of the rapid 

developing field of nanoscience and nanotechnology. Metallic nanoparticles have captivated 

scientists’ enduring attention and passion for their novel physical and chemical properties 

and promising application in numerous areas.  

In this work, we present for the first time, a whole new metallic nanoparticles synthetic 

strategy based on a heterogeneous metal displacement reduction mechanism. In association 

with this underlying principle, we developed hydrodynamically and mechanically-assisted, 

and ultrasonication-assisted displacement reduction methods to successfully prepare a series 

of silver, copper, iron oxide, gold and platinum nanoparticles. By controlling reactant 

concentration and particle average residence time, we achieve size selectivity and size 

distribution control, which provides the possibility for exploitable scalability in commercial 

production.  

Based on our experimental system, we established a kinetic model using a Monte Carlo 

stochastic algorithm and FORTRAN programming to explain the formation of dispersions of 

various sizes and size distributions. The model was tested with parameters of our real system 



 

of silver nanoparticles formation with a variety of mean size and size distribution. The 

simulated average size, size distribution and the time scale of the process agree reasonably 

well with the experimental values.  Thus the established theoretical model was proven to 

simulate and predict the practical system adequately and effectively. 

Thermophysical property of copper nanofluids we produced was studied, and the effective 

thermal conductivity of nanofluids at room temperature enhances with increased 

nanoparticles volume fraction; a 7.4 % of enhancement was obtained with 1% volume 

fraction. 
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Chapter 1 A Review of Metallic Nanoparticles 

Preparation 

1.1 Nanostructured materials and nanotechnology 

    Nanostructured materials refer to materials whose structural elements – clusters, 

crystallites or molecules have dimensions between 1 to 100 nm range (1 nm = 10-9 m). 

Nanomaterials are synthetic and metastable materials characterized by microstructures in 

which at least one of their dimensions is less than one hundred nanometers.  

    Nanotechnology has the possibility to fabricate and engineer materials, structures and 

systems where the manipulation of the properties and functionalities is a result of controlling 

material’s constituent units – nanoscale building blocks. By controlling the assembly of 

various suitable nano-objects as building blocks, nanostructured materials can be 

advantageously engineered to offers a unique possibility to manipulate properties for various 

applications.  

When introducing the topic of nanoscale science and nanotechnology, it is traditional to 

quote from the visionary lecture entitled "There's Plenty of Room at the Bottom" by the 

Nobel Prize-winning physicist Richard Feynman in 1959. Feynman proposed using a set of 

conventional-sized robot arms to construct a replica of themselves, but one-tenth the original 

size, then using that new set of arms to manufacture an even smaller set, and so on, until the 

molecular scale is reached. If we had many millions or billions of such molecular-scale arms, 

we could program them to work together to create macro-scale products built from individual 

molecules - a "bottom-up manufacturing" technique, as opposed to the usual technique of 
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cutting away material until you have a completed component or product - "top-down 

manufacturing". Nanotechnology is a broad and interdisciplinary area of research and 

development activity that has been growing explosively, worldwide, in the past years. It has 

the potential for revolutionizing the ways in which materials and products are created and the 

range and nature of functionalities that can be accessed.  Nanotechnology has been a 

significant commercial impact that will continue to manifest in the future. 

    Nanotechnology is widely considered as the research focus that can directly lead to a series 

of crucial breakthroughs in science and engineering fields. Nanotechnology will initialize and 

create revolutionary advances in understanding and application in at least three aspects1: 

breakthroughs in properties that arise from materials fabricated from the nanoscale; 

synergistic behavior that arises from the combination of unique types of nanoscale materials; 

assembly in nanoscale to realize structure control that can accomplish desirable properties 

and application.  

    It is expected that nanotechnology will be developed at several levels: materials, devices 

and systems. The science and technology of nanomaterials has created great excitement and 

anticipation and the nanomaterials level is the most advanced at present, both in scientific 

knowledge and in commercial applications. Nanomaterials are at the leading edge of the 

rapidly developing field of nanotechnology. Their unique size-dependent properties make 

these materials superior and indispensable in many areas of human activity. There has 

already been much progress in the synthesis, assembly and fabrication of nanomaterials, and 

equally importantly, in the potential applications of these materials in a wide variety of 

technologies.  
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1.2 Introduction of metallic nanoparticles 

    Nanoparticles exhibit a variety of unique and novel properties and are an ideal size for use 

as nanotechnological building blocks. The transition from microparticles to nanoparticles 

leads to a complete change of their various intrinsic properties with respect to macroscopic 

solid and an atomic or molecular system. Two of the major factors are the increase in the 

ratio of surface area to volume, and the size of the particle moving into the realm where 

quantum effects predominate. For nanocrystals, the number fraction of atoms on the crystal’s 

surface with respect to the total number of atoms, for instance, is significantly increased and 

therefore will have a large influence on the overall properties of the crystal. It has been found 

that nanocrystals have a higher chemical reactivity than the corresponding bulk solid and can 

melt at lower temperatures. However, many additional properties can not easily be achieved 

by intuition and simple reasoning. These somewhat counterintuitive behaviors of novel 

properties can sometimes be related to, and only be explained, by the principles of quantum 

mechanics. The particle-wave duality, derived by De Broglie, is a fundamental aspect of 

quantum mechanics, according to which any particle can be associated with a matter wave 

whose wavelength is inversely proportional to the particle’s linear momentum. When a 

physical system’s dimension becomes comparable to the De Broglie wavelength of the 

particles that interact with such a system, the behavior of the particles can be best described 

by the principles of quantum mechanics. 

    Nanoparticles could be composed of any substance, including metals2,3, semiconductors4,5, 

core-shell composite architectures6-8, and organic polymers9,10. These particles often display 

properties intermediate between quantum and bulk materials because of their intermediate 

size11,12, and large surface area-to-volume ratios 13. During the past two decades, versatile 
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nano-objects including nanoparticles, nanotubes, nanowires, nanobelts, quantum dots and 

other nanounits, and their assemblies have been intensively studied due to their distinctive 

size-dependent optical, electric, magnetic and catalytic properties.  

 Metal nanoparticles captivate scientists’ enduring attention and passion for their promising 

application in optics,14-17 electronics,18-20 catalysis,21,22 biotechnology,23,24 sensors,25,26 

magnetic storage,27,28 magnetic ferrofluids29, heat transfer nanofluids30,31 and surface-

enhanced Raman scattering (SERS)32 and study model for quantum confinement33 in 

association with their intrinsic size-dependent properties, shape, composition, crystallinity 

and structure, and their potential to form the building blocks for new bottom-up approaches 

to device and system assembly (see Figure 1.1 ). 

1.3 Existing preparation methods for metallic nanoparticles 

    The preparation of metallic colloidal nanoparticles can be traced back to the mid-

nineteenth century when Michael Faraday34 performed the first experiment on gold sols. 

Figure 1.1 A general overview of the construction of 2D and 3D 
nanostructures with nanoparticles as building blocks (after Thomas 

Tsakalakos et al., 2001)1. 
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Deep red solutions of colloidal gold were prepared by the reduction of chloroaurate [AuCl4]
- 

solutions using phosphorous as a reducing agent. The work of Zsigmondy35 at the turn of the 

century put the physical investigation of colloidal solutions (or suspensions) on a firm basis, 

and his invention of the ultra microscope enabled careful studies of the effect of preparation 

conditions on particle size. The gold sols were predominantly used in dyes for fabric and 

glass until 1973 when Frens36 developed a synthesis of gold nanoparticles with sodium 

citrate as a reducing agent. By varying the ratio of the reactants, he was able to control the 

size in the range of 16-150 nm with a narrow distribution. The role of the citrate ion was not 

only as a reductant, but also an electrostatic stabilizer to prevent the particles from further 

aggregation. 

    During the past two decades, a tremendous variety of methods have been developed to 

prepare a series of nano-dimensional metallic particles including the high-reactive magnetic 

nanosize iron, cobalt and nickel particles. Among the modern synthetic approaches, some of 

these reactions have been in use for many years, and some are the results of research 

stimulated by the current resurgence in metal colloid chemistry. A survey of the literature 

reveals that the list of preparative methods is being extended and updated daily (a summary 

of currently developed preparative methods are described below) and as a matter of fact, 

almost any chemical reaction or physical process which can result in the deposition of a 

metal is a resource of a new approach for the metal colloid preparation. The acquisition of 

new routes requires only the opportunism of the synthetic chemist to transfer a previously 

negative result into a synthetic possibility37. 

    Predominantly, multifarious bottom-up methods have been developed for nanoparticle 

synthesis to date, including pure chemical route-solution phase (organic and inorganic) 
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chemical38,39 or electrochemical40,41 reduction, and physical technology-assisted approaches: 

CVD (chemical vapor deposition)42,43 and plasma enhanced CVD (PECVD),44 laser 

ablation,45 gamma radiolysis,46 microwave heating induced decomposition,47 ultrasound 

irradiation,48 and photochemical reduction49. The mechanisms for generating nanoparticles 

involve electron transfer from a sacrificial donor molecule to an acceptor species (chemical 

and electrochemical reduction), collisions between ablated atoms and/or ions near the 

substrate target (laser ablation), thermal decomposition of  gaseous precursor (CVD and 

PECVD), reduction by excited active species created by UV irradiation (photochemical 

reduction), dielectric heating caused by the interaction of the permanent dipole moment of 

molecules with high frequency electromagnetic waves (microwave irradiation), γ-irradiation 

induced formation of radical moieties HO·, H·, hydrated electrons e-
aq and other secondary 

radicals to serve as reducing agents (gamma radiolysis), and ultrasound stimulated radical 

species with reducing ability (ultrasound irradiation). 

1.3.1 Chemical and electrochemical reduction   

    To the best of our knowledge, solution-phase chemical reduction processes have been 

most extensively explored for nanoparticle synthesis due to advantages such as ease of 

operation, scalability for commercial production, and most importantly, the accurate control 

of size, monodispersity and shape, which are inherently associated with the homogeneous 

reduction, nucleation and growth ambience. The principle components of the chemical 

reduction route are metallic ion precursors, including inorganic and organometallic salts, and 

more importantly, the reducing agents. Various reducing agents such as hydrazine (N2H4),
50 

oleylamine,38 citrate,51 sodium borohydride (NaBH4),
51,52 sodium hypophosphite 
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(NaPH2O2),
53 ascorbic acid54 and also bifunctional (serving as solvents as well) reductants, 

such as ethylene glycol39, ethanol55, N,N-dimethylformamide (DMF)56 and formamide57 have 

been discovered and successfully employed, almost to an end capacity. 

    The reduction of metal precursor salts in solution is the most widely practiced method of 

generating colloidal suspensions of the metals. In aqueous systems, the reducing agent must 

be dissolved or generated in situ in the solution, but in non-aqueous systems the solvent 

sometimes can also play the role of the reducing agent. The solvents with reducing potential 

such as ethanol can thus serve both as reducing agent and solvents, which have been widely 

used in colloid preparations. Toshima et al. developed the so-called “alcohol reduction” route, 

a facile and accessible method for the generation of metal nanoparticles with the stabilizing 

or protecting agents of organic polymers such as poly(vinylpyrrolidone), poly(vinyl alcohol), 

and poly(methyl vinyl ether)58. As a matter of fact, the reducing ability of the ethanol 

molecule comes from its α-H and it can be oxidized to the corresponding carbonyl compound. 

The following reaction was used to synthesize Rh nanoparticles1. 

RhCl3 + 3/2 R1R2CHOH → Rh (0) + 3/2 R1R2C=O + 3 HCl 

    Another successful and intensively employed technique for nanoparticle development is 

called “polyol reduction”, which is based on the bifunctionality of ethylene glycol (EG).  

This method was first developed by Figlarz59 and then was comprehensively investigated by 

Xia and co-workers to prepare a series of metal nanostructures with well-controlled sizes and 

shapes, such as nanocubes39,60,61 nanocages62 (hollow structures) and nanowires61, 63 (see 

Figure 1.2).  

    A proposed reduction mechanism of EG for Pd nanoparticles is as follows60: 

2HOCH2CH2OH → 2CH3CHO + 2H2O     (1) 
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PdCl4
2- + 2CH3CHO → CH3CO-OCCH3 + Pd + 2H+ + 4Cl-     (2) 

    In non-reducing solvents such as aqueous solution, usually additional reducing agents are 

added to reduce the metal salts to generate aqueous suspensions of colloidal metals. A wide 

range of reducing agents have been used to date in metal colloid syntheses, and they are 

frequently interchangeable from metal to metal. Glaunsinger et al.
64 have tested the reducing 

effects and found the reducing capacities of a series of reducing agents by letting them react 

with chloroplatinic acid (H2PtCl6). These reducing agents included sodium borohydrate 

(NaBH4), hydroxylamine hydrochloride (NH2OH·HCl), dimethylamine borane 

((CH3)2NHBH3), sodium citrate (HOC (COONa) (CH2COONa)2), hydrazine monohydrate 

(N2H4·H2O), sodium formiate, trimethylamine borane and formaldehyde. Among the various 

reducing agents, BH4
- plays a dominant role according to a literature survey on recently 

published papers.  

    The generation of a reducing agent in situ was also developed for the preparation of gold 

hydrosols. Tetrakis(hydroxymethyl)phosphonium chloride (THPC) hydrolyzes under alkaline 

conditions to release formaldehyde, and under hydrolysis conditions [AuCl4]
- oxidizes THPC 

producing colloidal gold clusters. The reaction mechanism is speculated that under high pH 

Figure 1.2 SEM and TEM images of Ag nanocubes, truncated Ag nanocubes 
and tetrahedrons, Au nanocages and Ag nanowires, from left to right 

respectively, via polyol synthesis (after Xia et al.)39, 60-63 . 
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conditions THMP releases formaldehyde and hydrogen, either of which could be possible 

reducing medium.65  

    Another new and effective route for metallic nanoparticle synthesis is the two-phase 

liquid-liquid reduction methods developed by Schiffrin et al.66 In this method, metal salt is 

dissolved in water and subsequently transferred into toluene solution with the help of a so-

called phase transfer agent – tetraoctylammonium bromide (TOAB). Then an aqueous 

solution of strong reducing agent sodium borohydrate is mixed thoroughly with the resulted 

toluene solution in the presence of suitable capping agents. Based on this two-phase route, 

Murray et al.
67 explored routes to functionalized monolayer-protected clusters by ligand 

place exchange reactions. A recent study by Li et al.68 published in Nature reported 

successful preparation of a series of noble metal, magnetic/dielectric, semiconducting, rare-

earth fluorescent, biomedical, organic optoelectronic semiconducting and conducting 

polymer nanoparticles through a general phase transfer and separation mechanism based on 

the reducing equivalents of ethanol and hydrazine. 

    Electrochemical reduction or electrolytic methods have also been intensely developed for 

metallic nanoparticles preparation, in which electrons play the role of a reducing medium. 

The relevant metal is oxidized at the anode, and reduced at the cathode upon combining with 

free electrons. The most distinctive characteristic of this method is that the size of obtained 

nanoparticles can be fine-tuned by the current density, and an average size even below 2 nm 

can be generated at high current density1. Ti, Fe, Co, Ni, Pd, Pt, Ag, Au and Cu nanoparticles 

and bimetallic nanoparticles such as Pd/Ni, Fe/Co and Fe/Ni have been successfully prepared 

based on this technique.69 The following diagram (see Figure 1.3) shows a simple 

electrochemical method employed by Becker et al.
70 to prepare Co nanoparticles. Upon 
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applying the current, the anode undergoes oxidative dissolution forming cobalt complexes, 

and the reduction of these complexes in the vicinity of ammonium ions next to the cathode 

leads to the formation of so-called “adatoms”, which can continue to grow to nanosized 

particles.  

    Rather than using a sacrificial metal anode to produce a metal ion precursor, more 

electrochemical reduction methods employ directly metal ion salts as electrolyte to make the 

ions reduced at the surface of cathode.  

    Electrochemical methods have shown some advantages over common chemical reduction 

methods in the synthesis of size-selective or shape-controlled highly pure metal nanoclusters. 

And some other salient features of this method include ease of operation and the absence of 

undesired side products: these features are especially good for the wide application of the 

electrochemical synthesis of metallic nanostructured materials. Whereas, the main difficulty 

of this technique is that electro-reduction of metal ions involves a competition of two 

completely opposite cathode surface processes: the formation of metal nanoparticles and 

Figure 1.3 Schematic diagram of electrochemical generation of cobalt 
colloids (after Becker et al.)70 
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metal electrodeposition (plating) at cathode. Even worse is that the latter is usually dominant 

over the former. Thereby, the concomitant drawbacks of this method are low ionic precursor 

concentration due to high cathode plating tendency and therefore low yield, high capping 

agent ratio and sparse nanoparticles concentration. 

1.3.2 Physical technology assisted approaches 

In addition to the predominant liquid-phase reduction routes, a variety of synthetic 

strategies by means of the assisting of some physical techniques, such as heat, light, sound, 

microwave and irradiation etc. have been developed and successfully employed for metallic 

nanoparticles preparation. These methods include: CVD (chemical vapor deposition) and 

plasma enhanced CVD (PECVD), laser ablation, gamma radiolysis, microwave heating 

induced decomposition, ultrasound irradiation, and photochemical reduction.  

Chemical vapor deposition method can produce metallic nanoparticles by the pyrolysis of 

organometallic precursor, for instance, pentacarbonyl (Fe(CO)5)
71. In a diagram showed in 

Figure 1.4, the flow of carrier gas entraining precursor vapor pass through the heated tubular 

furnace to the work chamber, and decomposed precursor vapor in the furnace condenses and 

deposits in the clusters or particles on the surface of liquid nitrogen-cooled chiller in the 

work chamber.71 

Pulsed laser ablation technique has been widely used in preparation of carbon nanotubes, 

diamond film and nanoparticles. Basically in the method, metal sample serves as ablated 

target in a liquid environment by vapor laser, such as copper laser (510 nm) or solid laser, 

such as Nd:YAG laser (1060 nm). The ablated materials are ejected into the surrounding 

liquid as particles in nanosize range. The nanoparticles are formed by the interaction of dense 
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liquid vapor with molten layer on the target surface. 

    The acting mechanisms of UV-, gamma-, ultrasonic irradiation are similar in association 

with the activated or stimulated free radical moieties such as HO·, H·, hydrated electrons e-
aq  

and other secondary radicals serving as reducing agents. For example, by ultra violet 

irradiation a solution containing CuSO4 and PVP, the latter contains C=O functional group, 

which absorbs 253.7 nm UV light. Thus the excited species formed on adsorption of light, 

C=O* can reduce Cu2+ to Cu in the solution. Under ultrasound environment, the reduction 

process can take into consideration radical species of H· and OH· generated from water 

molecules by absorption of ultrasound. In the absence of any additives or scavengers, these 

radicals readily recombine to give the products as shown in the following equation: 

2H·/2OH· → H2/H2O2/H2O 

The oxidant H2O2 can initiate the oxidization the copper metallic clusters into copper (I) 

oxide. However, in the presence of an argon and hydrogen atmosphere, the formation of 

H2O2 can be arrested due to the scavenging of OH· radicals by the hydrogen, thereby yielding 

pure copper nanoparticles.  

Figure 1.4 Schematic diagram of the chemical vapor deposition (CVD) 
system (after Kim et al.)71 
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    In a microwave assisted chemical synthesis of metal nanoparticles, dielectric heating 

caused by the interaction of the permanent dipole moment of molecules in the solution with 

high frequency electromagnetic waves facilitates the reduction function of reducing agent. A 

microwave assisted heating is usually combined with the polyol process to realize a synergic 

effect.  

    Rapid expression of supercritical solution (RESS) is another facile and flexible technology 

for preparing metal nanoparticles, especially of those with high activity like nickel, cobalt 

and iron. The RESS technology has been used in the production of polymer particles and 

fibers of narrow size distribution. In a classical rapid expansion into vacuum or air, the 

supercritical fluid solution is transferred rapidly to subcritical pressures. The “solution 

droplets” from the rapid expansion through a nozzle are extremely unstable, resulting in rapid 

solute precipitation. In the process of RESS into a liquid solution, the receiving liquid 

solution “captures” the nanoscopic “solute droplets” from the “solution droplets”. Then 

nanoscopic metal ion “solute droplets” produce in the RESS process can be chemically 

reduced in the receiving liquid to form metal nanoparticles.  

1.3.3 Stabilization of colloidal metallic nanoparticles against agglomeration 

    Small sized particles, especially nanoscale particles, dispersed in solution phase, due to 

their large surface areas, often coagulate or aggregate to form lumps or agglomerates to 

minimize the total surface or interfacial energy of the system. When the particles are severely 

stuck together, these large agglomerates are called aggregates. At short inter-particle 

distances, two particles would be attracted and stuck to each other by van der Waals forces 

and the nanoparticle colloid would coagulate in the absence of repulsive forces to counteract 
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this attraction. Agglomeration of nanoparticles can occur at the synthesis stage, during 

separation, drying and subsequent processing of the particles. The protective counteraction 

can be achieved by two approaches, electrostatic stabilization and steric stabilization. 

    Electrostatic stabilization is usually realized by means of electric double layers. In the 

citrate reduction for Au sols, the colloidal Au particles are surrounded by an electrical double 

layer formed by adsorbed citrate and chloride ions and cations which are attracted to them, 

hereby resulting in a Coulombic repulsion between particles (see Figure 1.5).37 

    This stabilization method is usually effective in dilute aqueous or polar organic media, and 

it is very sensitive to the electrolyte concentration (ionic strength). Because a change in the 

concentration may destroy the established electric double layer and thus lead to particle 

agglomeration. 

    Steric stabilization can serve to prevent agglomeration by the adsorption of molecules such 

Figure 1.5 Electrostatic stabilization of metallic colloid nanoparticles. Attractive van der 
Waals forces are outweighed by repulsive electrostatic forces between adsorbed ions and 

associated counterions at moderate interparticle separation (after Schmid)37. 
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as polymers, surfactants or ligands at the surface of the particles, thus providing a protective 

layer. A surfactant is a surface-active agent that has an amphipathic structure in a solvent, i.e. 

a lyophobic (solvent repulsive) and lyophilic group (solvent attractive). Surfactant molecules 

can adsorb onto the surfaces of particles and their lyophilic chains will then extend into the 

solvent and interact with each other. The solvent-chain interaction increases the free energy 

of the system and produces an energy barrier to the closer approach of particles. Polymer 

molecular chains can also coordinate to the surface of metallic nanoparticles to prevent 

agglomeration by a protective layer. Some commonly used polymers as capping agent 

include, but not limited to, polyvinylpyrrolidone (PVP), dendrimer, cellulose nitrate, 

cyclodextrins and alkanethiol.  Xia investigated completely the capping mechanism of PVP 

and speculated that there exists a strong interaction between the surface of silver 

nanoparticles and PVP through coordination bonding with the O and N atoms of the 

pyrollidone ring.  In order to testify his supposition, Xia et al.
63 use PEO and PVA 

respectively as the alternatives as PVP and found that PEO has, to some extent, the same 

function as PVP to promote the formation of silver nanostructures, because the existence of 

O-Ag coordination bond in forming silver nanostructures. But it’s much worse when PVA is 

employed, for the oxygen atoms in PVA can easily form intramolecular hydroxyl groups, 

which may cause the PVA molecules to fold into coils and make it difficult for the O atoms 

to interact with silver surfaces. So, the selective adsorption of PVP on various 

crystallographic planes of silver played the major role in determining the product 

morphology, thus the major requirement seems to be the selection of a capping reagent that is 

able to chemically modify various faces of a metal with an appropriate selectivity.  
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1.3.4 Size and size distribution control of metallic nanoparticles 

    The novel physical, chemical, mechanical, optical and magnetic properties of 

nanoparticles depend intensely on their size, size distribution and morphology. For instance, 

in “structure sensitive” catalytic reactions there is an ideal size and morphology for the metal 

particles on the catalyst surface for optimum reaction conditions. If a “monomodal 

distribution” could be produced, the less effective particles could be excluded and the metal 

could be used more efficiently. A narrow particle size distribution gives them a very high 

surface area, better for catalytic activity and good order. Furthermore, full utilization of 

nanoparticles as building blocks for bottom-up assembly and construction of nanoscale 

devices and systems requires the ability to process and maneuver nanoparticles onto surfaces 

or support structure, and this process requires size selection and accurate manipulation of 

particles onto the surface of thin films, arrays, and susperstructure. Techniques for 

controlling the growth of these tiny structures have been more and more strictly demanding 

and have been of great interest to materials researchers today. To date various solutions have 

been tried for a better control of growth of these nanoscale particles and a fine-tuning of size 

and size dispersity. 

(1) By controlling the concentration ratio of metal ion precursor and the reducing agent 

    Based on the classic nucleation theory, through controlling the ratio of metal salt and 

reducing medium, people can realize fine-tuning of the resulted average size and size 

distribution of nanoparticles. Wu et al.
72 successfully synthesized nickel nanoparticles by 

hydrazine reduction in ethylene glycol (2Ni2+ + N2H4 + 4OH- → 2Ni + N2 + 4H2O), and 

observed by transmission electron microscopy that the mean diameter decreased with 
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increasing the ratio of [N2H5OH]/[NiCl2] and approached a constant when [N2H5OH]/[NiCl2] 

> 12. This phenomenon can be explained by the influence of reduction rate on the nucleation 

(instantaneous nucleation and progressive nucleation), which will be discussed in more detail 

in the next chapter.  

(2) By controlling the concentration of capping reagent 

It’s obvious that capping can wrap around the particles to stop their growth and 

aggregation to bulk particles. For an example, the coordination reagent PVP can probably 

control the growth rates of various faces of silver by coordinating to the surface, thus can 

control the particle size. 

Aslam and coworkers73 demonstrated perfect size and size distribution control of colloidal 

Au nanoparticles using the multifunctional molecule oleyl amine (OLA) as capping agent.  

The as-synthesized Au nanoparticles with OLA of 1 x 10-1 M have an average size of 10 ± 

0.6 nm, which shows a narrow size distribution compared with those prepared from lower 

Figure 1.6 Representative TEM images of the aqueous Au colloidal suspension. The left 
and right images correspond to the data from 5 x 10-1 M and 5 x 10-3 M OLA amine 

stabilized Au nanoparticles, respectively (after Aslam et al.). 
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OLA concentration (5 x 10-2 M). It’s worthwhile to mention that at a enough high OLA 

concentration (5 x 10-1 M), the TEM image and plotted histogram (see Figure 1.6, left) show 

a nearly monodispersed state with an average size of 9.2 ± 0.3 nm, which can be compared 

with the other polar situation (Figure 1.6, right) with the lowest OLA concentration (5 x 10-3 

M). In the latter case, the size becomes very large (50 ± 10.5 nm), and the size distribution is 

also very broad.  

(3) By employing reverse micelles as microreactors 

    A surfactant (S) molecule is formed by two parts with different affinities for the solvents. 

One of them has affinity for water (polar solvents) and the other for oil (non-polar solvents). 

A little quantity of surfactant molecules rests upon the water-air interface and decreases the 

water surface tension value. That is why the surfactant name: “surface active agent”. These 

systems depending on their stability are called emulsions or microemulsions 

(thermodynamically stable). The oil-surfactant-water interface forms a wide variety of 

structures to avoid the direct oil/water contact. The sizes of these structures are in the range 

of nanoscale. Surfactants dissolved in organic solvents form spheroidal aggregates called 

reverse micelles (water-in-oil) (see Figure 1.7).  

    Water is readily solubilized in the polar core, forming a so-called “water pool”, 

characterized by w, the water-surfactant molar ratio (w = [H2O]/[S]). The aggregates 

containing a small amount of water (w<15) are usually called reverse micelles whereas 

microemulsions correspond to droplets containing a large amount of water (w>15). One of 

the most commonly used surfactants to form reverse micelles is sodium bis(2-

ethylhexyl)sulfosuccinate, usually called Aerosol OT or AOT.  
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    Pileni74 made full investigation of the function of AOT reverse micelles “water pool” as 

microreactors to control the size of Cu nanoparticles via various w values. There is an 

increase in the size of the particles from 2 to 10 nm upon increasing the water content from 1 

to 10. At water contents above 10, the size of the particles remains unchanged but the 

polydispersity increase. The increase in the water content induces an increase in the number 

of copper ions which react with the reducing agent, which favors the growth of the average 

particles. At relatively high water content (w>10), copper ions are totally hydrated and free 

water molecules are present, which favors diffusion of copper ions inside the droplet. 

Electrostatic interactions between the head polar groups of the surfactant and copper ions 

oppose the hydration energy. The difference in these energies remains constant upon 

increasing the water content which keeps the particle size constant.  

(4) By using nanoporous or mesoporous templates 

Figure 1.7 Scheme of reverse micelles as microreactors for nanoparticles synthesis 
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As we know, biogenic systems employ natural templates or scaffolding in the construction 

of nanoscaled materials, where the templates and scaffolding can help set the proper, critical 

dimensions that are characteristic of the final materials. The templates can be prepared 

artificially via the lithographically defined patterning and processing of the substrate material 

in order to achieve specific space and dimension, such as the channel of electrochemistry-

disposed porous aluminum oxide and the porous silica. And there are also a host of natural 

and synthesized template materials such as zeolite molecular sieves, aerogel, polymer, 

fullerenes and carbon nanotubes, which can confine the unlimited growth of nanoparticles 

inside to acquire desired particles size and morphology. 
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Chapter 2 Hydrodynamically and Mechanically Assisted 

Heterogeneous Metal Displacement Reduction 

(HMAHMDR) for Metallic Nanoparticles Preparation 

    As we described in the previous chapter, during the past two decades, various synthetic 

strategies including the dominant liquid-phase wet chemical and electrochemical reduction, 

and physical-assisted preparation methods have been successfully developed, for metallic 

nanoparticles preparation almost to an end capacity. We present, for the first time, a whole 

new synthetic strategy: Hydrodynamically and Mechanically Assisted Heterogeneous Metal 

Displacement Reduction (HMAHMDR) to prepare successfully a series of metallic 

nanoparticles including silver (Ag), copper (Cu) and iron oxides (Fe3O4) with adjustable size 

and size distribution by controlling the reactant concentration and particle average residence 

time.   

2.1 Synthetic method introduction 

    The principle of liquid-based chemical reduction (or wet-chemistry reduction) is based on 

the well-known fact that metal ions can be easily reduced to corresponding metal atoms by 

reducing agents (electron donors) with greater positive oxidation potential or more negative 

reduction potential. This process usually involves the reduction of metal salts in some type of 

solvent such as methanol, ethanol and ethylene glycol, which by themselves can act as 

reducing agents, or a separate reducing agent such as hydrazine, sodium borohydride etc. is 

employed. Protective agents such as surfactants and polymers can coordinate the surface of 
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the nanoparticles and stop their further growth and aggregation toward bulk particles and 

therefore ensure a stably dispersed nanoparticle suspension in a solution system. By 

centrifuging the colloidal solution at high speed, and drying, the solid form of nanoparticles 

can be separated and obtained.   

2.1.1 Hydrodynamically and Mechanically Assisted Heterogeneous Metal 

Displacement Reduction (HMAHMDR)   

    Metal displacement reduction or cementation refers to spontaneous electrochemical 

reactions in which a metal ion is reduced to the corresponding atom state with the concurrent 

oxidation of a more electropositive metal placed in the same solution. The reaction Cu2+ + Fe 

→ Cu + Fe2+ is the oldest known hydrometallurgical process with an intrinsic 

electrochemical and heterogeneous nature. Metal displacement reactions continue to play an 

important role in the extraction of metals, purification of process and effluent streams, and in 

manufacturing of metallic foams with hollow-sphere structures. However, the apparently 

simple reactions are often more complex than the stoichiometric reactions would suggest 

because sometimes a displacement reaction will not occur even though it is 

thermodynamically favored. Furthermore, the reactions usually terminate due to the 

deposition and blanketing of the reducing metal on the oxidizing metal surface.  An 

analogous displacement reaction was employed by Xia and co-workers to generate gold 

nanoboxes39 and nanocages62 with hollow structure by using silver nanocubes synthesized 

during a polyol process as sacrificial templates.  Unlike conventional metal displacement, 

their reaction is somewhat homogeneous and plating of gold on the silver nanocubes is 

desirable. 
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Based on the basic electrochemical principle that a metal ion with relatively higher 

reduction potential can be reduced to a corresponding metal atom by another metal atom with 

relatively lower reduction potential (which is the theoretical foundation for all current 

chemical reduction approaches), we, in the first instance, take advantage of metal 

displacement reduction reactions and hereby bring forward a new species of reduction 

medium for nanoparticles synthesis – active metal foils, such as aluminum and iron foil. The 

inherent low reduction potential of these active metal (for Al, EAl
3+

/Al = -1.67 V; for Fe, 

EFe
2+

/Fe = -0.44 V) can easily reduce metal ions with higher reduction potential to 

corresponding atoms species, such as silver (EAg
+

/Ag = 0.799 V), copper (ECu
2+

/Cu = 0.337 V), 

nickel (ENi
2+

/Ni = -0.25 V), cobalt (ECo
2+

/Co = -0.277 V) and iron in solution phase (Table 2.1).  

 
 
 

 

   

 

 

 

 

 

 

The reduced metallic atoms then can grow to nanoparticles through a series of nucleation 

and aggregation kinetic processes. A typical reduction reaction we employed for silver 

HALF-REACTION )(
/

VE
o

MM n+  

)(
3

)( 3 saq AueAu →+ −+  + 1.50 

)(
4

)( 4 saq PtePt →+ −+  + 1.49 

)(2)()(2 244 laqg OHeHO →++ −+  + 1.23 

)()( saq AgeAg →+ −+  + 0.80 

)(
2

)( 2 saq CueCu →+ −+  + 0.34 

)(2)( 22 gaq HeH →+ −+  0.00 

)(
2

)( 2 saq NieNi →+ −+  - 0.25 

)(
2

)( 2 saq CoeCo →+ −+  - 0.28 

)(
2

)( 2 saq FeeFe →+ −+  - 0.44 
−− +→+ )()(2)(2 222 aqgl OHHeOH  - 0.83 

)(
3

)( 3 saq AleAl →+ −+  - 1.66 

                    Strong reducing agents 

        Strong oxidizing agents 

Table 2.1 Standard reduction potentials at 25°C 1 atm. 
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nanoparticles synthesis can be described as follows:  

Silver ions obtain electrons from iron atoms and are reduced to atom phase in the solution, 

and iron atoms lose electrons in their outer orbital and therefore are oxidized to iron ions 

released to the solution phase. This reduction process accompanied by a gain-loss electron 

mechanism is common and applicable to all chemical reduction processes, with the 

substitution of different reductants (electron donor) for metals foil. 

    Unlike traditional homogeneously dissolved reducing agents in the solution system, we 

employ a heterogeneous active metal foil in the metal ion salt precursor solution as a 

reducing medium, so the reduced atoms from the ion salt precursor and the resulting nuclei 

and particles usually have a tendency to accumulate on the surface of the foil due to inter-

molecular forces; thus plating and bulk formation occurs. This phenomenon will prevent the 

reduced metallic atoms originating on the foil surface from entering the solution phase and 

subsequently forming nanoparticles through a series of kinetic diffusion, nucleation, collision, 

adhesion and aggregation processes. Severe coverage of the foil surface by plating will stop 

the reduction reaction completely.  

    A novel and creative idea derived from chemical-mechanical planarization (CMP) was 

used to solve the plating problem. We employ a“polishing or “scrubbing” pad or brush in 

constant contact with the rotating metal foil, which means that the newborn atoms or atom 

aggregates will be immediately “polished” or “scrubbed” away from the foil surface. 

Furthermore, the turbulent agitation resulting from the high-speed rotation of a substrate disk 

and attached foil immersed in the liquid helps to remove the species from the foil surface, 

and transfer those solid species from the vicinity of the foil surface into the bulk phase to 

)()(2)()(2 2 aqFesAgfoilFeaqAg ++ +→+
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form a uniform suspension. Therefore, mechanical and hydrodynamic forces induced by a 

scrubbing behavior and agitation help to prevent plating and bulk formation and distribute 

particles evenly in solution for more homogeneous and uniform particle nucleation and 

growth.  

2.1.2 Continuous-flow associated average residence time as a new strategy for 

particle size and size distribution adjustment  

    The obvious advantages of our novel synthesis approach include its simplicity, economics, 

maneuverability and environmental friendliness. In contrast, other strategies usually involve 

organic solvents, organometallic salt precursors and high reaction temperatures. The direct 

shortcoming with this method is also inherent – for some pairing combination of metal foil 

and metal salt such as Fe foil and silver nitrate (AgNO3) for Ag nanoparticles synthesis, 

reaction rate is relatively slow compared with other traditional chemical reduction, which 

employs strong reductants such as NaBH4 and N2H4. The relatively slow reaction or 

reduction rate means progressive release of reduced metallic atoms into solution phase and 

thus progressive nucleation process, which will lead to a wide nanoparticles size distribution. 

This phenomenon can be explained by the influence of reduction rate on the nucleation. It is 

known that a collision between several atoms must occur for nucleation since a minimum 

number of atoms is required to form a stable nucleus. However, the atomic collision 

probability is much lower than the collision probability between one atom and a nucleus 

already formed. Once the nuclei are formed, the growth process will be faster than nucleation. 

In addition, when most nuclei are formed at nearly the same time and grow at the same rate 

(instantaneous nucleation), the resultant nanoparticles will be monodispersed. Therefore, for 
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the formation of monodispersed nanoparticles, the particle number and size are determined 

by the number of the nuclei formed at the very beginning of the reduction. On the other hand, 

at a low reduction rate, the formation of larger particles could be attributed to the fact that the 

releasing rate of metallic atoms is slow and only a few nuclei were formed in the early period 

of the reduction. The atoms formed at that period might participate mainly in collisions with 

already formed nuclei, instead of the formation of new nuclei (progressive nucleation). Thus 

with the increase of reduction ability, the enhanced reduction rate favors the generation of 

many more nuclei and the formation of smaller nanoparticles and uniform size distribution. 

Figure 2.1 shows the two different nucleation process demonstrated by Penner.75 

    To overcome the drawback of our new approach for Ag and Cu nanoparticles and realize 

better particles size and distribution control, we propose a whole new continuous flow 

reaction system instead of the commonly used batch system for nanoparticles preparation. 

Here we incorporate in a creative way a mixed suspension, mixed product removal (MSMPR) 

reactor, which is popular for industrial crystallization. This continuous and steady-state 

operating MSMPR vessel, characterized by a feeding stream and an exit stream, allows 

Figure 2.1 Schematic diagram of progressive and 
instantaneous nucleation (after Penner)75. 
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regulated control of average residence time of produced nanoparticles suspended in the 

solution mixture, and therefore an elegant and superior particles size and distribution control.  

2.2 Experimental section 

    Figure 2.2 is a diagram of our designed experimental set-up. In cylindrical glass reactor 

vessel with outlet flow, there is a mixing solution of metal salt precursor and capping agent, 

and a scrubbing brush in constant and tight contact with a piece of metal foil, which is 

attached to a rotating substrate holder-a stainless steel disk. The reaction mixture outflow rate, 

which can be varied as an effective experimental parameter for selective average particle 

residence time, is balanced by an inlet flow of pre-reaction solution mixture at the same rate. 

The reduced metal atoms or atom aggregates will be removed from the reaction sites of the 

foil surface mechanically and are dispersed into bulk solution phase evenly through strong 

hydrodynamic agitation. The as-synthesized nanoparticle colloid formed after a series of 

thermodynamic and kinetic processes, i.e., nucleation, collision and aggregation, are 

collected after sufficient time (usually multiples of the average residence time). We have 

termed our technique for metallic nanoparticles synthesis as Hydrodynamically and 

Mechanically Assisted Heterogeneous Metal Displacement Reduction, or HMAHMDR.                                     

    We employed iron (Fe) foil as heterogeneous reducing medium for generation of silver 

(Ag) and copper (Cu) nanoparticles and aluminum (Al) foil for Fe or iron oxides 

nanoparticles. The stoichiometric chemical reactions involved are as follows, 
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Two important experimental parameters, the concentration of metal salt precursor o

M nc +  , 

the flow rate q and accordingly particle average residence time τ (due to the fixed solution 

volume V ), were extensively investigated by various designed experimental trials as a 

critical regulatory approach for particle dimension and distribution control.  

 

 

 

 

 

 

 

 

 

Synthesis  

    In syntheses of Ag nanoparticles, a series of mixing aqueous (deionized water) solutions of 

fixed molar ratio (1:1) between silver nitrate (AgNO3, anhydrous, 99.9+%, Alfa Aesar) and 

capping agent of polyvinylpyrrolidone (PVP, in repeating unit, weight-average molecular 

weight of 58000, Acros Organics) were first prepared with the concentration ranging from 

0.01 to 0.1M. Initially, 120 ml of such mixing solution was put in the reaction vessel: this 

volume remains constant during the reaction due to the balanced input and exit flow. Metal 

iron foil (0.5 mm (0.02 in) thick, 50x50 mm, 99.99%, Alfa Aesar), immersed in the solution, 

rotates at constant speed of 300 rpm together with the substrate holder and a hairy brush 

ω 

Load 

Scrubbing brush 

Holder 

Metal foil Exit flow 

Inlet flow 

Figure 2.2 Scheme of experimental setup for metallic   
nanoparticles synthesis 
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fastened onto the vessel bottom was always in constant contact with the foil surface to 

perform polishing function. Inlet flow was controlled through a funnel and exit flow was 

controlled by a plastic tube with regulatory clamp. The clear solution mixture will become a 

cloudy colloid gradually due to the reduction of nanoparticles and after 2 hr, 50 ml solution 

mixture was sampled for further characterization and analysis. Table 2.2 lists the various 

synthetic conditions with different [Ag+] and flow rate, i.e., average residence time. 

                q (τ): ml/min (min) 
                                  
[Ag

+
]: mol/L(M)         

 
10(12) 

 
8(15) 

 
6(20) 

 
4(30) 

 
2.5(48) 

 
.5(240) 

0.01   √ √ √ √ 
0.025  √ √  √ √ 

1 3 5 
0.05 √  

[ PVP] 
[Ag+] √ √ √ 

 √  

0.1   √    

    Similarly, Cu nanoparticles syntheses were performed with the combination of copper (II) 

nitrate 2.5-hydrate (Cu(NO3)2·2.5H2O, Acros Organics) plus PVP and iron foil; Fe 

nanoparticles were acquired by means of reduction of iron (II) chloride (FeCl2, anhydrous, 

99.5%, Alfa Aesar) with aluminum foil (0.5mm (0.02in) thick, 50x50mm, annealed, 99.99%). 

An antioxidant, L-ascorbic acid (reagent grade, fine crystal, Fisher Scientific) was added 

during the syntheses in ambient condition, to prevent the oxidation of new born Cu and Fe 

nanoclusters.  

Transmission Electron Microscopy (TEM) 

    A Philips CM12 electron microscope operating at 100 kV accelerating voltage was used 

     Table 2.2 Various synthetic recipes of varied precursor salt concentration   
[Ag+] and flow rate q (average residence time τ) at molar ratio of [PVP]/[Ag+] = 

1 and constant volume of 120 ml 
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for transmission electron microscopy (TEM) imaging. Copper grids (400 mesh) coated with 

amorphous formvar-carbon film were purchased from SPI Supplies. Samples were prepared 

by placing a drop of a dilute ethanol dispersion of nanocrystallites on the surface of a grid, 

and drying for ~ 20 min in ambient condition.  

Optical Characterization (UV-Vis absorption spectrum) 

    UV-Vis absorption spectra were collected at room temperature on a Cary 3E UV-Visible 

spectrophotometer using 1-cm quartz cuvettes. Samples were prepared by dispersing washed 

nanocrystallites in ethanol, and the nanocrystallites were collected via centrifuge (8000 rpm, 

30 min, Marathon 21000, Fisher Scientific) of the as-synthesized colloidal solution. 

X-ray Powder Diffraction 

    Powder X-ray diffraction spectra were recorded on a Rigaku D/Max-B X-ray 

diffractometer (nickel filtered Cu Kα radiation (λ=1.54056 Angstrom)) operating in the 

Bragg configuration. The accelerating voltage was set at 35 kV with a 30 milliamp flux. A 

sample for X-ray diffraction was prepared by coating the concentrated colloidal ethanol 

solution of nanoparticles (centrifuged and washed) in a slurry form onto a microscope glass 

slide, and drying at room temperature and under ambient condition.  

2.3 Results and Discussion 

    Figures 2.3 to 2.7 show representative TEM images of as-synthesized Ag nanoparticles 

under increased precursor concentration [Ag+] (0.01 M-0.1M) and varied flow rate, and 

inversely proportional particle average residence time. We fix the molar ratio of capping 

agent and silver ion to 1 among all of the syntheses shown (Figure 2.6 excluded) to 
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investigate the particle dimension and dispersity dependence on [Ag+] and average residence 

time τ, and we maintain a constant solution volume in the vessel of 120 ml during the 

reaction to ensure that τ is calculated based on the same benchmark and is thereby 

comparable.    
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   A 

   B 

   C 

   D 

   Figure 2.3 TEM images of Ag nanoparticles synthesized at [Ag+] = 0.01M, 
[PVP]/[Ag+] =1 with controlled flow rate(ml/min) of 6(A), 4(B), 2.5(C), 0.5(D) 
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Figure 2.4 TEM images of Ag nanoparticles synthesized at [Ag+] = 0.025M, 
[PVP]/[Ag+] =1 with controlled flow rate(ml/min) of 8(A), 6(B), 2.5(C), 0.5(D) 

  A 

  B 

  C   D 
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   A 

   B 

Figure 2.5 TEM images of Ag nanoparticles synthesized at [Ag+] = 0.05M, 
[PVP]/[Ag+] =1 with controlled flow rate(ml/min) of 10(A), 6(B), 2.5(C) 
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C 

B 

A 

Figure 2.6 TEM images of Ag nanoparticles synthesized at [Ag+] = 0.05M and 
flow rate of 6 ml/min at different [PVP]/[Ag+] of 1:1 (A), 3:1 (B) and 5:1 (C)  
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     Table 2.3 summarizes the resulting average particle size and distribution for all of the 

experimental scenarios. As we expected, the results clearly show that average size and size 

distribution can be selectively controlled by the continuous flow system we designed. In the 

case of [Ag+] = 0.01 M, the lowest concentration used, the average (root-mean-square, RMS) 

particle size calculated from the TEM images is 10.6, 6.2 and 4.3 nm with increasing flow 

rate from 2.5, 4 to 6 ml/min respectively. At these flow rates,  the particle average residence 

time decreases from 48, 30 and 20 min, respectively, and accordingly the calculated relative 

standard deviation decreases from 44.6%, 29.1% to 23.6%, which reflects improving 

monodispersity. Although Figure 2.3A exhibits the most uniform distribution, the particles 

are sparse; Figure 2.3D exhibits an almost bimodal distribution. The same trend occurs when 

[Ag+] = 0.025 M. The RMS size and distribution are 18.7 nm (52.3%), 16.7 nm (35.4%) and 

12.2 nm (30.7%) respectively, with increased flow rate of 2.5, 6 and 8 ml/min. At 6 ml/min 

flow rate (Figure 2.4 B), the optimal synthesis condition was achieved based on both the 

distribution and the particle content. Shortened average residence time leads to decreased 

particle growth duration due to less collision and aggregation, hence a smaller size and 

Figure 2.7 TEM images of Ag nanoparticles synthesized at [Ag+] = 0.1M, 
[PVP]/[Ag+] =1 with controlled flow rate of 6 ml/min 
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Table 2.3 Average size and relative standard deviation of synthesized Ag nanoparticles 
under different precursor salt concentration [Ag+] and flow rate q (average residence time 
τ) at fixed molar ratio of [PVP]/[Ag+] = 1 and constant volume of 120 ml 
 

narrow distribution. Figure 2.5 demonstrates and further confirms the sensibility of our size 

and distribution control strategy. Figure 2.7 exhibits the largest size of nanoparticles (RMS = 

88.1 nm) we were able to synthesize with high monodispersity. The inset shows an electron 

diffraction (ED) pattern of the crystalline Ag nanoparticles.  

           q (τ): ml/min (min) 
                                  
[Ag

+
]: mol/L(M)         

 
10(12) 

 
8(15) 

 
6(20) 

 
4(30) 

 
2.5(48) 

 
.5(240) 

0.01   
4.3 nm 
±23.6% 

6.2 nm 
±29.1% 

10.6 nm 
±44.6% 

– 

0.025  
12.2 nm 
±30.7% 

16.7 nm 
±35.4% 

 
18.7 nm 
±52.3% 

– 

0.05 22.1 nm 

±15.1% 
 

39.4 nm 
±13.7% 

 –  

0.1   
88.1 nm 
±20.2% 

   

    At fixed flow rate of 6 ml/min, the average particle size enlarges from 4.3 nm to 88.1 nm 

when [Ag+] increases from 0.01 to 0.1 M. This phenomenon is easy to understand, since 

higher concentrations of [Ag+] can bring more reduced atoms (the building bricks of 

nanoparticles), leading to larger average particle size.   

    It is also worthy to note that in our experiments, PVP plays an important role in shape 

control of Ag nanoparticles. Figure 2.6 shows that more irregular geometric shapes, such as 

triangles, pentagons, hexagons and truncated polygons of Ag nanoparticles appear with an 

increased ratio of [PVP] to [Ag+]. The fundamental mechanism underlying of shape 

selectivity has yet to be fully understood, while we speculate that the selective adsorption of 

PVP on various crystallographic planes of crystalline Ag plays the major role in determining 

the morphology.  
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    An important property of some nanoparticles colloids is surface plasmon resonance (SPR), 

the frequency at which conduction electrons oscillate in response to the alternating electric 

field of incident electromagnetic radiation. Only metals with free electrons (essentially Au, 

Ag, Cu and the alkali metals) possess plasmon resonances in the visible spectrum, which give 

rise to different intense colors.76 After reaction, the mixture solution including Ag 

nanoparticles suspension turned light yellow due to SPR, and was used for UV-Vis 

characterization. Figure 2.8 shows characteristic absorbance of SPR of Ag nanoparticles 

synthesized at [Ag+] = 0.025 M (2.8B) and 0.05 M (2.8A) respectively. Both of them exhibit 

well-defined characteristic plasmon band centered at around 450 nm for silver nanoparticles.  

    Figure 2.9 exhibits the recorded X-ray diffraction pattern of synthesized silver 

nanoparticles. All peaks in the pattern can be indexed to face-centered cubic (fcc) structure of 

silver (Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 04-0838, unit 

cell a = 4.086 Å), and the diffraction peaks with two theta of 38.1, 44.3, 64.4 and 77.4 degree 

correspond to the (111), (200), (220) and (113) crystalline planes respectively. This further 

confirms that we produced pure silver nanoparticles. 
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Figure 2.8 UV-Vis absorbance spectra of silver nanoparticles. 
Silver nanoparticles were synthesized with fixed molar ratio of 
[PVP]/[Ag+] = 1 and [Ag+] are : A 0.05 M and B 0.025 M 
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    Based on the same experimental method and theory, we employed iron foil as a 

heterogeneous reducing medium to reduce copper (II) nitrate (Cu(NO3)2) for the generation 

of Cu nanoparticles and aluminum foil to react with iron (II) chloride (FeCl2) to generate Fe 

or ferric oxide nanoparticles in the presence of PVP as a capping agent/stabilizer. In the 

syntheses, ascorbic acid, natural vitamin C, an excellent oxygen and free radicals scavenger, 

acts as antioxidant to effectively prevent the common oxidation process which occurs to the 

newborn pure Cu nanoclusters (Figure 2.10-2.12). 
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Figure 2.9 X-ray diffraction (XRD) pattern of as-synthesized 
silver nanoparticles 
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Figure 2.11 UV-Vis spectrum of synthesized copper nanoparticles 

   A 

   B 

Figure 2.10 TEM images of Cu nanoparticles with average size below 5 nm (A) 
and 8-15 nm (B) synthesized at [Cu2+] = 0.1 M, [PVP]/[Cu2+] = 1 with controlled 
flow rate of 2 (A) and 1 (B) ml/min, respectively. 
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    Figure 2.10 shows the representative TEM images of synthesized Cu nanoparticles with 

[Cu2+] = 0.1 M, [PVP]/[Cu2+] = 1 and controlled flow rate of 2 and 1 ml/min. The strategy 

for controlling average size and size distribution by employing different average residence 

times to particles was again proven effective and successful. Under 2 ml/min of flow rate 

(Figure 2.10A), the particles exhibit a more uniform size distribution and a smaller average 

size around 5 nm, in contrast with a relatively broad size range from 8 to 15 nm for 1 ml/min 

flow rate (Figure 2.10B).  

    The UV-Vis response with maximum absorbance λmax at 579 nm displayed in Figure 2.11 

reflects the surface plasmon resonance absorbance of Cu (0) nanoparticles. The XRD pattern 

of the as-synthesized Cu nanoparticles is shown in Figure 2.12. Clearly, three main 

characteristic diffraction peaks at 2θ = 43.2, 50.4 and 74.0 degree, corresponding to (111), 

(200) and (220) crystal planes respectively, are observed. This clearly confirms the synthesis 

of pure fcc copper nanoparticles, which can be attributed to the antioxidant function of the 

ascorbic acid introduced during the reaction.  A reference experiment in absence of ascorbic 

acid always results in partial or full oxidation of newborn copper nanoparticles, because the 
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Figure 2.12 X-ray diffraction (XRD) pattern of as-
synthesized copper nanoparticles 
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chemical reactivity of these nanoscale objects is greatly increased with respect to that of 

bulky form.  

     According to our best knowledge, ascorbic acid was first proposed by us to be used as 

antioxidant for active nanoparticles preparation. The antioxidant properties of ascorbic acid 

come from its ability to scavenge free radicals and reactive oxygen molecules, accompanying 

the donation of electrons to give the semi-dehydroascorbate radical and dehydroascorbic acid 

(DHA) (Figure 2.13).  

    Hydrogen free radicals released from ascorbic acid can react rapidly with hydroxyl free 

radicals and oxygen, whose presence usually leads to the oxidation of the highly reactive 

nanoscale particles. Even when our experiments were performed without deoxygenated 

solution and no inert gas protection, pure nanoparticles were still obtained.   

    Although ascorbic acid has excellent antioxidant ability, it cannot prevent the oxidation for 

iron nanoparticles, whose chemical reactivity is much higher than inert noble metals such as 

Au, Ag, Pt, Pd and relatively less inert Cu. The reduced product of Fe (II) ions by aluminum 

foil in our synthesis in ambient conditions reveals complete oxidation to magnetite-like 

Fe3O4. A typical TEM image of such iron oxide nanoparticles of about 8 nm in size is shown 

in Figure 2.14.  All of the marked diffraction peaks appeared in Figure 2.15 are in good 

Figure 2.13  Antioxidation mechanism of ascorbic acid 
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accord with those of pure Fe3O4 magnetite, without Fe or the other form of oxide, namely, 

hematite Fe2O3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14 TEM images of iron oxide nanoparticles with average size 
around 8 nm and narrow size distribution synthesized at [Fe2+] = 0.025 
M, [PVP]/[Fe2+] =1 and flow rate of 1.5 ml/min 
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Figure 2.15 X-ray diffraction (XRD) pattern of as-synthesized 
iron oxide nanoparticles 
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2.4 Summary    

    Metallic nanoparticles have attracted scientists’ attention and research interests due to their 

novel physical and chemical properties and potential application in various fields. In this 

chapter, we described in detail a new synthetic route to prepare metal silver, copper, and iron 

oxide nanoparticles with the size ranging from a few nanometers to more than 80 nanometers 

with good size monodispersity.  

    Metal replacement reduction is an effective approach to precipitate metallic nanoparticles 

from their precursor ion solutions. We improved this heterogeneous reduction reaction by 

creatively employing mechanical and hydrodynamic merits resulting from introducing high 

speed rotation and a scrubbing brush, which in fact played a decisive role in preventing the 

common plating phenomenon and facilitate the process.  

Due to the inherent properties of relatively slow reaction rate for the reduction of silver 

and copper ions, we introduced a concept of particle average residence time by adjusting a 

continuous flow rate of reactant solution and reaction mixture solution, to effectively control 

and adjust average particle size and size distribution.   

Ascorbic acid was first presented as an excellent antioxidant to promote the formation of 

pure copper nanoparticles.    

                       

 

 

 

 



 45 

Chapter 3 Ultrasonication Assisted Heterogeneous Metal 

Displacement Reduction for Metallic Nanoparticles 

Preparation 

    In Chapter 2, a new route based on metal displacement reduction for the preparation of 

silver (Ag), copper (Cu) and iron oxide nanoparticles was discussed. With the aid of 

mechanical and hydrodynamic forces, the inherent demerits related to this process were 

overcome and a new field of preparative chemistry of nanomaterials has been opened.  

    Nevertheless, ions of noble metals, such as gold (Au), platinum (Pt), and palladium (Pd) 

have relatively high oxidation potential, which means these ions will exhibit much higher 

reactivity in solutions when adding even mild reducing agents. This extraordinarily rapid 

reduction is a disadvantage with our method, because severe or partial plating becomes 

unavoidable even with the help of scrubbing brush and turbulent agitation. In a trial 

experiment for reducing gold ions [AuCl4]- by copper foil (which has relatively low-reducing 

ability compared with iron and aluminum), severe plating of the immersed Cu foil occurs in a 

couple of minutes. No colloid solution can be produced because a fine and dense plating film 

depositing on the reaction surface halts the reaction. Consequently, our previously developed 

route can not be transplanted directly to the synthesis of the noble metals with high oxidation 

potentials. However, fortunately another interesting and elegant alternative – ultrasonication 

assisted deplating or dislodgement was successfully applied, and this success helped to 

extend our method to a broader range of accessible metals.    

    Our new strategy – Ultrasonication-Assisted-Deplating Metal Displacement Reduction 
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(UADMDR) was successfully employed in this work. Au and Pt nanoparticles with size 

around 10 and 6 nm, respectively with narrow size distributions were synthesized via the 

displacement reduction of precursor salts of HAuCl4·3H2O and H2PtCl6·6H2O by Cu and Fe 

foils respectively. With the effective deplating capability of ultrasonic cavitation, rapid 

reduction-associated local instantaneous nucleation produces a large content of nanoparticle 

colloidal suspension with uniform size distribution in an astoundingly short period of time 

(typically a couple of minutes).  

3.1 Method introduction and experiments 

Ultrasonic vibration is a mechanical vibration at frequencies above the limit of audibility, 

conventionally 20 kHz, whose application so far can be classified as processing, testing and 

communications, samples cleaning, dispersion, welding, injection moulding, medical 

diagnosis, structural health monitoring and radar and data-handling systems.  

Under an ultrasonic environment, the propagation of pressure waves in a fluid causes the 

formation of cavitation bubbles, which will oscillate non-linearly in the acoustic field at low 

irradiation intensity. The number of bubbles increases dramatically above a transient 

cavitation threshold. The implosion (explained by hot-spot theory) and fragmentation (by 

electrical theory) lead to the collapse of these bubbles and an extreme local condition 

characterized by high local temperature and pressure formed inside these bubbles. The 

underlying mechanism for deplating in our study is that the microscopic bubbles in the liquid 

medium implode or collapse under the pressure of agitation to produce shock waves and 

microstreaming, which impinge on the surface of the foils and, through a scrubbing action, 

displace or loosen particulates from the surface.  
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    It is worthy to mention that sonochemical reduction and decomposition have been widely 

used to prepare a variety of nanoparticles such as Cu, Fe and Au. The chemical effects of 

ultrasound arise from acoustic cavitation, which is the formation, growth and subsequent 

implosive collapse of gas bubbles in ultrasonically irradiated liquid. The cavitation-induced 

formation of H·, HO· and other secondary reducing radicals and small molecules directly 

leads to the reduction of metal ions in both the gas-liquid interfacial region and in the bulk 

solution.77 The foremost criterion for achieving a high sonochemical yield is that the 

precursor should be volatile and the solvent vapor pressure should be low at the reaction 

temperature. For example, the reduction steps and explanation for the sonochemical 

reduction of Cu nanoparticles can be summarized as 

H2O ))))) H· + OH· 

    The H· radicals formed by ultrasonication irradiation can serve as a reducing species and 

trigger the Cu2+ → Cu0 reduction. 

Cu2+ + 2H· → Cu0 + 2H+ 

nCu0 → (Cu0)n (aggregates) 

The reaction processes typically take a couple of hours and usually result in relatively low 

yields.77, 78, 79  

    Unlike sonochemical reduction, in our synthesis strategy, ultrasonic vibration is employed 

as an effective de-plating tool to remove the newborn atoms and atom aggregate species from 

the surface of the reducing metal foil, and to destroy the diffusion boundary layer, thus 

increasing the mass transfer rate, so as to prevent bulk formation. In typical experiments of 

Au and Pt nanoparticle synthesis, the following metal displacement reactions were employed 

to generate Au and Pt nanoparticles.  
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    Upon placing the metal foils into the precursor solutions under ultrasonic environment,  

observable nanoparticle slurry streams are ejected from the foil surface into the bulk solution 

within a few seconds; in a couple of minutes, the bright red/purple Au and yellow/grey Pt 

nanoparticle colloids are achieved. Under our experimental conditions, only minor plating for 

Cu foil and almost no plating for Fe foil occur, when using them as the heterogeneous 

reducing media for Au and Pt nanoparticles respectively.  

     The effect of the ultrasonication-assisted deplating can be seen by comparing with an 

experimental case without sonication. In the latter scenario, severe deposition occurs and no 

colloid can be achieved. Also in order to confirm that the metallic nanoparticles formation is 

caused by the introduced active metal foil rather than the sonochemical effect, reference 

experiments were performed in absence of the metal foil. When no active foil is present, 

almost no nanoparticles are formed during the first two hours, indicated by no observable 

red-color colloid solution and no surface plasmon resonance (SPR) response from UV-Vis 

characterization.   

    In a typical synthesis, 100 ml solution of 0.0025 M HAuCl4·3H2O (Alfa Aesar, 99.99%) or 

0.0025 M H2PtCl6·6H2O (Alfa Aesar, 99.9%) for Pt, and 0.05 M (in repeating unit) 

Polyvinylpyrrolidone (PVP, K29-32, molecular weight = 58000, Acros Organics) was placed 

in a 600 ml beaker and then put into an ultrasonic cleaner (Fisher Scientific, FS20H, 70 W 

output and 42 kHz) vessel with water. Reaction time started when the copper foil (1.0 mm 

thick, 50x50 mm, 99.99%, Alfa Aesar) or iron foil (0.5 mm thick, 50x50 mm, 99.99%, Alfa 

Aesar) for Pt, was placed in the solution.  The beaker was gently swirled by hand during the 
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reaction. Solution samples were collected at different reaction times. The collected solution 

samples were immediately examined by UV-Vis (Cary 3E spectrophotometer). The solution 

samples were then centrifuged and washed with ethanol several times. These samples were 

characterized by TEM (Philips CM12, 100kV) and XRD (Rigaku D/Max-B, nickel filtered 

Cu Kα radiation, λ=1.54056 Angstrom). 

3.2 Characterizations and discussions 

  Figure 3.1 shows TEM images of Au and Pt colloidal samples taken from typical 

synthesis, in which HAuCl4 and H2PtCl6  were reduced on the surface of the Cu and Fe foils 

respectively in the presence of poly(vinylpyrrolidone) (PVP) as a capping agent. Figure 3.1A 

and 3.1B are Au colloid samples taken after 5 min reaction. Clearly a high content of 

nanoparticles with mean size around 10 nm and good monodispersity is achieved in very 

short time. The uniform size distribution can be attributed to the fast reduction induced 

instantaneous nucleation, that is, for a short time interval relative to the duration of particle 

growth. Furthermore, the hetero-sites on the foil surface and the limited nucleation region 

promote instantaneous nucleation. With further reaction time, the newly “dislodged” atoms 

and nuclei in the vicinity of the foil surface will begin to take part in kinetic collisions and 

aggregate with those species in the bulk solution phase, resulting in a relatively broad size 

distribution. This can be seen from Figures 3.1C and 3.1D.  
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   Au 

  Au 

  Pt 

  Au 

  Au 

Figure 3.1 TEM images and electron diffraction patterns of Au and Pt 
nanoparticles: A) and B) Au, 5 minute sampling with 100 nm and 20 nm scale 
bars, respectively; average particle size around 10 nm, with good monodispersity. 
C) and D) Au, 10 min sampling, with 50nm and 20nm scale bars, respectively; 
relatively broad size distribution. E) Pt, 5 min sampling with 50nm scale bar; 
average size around 6 nm with good monodispersity. 
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    The surface plasmon resonance (SPR) phenomenon of synthesized Au nanoparticles 

solution is quite obvious. Figure 3.2A shows the UV-Vis spectra of Au nanoparticle colloids 

at different reaction stages, with the characteristic maximum absorbance around 530 nm. The 

absorbance peak intensifies with increased reaction time, suggesting an increase in the 

particle content. In order to investigate the sonochemical reduction effect, a reference 

experiment was performed in absence of the metallic Cu foil. From Figure 3.2B, no obvious 

characteristic SPR absorbance response for Au colloid was achieved in up to 2 hours of 

ultrasonication, and the color of the precursor solution remained nearly unchanged. This 

further confirms the role of Cu foil as a heterogeneous reducing medium rather than the 

ultrasound induced free radicals.  

The XRD patterns of as-synthesized Au and Pt nanoparticles in the typical synthesis are 

shown in Figure 3.3. All the diffraction peaks shown are indexed to the pure Au (JCPDS 4-
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Figure 3.2 (A) UV-Vis absorption spectra of aqueous Au colloids sampled at 
various reaction times; (B) UV-Vis spectra of solutions sampled at various 
reaction times under pure sonochemical environment with no Cu foil; clearly 
there is no characteristic absorbance peak for Au colloid.   
 



 52 

784) and pure Pt (JCPDS 4-802), which confirms the successful preparation of face-centered 

cubic structured Au and Pt nanoparticles. The calculated average sizes for Au and Pt, by the 

Scherrer formula on the (111) peaks are 12 and 4 nm respectively, which are in close accord 

with sizes obtained from TEM images (10 and 6 nm respectively). 

3.3 Summary 

In conclusion, metal foil as a new reducing medium for metallic nanoparticles synthesis 

was first presented. Ultrasound as a de-plating tool was attempted and proven necessary and 

effective. We have termed this method Ultrasonication Assisted Deplating Metal 

Displacement Reduction (UADMDR). Preliminary experimental studies presented in this 

paper have shown the tremendous virtue of this new strategy for simple and rapid preparation 

of uniform sized metallic nanoparticles. More importantly, our novel method has promising 

potential for preparing a series of other metallic nanoparticles, including highly active 

magnetic nanoparticles.    
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Figure 3.3 XRD patterns of (A) Au and (B) Pt nanoparticles 
after 5 min reaction time. 
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 Chapter 4 Monte Carlo Simulation of Nanoparticles Size 

and Size Distribution 

Metallic nanoparticles formation in liquid phase involves the nucleation (from a 

supersaturated solution) of small spherical particles (nuclei) of approximately uniform size, 

followed by their growth due to thermal Brownian coagulation. As a result of these processes, 

a population of diverse aggregates is produced. Colloidal suspensions with uniform particle 

dispersions of simple and mixed chemical compositions and various shapes, ranging in size 

from several nanometers to several microns have been studied since Faraday34 first reported 

the synthesis of Au colloid more than a century ago. The coagulation and coalescence of 

nanosize particles resulting in agglomerate formation, and the growth characteristics, 

morphology and size distribution have been extensively studied in both theoretical and 

experimental works. However, systematic studies of colloid formation mechanisms have not 

been well established. We attempt to understand and explain the mechanisms of formation of 

nanoscale colloidal solution based on modeling of experimentally established cases.      

    As described in Chapter 2, we developed a new strategy based on a combination of metal 

displacement reduction accompanied by hydrodynamic and mechanical aid and flow rate 

control to successfully synthesize a series of metallic nanoparticles with selective average 

size and size distribution. Based on data derived from our experimental system, plus 

thermodynamic nucleation and kinetic aggregation and growth behavior and theory, we 

developed a model using Monte Carlo stochastic algorithm and FORTRAN programming 

tool, to describe the growth of nanoparticles by particle-particle collision and subsequent 
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coalescence, and to perform numerical simulation of resulting average particle size and size 

distribution of the metallic nanoparticles produced in our designed system.  The calculated 

average size, size distribution and the time scale of the process agrees reasonably well with 

the experimental values: so the established theoretical model is proven to simulate and 

predict the practical system adequately and effectively. 

4.1 Introduction 

    In this section, some basic concepts and definition of distribution density function, 

population balance equation, Monte Carlo algorithm and fundamental thermodynamic 

nucleation and kinetic coagulation process will be elaborated and a concise literature review 

about the application of Monte Carlo simulation for nanoparticles in liquid-phase synthesis 

system will be presented.  

4.1.1 Particle Size Distribution (PSD), Population Balance Equations (PBE) and 

Monte Carlo (MC) simulation  

    Generally, it is conventional and convenient to characterize a particle population by using 

a particle size distribution (PSD) and here we define the diameter L of a particle as the size. 

There are two common forms employed to describe a distribution properties: a cumulative 

distribution and a density distribution function. The cumulative distribution, N(L), is defined 

as the number of particles that are smaller than size L. The density distribution function, n(L), 

which is used to describe the PSD of a nanoparticles population in this work,  is related to the 

cumulative function by, 
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Then, the number of particle with a characteristic size in the range L to L + dL is n(L)dL, and 

the frequency of successful binary collisions between particles of size L’ to L’ + dL’ and L’’ 

to L’’ + dL’’ is equal to βon(L’)n(L’’)dL’dL’’. Here βo is a size-independent coagulation rate 

constant.  

It is often convenient and advantageous to describe certain properties of the PSD in terms 

of its moments. The jth moment of a distribution is defined as, 
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So it is not difficult to understand that mo is the total number of particle population and m3 is 

the total volume (mass) of particle population. The 3rd moment m3 will be used in the 

simulation to determine the change of total particle mass due to adding of new nuclei 

(nucleation) for each time step, so as to provide the accurate amount of reactant consumption. 

    The mathematical statement of continuity of a system of particles simultaneously 

undergoing nucleation, growth, aggregation (coalesce, coagulation, agglomeration), addition 

and/or removal (influx/outflux streams) produces a population balance equation (PBE). 

Mathematically it is represented by an integro-differential equation that must be solved for 

the number concentration of particles of any given size (size distribution) as a function of 

time. The population balance approach was first introduced by Randolph and Larson80 and 

Hulburt and Katz81.  

    The PBE follows the change in the PSD as particles are born, die, grow or leave the 

control volume, and a general expression for PBE is,  
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where u and v-u is the volume of aggregate precursors, n(v,t)dv is the number of particles in 

the size range v to v+dv at time t, G(v) is the growth rate for particles of size v (G is ignored 

in the work since generally growth is not considered as an obvious size-enlargement 

mechanism for nanoparticles), S(·) is the net rate of addition of fresh particles into the system, 

i.e., nucleation rate, and Q(v,u) is the aggregation kernel, and can be treated as a constant βo 

for size-independent aggregation mechanism. The PBE can be easily recast in terms of size L.  

    Problems are usually encountered in the solving PBE, resulting from the combined 

hyperbolic form due to the growth term and the nonlinearity associated with aggregation.     

With the exception of certain special model systems, simple analytical solutions are not 

possible and one must resort to numerical solutions. Several conventional numerical 

techniques, such as method of weighted residuals, which usually employs a set of weighting 

functions,82 and finite element technique, in which the solution is approximated over sub-

domains of the independent variables 83 have been proposed. The computational 

requirements of these methods are substantially huge; moreover, the solutions sometimes are 

limited and problem-specific. Another class of numerical solution called discretized 

population balance (DPB) has been proposed in the literature to solve PBE84. This technique 

represents the PSD in a number of discrete size “bin”, which allows the integro-differential 

equations to be expressed as a set of ordinary differential equations and thereby can be 

solved by standard numerical packages. Even though the discretization is problematic 

sometimes especially for the case when the PSD is affected by many factors. Moreover, the 
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DPB method requires a large number of variables (e.g., ranging from 20 to 200 for problems 

of different complexities) to simulate the number density function and its time evolution. 

Monte Carlo (MC) method is a good alternative to posing and solving the PBE, which 

utilizes probabilistic tools to sample a finite subset of s system in order to infer its properties. 

Its discrete character makes it a naturally ideal choice for the simulation of process that is 

inherently discrete.  

    The term of “Monte Carlo” is now used to describe any approach to problem solving, 

where a probabilistic analogue to a given mathematical problem is set up and solved by a 

stochastic sampling experiment. MC methods are stochastic techniques – meaning they are 

based on the use of random numbers and probability statistics to investigate problems. The 

MC method provides approximate solutions to a variety of mathematical problems by 

performing statistical sampling experiments on a computer. MC methods are used in 

everything from economics to nuclear physics to regulating the flow of traffic. Strictly 

speaking, to call something a “Monte Carlo” experiment, all you need to do is use random 

numbers to examine a problem.  

    Spielman and Levenspiel85 were the first to apply the MC method to particulate process for 

investigating the influence of coalescence on reactions in the dispersed phase of two-phase 

systems in a back-mixed reactor. Then Shah et al.
86 and Ramkrishna87 developed a general 

simulation approach for particulate processes and established the precise mathematical 

connection between the MC method and population balances. Hounslow et al.
88 outlined a 

Monte Carlo approach for simulating crystallization processes both as an alternative to 

solving the PBE and as a way of conducting multicoordinate simulations that are too 

complex to be solved as PBE. In their work, they took full advantage of MC’s inherent 
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features to incorporate size as well as growth rate and number of crystallites as internal 

coordinates to simulate the size-enlargement mechanisms of nucleation, growth and 

aggregation systems, whose existing numerical solutions are usually unavailable.     

4.1.2 Monte Carlo in simulation of size and size distribution of nanoparticles 

produced in liquid-phase synthesis 

    Monte Carlo algorithm, owing to inherently discrete feature, was widely developed to 

simulate the size and size distribution of nanoparticles synthesized in liquid-phase system. To 

date, the most developed and successfully applied are the models for nanoparticles formation 

in reverse micelles or water-in-oil microemulsions, which act as nanoreactors/precipitators. A 

lot of nanoparticles, such as Cu, Ag, CdS, ZnS, PbS and Ag2S and metal oxides such as ZnO 

and TiO2 have been produced by such means. Formation of nanoparticles requires two 

reactants premicellized in different micellar solutions. Micelles are dynamic entities, which 

collide and coalesce (fusion) with each other, through thermal Brownian motion, and break 

up (redisperse) after a short time. The reaction occurs in the micellar core when the two 

solutions are brought in contact by mixing and as a result of this coalescence and separation 

mechanism, molecules solubilized in the water pools are redistributed over the micellar 

population (see Figure 4.1). 

    A Monte Carlo simulation approach for nanoparticle precipitated in microemulsions was 

developed by Tojo et al.
89, Li et al.

90, Bandyopadhyaya et al.
91 and other contributors. Jain et 

al.
92 established successfully Monte Carlo models to study the characteristic particle size 

distributions that result from using combinations of different initial reactant distributions 

(Poissonian and geometric) and different types of intermicellar exchange protocols (random, 
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cooperative and binomial) and arrived an excellent accordance with the reported 

experimental results for CdS nanoparticles. The two reactant distributions are as follows, 
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where pk is the probability of a micelle containing k molecules of the reactant and kavg is the 

average number of molecules in a single micelle. The different intermicellar exchange 

protocols are defined as: (1) A cooperative exchange is that, after collision/fusion of two 

micelles, the product C molecules move into the micelle which originally had the larger 

number of C molecules. (2) A binomial exchange implies a split of the contents of the 

formed dimmer according to a binomial probability distribution. (3) A random redistribution 

is that the total number of C molecules in the dimmer is randomly distributed among the two 

micelles after fission.    

Figure 4.1 Illustration of micellar exchange process 
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4.1.3 Mechanism of nanosize formation: thermodynamic nucleation and kinetic 

aggregation  

4.1.3.1 Classic homogeneous nucleation theory and nucleation rate  

    Ever since Volmer and his successors (Becker and Dohring, Zeldovich, Frenkel, Kaishev 

et al.), the nucleation theory has hitherto been well developed based on calculating the chain 

of events resulting in the formation of a stable nucleus of a new phase, beginning as the 

metastable phase and passing through all stages of subcritical nuclei, including the earliest 

ones. Nucleation is a term to describe the small clusters of molecules form and grow by 

accretion to the point of becoming recognizable droplets or crystallites that may finally 

coalesce or grow to yield large amounts of the new phase. There is a critical size below 

which a stable nucleus cannot be formed. This size is governed by the trade-off between the 

energy required to create a new surface, and that produced by the formation of the solid 

phase. The thermodynamic theory for this critical nucleus size was first developed in work 

on the condensation of a vapor to form a liquid. In the classic nucleation theory, the free 

energy of forming a cluster of radius R containing n atoms or molecules is the sum of the two 

terms: 

γπµ 24 RnG +∆−=∆                                                 (4.6) 

 The driving force for the phase transition, n∆µ (µ is chemical potential), or energy to 

transfer n molecules from the one phase to another and the interfacial energy 4πR
2γ 

associated with the new phase formation. Here γ is the interfacial tension. Since these terms 

are opposite in sign beyond the phase boundary, a plot of ∆G versus R goes through a 

maximum as illustrated in Figure 4.2 (left).  
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A subcritical nucleus has a driving force which tends to make it shrink and dissolve back 

into the solution phase. The development and incremental growth of subcritical nuclei is 

assumed to be a thermal activated process. The number of particles of a particular size are 

assumed to exist according to a thermal distribution depending on exp (-∆G(n)/kBT) (Figure 

4.2 right).  

 

    At steady state, the number of particles feeding the distribution from the bottom is 

sufficient to replenish those that are lost due to production of critical nuclei. Thus the classic 

homogeneous nucleation theory developed the expression of ncr (the number of solutes in a 

critical stable nucleus) and ∆Gcr (the Gibbs free energy change for a critical nucleus 

formation) as follows, 
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Figure 4.2 Schematic illustration of variation of ∆G with radius R of nucleus 
(left); and the distribution of subcritical clusters at steady state (right). 
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where a is the effective radius of solute (atoms, ions or molecules); c and co are solute 

concentration and equilibrium saturation concentration, respectively; c/co is defined as 

supersaturation S;  kB is Boltzmann  constant and T is absolute temperature. And the critical 

value ncr is calculated from 0/ =∂∂ nG .  

    The nucleation rate, i.e., the rate of formation of critical nuclei can be written as 

TkG

cr
BcretcDantI

/23/1 ))((4)( ∆−= π                                            (4.9) 

which is based on the diffusional capture of solutes with effective radius of a, diffusion 

constant of D, and the number of solutes in an embryo of n.  

    Thereby, the final equation for homogeneous nucleation rate after substituting developed 

expressions for ncr and ∆Gcr is 
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    Besides homogeneous nucleation, there is another category of nucleation called 

heterogeneous nucleation. Heterogeneous nucleation occurs as a result of tiny impurities of 

foreign particles (hetero-nuclei) that provide surfaces for nucleation. The critical nuclei size 

for heterogeneous nucleation is the same as for homogeneous nucleation; however, the 

critical free Gibbs energy change ∆Gcr (energy barrier for new phase formation) is 

substantially reduced, which will result in an increased nucleation rate, whose equational 

expression is not available.  Even though heterogeneous nucleation is unavoidable, we still 

assume homogeneous nucleation as the main nucleation mechanism for our experimental 

system and model. 

4.1.3.2 Aggregation/Coagulation kinetics in static and turbulent flow  
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    The aggregation/coagulation of certain particles suspended in a liquid or gas is of great 

importance in liquid-phase colloid and gas-phase aerosols. Collision and adhesion between 

two or more particles yield aggregation. The size of particles encountered in dispersed 

systems varies widely and it can include monomers (nuclei) and larger size of clusters. These 

particles suffer from thermal Brownian motion, such that the smaller the particle, the more 

intense its motion. The random Brownian motion easily brings individual particles in close 

proximity where Van der Waals forces can act and strongly attract them to each other.   

    The collision of nanoparticles in a strongly stirred tanker/reactor comes from two sources: 

one is due to the turbulent kinetic coagulation, and the other is due to the thermal Brownian 

motion. The latter is important for nanoparticles coagulation kinetics.93 Smoluchowski94 

derived the first Brownian (perikinetic) coagulation kinetics by assuming that during 

encounters between two spheres they approach one another on rectilinear paths and that no 

forces act on the spheres until the two spheres contact and adhere. Furthermore, the number 

density of particles is assumed to be sufficiently small so that the probability of triple, 

quadruple, or more frequent encounters is negligible, and the dispersing medium (liquid or 

gas) is static. The collision frequency, i.e., the total number of contacts per unit volume of 

dispersion per second is 

28 obr LmDJ π=                                                        (4.11) 

where L is the diameter of a particle, mo is the number density of particles, and Dbr is the 

Brownian diffusion coefficient, which can be expressed according to Einstein formula 
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Here, η is solution viscosity. Plugging Dbr into collision frequency equation, a size-

independent collision frequency was acquired 

2)3/8( oBTmkJ η=                                                  (4.13) 

Let  

  oBTk βη =)3/8(                                                       (4.14) 

 a coagulation kernel or the collision kernel or aggregation rate constant with the dimensions 

of length cubed times inverse time, leading to a simple expression of  

2
oomJ β=                                                         (4.15) 

     Thus the effect of aggregation on rate of change of mo, the total number of particles per 

unit volume, is given by,  
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    The collision frequency in a turbulent flow increases substantially compared with that in a 

static or laminar flow. The derivation of collision frequency in turbulent flow is based on the 

following two truth: 1) The coagulation radius R (particle radius) is very small compared 

with the microscale of turbulence λo (inner scale, at which the Reynolds number Reλo=(vλo 

λo)/ν is approximately unity), which is usually in the range of 10-2 to 10-3 cm even with 

energetic mixing; 2) The turbulent eddies fully contain the particles, and the particles 

migrate/diffuse through the bulk liquid in a chaotic and disordered style like Brownian 

motion, and the contact between particles occurs on a scale less than the size of the eddy.  

The motion of particles transported by turbulent eddies can be characterized by a certain 

turbulent diffusion coefficient Dturb,
95 and  
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vλ represents the velocity of turbulent eddies of scale λ, ε is turbulent energy dissipation 

(viscous dissipation) rate per unit mass, and ν is fluid kinematic viscosity.  

    In the region in which eddies size exceed the turbulent microscale (λ>λo), Dturb greatly 

exceeds the coefficient of molecular diffusion D that main zone of diffusion resistance is in 

the region of small λ (λ<λo), i.e., the intense turbulent agitation ensures a uniform distribution 

of particles in the bulk liquid in the region λ>λo. Then Dturb is mainly determined within the 

range λ<λo. It can be understood that there is a sufficiently small scale λ1 at 

which brturb DD ==
ν

ε
λ2

1 . If the coagulation radius 4

2

1
ε

ν
λ brD

R => , it has Dturb> Dbr over 

the entire region where diffusion takes place. The collision frequency due to turbulent 

agitation is derived as 

2312 oturb mRJ
ν

ε
π=                                                     (4.18) 

In the case of coagulation radius 4

2

1
ε

ν
λ brD

R =< , Brownian diffusion predominates over 

turbulent diffusion, and the rate of coagulation, i.e., collision frequency is independent of the 

agitation of the fluid.   

Under usual conditions of agitation, the calculated magnitude of λ1 is micrometer scale, 

which is much larger than that of suspended nanoparticles. In conclusion, in our practical 

modeling scenario, the collision frequency in turbulent flow is still determined by the 
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Brownian diffusion, and thus the developed collision frequency expression based on 

Smoluchowski’s equation for static flow is still applicable.    

Another similar theory93 states the same opinion regarding to the aggregation kinetics in 

turbulent systems. The aggregates follow the flow streamlines when they are in the smallest 

eddies. As long as the aggregates are smaller than the length of smallest eddies (Kolmogorov 

scale), the aggregation kinetics can be expressed by the same formulae derived by 

Smoluchowski.  

According to turbulent flow dynamics, there are three categories of turbulent length scales, 

namely, integral length scales for the energy-containing eddies, Taylor microscale for the 

inertial subrange eddies and Kolmogorov microscale for the dissipation range eddies. The 

turbulent energy is transferred from the integral length-scale eddies to the smallest 

Kolmogorov eddies on a timescale for each of one large-eddy turnover and at the smallest 

scales, the rate at which energy is supplied must equal the rate at which it is dissipated by 

viscosity. The Kolmogorov length ηk is expressed as 

4/1
3

)(
ε

ν
η =k                                                                 (4.19) 

which is determined by the dissipation rate ε and the kinematic viscosity υ. Usually, the 

Kolmogorov scale is around 20~30 µm, which is much larger than the nanoscale length of 

suspended nanoparticles. 

4.1.3.3 Size-enlargement mechanism: aggregation rather than diffusional surface 

growth  

    Early works on the precipitation of monodispersed colloids essentially assumes that there 

is a short period of nucleation burst, followed by diffusion growth of these nanosize singlets 
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to form identical, finely dispersed particles96. This mechanism appeared simple and plausible.  

With the occurrence of more and more synthetic and theoretical studies on monodispersed 

colloids, it has become evident that the burst-nucleation/diffusional growth mechanism alone 

cannot account for all the experimental observations. Matijevic et al.
97 presented a complete 

explanation and elaboration about this after a literature survey of a lot of available 

experimental results. For example, some colloidal particles precipitated from solution show 

X-ray characteristics of known minerals, such as ZnS of sphalerite98, CdS of greenockite99 

and Fe2O3 of hematite100, which are obviously not single crystals and further more, much 

more reported monodispersed colloids consist of much smaller crystalline subunits. CdS 

nanoparticles were shown to be built of ~5 nm uniform globules from small-angle light 

scattering (SALS) and CeO2
101 and SnO2

102
 nanoparticles showed the composite nature by 

electron microscopy. Another important proof presented by Matijevic et al.
103 is that the 

crystallite size of the colloidal copper oxide nanoparticles was the same as the diameter of 

the precursor subunits, which confirmed an aggregation mechanism for size enlargement of 

nanoparticles instead of a diffusion growth process. In our model, surface growth, a physical 

phenomenon describing the enlargement of crystals by the gradual incorporation of ions into 

the crystal lattice, as distinct from size enlargement caused by aggregation, was not 

incorporated.  

4.2 Simulation process 

    In this section, a comprehensive description of model establishment, process and equations 

derivation, parameters determination and a general simulation flowsheet are presented.  
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4.2.1 Heterogeneous chemical reduction reaction 

    As the reaction progresses with time, metal ions are reduced and the corresponding atoms 

are produced and dispersed uniformly in the bulk solution. The reducing rate constant Kre, 

(i.e. the rate at which the atoms are reduced and released into the bulk solution phase) is an 

important input parameter for this model. We employ an one-step first order heterogeneous 

chemical reduction reaction, as shown below: 

 

 

The reaction rate is determined by the type of metal foil, foil surface area, temperature, 

rotating speed, metal ion concentration, etc. We keet this reaction rate constant by 

maintaining a constant reactant concentration with no change of other factors. The constant 

reaction rate Kre was experimentally calculated by measuring the total change or 

consumption of Ag+ for the whole process ([Ag+]-[Ag+]’). [Ag+]’ was determined by 

measuring the weight of dry AgCl precipitate, precipitated with hydrochloric acid (HCl).  

Table 4.1 lists the reactant concentration before and after the reaction process and 

experimentally determined reduction rate Kre based on total volume of collected solution and 

total reaction time.  

[Ag+]:  molL-1 0.01 0.025 0.05 0.1 
[Ag+]’: molL-1 0.0094 0.024 0.047 0.095 
Kre (x 1016): s-1 2.49 4.87 12.02 24.73 

 

4.2.2 Nucleation simulation 

 
M

+
(aq) + R(foil,s)                                  M(aq) + R

+
(aq) 

Foil surface 

Table 4.1 Experimentally determined reaction (reduction) rate constant 
Kre (s

-1), i.e., number of Ag+ reduced per second. 
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    To represent a nanoparticle population, an array, Nanoparticles, was created to record the 

size of each particle. To make the simulation calculation possible, a simulation ratio 

SimRatio (some fraction of the actual huge number of particles in the actual system) had to 

be used to make it possible for us to trace and calculate the billions of actual particles. The 

evolution of nanoparticle population with time is simulated over numerous small and discrete 

time durations ∆t and in our model, this time step is fixed to a reasonably small value. 

Although smaller of ∆t provides more accurate results, we can only choose a finite small 

value owing to affordable computational capacity. During each time step, a series of 

simulation operations for nucleation, aggregation and solute concentration updating were 

performed.   

    Based on the developed nucleation rate expression 

}
)]/[ln()(27

256
exp{

)/ln(3
32

)(
23

363232

oBoB ccTk

a

ccTk

Dca
tI

γπγπ
−=                         (4.10) 

the instantaneous nucleation rate and the number of nuclei formed during a given time step 

can be calculated.  

    The solute diffusion constant D is estimated by Stokes-Einstein equation,  

ηπr

Tk
D B

6
=                                                           (4.20) 

where η is the viscosity of the suspending fluid and r is the solute radius. For silver 

nanoparticles simulation, silver atomic radius r equals to 1.44 x 10-10 m and the effective 

atomic radius a of 1.59 x 10-10 m was obtained by dividing r by the cubic root of the volume 

filling fraction, 0.74, of the crystalline structure of silver.  

    The viscosity η of an aqueous salt solution (up to about 0.1 M), relative to the viscosity of 
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water at the same temperature ηo (0.891 x 10-3 kg/m·s), varies with the salt concentration c 

according to the Jones-Dole empirical expression: 

5.01/ AcBco ++=ηη                                                 (4.21) 

    An alternative for determining D is to make an approximate substitution of DAg
+ at infinite 

dilution (1.648 x 10-9 m2s-1) for DAg. The calculated nucleation rate is not sensitive to the 

value of D.  

    The interfacial tension γ of nanosize silver particles in solution was unfortunately hard to 

accurately calculate. Even the bulk-silver value, which is of order γ ≈ 0.58 ~ 1.02 N m-1 is not 

well know,104 and it may differ from that of the “nanosize” solids. In our model, 0.58 N m-1 

for γ was used.  

    The saturation concentration of silver in solution, co, is not well known and is expected to 

depend somewhat on the experimental conditions. We use molar concentration of 2 x 10-12 

M105 yielding a number concentration of 1 x 1015 m-3. The results for the particle size 

distribution are not particularly sensitive to this parameter. 

    When the concentration of accumulated atoms exceeds the intrinsic saturation 

concentration, i.e., supersaturation (S=c/co) exceeds unity, nucleation occurs. The nucleation 

rate I(t) is calculated and updated accordingly with corresponding supersaturation S. To 

simulate nucleation, firstly, the number of nuclei (primary particles, building blocks of 

nanoparticles) formed in the solution system V during a given simulation time step ∆t, with a 

given simulation ratio SimRatio can be determined as 

SimRatio

tVtI
NuclNum

∆
=

)(
                                                (4.22) 

Since nucleation number NuclNum in our program is a function of ∆t and is an integer 
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variable, a problem will arise if it is calculated to have non-integer value. We solve this 

problem by adding a random number between 0 and 1 to the calculated value, and the 

rounding down as follows, 

))(( RNDtNuclNumINTNuclNum +∆=                            (4.23) 

where INT is a function that takes the integer part of a variable. Then, the calculated value 

will be either rounded up or down with a probability proportional to one minus the difference 

between the calculated value and the integer value.   

    The second step in nucleation simulation is to endow each of the newly formed nuclei with 

given size, NucleiSize. Here we assume each nucleus cluster is made up of 10 atoms with 

volume filling fraction or packing fraction of 0.74, which gives the size of silver nucleus of 

0.687 nm. 

4.2.3 Aggregation simulation 

    Based on the size-independent aggregation rate in motionless medium developed by 

Smoluchowski and the truth described in the preceding section that the aggregation rate for 

nanoscale particles in turbulent flow under usual agitation is still determined by the 

Brownian diffusion, and Smoluchowski’s equation for static flow is still applicable, we 

derived the number of aggregation events AggNum during a given time step ∆t by integrating 

equation 4.16,    
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β

β
                         (4.24) 

    Here we again employ an INT function to generate an integer value. For each simulation 

of aggregation, two particles are randomly chosen and removed from the existent particle 
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population to form a new aggregate, whose volume and mass conserve those of the two 

collision precursor particles. Repeating AggNum times of such random operation completes 

the simulation of AggNum aggregation events during a time step ∆t. 

4.2.4 Steady continuous-flow simulation 

    To simulate the continuous flow, we should only have to deal with the outlet flow, because 

no particles or seed crystals were introduced by inlet flow solution, and thus no effect to the 

particles population occurred. The purpose of introducing such an inlet flow is to maintain 

the constant system volume and constant reactant concentration and thereby a constant 

reducing rate.  

    To simulate the particles’ departure with the constant outflow, a series of random 

operations were performed during each time step ∆t to select and remove the particles from 

the population array. The number of particles to be removed was determined by current total 

particle population, time and average residence time τ of each particle in the solution as 

)( RND
tPopNum

INTExitNum +
∆

=
τ

                                   (4.25) 

    The average residence time τ is calculated as the ratio of the active volume of total solution 

and the volumetric flow rate of suspension, and this value accurately represents the mean 

time each particle stays in the solution. 

4.2.5 Mass balance simulation 

    Before the completion of each time step simulation, a simulation for solute (atoms) mass 

balance has to be performed to calculate a new solute concentration ct+∆t, which is a 

necessary parameter for the starting step of nucleation for the next simulation period. The 
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change of solute concentration during a time step is affected by several factors: current 

concentration, atoms generated due to reduction of metal ion salt, atoms removed with the 

outflow, and atoms consumed and transferred to solid form (nuclei) by the nucleation process. 

The mass balance equation is given by, 

V

MM
c

t
c

t
cc ttt

tgenttt

)( −
−

∆
−

∆
+= ∆+

∆+
ττ

                            (4.26) 

where the second, third and fourth terms are the newly generated, removed and consumed 

solutes, respectively. As described in the previous section, we use the 3rd moment of 

distribution m3 to calculate and record the total volume (mass) of particle population. 

dLLnLm ∫
∞

=
0

3
3 )(                                                     (4.27) 

 Then a difference of calculated old m3 at the end of the last time interval and a new m3 after 

nucleation will characterize the mass solute consumption due to nucleation and calculate the 

fourth term in equation 4.26.   

    With the updated solute concentration ct+∆t, a new simulation cycle for next time step can 

start from the calculation of nucleation rate using equation 4.10.  

4.2.6 The simulation code and a simulation flowsheet 

The simulation code was written in the high-level programming language Visual Fortran 

and a simulation flowsheet is given in Figure 4.3.  
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INITIALIZE 
Parameters input, population array Nanoparticles, Histogram 

setup  

REDUCTION 
Calculate c, S based on Kre and co 

NUCLEATON 
Produce NuclNum= f (c, S, D, γ, a, ∆t, V) nuclei to Nanoparticles 

AGGREGATION 
 Perform AggNum = f (∆t, ßo, η, PopNum, V) times agg. events 

OUTFLOW 
 Remove ExitNum = f (∆t, τ, PopNum) particles from 

Nanoparticles 

SOLUTE CONCENTRATION UPDATE 
Calculate new metal atoms concentration ct+∆t 

Take a sample? 

End simulation? 

HISTOGRAM 
 Put each particle to different size column of Histogram 

OutputHistogram 
Write size distribution data to file 

Stop 

NO 

NO 

YES 

YES 

Figure 4.3 Flowsheet of Monte Carlo simulation of particle size 
and size distribution of silver nanoparticles.  
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    The first step is to input model parameters as described before and initialize an array 

Nanoparticles to store the sizes of particle population and an array Histogram to record 

particle number density in each size bin. Then five subroutines perform the reduction, 

nucleation, aggregation, outflow and solute mass balance steps, using the formulae outlined 

previously. The process is repeated until a given final time is reached. When desired, the 

array contents are stored, so that a picture is built of how the properties of the population 

change with time. The results are presented in the form of a histogram, by ‘binning’ data by 

size and corresponding particle number. From this data, number density function n(L) can be 

estimated using a discrete form of the equation n(L) = dN(L)/dL (equation 4.1).       

4.3 Results and discussion 

    We modeled our experimentally established synthesis cases for metallic silver 

nanoparticles as described in Chapter 2. Two major parameters, the concentration of reactant 

[Ag+] and the continuous-flow rate q, i.e., particle average residence time τ, were managed to 

selectively control the size and/or size distribution. Correspondingly, they are also the two 

key input parameters of the model, which can decide the final simulated particle size and size 

distribution.  

    We simulated two cases in details, namely, reactant concentration of 0.01 M and 0.025 M,  

with varied flow rate q of 6, 4, 2.5 ml/min and  8, 6, 2.5 ml/min, respectively (Figure 4.4 and 

4.6). The simulated average size and size distribution curves were compared with the 

corresponding experimental results, which were based on the manual measurement of real 

particles from the representative TEM images. For higher accuracy, we chose the typical 

TEM images with high content of visible nanoparticles and we measured as many particles in 
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the image as possible to obtain typical and relatively true profiles of average size and size 

distribution.  

 

    From Figure 4.4 we can see that our established model can successfully predict the 

increasing trend of particle diameter with decreasing flow rate, i.e., increasing particle 

average residence time. The model calculated root-mean-square diameters Drms of 

Figure 4.4 Simulated (left column) and experimentally obtained (right column) 
particle size distribution of silver nanoparticles synthesized with [Ag+] = 0.01 M 
and 6 (A, a), 4 (B, b) and 2.5 (C, c) ml/min of flow rate q. Root-mean-square 
diameter (Drms) and standard deviation (SDdia.) are listed.  
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synthesized silver nanoparticles are 4.1, 7.4 and 8.8 nm with the standard deviation SDdia. of 

1.17, 2.02 and 2.76 nm, respectively, under the flow rate q controlled at 6, 4 and 2.5 ml/min 

and average residence time τ of 20, 30, and 48 minutes respectively with a constant system 

volume of 120 ml. The corresponding size and size standard deviation Drms (SDdia.) from the 

actual experimental results are 4.3 (1.20), 6.2 (1.80), and 10.6 nm (4.72 nm), respectively. 

For the case of maximal flow rate of 6 ml/min, simulated results of both Drms and SDdia. 

reached the minimal percent error of -4.65% and -2.50% with respect to experimental values. 

The simulated Drms for the second case (q=4 ml/min) reached the maximum error percentage 

of 19.25%, while the SDdia. reached the maximum of -41.5% for the third case (q=2.5 

ml/min).  

    Figure 4.5 summaries the size and size distribution dependence on the flow rate q for both 

simulative and experimental scenarios. Both the experimental and simulated particle size 

Drms give the maximal error at q = 2.5 ml/min and minimal error at 6 ml/min: the same 

situation occurs for the relative standard deviation RSDdia.(SD/Drms.) The simulated results 

are in good accord with the experimental results for both Drms and RSDdia.. 
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Figure 4.5 Experimental and simulated dependence of particle size 
Drms (left) and relative standard deviation SDdia./Drms (right) on the 
flow rate q at reactant concentration [Ag+] = 0.01 M. 
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     Another simulation for [Ag+] = 0.025 M and varied flow rate q of 8, 6, and 2.5 ml/min is 

shown in Figure 4.6. Again, our model successfully predicted the increasing trend of particle 

diameter with decreasing flow rate, i.e., increasing particle average residence time, even 

though the exact shape of simulated curves and the particle size ranges are not in good accord 

with those of experimental results.   
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Figure 4.6 Simulated (left column) and experimentally obtained (right column) 
particle size distribution of silver nanoparticles synthesized with [Ag+] = 0.025 
M and 8 (A, a), 6 (B, b) and 2.5 (C, c) ml/min of flow rate. Root-mean-square 
diameter (Drms) and standard deviation (SDdia.) are listed.  
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    Figure 4.7 summaries the size and size distribution dependence on the flow rate q for 

simulated and experimental situation. Both the experimental and simulated particle size Drms 

give the maximum error bar at q = 2.5 ml/min and minimum at 8 ml/min. The simulated 

results show good accordance with the experimental results for both Drms and RSDdia. 

    For the synthetic experiments with higher [Ag+] concentration of 0.05 M and 0.1 M, we 

only modeled the size and size distribution of the silver nanoparticles synthesized with q = 6 

ml/min. Simulated root-mean-square diameter Drms and standard deviation SDdia. show close 

accord with experimental values. There is a relatively big difference of Drms between 

simulated (73.8 nm) and experimental value (88.1 nm) for 0.1M (Figure 4.8B and b), which 

may be due to the relatively lower number of particles counted from TEM images (Figure 2.7) 

for the experimental histogram (Figure 4.8b). 
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Figure 4.7 Experimental and simulated dependence of particle size Drms 
(left) and relative standard deviation SDdia./Drms (right) on the flow rate q at 
reactant concentration [Ag+] = 0.025 M. 
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    Figure 4.9 summaries a comparison of model-derived and experimental values of particle 

size Drms prepared under the same flow rate q of 6 ml/min and a series of different [Ag+], 

namely, 0.01, 0.025, 0.05 and 0.1M. The length of the error bar gives the standard deviation 

with respect to the simulated or experimentally obtained size Drms. The experimental values 

of Drms show an increase in size with increased ion salt concentration, which is reasonable. 

The series of simulated counterparts reflect the same increasing trend, and also, the simulated 

sizes of Drms match reasonably well with the experimental values, with relatively low errors 

of 4.7%, 20.9%, 12.7% and 16.3%, respectively.     
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Figure 4.8 Simulated (left column) and experimentally obtained (right column) 
particle size distribution of silver nanoparticles synthesized with [Ag+] = 0.05 M 
(A, a), 0.1 M (B, b) and 6 ml/min of flow rate. Root-mean-square diameter 
(Drms) and standard deviation (SDdia.) are listed.  



 81 

4.33

16.73

39.39

88.13

4.12

13.23

34.4

73.8

0

10

20

30

40

50

60

70

80

90

100

0 0.025 0.05 0.075 0.1 0.125

Reactant concentration [Ag+]  (mol/L)

R
o

o
t-

m
e
a

n
-s

q
u

a
r
e
 d

ia
m

e
te

r

D
r
m

s 
(n

m
)

Experiment Simulation

Figure 4.9 Experimental and simulated dependence of the particle size Drms 
on the reactant concentration [Ag+] under fixed flow rate of q = 6 ml/min. 

 

 

 

 

 

 

 

 

 

 

    In our model, simulation ratio and simulation time step are two chosen values. 

Theoretically, smaller simulation ratio (down to 1) and simulation time step would lead to 

higher precision and accuracy, i.e., approaching to the real situation. We cannot perform 

simulation to infinitesimal time interval, due to the tremendously huge computation 

requirement. We cannot deal with too small simulation ratios either, since there are actually 

billions of particles in the real system and we can not trace and calculate each of them. 

Typically we set a fixed simulation ratio of 100 x 106 and time step of 0.1 s for all the 

simulation processes. In order to clarify if there would be notable errors in choosing different 

model parameters, we performed a series of simulations with different input of simulation 

ratio and simulation time step. 

    Figure 4.10 gives simulated size distribution curves under increase simulation ratios from 

5x106 to 500x106. All these curves show close accordance in average size and size 

distribution. Figure 4.11 lists various simulated distribution curves with varied simulation 
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time step from 0.001s to 1 s. There is no distinctive divergence in size distribution among 

these results.  

  

 

    We also performed a simulation of the instantaneous particle size Drms and solute (Ag 

atoms) supersaturation S at different time points during the process as shown in Figure 4.12. 

In our model, we modeled the real time scale of the experiments and usually we stopped the 
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Figure4.10 Simulated particle size distribution curves of silver 
nanoparticles synthesized with [Ag+] = 0.05 M and 6 ml/min of 
flow rate under varied simulation ratio. 
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Figure4.11 Simulated particle size distribution curves of silver 
nanoparticles synthesized with [Ag+] = 0.05 M and 6 ml/min of 
flow rate under varied simulation time step. 
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reaction at 4800s, which was reflected by the inflection points appearing on both curves. 

With progression of the reducing reaction, more and more silver atoms were reduced and 

dispersed uniformly in the solution resulting in a supersaturation, and the persistently 

increased supersaturation implied a smaller consumption rate owing to the nucleation rather 

than the production rate due to the reduction. At 4800 s, supersaturation S of atoms reached 

the peak value and then dramatically dropped to below unity caused by a sole consumption 

behavior. The particle size maintained a stable increment up to 4800 s. After that, an 

accelerating increase in size occurred until to a time around 8500 s. This is because the 

particle clusters would have more possibility to collide and coalesce with other clusters 

instead of the relatively small nuclei and clusters due to the stop of atom generation, and thus 

the stop of more and more small-sized nuclei and clusters coming out.   
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Figure 4.12 Simulated time evolution of Ag nanoparticles size Drms and 
solute (Ag atom) supersaturation S for synthetic condition of [Ag+] = 
0.025 M and q = 6 ml/min 
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4.4 Summary 

    In this chapter, we described the formation of colloid solution and size-enlargement 

mechanism of suspended nanoparticles through the relevant nucleation and aggregation 

kinetics principles. We applied the Monte Carlo method to investigate the particle size and 

size distribution of metallic nanoparticles synthesized in our experimental setup. The 

established model was proven to be scientific and effective to simulate the experimental 

system by comparing the calculated particle sizes and distribution curves with those of 

experimental values. Also, the established model performed well in calculating particle size, 

supersaturation and total particle volume (mass) evolution with respect to time.     

    Main error sources for this model can be summarized as follows, 

1. The reference based on the manual measurements of real particles from typical TEM 

images is not accurate enough. Even though there are some commercial imaging softwares 

available to obtain rough particle size distribution from TEM images, we prefer at this time 

to resort to tedious manual work for better reliability. 

 2.  Heterogeneous nucleation was not incorporated in this model, whose presence will 

substantially increase the nucleation rate. 

3.  Errors resulting from the parameter values such as interfacial tension, experimentally 

obtained reduction rate, diffusion coefficient, nuclei size, etc.   

4.  No consideration of the effect of capping agent on aggregation behavior and 

aggregation rate.             
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Chapter 5 Thermal Conductivity Measurement of 

Nanofluids 

    Nanofluids are heat transfer fluids with suspensions of nanosize solid particles with sizes 

typically of 1-100 nm and fibers or carbon nanotubes in liquid. Nanofluids, the kind of solid-

liquid composite materials have recently become a very hot research area since the exhibited 

substantially enhanced thermal properties with a very small amount of suspension compared 

with conventional particle-liquid suspensions. In this chapter, we describe one of the 

important thermophysical properties – thermal conductivity studies of nanofluids including 

copper nanoparticles suspension synthesized by ourselves. 

5.1 Introduction 

The conventional method of increasing heat dissipation through increasing the area 

available for exchanging heat with a heat transfer fluid leads to an increase of thermal 

management system’s size. Traditional heat transfer fluids, such as water, oil, and ethylene 

glycol mixture can not meet the ever-increasing demand for cooling, especially for cooling of 

microelectronics, transportation, solid state lighting and manufacturing. There is therefore a 

driving need for high-efficiency coolants with highly improved heat transfer performance. 

Ever since Choi first reported an increased effective thermal conductivity of fluids containing 

nanoparticles,106 there has been a research upsurge on nanofluids including diverse 

theoretical and experimental studies.107-113  

Key features of nanofluids concluded so far include the highly enhanced and strongly 
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temperature-dependent thermal conductivity, and the greatly increased critical heat flux. For 

instance, Masuda et al.
114reported a 30% increase in thermal conductivity of water with the 

addition of 4.3 vol. % Al2O3 nanoparticles with average size of 13 nm. Zhou et al.
115 reported 

a 17 % increase for a 0.4 vol. % load of CuO nanoparticles in water. In a study by Eastman et 

al.
108 the thermal conductivity of ethylene glycol increased 40% with about 0.3 vol. % Cu 

nanoparticles suspension of mean size about 10 nm. Patel et al.
116 reported a 21 % increase of 

Au and Ag nanoparticles dispersion in water and toluene.  

5.2 Heat transfer mechanisms of nanofluids 

    To date, the exact mechanism of thermal transport in nanofluids is not fully known, and 

several possible mechanisms based on theoretical models, experiments and previous heat 

transfer theory have been suggested to describe experimental results on thermal conductivity 

of nanofluids.  

Brownian motion of suspended nanoparticles is attributed as one of the key factors of the 

greatly enhanced thermal conductivity performance and it is not considered in conventional 

thermal transport theory. In quiescent fluid, the random Brownian motion can bring energy 

exchange by particle-particle collisions, and the randomly moving particles can carry 

relatively large volumes of surrounding liquid with them, thereby increase the heat transfer. 

This reasoning is strongly supported by the fact that there is no anomalous enhancement in 

thermal conductivity in a polymer-nanoparticle nanocomposite in which there is no 

Brownian motion or particle collision.117 However, molecular dynamics simulations and 

calculations have shown that general thermal diffusion is much faster than Brownian 

diffusion, even for the extremely small particles, which indicates that Brownian motion may 
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not be a significant contributor to thermal conductivity. 

Another possible contributor to enhanced thermal conductivity is the nanoparticles 

clustering; if particles can cluster into percolating networks, they could create paths of lower 

thermal resistance. However, a fact that cannot be disregarded is that clustering to the extent 

that solid agglomeration spans a large distance is unlikely and large clusters settle down 

easily. Experimental results show that there is already a great increase of thermal 

conductivity at a low volume fraction of ~ 1%, although the percolation threshold for random 

dispersions is ~ 15%.  Even though, local clustering was still considered to play an important 

role to increase heat transport. The effective volumes, the volume from which other clusters 

are excluded, are much larger than particles’ physical volumes.  Heat can transport more 

rapidly in these clusters with large effective volume fraction and therefore can significantly 

contribute to the thermal conductivity. 

Liquid layering (structural ordering) at liquid-particle interface is a widely acknowledged 

truth and it could lead to increased thermal transport and thermal conductivity. A molecular 

dynamics simulation by Xue et al.
118recently weakened the possibility of this mechanism. 

Their simulated results showed that the temperature gradient in the liquid far from the 

interface is much larger, reflecting the lower thermal conductivity of the bulk liquid; the 

temperature gradient in the ordered liquid layer is the same as that in the bulk liquid. Thus 

the ordering of the liquid layer may not play a positive role in enhancing thermal transport.  

We discussed all the possible mechanisms in stationary fluids. In convective flow, diverse 

possible reasons for enhanced thermal conductivity exist, including: the random motion of 

nanoparticles can increase the energy exchange rate, resulting in thermal dispersion in a 

flowing fluid, which can increase the heat transfer coefficient as well; nanoparticles can alter 
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the structure of the fluid flow; the convecting nanoparticles carry a liquid boundary layer 

with them.  

5.3 Synthesis of nanofluids 

  Nanofluids have been synthesized with various combinations of particle materials and 

fluids. Currently used nanoparticles include metals, oxides, nitrides, metal carbides and base 

fluids including water, oils and ethylene glycol. Early studies usually used a two-step process 

in which nanoparticles or nanotubes are first produced as a dry powder by inert gas 

condensation or chemical vapor deposition (CVD). Then these solid powders are dispersed 

into a base fluid. Ultrasonic agitation and addition of capping agents are typically used to 

improve uniform dispersion and prevent agglomeration. Recently one-step processing 

techniques have become popular. One-step chemical reduction of metal salts in various 

solvents in presence of capping agent can produce more stable and well dispersed 

nanoparticles dispersion. Better size and size distribution control can also be realized through 

this method.   

5.4 Thermal conductivity measurements of nanofluids 

    A transient hot-wire measure method introduced in details by Lee et al.
107 was employed 

in this work to measure the thermal conductivity of nanofluids produced by us.  

5.4.1 Transient hot-wire technique and experimental apparatus 

Transient hot-wire technique has the merit of completely eliminating the effects of natural 

convection and is rapid with respect to steady-state techniques. The main characteristic of 

this technique is that there is a platinum wire, serving as both a heating element and a 
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thermometer, suspended in the fluid, and the power is applied abruptly and transiently. The 

developed governing equation based on Fourier’s law for this measurement is as follows, 
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where Tref and T(t) are the liquid cell temperature and the temperature of the wire in the liquid 

at time t, respectively, q is the applied electric power, K is the thermal diffusivity of the fluid, 

a is the wire radius, ln C =g, where g is Euler’s constant,  k is the thermal conductivity of the 

fluid that we want to measure.  For each measurement, there exists a range of time, in which 

Eq. (5.1) is valid and the linear relation between ∆T and ln (t) is valid. Thus a very simple 

expression for the thermal conductivity k can be derived as, 
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where T2-T1 can be determined from the temperature coefficient of the wire’s resistance and 

the change of the electrical resistance.  

    Figure 5.1 shows a schematic diagram of transient hot-wire measurement apparatus with a 

main unit of a Wheatstone bridge and a hot-wire cell. The resistance of the potentiometer can 

be adjusted to allow the offset voltage from the Wheatstone bridge to be canceled out and 

thus the high-voltage gain of the analog-to-digital (A/D) converter can be used. Platinum 

wire (25 µm of core diameter) is used for the hot wire because its resistance/temperature 

relationship is available over a wide range of temperature, and there is a thin electrical 

insulation layer coated outside the wire to ensure it can measure electrically conductive 

nanofluids. From the measured voltage variation and the heating current passing through the 

wire, the resistance change of the wire and can be determined. Thus the temperature change 

of the wire can be calculated by the temperature-resistance relationship of the platinum wire.     
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Figure 5.1 Schematic diagram (top) and real picture (bottom) of transient 
hot-wire apparatus for thermal conductivity measurement of nanofluids. 
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5.4.2 Experiments, results and discussion 

We verified the effect of enhanced thermal conductivity of nanofluids with spherical 

copper nanoparticles suspended in ethylene glycol. Copper nanoparticles colloidal solutions 

were synthesized by a one-step method described in details by us119, with ethylene glycol as 

solvent. The mean size of suspended Cu nanoparticles is in the range of 5-15 nm in diameter.  

Ethylene glycol serves as reference base fluid with the same amount of addition of ascorbic 

acid and polyvinylpyrrolidone (PVP) for an accurate reference. In order to investigate the 

dependence of enhanced thermal conductivity on nanoparticles loadings, three copper 

nanofluids with varied volume fractions of 0.001, 0.005 and 0.01 were produced and 

measured. A calibration experiment was performed in advance for ethylene glycol in the 

temperature range of 290 K to 310 K at atmospheric pressure. The thermal conductivity 

measurements were performed at room temperature and the nanofluids samples were treated 

under ultrasonication for a better dispersion effect before they were loaded into sample cell.  

Figure 5.2 clearly shows the measured thermal conductivity ratio with respect to based 

fluids (k/ko) of copper nanofluids as a function of nanoparticles volume fraction. The 

experimental values of thermal conductivity k increase 0.67 %, 2.2 % and 7.4 % for volume 

fraction of 0.001, 0.005 and 0.01, respectively. The relation between the thermal conductivity 

enhancement and suspension volume fraction is not in close agreement with that from 

Hamilton and Crosser model.120 

Maxwell’s theory shows that the effective thermal conductivity of spherical solid/liquid 

suspension system enhances with the suspension loadings. Hamilton and Crosser deduced an 

expression for the effective thermal conductivity of such a two-component system as,  
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where k, kp and ko are the thermal conductivity of mixture fluid, solid particles and base 

liquid, respectively, α is the particle volume fraction, and n is the empirical shape factor with 

the value of 3 for sphere and 6 for cylinder.  Eqn. (5.3) can be simplified to  

     αnkk o +≈ 1/                                                                  (5.4) 

when 1/ >>op kk and α is small.  
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    Figure 5.2 also shows a k/ko ~ α relation based on Hamilton and Crosser model 

( αnkk o +≈ 1/ ) for spherical (n =3) Cu nanoparticles suspension fluid. There are relatively 

large variance at high volume fraction between experimental value and model value, 

however, we speculate that the excellent thermal transport effect of nanoparticles is reflected 

at high content of dispersion. Thus, Hamilton and Crosser model based on the conventional 

large particles suspension cannot explain the unusual phenomenon for nanofluids. 

5.5 Summary and future work 

 Figure 5.2  Enhanced thermal conductivity of copper nanofluids. 
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Nanofluids, a mixture of nanoparticles and fluids have enormous potential to improve the 

heat transfer performance of fluids. A preliminary experimental study on thermophysical 

property of copper nanofluids proposed in this work clearly shows that the heat transfer 

effect of nanofluids we produced increases. It was also found that the thermal conductivity at 

room temperature showed an increasing trend with increased nanoparticles volume fraction 

and a 7.4 % enhancement was obtained with 1% volume percentage.     

In order to perfect this interesting and promising work, future work may include: 

1. Systematically investigate the effect of different types of addition materials, i.e. various 

metallic or nonmetallic oxide nanoparticles, on effective thermal conductivity.  

2. Systematically explore the particle size effect and/or size distribution effect, because the 

improvement of dispersion behavior and the increase of surface area-to-volume ratio 

associated with decreased particle size can apparently improve the thermophysical properties 

of nanofluids. 

3. Studying the effect of different particle surface treatment methods, e.g. surfactants or 

polymer macromolecules on the thermal conductivity of nanofluids. 
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Nomenclature and Abbreviations 

Brief definitions of the most frequently used symbols and abbreviations in Chapter 4 are 

listed.  

Roman letters 
 
a effective atomic radius                                                                                                  m 

c solute (metal atoms) concentration                                                                             m-3 

co solute (metal atoms) saturation concentration                                                            m-3 

D solute (metal atoms) diffusion constant                                                                   m2s-1  

Dbr Brownian diffusion coefficient of particle                                                               m2s-1 

Dturb turbulent diffusion coefficient of particle                                                                m2s-1 

Drms root-mean-square diameter of particle                                                                          m 

∆G free Gibbs energy change during nucleation                                                                  J 

I(t) nucleation rate                                                                                                         m-3s-1 

J aggregation rate                                                                                                       m-3s-1 

Jturb turbulent aggregation rate                                                                                       m-3s-1 

kB Boltzmann constant                                                                                                        – 

Kre reaction rate or metal ion reduction rate                                                                      s-1 

L diameter of particle                                                                                                       m 

mo number density of particles                                                                                         m-3 

mj j
th moment of a particle size distribution                                                                mjm-3 

M total mass of particle population                                                                                  kg 

n(L) population density function                                                                                   m-1m-3 

N(L) cumulative population distribution                                                                             m-3 

q inlet/outlet flow rate                                                                                                m-3s-1 

r atomic radius                                                                                                                 m 

R coagulation radius or particle radius                                                                             m 

Re Reynolds number                                                                                                           – 

RND a random number between 0 and 1                                                                                – 
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RSDdia. relative standard deviation of particle diameter                                                            – 

S solute (metal atoms) supersaturation                                                                             – 

SDdia. standard deviation of particle diameter                                                                         m  

t time                                                                                                                                s 

∆t simulation time step                                                                                                       s 

T absolute temperature                                                                                                     K 

u volume of a particle                                                                                                    m-3 

v volume of a particle                                                                                                    m-3          

V volume of reaction solution in reactor                                                                        m-3 

  
Greek letters 
 
βo aggregation kernel,  or aggregation rate constant                                                    m3s-1 

∆µ chemical potential change associated with new phase formation nucleation                J 

γ interfacial tension                                                                                                    N m-1 

η viscosity of metal salt aqueous solution                                                               N·s m-2 

ηo viscosity of water                                                                                                 N·s m-2 

ηk Kolmogorov microscale length                                                                                     m 

υ kinematic viscosity                                                                                                  m2s-1 

λ turbulent eddies scale                                                                                                    m 

λo microscale of turbulence                                                                                               m  

ε turbulent energy dissipation rate per unit mass                                                   J·s-1kg-1
 

τ particle average residence time                                                                                      s 

 
Abbreviations 
 
DPB    Discretized Population Balance 

MC Monte Carlo 

PBE Population balance equation 

PSD Particle size distribution 

RMS Root-mean-square 

 


