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ABSTRACT 
 
 

Functionalized nanoparticles and their assembly have been the subject of intense recent 

research activity. The stability and assembly of functionalized nanoparticles are still challenges 

for practical applications. Polymers are excellent stabilizing agents which can be used in 

nanoparticles synthesis. This dissertation describes polymer mediated nanoparticles which 

synthesized by both chemical and photo reduction techniques. The synthesis methods and 

assembly of polymer mediated nanoparticles were systematically studied.  

Two kinds of polymers were used in this research: PAMAM dendrimer and 

hyperbranched polyethylenimine. PAMAM dendrimer was used as the host for the synthesis of 

FePt nanoparticles with narrow size distribution by chemical reduction. Magnetic and structural 

properties of the as-made and annealed samples were studied.  The as-made FePt nanoparticles 

have the chemically disordered fcc structure and can be transformed into the chemically ordered 

fct structure after annealing. But the annealing process caused both the size and size distribution 

to increase. To prevent size increase during annealing, dendrimer mediated alloys were 

encapsulated in silica microspheres. Their magnetic properties can be manipulated by synthesis 

conditions.  Polyethylenimine is a kind of hyperbranched polymer, which was used to 

encapsulate nanoparticles. With polyethylenimine, Pt and Co3O4 nanoparticles were synthesized 

by photochemical processes. Their formation mechanisms were discussed. The chemical and 

electrochemical catalytic activity of polyethylenimine mediated Pt nanoparticles were studied. 
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The results indicate that polyethylenimine is a good capping and reducing agent, and a carrier 

which improve samples stability and allows patterning.  

Ordered discrete magnetic nanoparticle arrays were also fabricated. Polyethylenimine 

was used as a stabilizer to synthesize magnetite nanoparticles. Polyethylenimine coating of 

magnetite nanoparticles can effectively prevent the aggregation of the nanoparticles. By 

combining the capillary filling technique with a magnetic field, polyethylenimine mediated 

magnetite nanoparticles form ordered assembly, in which the resolution of the pattern is doubled. 

The formation process of ordered structures was systematically investigated. This method is 

technologically feasible and scalable to make ordered magnetic nanoparticles over a large area. 

The result of this dissertation demonstrates that polymer stabilizers play an essential role 

in the synthesis of nanoparticles as well as their assembly. 
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CHAPER 1   Introduction 

1.1  Nanomaterials 

1.1.1 General introduction 

 The groundbreaking talk “There's Plenty of Room at the Bottom” by the eminent physicist 

Richard Feynman on December 29, 1959 accurately predicted the development of nanoscience 

and nanotechnology that we are witnessing. For example, he stated that if 100 atoms can store a 

bit of information, it turns out that all of the information that man has carefully accumulated in 

all the books in the world could be written in a cube of material 1/200 of an inch wide. Before 

the invention of scanning probe microscopy, this idea was only a fascinating dream. But two 

decades ago, with modern scanning tunneling microscopes, scientists successfully used atoms to 

write information1-3. Eigler et al fabricated an IBM logo with 35 Xe atoms on Ni4 in 1990. Each 

character was composed of far fewer than 100 atoms. Although the practical application in 

information storage of this technique is perhaps limited (they are too slow), this initial 

experiment is a scientific milestone. Information storage is only a very small region of fast 

progressing nanoscience and nanotechnology. “Nano” is a household word nowadays. 

Nanoscience and nanotechnology is a field full of enormous challenges. This field is enjoying 

worldwide attention and has seen an explosion in growth especially in the last two decades 

because of the advent of new strategies for synthesis and new instruments for characterization 

which allow the measurement and manipulation of nanoscale materials5.  

Nanoscience and nanotechnology is a major direction of modern research and it mainly 

consists of fabricating, characterizing, and processing of materials where the characteristic 

dimensions are in the nanometer range6. These nanomaterials offer exciting possibilities to study 



 

 2

fundamental physics as well as the potential for many exciting applications7. Nanomaterials can 

be metals, metal oxides, semiconductors, ceramics, polymeric materials, or composite materials. 

Nanomaterials include nanoparticles, nanowires, nanorods, nanotubes, nanofilms, and materials 

made of nanoscale structures8. As a typical example, Figure 1.1 shows a TEM image of Pt 

nanoparticles made by photoreduction. The particle size in this figure is about 3 nm in diameter, 

and this sample has a very narrow size distribution.  

 

Figure 1.1 Pt nanoparticles prepared by photoreduction. 

 

What is so exciting about nanomaterials? On the nanometer scale, properties of materials, 

regardless of composition, can change dramatically due to size effects9. For example, the limited 



 

 3

number of atoms/molecules in the material can alter its electro-optical properties as the density 

of states and the spatial length scale for electronic motion are reduced to the nanoscale 

dimension. Thus the materials can have distinct physical and chemical properties compared to 

atoms and bulk materials, such as luminescence, size dependent bandgap and plasmon absorption 

etc. Nanomaterials constitute a bridge between atoms and infinite bulk materials10. Manipulation 

of their geometry, composition, environment and size provide a way to tailor their properties. 

Their properties strongly depend on the particle size, shape and the nature of protection agents 

which modify their surfaces. For example, titanium dioxide becomes transparent in visible region 

at the nanoscale, and is able to absorb and reflect UV light11, 12, however bulk titanium dioxide 

doesn’t; ferroelectricitrics and ferromagnetics may lose their ferroelectricity and ferromagnetism 

when they are in nanometer scale13; gold nanoparticles exhibit excellent catalytic properties, 

while bulk gold does not9; bulk semiconductors will change to insulators when they are of 

nanometer scale14. Research in the behavior of nanomaterials have received emphasis from both 

basic science and technology points of view8.  

Although we have stepped across the border of the nano-kingdom, there are many 

unknown regions in this realm. Here are the two main challenges before we can effectively 

integrate nanomaterials into macroscopic systems that interface with people and other 

technology: 

1) Produce nanomaterials with controlled size, morphology, crystallinity, chemical 

composition and structure; 

2) Improve the stability of nanomaterials, because their high intrinsic surface energy can cause 

degradation processes such as oxidation or sintering of the nanoparticles. 



 

 4

Stimulated by possible technological applications, immense efforts have been expended on 

fabricating nanostructures, designing new tools for characterization and manipulation. Ingenious 

methods for the preparation of nanomaterials have been reported in the past few years. Generally 

there are two broad areas of synthetic techniques: chemical methods and physical methods15. 

Each technique has its own advantages and disadvantages. Control over the shape and size is 

very important in the synthesis of nanoparticles, because their properties are size and shape 

dependent. In most cases, narrow size distribution is preferred. Based on these considerations, 

mechanical methods are not ideal because of relatively broad size distribution, varied geometry 

and imperfections in the surface structures, although large amounts of material can be generated 

in a short time16.  Other physical techniques, such as the jet expansion method, can produce 

monodisperse nanomaterials, but the efficiency is low17. Even with disadvantages, physical 

techniques still play an important role in the fabrication of nanomaterials. Chemical techniques 

have been used for decades to prepare nanomaterials18. Chemical techniques are very attractive 

because they are versatile and can produce a large amount of nanomaterials in a short time. 

Because chemical processes are driven mainly by the reduction of Gibbs free energy, they can 

generate good chemical homogeneity and achieve size and shape control, and narrow size 

distributions. In other words, microstructure, crystallinity, and chemical composition of the final 

products can be controlled by these kinds of techniques. But due to the complexity, suitable 

reaction types and conditions need to be investigated for every material, and problems such as 

the entrapment of impurities normally need to be avoided.  

1.1.2 Dispersion and agglomeration 

High surface area is a basic characteristic of nanomaterials and a source of  their special 

properties. In bulk materials, only a relatively small percentage of atoms  are located at a surface, 
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while in nanomaterials, their small feature size ensures that more atoms, perhaps half or more in 

some cases, will be located on the surface. Figure 1.2 shows the relationship between size and 

percentage of surface atoms19. Nanomaterials have a much greater surface area per unit volume 

compared with bulk materials. This explains why their surface energy levels, electronic structure, 

and reactivity can be quite different from bulk materials. Nanomaterials typically have huge 

surface energies, so they are usually thermodynamically unstable or metastable20. The high 

surface energy drives agglomeration to reduce surface energy. Agglomeration and sintering are 

serious issues for almost all nanomaterials21. And the huge increase of particle size can cause the 

loss of nanoscale properties. For example, if superparamagnetic nanoparticles aggregate together, 

they will lose their superparamagnetic properties. The desirable magnetic properties caused by 

single-magnetic-domain behavior can not be kept if ferromagnetic nanoparticles are not isolated 

from each other. Because of catalytic chemical reactions occur at surfaces, if aggregation occurs, 

reactivity of nanoparticles will dramatically decrease22. Aggregation may happen in the synthesis 

process or subsequent processing steps. It is very important to take measures to prevent 

aggregation in both preparation and processing steps.  
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Figure 1.2 The relationship between percentage of surface atoms and particle size. 

(Adapted from Ref 19) 

Van der Waals forces can be strong enough to attract particles together when the size of 

nanoparticles is small enough. Two kinds of repulsive forces can be used to counteract attraction 

forces: electrostatic repulsion and the steric force. Electrostatic repulsion comes from the electric 

double layers around the nanoparticles. In polar organic media or dilute aqueous solution, 

electrostatic repulsive force can effectively overcome the attractive Van der Waals forces 

between nanoparticles. In this case, the system is kinetically stable. Electrostatic repulsion 

strongly depends on solution conditions, such as electrolyte concentration and pH. In the steric 

force method, stabilizers adsorbed on the surface of the nanoparticles increase the free energy of 

the system. The stabilizers around the particle can effectively restrict  close contact of 

nanoparticles as their distance decreases. This method can be used with or without electrostatic 

barriers in both aqueous and non-aqueous media. The system is thermodynamically stable using 
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steric forces. Steric stabilization is also effective in concentrated solutions and is not sensitive to 

impurities23. Kinetic and thermodynamic stabilization are totally different24. Kinetic stabilization 

occurs because of the electrostatic repulsion restriction which increases the activation energy for 

aggregation of nanoparticles. Thermodynamic stabilization occurs because of the change in the 

energy balance created by polymers coating. Thermodynamic stabilization reflects a drive to the 

lowest overall energy of final products. 

 

Figure 1.3 Schematic representative of interaction of two nanoparticles stabilized by polymers. 

 

Steric stabilization is also called polymeric stabilization, because it is generally realized 

by polymer coating acting as a barrier. Polymer stabilizers can bond to the surface of 

nanoparticles or be physically adsorbed on the surface25. Figure 1.3 shows a schematic 

representative of interaction of two particles stabilized by polymers. When the distance between 

two nanoparticles is smaller than the twice thickness of polymer layer, two polymer layers will 
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produce a repulsive force which results in increasing of system free energy. Aggregation will be 

avoided. 

If polyelectrolytes are attached on the surface of nanoparticles, both the steric stabilization 

and electrostatic stabilization effects can act together26. When two particles approach each other, 

both electrostatic repulsion and steric restriction prevent aggregation.  

1.2  Polymer mediated nanoparticles 

Polymer stabilizers are designed to prevent agglomeration of nanoparticles, but they also 

strongly influence the growth of nanoparticles in the preparation process and the final properties 

of nanoparticles. Polymer mediated nanoparticles have been synthesized traditionally by in situ 

generation of metal nanoparticles by reduction of metal precursors within a polymer matrix27, 28. 

In this synthesis step, polymer stabilizers, which have strong affinity with the surface of 

nanoparticles, may block the growth sites, and this will strongly affect the growth rate of 

nanoparticles. Some kind of polymers can form special templates, wherein nanoparticles are 

confined and form certain shapes29. Full coverage of polymer stabilizer may serious affect their 

catalytic properties30. In addition to stabilization of nanoparticles, the polymer itself can provide 

additional functionality. For example, various  polymer mediated magnetic nanoparticles have 

been synthesized with the intention to incorporate functional groups on their surface or to treat 

their surface to perform a certain function31, such as polymer-mediated gamma-Fe2O3
32, PEI 

mediated FePt33 et al. 

Homopolymers, block copolymers, and branched polymers have been used to synthesize 

stable nanoparticles for various applications34. Many kinds of metal nanoparticles have be 
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synthesized within these polymer templates, including Cu, Au, Ag, Pt, Pd, Rh, and others35.  In 

this dissertation two kinds of polyelectrolytes were used: PAMAM dendrimer and PEI. 

1.2.1 Polymer matrices – PAMAM dendrimer 

Dendrimers are hyperbranched monodisperse macromolecules, which are constructed 

around a core and are well defined by regular branching generation after generation36, 37. The 

main difference between dendrimers and other hyperbranched polymers is polydispersity. 

Dendrimers’ polydispersity are of order of 1.02-1.04, much lower than hyperbranched polymers 

generally. Dendrimers can be synthesized with near perfect control over size and functional 

group placement, and are composed of a core, repeating branches, and peripheral groups (as 

shown in Figure 1.4). There are many types of dendrimers; polyamidoamine (PAMAM) is 

among the most common38. It is commercially available. Figure 1.5 shows the chemical structure 

of G3 (three generation) PAMAM39. 

 

Figure 1.4 Schematic representation of a dendrimer structure. 

(Adapted from http://www.ninger.com/dendrimer/index.htm. Accessed on Aug. 17, 09) 
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Figure 1.5 Chemical structure of G3 PAMAM dendrimers. 

(Adapted from Ref 39) 

The generation of dendrimers largely defines their shape. The size of dendrimers varies 

from 2 to 15 nm. Table 1.1 summarizes the physical aspects (molecular weight, measured 

diameter, and the number of surface groups) of PAMAM as a function of generation40. The 

molecular weight and number of peripheral terminal groups increases exponentially with  

generation, while the size increases almost linearly. The physical state of dendrimers is a 

function of solution conditions, such as pH. Previous work41-43 shows that PAMAM will swell in 

low pH solution because protonation of both primary amine and tertiary amine cause 

electrostatic repulsion; back-folding occurs in high pH solution because of hydrogen bonding 

between tertiary amines and primary amines. Lower generation dendrimers have an open and 



 

 11

asymmetric shape. High generation dendrimers show globular structure with large interior voids 

which can be used as a template to entrap and stabilize nanoparticles. Their terminal groups can 

be modified with carboxy, hydroxyl, and hydrocarboxy groups, which affect their properties. 

Their dendritic branches and terminal groups can serve as gates to control access of chemicals to 

the cavity inside. Their internal functional groups can be used to sequester metal ions or 

nanoparticles. Because primary amines are more basic than the internal amines (tertiary amine), 

in certain pH, dendrimers can be partially protoned and thus metal precursors will only complex 

with the tertiary amines. For example, many metal ions, such as Cu2+, Pd2+, Pt2+, Ni2+, Au3+, and 

Ru3+, can be sorbed into PAMAM interiors via chemical interactions with interior tertiary 

amines44. 
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Table 1.1 Effect of generation on selected properties of PAMAM 

(Adapted from Ref 44) 

Generation (G) Diameter (nm) Molecular weight (Da) No. of surface groups 

0 1.5 517 4 

1 2.2 1430 8 

2 2.9 3256 16 

3 3.6 6909 32 

4 4.5 14215 64 

5 5.4 28826 128 

6 6.7 58048 256 

7 8.1 116493 512 

8 9.7 233383 1024 

9 11.4 467162 2048 

10 13.5 934720 4096 

 

Using different generation dendrimers with various functional groups as template, small 

size mono- and bimetallic nanoparticles can also be effectively synthesized45. There are two 
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versatile methods to prepare dendrimer mediated nanoparticles: interdendrimer and 

intradendrimer. Crooks46 and Tomalia47 first introduced nanoparticles inside the dendrimers in 

1998.  Their result shows that complexation of tertiary amine with metal ions could be followed 

by reduction to metal nanoparticles inside of the PAMAM dendrimers. Esumi48-51 prepared gold 

nanoparticles stabilized by the periphery of dendrimers using photoreduction of HAuCl4. Amis et 

al52 systematically investigated the reduction of HAuCl4 from various generations of PAMAM 

dendrimers in aqueous solution by chemical reduction. They found that the lower generation of 

PAMAM dendrimers act as colloidal stabilizers whereas the higher generation of dendrimers acts 

as nanoreactors for nanoparticle formation within the dendrimers.  

With dendrimers as template, palladium, platinum, and silver also have been synthesized 

which is shown in a large volume of research53-55. Moreover, if metal precursors were 

simultaneously added to dendrimers template before the reduction, they can form bimetal alloy; 

if metal precursors were added stepwise, core-shell nanoparticles can be synthesized56, 57. The 

size of dendrimers mediated nanoparticles can be tuned by varying the dendrimer/metal ion ratio. 

For example, Crooks58 have shown that a dendrimer/PdCl4
2– ratio of 1:40 yields Pd nanoparticles 

having a diameter of 1.7 ± 0.2 nm regardless of the dendrimer generation (Gn–OH dendrimers). 

However, the size of Au nanoparticles  synthesized within high-generation (G6–G9) PAMAM 

dendrimers correlates well with  the number of gold atoms added per dendrimer52. 

1.2.2 Polymer matrices – PEI 

 Polyethylenimine (PEI) is a readily available cationic polymer which has been used for 

more than fifty years in modern industry as adhesives, dispersion stabilizers, thickeners, and 

flocculating agents59. It is a hyperbranched polymer which is simpler to synthesis on a large scale 
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compared with dendrimers, and is much cheaper than dendrimers. A one-pot method is generally 

used which generates less regular structure and much broader molecular distribution than 

dendrimers60. Figure 1.6  shows the basic chemical structure of PEI61. PEI have similar 

functional groups to dendrimers: secondary amino groups in the main chain, tertiary amino 

branch points, and primary amino end groups. Because of the high degree of branching, PEI 

molecules have a globular structure with relatively little conformational freedom62. They actually 

present a structure with architecture very similar to PAMAM dendrimers (roughly spherical in 

shape for PEI with high molecular weight and high degree of branching). It should also be noted 

that PEI may be easily functionalized because they present a polyamine on the outer terminal 

groups. 

 

Figure 1.6 Chemical structure of PEI 

 

PEI has plentiful amine groups which can interact with metal ions, anionic polyelectrolytes, 

and negatively charged colloids. PEI could also in principal be used as a reductant in the 

preparation of metal nanoparticles. For example, Sun et al63 prepared PEI-protected gold 

nanoparticles by heating an PEI/HAuCl4 aqueous solution.  In their experiment, PEI served both 

as reducing agent and protective agent. Different initial molar ratio of PEI to gold leads to the 
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formation of dispersed nanoparticles, quasi one-dimensional aggregates of nanoparticles or bulk 

metal deposits. Moreover, the growth kinetics of nanoparticles could be tuned by changing the 

initial molar ratio of PEI to gold. Tan et al64 used branched polyethyleneimine to reduce silver 

nitrate under UV irradiation for the synthesis of positively charged silver nanoparticles. Their 

results showed that Ag nanoparticle size and distribution can be controlled by the molar ratio 

between PEI and silver ions and/or by the molecular weight of the PEI chains.   PEI stabilized 

Ag nanoparticles demonstrated superior SERS sensitivity, therefore, and promising for SERS-

based detection of anions in aqueous solutions.  

PEI is a polyamine, thus a weak polybase. Ionization occurs in aqueous solutions at high 

ionic strength, so it shows overall positive charge. Because of its cationic character, PEI readily 

attracts with other negatively charged species, causing charge neutralization. These properties 

have been widely utilized in self-assembly to form super-structures65-67. 

1.3 Chemical and photoreduction methods to synthesize nanoparticles 

Special attention has been paid to metal and metal oxide nanoparticles due to their unique 

electrical, magnetic, optical and catalytic properties68, 69. They have great potential for a variety 

of significant technological applications, such as catalysis, labeling of biological samples, 

biological imaging, hydrogen storage, magnetic information storage, etc70-72. To exploit the nano 

size metal and metal oxide particles, research has focused on the synthesis methodologies. The 

two representative technique which have been most used include modern versions of established 

chemical reduction of metal salts/complexes and photochemical methods73. These methods are 

used in this work, and are discussed and compared below. 
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1.3.1 Chemical reduction 

 Chemical reduction methods are the most extensively practiced methods to prepare 

nanoparticles in aqueous or organic media because of their simplicity and availability. Metal 

precursors are normally metal salts. There are many reducing agents, such as: borohydrides, 

hydrazine hydrate, sodium cyanoborohydride, aluminohydrides, hypophosphites, formaldehyde, 

oxalic salts, and tartartic acids etc.74 In some cases, easily oxidized solvents can also be used as 

reducing agents, such as ethanol. The alcohol reduction process is a simple method for the 

production of transition metal nanoparticles which are often stabilized by polymers, for example, 

poly(vinyl alcohol), poly(vinylpyrrolidone), and poly(methyl vinyl ether)63. 

 NaBH4 is the most used reducing agent in non-reducing solvents75. Using NaBH4 for the 

synthesis of aqueous suspensions of metal nanoparticles is a well established method. Various 

metal nanoparticles76-79, including platinum, gold, silver, copper, and alloys have been prepared 

using NaBH4 because of its high redox potential compared to the standard reduction potential of 

these metal ions. The reduction is a complex process and depends on temperature, pH and 

diffusion and sorption characteristics. The reduction mechanism has been well studied80. The 

process begins with the formation of bridge bond M-H-B, then redox process happen with 

transfer electron form H- to metal ions and the breakage of B-H bond to give borane. In the last 

step, borane will hydrolyze and decompose on the surface of metal nanoparticles. 

Hydrogen is another effective reducing agent for metal nanoparticles synthesis. With 

hydrogen, hydrosols of Pd, Ru, and Pt stabilized by PVA were successfully produced22, 81, 82. For 

example, Moiseev synthesized Pd nanoparticles with uniform size by using hydrogen as a 

reducing agent83, 84.  
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There are several advantages of chemical synthesis using reducing agents in aqueous phase: 

production of high concentrations of metal nanoparticles, the conditions are mild (generally at 

room temperature and regular pressure). They also show some disadvantages, such as, broad size 

distribution, and relatively poor stability. 

Chemical methods can also be used in organic solvents with organic or organometallic 

reagents. For synthesis in organic phases, surfactants are used as stabilizers to control particle 

size. For example, the reaction of chloroauric(III) acid and dodecanethiol with THF solution of 

2-propylmagnesium bromide produces thiol-capped gold nanoparticles82. The nanoparticles 

obtained by this method are spherical with an average diameter of 5.5 nm. The size, size 

distribution and surface state of these nanoparticles are better controlled in organic solvent than 

when they are produced in aqueous. 

1.3.2 Photoreduction methods 

 While chemical reduction is an effective method for the formation of nanoparticles, there 

are challenges in synthesizing finely and homogeneously dispersed nanoparticles of 

electropositive metals. In chemical methods, strong reducing agents are used, and inhomogeneity 

in their distribution can alter rate of nucleation and growth resulting in polydisperse particles. 

This should be avoided in the preparation of monodisperse nanoparticles. One solution to the 

problem was the use of strong reducing agents with slow kinetics85, 86. But this leaves the issue of 

byproducts of the redox reaction contaminating the products. Photoreduction was proposed to 

overcome these issues87. 

The photoreduction method to produce nanoparticles is a strategy which uses the reduction 

of metal salts by photochemically produced reducting agents such as solvated electrons or free 
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radicals. Photoreduction of metal ions in solution is most widely used for synthesizing noble 

metal nanoparticles73. These kinds of reactions are carried out in water, alcohol or organic 

solvents88. Without stabilizing agents, the nanoparticles produced by photoreduction also 

aggregate as chemical reduction methods. Light stimulated aggregation was observed89. It was 

agreed that the aggregation was caused by the appearance of light-generated particles with 

opposite charges as a result of photoemission. 

In photoreduction processes, a large number of nucleation sites are produced 

homogeneously and instantaneously, favoring for the formation of monodisperse nanoparticles. 

The use of excess reductant is avoided, making it a clean and effective method. The chemical 

compatibility of added reducing agents is not an issue. Pt , Au, Ag nanoparticle has been formed 

by UV irradiation in polymer solution or surfactant solutions90-92. Kapoor93 synthesized Cu 

nanoparticles by photochemical method in presence of PVP or gelatin as stabilizing agents. 

Murakata94 reported on the preparation of Cu nanoparticles in water/ethanol solution with TiO2 

as catalysts. 

 1.4 Assembly of nanoparticles on surfaces 

Although the synthesis and stabilization of monodisperse nanoparticles have been well 

studied, it is still a challenge to assemble the nanoparticles into predefined and sophisticated 

patterns of precisely controlled geometry. The assembling of nanomaterials into complex two 

and three-dimensional ordered structures offers a special pathway for design of materials that 

have potential applications in optical and microelectronic devices, chemical and biosensor 

technology, optical energy transport, and in advanced spectroscopy95, 96, such as in light emitting 

diodes, full color displays, electronic switches, biological label, high density recording media， 
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and surface-enhanced Raman scattering97. The ability to direct the position of nanoparticles onto 

a substrate would be an advantage in these kinds of applications. A number of promising 

techniques have been proposed to fabricate these kinds of complex assemblies, including the 

manipulation of nanoparticles using lithography, sedimentation, capillary forces, flow fields, 

electrophoretics, dip-coating, physical confinement, and microfluidics98. Many forces and 

interactions can be used to direct assembly, including hydrogen bonding, Columbic forces, 

hydrophobic/hydrophilic interaction, and biospecific interactions18. The essential feature of these 

methods is fabrication of surface functionality for templating and directing nanoparticles 

assembly.  

1.4.1 Adsorption of nanoparticles on surfaces 

 Nanoparticles can be adsorbed on various substrates. There must be some force to hold 

nanoparticles on the substrate as mentioned above. So the substrate is normally decorated with 

various chemical function groups. For glass, silanization is a typical method. Silanized glass 

substrates have chemical groups that are capable of binding of nanoparticles either by 

electrostatic interactions or covalent bond99. Figure 1.7 shows this process. When a silanized 

glass substrate is put in a nanoparticle solution, the nanoparticles will bind to the glass surface 

and form a saturated monolayer over a period of time. For conductive substrates, there is a 

special electrophoretic method100. When the colloidal nanoparticles are subjected to a dc electric 

field, they receive an external force induced by electric field which cause them move to the 

electrode with opposite charge quickly. As time increases, more particles reach the anode surface 

to form arrays101. With electrophoretic method, very regular, close-packed monolayer structures 

can be formed, but the nanoparticles are not truly bond to the surface and thus the structures are 

not very stable102. 
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Polyelectrolyte assisted deposition of nanoparticles has been the subject of a large number 

of investigations in recent years103-105. The most widely used polyelectrolytes are 

Poly(diallyldimethylammonium chloride) (PDDA), PEI, poly(acrylic acid) (PAA). The 

construction of polyelectrolyte film on various substrates is well known. This is a very general 

method, and many kind of metal nanoparticles have been assembled on the substrates106, 107. But 

with this kind of method, monolayer nanoparticles tend to show less coverage and are less 

organized because the charges prevent them from forming dense structures. Langmuir-Blodgett 

and other surface tension driven techniques have also been used for the assembly of 

nanoparticles by virtue of their high degree of control over nanoparticle order and density over 

large areas, although they are not suitable for mass production or on non-flat substrates108-112.  

 

Figure 1.7 Schematic representation of nanoparticles assembled on silanized glass. 

(Adapted from Ref 99) 
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1.4.2 Lay-by-layer (LBL) assembly 

In order to increase the amount of nanoparticles on the substrate, multilayer assembly is 

used. To form multilayer assembly, a surface monolayer must be functionalized. Multilayer 

assembly can form complex structures with different types of nanoparticles to realize designed 

functional materials. Polyelectrolyte assisted deposition is an effective method to form 

monolayer assemblies of nanoparticles. If this procedure is repeated, mutilayer assembly will be 

fabricated. This is called layer-by-layer assembly. For example, Figure 1.8 shows negatively 

charged gold nanoparticles assembled in mutilayer configuration using positively charged PEI113. 

Charge on nanoparticles causes them adsorb onto the polymer (and vice versa), which allows 

multilayer assembly. LBL has three major advantages: simplicity, universality and nanoscale 

thickness control. This technique is very simple and no sophisticated instruments are needed. 

Almost all aqueous dispersions of polymers, nanoparticles, oligomers can be assembled. In each 

step, only one layer is deposited, so it is possible to create any sequence of nanoparticles 

monolayers114, 115.  
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Figure 1.8 Scheme of fabrication of gold nanoparticle−polyelectrolyte multilayers 

 (a) Assembly of PEI on the silicon wafer; (b) gold nanoparticle monolayer assembly by 
adsorption on the PEI surface; (c) Au/(PAH−PSS)nPAH multilayers fabricated with SA-LBL 
assembly of polyelectrolyte layers; and (d) assembly of the [Au/(PAH−PSS)nPAH]2 multilayer 
structure.  

(Adapted from Ref 113) 

 

1.4.3 Patterning of nanoparticles arrays 

Patterning of nanoparticles arrays is very important for the use of nanomaterials in 

electronics, data storage or sensors. Various methods have been designed to fabricate patterns of 

nanoparticles arrays96. Fabrication of surface pattern functionality were realized by template 

surface with different regions of hydrogen bonding, charged, hydrophilic, hydrophobic and other 

specific groups in which nanoparticles with complementary functionality can deposit onto the 

corresponding regions89.  
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Physical engineering methods are intuitive ways which use microscopic tools such as STM 

and AFM tips to move the particles to required positions116, 117. Mass production and cost is a 

major barrier for this method118. Lithography is a well-known technique used to create pattern 

structures119. Some researchers have successfully used this technique to fabricate nanoparticle 

patterns. In this method, substrates are functionalized and exposure to the lithographic medium  

forming the patterned substrates, then standard nanoparticles assembly procedure are used to 

create nanoparticle patterns.  

Soft lithography is a method to fabricated pattern structures, which can be used to create 

patterning of nanoparticles arrays120, 121. A patterned poly(dimethylsiloxane) (PDMS) stamp is 

often used. Figure 1.9 illustrates the preparation procedure for casting PDMS replicas from a 

master having relief structures on its surface. The master, fabricated by standard lithography 

techniques is filled with liquid PDMS prepolymers. After curing, PDMS is peeled from the 

master.  Using the PDMS stamp, various polyelectrolyte and nanoparticle inks122 can be printed 

on to the substrate introducing a pattern of functionality, as shown in Figure 1.10 .  In this 

technique, patterns with feature sizes as small as 15 nm over areas as large as 1 m2 can be 

produced. The elasticity of the PDMS stamp facilitates conformal contact between the stamp and 

the substrate, which makes it possible to pattern non-planar surfaces (such as porous, rough or 

curved surfaces). 

Micromolding in capillaries (MIMIC) 123 is a technique that uses a patterned layer of 

PDMS in contact with a surface to form a network of microchannels where nanoparticles form 

ordered arrays. In this method, the PDMS stamp is brought into conformal contact with a solid 

substrate, and the nanoparticle solution is placed at the edge of the PDMS layer (Figure 1.11). 

The solution is drawn into the channels by capillary action, and the solvent is subsequently 
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evaporated to produce pattern structures. By peeling the stamp away carefully, micropatterned 

arrays of nanoparticles is left on the substrate surface. 

 

Figure 1.9 The preparation procedure of PDMS stamp structures. 

 ( Adapted from Ref 123) 
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Figure 1.10 Microcontact printing. 

 ( Adapted from Ref 123) 

 

 

 

Figure 1.11 Schematic of MIMIC used to fabricate pattern structures. 

(Adapted from http://vpd.ms.northwestern.edu/memberpages.asp?url=members/Zixiao/ 
Project%20Q%20and%20A.htm. Accessed on Aug 19, 2009) 
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 1.5 Objectives of this study 

Polymer mediated nanoparticles represent one of most the important nanomaterials in 

current nanotechnology. The understanding of polymer mediated nanoparticles and how their 

properties are affected by synthesis could play a crucial role in applying these nanomaterials into 

technological applications. This dissertation explores polymer templated pathways to synthesize 

polymer-encapsulated nanoparticles which serve as a tool to gain both fundamental and 

application oriented information about polymer templates and nanoparticles.  

The first objective of this study was to synthesize novel polymer encapsulated 

nanomaterials. Two kinds of polymers were chosen for this study: dendrimer and hyperbranched 

polyelectrolytes. Several metal and metal oxide nanoparticles were chosen, such as Pt, FePt, 

Co3O4, and Fe3O4. With this platform, the interaction of metal ions with polymer, and the 

reaction mechanism was studied.  

The polymer encapsulated nanomaterials were expected to have special properties. Control 

of structures of metal parts, especially in bimetallic nanoparticles is known to change the 

properties of nanoalloys. The second objective was to investigate the chemical, catalytic 

magnetic and other properties of polymer encapsulated nanomaterials which are influenced by 

synthesis. 

The third objective was to explore potential applications of these kinds of polymer 

encapsulated nanomaterials, such as in fuel cells and magnetic data storage materials. 

The fourth objective of this study was to build highly ordered assemblies of polymer 

mediated nanomaterials by MIMIC technique. Methods to increase pattern resolution were 

studied.   
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1.6 Overview of this dissertation 

In the first part of this dissertation (Chapter 1), the dissertation begins with introducing the 

background of nanoparticles including their novel properties, synthesis methods, stabilization 

problems, polymer stabilizers, and their assembly together with a survey and evaluation of 

related work. Then a brief motivation and overview of this dissertation is given.  

The second part (Chapter 2) introduces the experimental techniques and instruments used 

in this research.  

The third part of this dissertation (Chapter 3, 4) involves the photochemical method used to 

prepare hyperbranched PEI mediated nanoparticles. In chapter 3, polymer-mediated platinum 

nanoparticles were synthesized by photoreduction in the presence of PEI. The formation process 

of the Pt nanoparticles and the formation mechanism is discussed. Both chemical and 

electrochemical catalysis activity are carefully studied, and it is shown that PEI mediated Pt 

nanoparticles exhibit very high catalytic activity. In Chapter 4, a photochemical method was 

used to synthesize PEI-mediated Co3O4 nanocrystals. High quality rod-shape Co3O4 nanocrystals 

were synthesized at room temperature and ambient pressure. In this process, PEI was used as a 

stabilizer, leading to the growth of nanocrystals to nanorods. The research result demonstrates 

that the morphology of nanorods is dependent on the molar ratio of PEI to metal precursor. The 

shape, size, and morphology and crystal structure of the Co3O4 nanorods were studied. The 

possible formation mechanism is discussed. 

The fourth part (Chapter 5, 6) presents studies on the using of chemical methods to prepare 

dendrimer mediated alloy nanoparticles and multicomponent microspheres. In chapter 5, 

PAMAM-OH dendrimers were used as templates, and FePt nanoparticles with narrow size 



 

 28

distribution were prepared by a chemical reduction method at room temperature in aqueous 

solution. The structural and magnetic properties of the as-made and annealed samples were 

characterized.  In Chapter 6, PAMAM dendrimers act as templates in which metal ions are 

coordinated, and NaBH4 is the reductant. CoPt nanoparticles were synthesized in aqueous 

solution. The dendrimer mediated CoPt nanoparticles were subsequently encapsulated in silica 

spheres. These silica spheres show interesting magnetic properties. The relationship between 

synthesis condition and the magnetic properties of silica multicomponent spheres were studied. 

Preparation and assembly of PEI mediated Fe3O4 nanoparticles are demonstrated in part 

five (Chapter7). A scalable technique for controllable two-dimensional ordered assembly of 

magnetite nanoparticles at the individual particle level is presented. PEI mediated Fe3O4 were 

first synthesized by a chemical method. Polyethyleneimine coating of the magnetite 

nanoparticles can effectively prevent aggregation. PEI was used as stabilizer and then the charge 

on the PEI was used to direct particle assembly. Individual magnetite nanoparticle arrays were 

formed by capillary filling technique induced by a magnetic field. Individual magnetic particles 

were patterned on silica wafers which doubled the resolution of PDMS pattern.  

Chapter 8 summarizes this dissertation and gives future directions of these studies. 
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CHAPTER 2   Experimental 

2.1 Chemicals 

Poly(amidoamine) (PAMAM) dendrimers were used in this work. Hydroxyl-PAMAM 

dendrimers having an ethylenediamine core were provided as 10% methanol solutions by 

Aldrich, Inc. The dendrimer solution was put in vacuum, so that methanol can be evaporated 

before use. 200-proof absolute ethanol was obtained from Adaper Alcohol and Chemical Co. 

H2SO4 (concentrated, Fisher Scientific), H2O2 (30%, Fisher Scientific), and Si wafer (Wafer 

World, Inc.) were used as received. Ultrapure deionized (18 MΩ·cm Milli-Q, Millipore) water 

was used for all sample preparations and adsorption experiments. 

 Other chemicals used in this work are discussed in particular chapters. 

2.2 Substrates 

Silicon substrates were used for nanoparticle assembly, X-ray photoelectron spectroscopy 

(XPS) and XRD experiments. Before use, silicon wafers were cleaned with piranha solution 

(H2SO4/H2O2=3:1) by boiling the solution 30 min to 1h. (Piranha solution is very dangerous, 

with the majority of its components acidic and highly corrosive. It must be handled with extreme 

care. ) Then the silicon wafers were cleaned with distilled water. 

PDMS stamps were rinsed with methanol and distilled water, dried in a flowing stream of 

N2 gas, and then cleaned in a low-energy ozone cleaner for 10 min (Jelight Company, Inc., 

model  42) immediately prior to use. 

2.3 Techniques 

2.3.1 Ultraviolet-Visible Spectroscopy (UV-vis) 
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UV-Vis involves the spectroscopy of photons in the UV-visible region which corresponds 

to electronic excitation. A UV-vis spectrophotometer scans the wavelengths in the visible and the 

UV region. It produces a plot of absorbance against wavelength, which is called a UV-vis 

spectrum124. The UV-vis spectral range is approximately 190 to 900 nm. UV-vis absorption 

spectroscopy obeys Beer’s Law (equation 2.1), where the absorbance (A) of a molecule is a 

function of the molar absorptivity (ε), the path length (l), and the concentration (c). P is the 

power of light after it passes through the sample and Po is the initial light power. 

A = ε l c= -log (P/P0)                                 (2.1) 

UV-vis is a routine analytical technique for the characterization of the complexation 

between polymers and transition metal ions, the formation of the clusters upon reduction of 

metal-ions as well as the size and band structure of clusters125, 126. Due to the excitation of 

plasma resonances or interband transitions, nanoparticles may exhibit absorption bands or broad 

regions of absorption in the UV-vis range. Nanoparticles, such as copper, gold, and silver, have 

distinct absorption bands in the visible region which have bright color127, 128. However, platinum 

only exhibits broad absorption continua according to Mie theory129.  

In this dissertation, absorption spectra were recorded with a Cary 50 UV-vis spectrometer. 

The optical path length was 1.0 cm and deionized water was used as a reference for all 

measurements. 

2.3.2 Fourier Transform Infrared (FT-IR)  

 FT-IR is the preferred method of infrared spectroscopy. Infrared spectroscopy detects the 

vibrational characteristics of chemical functional groups in a sample. By interpreting the infrared 
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absorption spectrum, the chemical bonds in a molecule can be determined130. It is a 

straightforward tool to identify organic compounds131.   

 In this study, Fourier transform infrared spectra were acquired on Nicolet 560 Magna IR 

spectrometer, which was equipped with a liquid nitrogen cooled mercury cadmium detector. 

Samples were prepared by dropping chemicals onto KBr crystals. Background of KBr was 

collected and subtracted. The number of scans was set at 200. The relative humidity inside of the 

sample box was approximately 2%. Samples were allowed to purge inside the IR spectrometer 

for 20 min before analyses. 

2.3.3 Raman Spectroscopy 

Raman spectroscopy is a another spectroscopic technique used to study vibrational, 

rotational, and other low-frequency modes in a system132. Raman spectroscopy yields similar, 

but complementary information compared with infrared spectroscopy133. In this technique, when 

the sample is illuminated with a laser beam, light of a known frequency and polarization is 

scattered from a sample. Raman scattered light is frequency-shifted with respect to the excitation 

frequency. Raman shift corresponds to excitation energy of the sample (such as vibrational 

energy transition in a molecule).  

The Raman measurements in this dissertation were obtained using a LabRam HR800 UV 

spectrometer (Horiba Jobin-Yvon) with a 633 nm laser line. 

2.3.4 Transmission Electron Microscopy (TEM)  

TEM is a tool to characterize the size, shape and crystal structure of nanoparticles, and can 

provide a real space image of the atomic distribution in the nanocrystal and its surface134, 135. 

TEM can also give chemical information at a spatial resolution of less than 1 nm, and this allows 
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direct identification the chemistry of single nanoparticles129. As shown in Figure 2.1, TEM is 

composed of an electron source, an electromagnetic lens system, a specimen stage, and the 

imaging system. The electron gun is the source of electrons. A monochromatic electron beam is 

generated by LaB6 thermionic emission source or a field emission source. A condenser lens is 

used to form coherent and narrow beam. The condenser aperture is used to remove the high-

angle electrons. The focused electron beam then interacts with the sample. The objective lens are 

the key part of TEM, determining the resolution of TEM image. High angle electrons can be 

blocked by the objective aperture, enhancing the contrast. Then electrons pass through 

magnification system which consists of intermediate lenses and projection lenses. Finally, the 

TEM image can be formed on CCD or phosphor screen.   

 

Figure 2. 1 The schematic outline of a TEM 

(Adapted from http://www.hk-phy.org/atomic_world/tem/tem02_e.html.  Aug. 18, 2009) 
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The TEM can be operated in high resolution mode (HRTEM)136, 137. This mode allows the 

imaging of the crystallographic structure at atomic scale. Because of its high resolution, it is a 

powerful tool to study nanoscale properties of crystalline materials. In this dissertation, the 

crystallographic structure of polymer mediated nanoparticles is characterized by HRTEM. 

Unlike conventional TEM, HRTEM images are formed from a number of diffracted beams. This 

allows phase-contrast imaging, which is necessary to construct an image of the crystal lattice. So 

HRTEM image formation relies on phase-contrast, not absorption by the sample. 

In this work, TEM images and selected area electron diffraction (SAED) patterns were 

obtained using a FEI TECNAI F20 microscope with an accelerating voltage of 200 kV. Samples 

were prepared by placing a drop of dilute solution on the grid, which was placed on a paper 

towel, and allowing the water to evaporate in air. Standard carbon-coated 400-mesh and 300-

mesh copper grids (Electron Microscopy Scences, hatfield, PA) were used throughout the study. 

2.3.5 Scanning Electron Microscope (SEM) 

 Scanning electron microscope  gives the information about a sample's surface topography, 

composition and other properties such as electrical conductivity138. A beam of high-energy 

electrons impinging on the surface produces secondary electrons, back scattered electrons, 

characteristic x-rays, specimen current and transmitted electrons139. With suitable detectors, 

these signals can be collected. Generally, secondary electrons are used to form images of a 

sample surface, which can reach a resolution about 1 nm. Because the signals come from 

interactions of the electron beam with atoms at or near the surface of the sample, it is a surface-

specific technique. 
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 Back-scattered electrons are electrons that are scattered from the sample due to elastic 

scattering. The intensity of the back-scattered electrons signal is strongly related to the atomic 

number of the sample. Therefore, BSE images can provide information about the elemental 

distribution in the sample. EDS (see below) can be also equipped on SEM to get the composition 

information.  

 In this study, a Philips XL30 SEM was used. In most cases, it was operated at 20kV. 

Samples were prepared on silicon wafers. Carbon conducting tape was used to fix the silicon 

wafers on sample holder. 

2.3.6 Energy Dispersive X-ray Spectroscopy (EDS)   

Energy dispersive X-ray spectroscopy (EDS, also called EDX)  in TEM is a very useful 

technique for performing microanalysis, particularly of heavier elements140. In TEM, a focused 

electron beam interacts with the atoms in a sample. The electron beam displaces electrons in the 

sample, and the resulting vacancies are filled by electrons from higher energy shells; energy lost 

during these transitions is emitted as X-rays, as shown in Figure 2.2. X-rays emitted from atoms 

are characteristic of the elements and the intensity distribution represents the thickness-projected 

atom densities in the samples. Measuring the X-ray spectrum allows identification of the sample 

composition141. Since the electron beam in TEM can be as small as 1 nm, the composition of one 

individual nanoparticle can often be tested142. EDS also has multiple mapping option to generate 

the elemental distribution information in samples.  
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Figure 2. 2 Production of characteristic EDS radiation. 

(Adapted from http://microanalyst.mikroanalytik.de/info1.phtml. Accessed On Aug. 20, 2009) 

 

2.3.7 X-ray Photoelectron Spectroscopy (XPS)   

XPS, also called electron spectroscopy for chemical analysis (ESCA), is a surface 

analytical technique commonly used to determine elemental composition and chemical state of 

the surface elements143-145. If X-rays impinge on the sample (as shown in Figure 2.3), the energy 

(hν) overcomes the work function (φ) and binding energy (BE) of the electron, inner-shell orbital 

electrons will be ejected (Figure 2.4). This process can be expressed by: 

hν=BE+KE+φ          (2.2) 
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Here, KE is the kinetic energy of ejected photoelectron; binding energy (BE) is the energy 

required to remove the electron from its original atomic orbital to vacuum level; work function 

(φ)  is energy needed to move an electron from the Fermi energy level into vacuum. After the 

photoelectron is ejected from its orbital, the atom will relax by either florescence or Auger 

electron emission. The kinetic energy of the photoelectron can be measured by a hemispherical 

electrostatic energy analyzer. By convention, spectra as a function of binding energy are 

collected. The characteristic binding energy associated with each core atomic orbital is unique 

for every element. Therefore, every element has a set of characteristic peaks in the photoelectron 

spectrum. The intensity of the peaks in photoelectron spectrum is related to the concentration of 

the element within the sample volume. So, the XPS technique is also capable of yielding 

quantitative analysis. Because the electron binding energies are dependent on the chemical 

environment of the atom, the binding energies exhibit small chemical shifts due to interaction of 

the core electron with valence electrons and surrounding atoms. Thus XPS is also useful in 

identifying the chemical state and ligands. 

 In this study, XPS analysis was used to investigate chemical states and composition before 

and after reduction of polymer mediated particles. XPS analyses were made using a Kratos 

Analytical Axis 165 system which was equipped with a monochromatic Al Kα source (1486.6 

eV). Survey scans were recorded at 160 eV pass energy, 1.0 eV/step; high resolution scans were 

recorded at 80 eV pass energy, 0.1eV/step. The samples for XPS were prepared by depositing 

several drops of particle dispersions on silicon substrates followed by evaporation of the solvent. 
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Figure 2.3  A schematic of XPS. 

(Adapted from http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy) 

 

Figure 2.4 Energy level diagram of XPS process 



 

 38

2.3.8 X-ray Diffraction (XRD) 

XRD is a convenient technique for characterizing the crystallographic structure and phase 

of materials129. The scattered intensity of an X-ray beam hitting a sample is observed as a 

function of incident angle. The directions and intensities of scatted X-ray are related to the 

structure of samples and the intensities also depends on the sizes and shapes of the samples146. 

Figure 2.5 illustrated the principle of XRD. When X-rays impinge on the sample, the path 

difference between two waves is equal to 2dsin (θ). For constructive interference between these 

waves, the path difference must be an integral number (n) of wavelengths: 

 n x wavelength = 2dsin (θ)     (2.3) 

 Equation (2.3) is called the Bragg equation. 

By scanning the angle of θ, the Bragg's Law conditions will be satisfied by different d-

spacings in samples. Then, plotting θ and intensities of the resultant diffracted peaks of radiation 

produces a diffraction pattern. This pattern is characteristic of the sample. For acquired 

diffraction patterns, d-spacing can be calculated and peaks can be indexed according to Joint 

Committee on Powder Diffraction Standards (JCPDS) database. 

A Rigaku D/Max-2BX X-ray dffractometer with monochromatic Cu Kα radiation (λ= 

0.15418 nm) was used for this work. The operating voltage is 39 kV and current was 38 mA. 

Another XRD used in this study was Philips X’pert-MRD with Cu Kα radiation (λ= 0.15418 nm). 

The samples for XRD were made by dropping particle dispersions on silicon wafers (1×2 cm) 

followed by evaporation of solvents at room temperature.  

To calculate the size of nanoparticles, Scherrer equation147 can be used: 
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 d = kλ/B cosθ               (2.4) 

Here, λ is the wavelength of incident X-ray; d is the size of particles; k is a coefficient; B is 

the full width at half maximum of the peak, θ is the diffraction angle.  

 

Figure 2.5 Schematic illustration of reflection of x-rays from two planes. 

 

2.3.9 Atomic Force Microscopy (AFM)  

AFM is a commonly used high-resolution scanning probe microscopy. It can produce a 

topographical map of surface features on the nanometer scale. AFM consists of a very small 

cantilever with a sharp tip (probe) at its end which is used as a probe to scan the surface of the 
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sample148, 149. The tip is made of silicon or silicon nitride with a radius of curvature on the order 

of tens of nanometers. The cantilever is oscillated at a certain frequency. When the tip is brought 

into proximity of a sample surface, forces between the tip and the sample lead to changes in the 

amplitude of oscillation of the cantilever.  A sensor detects this change and the position of the tip 

is adjusted according to the signal. In this way, the tip is rastered across the sample to collect 

surface topography information.   

For this, a Nanoscope D-3000, Digital Instruments, Inc AFM was employed to test the 

surface topography of Fe3O4 arrays on the surface of silicon in tapping mode.  

2.3.10 Alternating Gradient Magnetometry (AGM)  

 The magnetometry of the as-prepared nanoparticles was studied with a MicroMag 2900 

alternating gradient magnetometer from the Princeton Measurement Corporation at room 

temperature using a parallel probe.  In AGM150-152, a sample is mounted on the end of a rod and 

put in a uniform dc field. A pair of coils produces a uniform field gradient over the region of the 

sample. Ac current in these coils produce a force on the sample. This force is proportional to its 

magnetic moment. A piezoelectric element is used to measure force and give voltage output. 

When operated near the mechanical resonance frequency, the signal can be amplified about 100 

times, and a very high sensitivity can be achieved. The samples in this work were prepared on 

small piece of silicon wafer (3×3 mm). 

2.3.11 Cyclic voltammetry (CV) 

Cyclic voltammetry is an electrochemical measurement method. CV can rapidly provide 

information about the thermodynamics of redox processes and the kinetics of heterogeneous 

electron-transfer reactions153, 154. CV also offers rapid location of redox potentials of 
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electroactive species. A three-electrode system is used to obtain stable voltammograms in CV. 

Current as a function of potential is measured. Figure 2.6 shows a CV setup. One of the three 

electrodes is the working electrode, which is typically made of platinum, gold, silver, or glassy 

carbon. This is the electrode at which the electrochemical phenomena (redox processes) being 

investigated are taking place. The second electrode is the counter or auxiliary electrode, which is 

often a platinum wire that serves to conduct electricity from the signal source through the 

solution to the other electrodes. The third electrode is reference electrode, whose potential is 

constant enough that it can be taken as the reference standard. The common used reference 

electrodes include standard hydrogen electrode (SHE), saturated calomel electrode (SCE) and 

silver chloride electrode. As shown in Figure 2.7, the electrode potential is changed linearly as a 

function of time. In the forward scan, a current peak can be detected which is responsible for 

analytes that can be reduced in the range of the potential scan. The current will increase when the 

potential approaches the reduction potential of the analyte, but then decreases because the 

concentration of the analystes is depleted near the surface of the electrode. If the reduction 

reaction is reversible, the deoxidation of the products can be observed when the applied potential 

is reversed.  This data is then plotted as current vs. potential. 
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Figure 2.6 Schematic illustration of CV setup. 
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Figure 2.7 Cyclic voltammetry potential waveform. 
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In this work, all electrochemical measurements were performed in a conventional three-

electrode cell at room temperature. A Pt wire was used as a counter electrode. An Ag/AgCl 

(saturated KCl solution) reference electrode was used for all electrochemical measurements, and 

all electrochemical potentials in the present study are given versus Ag/AgCl reference electrode. 

The working electrode was Pt coated glassy carbon electrode (diameter 3 mm). In order to 

minimize the effects of impurities during the measurements, the electrode was cycled in 1 M 

H2SO4 solution at 50 mVs-1 between 0 and 1.2 V until reproducible cyclic voltammograms were 

obtained prior to any electrochemical measurements. Cyclic voltammograms and 

chronoamperometry were recorded using a computer-controlled CHI 660 electrochemical 

workstation (CH Instruments, Austin, TX). Hydrogen adsorption cyclic voltammograms were 

recorded in nitrogen protected 1M sulfuric acid aqueous solution. The solution was purged with 

nitrogen to deplete dissolved oxygen before the test. The region for hydrogen adsorption was 

used to estimate the electrochemical active surface areas. Fresh 1M H2SO4 + 2M CH3OH was 

used in every methanol electro-oxidation methanol measurement to get reliable and reproducible 

results. 

Glassy carbon electrodes were used as a substrate for the immobilization of Pt nanoparticles. 

The glassy carbon working electrode with a geometrical surface area of 0.07cm2 was polished 

with 1μm and 0.05μm Al2O3 powders successively on nanocloth followed by sonication in 

deionized water. PEI/Pt NP solution prepared by UV irradiation was pipetted on to the surface of 

the glassy carbon electrodes. After water was evaporated overnight at room temperature, the 

PEI/Pt NP coating was irradiated for 1 hour in the Rayonet photochemical reactor. Then the 

electrode was washed carefully with deionized water before measurement.   
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CHAPTER 3   Synthesis and Catalytic Activity of Photoreduced 

Platinum Nanoparticles in Polyethylenimine Matrix 

3.1 Synopsis 

Monodisperse polymer-mediated platinum (Pt) nanoparticles were synthesized by 

photoreduction in the presence of polyethylenimine (PEI), a hyperbranched polymer. The 

formation process of the Pt nanoparticles was pursued by UV-Vis spectroscopy and the 

formation mechanism is discussed in this chapter. The morphology and size of the Pt 

nanoparticles were characterized by transmission electron microscopy (TEM). The catalytic 

activity of the platinum was evaluated by using UV-Vis spectroscopy to monitor the platinum-

catalyzed reduction of 4-nitrophenol by sodium borohydride. Electrocatalytical properties of PEI 

mediated Pt nanoparticles (PEI/Pt NPs) have also been studied. The PEI/Pt NPs were 

immobilized on glassy carbon electrodes and electrocatalytical activity toward methanol 

oxidation reaction was investigated by cyclic voltammety (CV). PEI/Pt NPs exhibit very high 

catalytic activity for methanol oxidation reaction. PEI/Pt NPs on glassy carbon electrodes are 

also robust. They survive and show good tolerance to poisoning even after many cycles. 

Electrocatalytical activity of PEI/Pt NPs was also compared with that of other polymer mediated 

Pt nanoparticles. It shows better electrocatalytic activity than most others. The results indicate 

that PEI is a good capping, reducing agent and carrier to immobilize the nanoparticles on the 

electrode.  

3.2 Introduction 
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With the recent surge in technological research and development, the use of platinum 

nanoparticles in optics, imaging, electronics, and as catalysts has dramatically increased155. Pt 

nanoparticles are especially attractive for direct methanol fuel cells (DMFCs). DMFC using 

liquid methanol are promising candidates for the future power source to compete with the 

conventional batteries for portable electronic devices due to their high energy conversion 

efficiency, low operation temperatures, and low pollutant emission156. In a DMFC, methanol and 

oxygen are combined electrochemically over catalysts to produce electrical current. Although 

progress has been made in the development of DMFCs, practical applications of DMFCs still 

face severe performance and durability challenges157 because of poor electrocatalyst 

performance158 of both anode and cathode reactions and crossover of methanol159 from anode to 

cathode through the proton-exchange membrane.  All of these effects lead to high over potentials 

on both the anode and cathode, and thus reduction of the cell voltage160. The slow kinetics of 

oxygen reduction reaction161, which is responsible for overpotential loss of ~0.3-0.4 V under 

typical conditions of operation, and poor methanol electrooxidation reaction kinetics162 still 

seriously affect the DMFC performance. Pt and Pt based alloy catalysts are the best catalysts to 

date used for oxygen reduction at the cathode and methanol oxidation at the anode,163 but even 

with the platinum-based catalysts, the activity is still not high enough. This drives the utilization 

of the Pt loading high, thus increasing the costs.  The high catalyst costs and limited supply of Pt 

constitutes a barrier to the commercial application of DMFC. For eventually widespread 

application of DMFC, material costs need to be lowered while performance and reliability need 

to be improved. The effective way to lower the cost of the catalyst is to reduce the amount of Pt 

used in DMFC without sacrificing performance.  
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Particle shape and size164, as well as dispersion, are key factors to determine Pt-based 

catalysts’ ORR activity and cell performance for DMFC.165,166 Small and uniform Pt 

nanoparticles with high surface-to-volume ratios are preferred to achieve reliable catalytic 

performance and to increase efficiency. The active surface area of the catalyst can be greatly 

increased by reducing the size of the Pt nanoparticles and therefore creating a larger number of 

catalytically active centers. Therefore, the synthesis of platinum nanomaterial with specific 

morphology167 and controlled size is great important in the practical synthesis of Pt particles168. 

Substantial effort has been devoted to the development of new synthetic methodologies of 

catalyst169, especially in the diameter range of 2-10 nm, to improve catalytic performance170.  

A number of chemical routes have been employed to synthesize platinum nanomaterial 

with controlled size and catalytic properties, such as the use of chemical reductants in aqueous169 

and organic-phase solvents171, electrochemical approach172, thermal reduction approach173, 

sonochemical method174, radiolytic153, microwave175 and photochemical method176 etc. Chemical 

methods with NaBH4 as reductant for the preparation of platinum nanoparticles are convenient, 

but the quantity of Pt nanoparticles is dependent on solution conditions, the rate and the sequence 

of reductant addition, and the local over-concentration of reductants etc177. It is difficult to 

produce monodisperse nanoparticles with controlled morphology by this kind of method. 

Furthermore, the excess reducing agents and their oxidation products may contaminate the final 

products. For electrochemical methods, the main advantage is that they can produce anisotropic 

platinum nanoparticles. To synthesize size-controlled platinum particles, the photochemical 

methods have been proved to be a promising method178. Colloidal dispersion of platinum 

particles has been obtained through photoreduction of Pt complexes in the presence of a 

protective polymer under mild and controllable conditions. The photoreduction of Pt complexes 
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is an attractive method because (i) large number of platinum nuclei are homogeneously and 

instantaneously produced, so the reduction reaction arises uniformly performed in the solution, 

thus the size of final nanoparticles is very uniform; (ii) controlled reduction of metal ions can be 

carried out without using excess reducing agent, and no adsorbing contamination on the product 

occurs in the preparation process; (iii) the photochemical method can be cost-effective and 

convenient. Therefore, many studies have been focused on synthesizing platinum particles by 

photochemical reduction method. In 2005, Harada and Einaga176 used PVP as a stabilizer in a 

water-ethanol solution and synthesized platinum nanoparticles by UV radiation, and the 

formation mechanisms were studied. Their research showed that this process is a promising 

method to prepare small Pt nanoparticles with a narrow particle size distribution, which can be 

easily deposited on a substrate and show high catalysis activity for CO photooxidation. In most 

cases of photoreduced Pt nanoparticles, the reaction only takes place in alcohol solution. It was 

thought that alcohol is the source of reducing agents under UV-irradiation178. But Luo179 et al. 

show that using PAMAM as a stabilizer, platinum ions can be photoreduced to platinum 

nanoparticles in water, although the reaction mechanisms was not identified. The problem with 

this system is that PAMAM is very expensive and requires complex preparation prior to use. 

Also, Pt nanoparticles prepared by this method only show crown-shape with a size range of 100-

130 nm because of PAMAM dendrimer aggregation in this system.  

Platinum nanoparticle preparation methods involve the reduction of platinum ions into 

nanoparticles in protective media to prevent the metal nanoparticles from aggregating. Water-

soluble polymers such as poly(vinyl alcohol) (PVA)180 and poly(N-vinyl-2-pyrrolidone) (PVP) 

181 have been widely used as protective media for colloidal dispersions. Stabilizers play an 

important role in controlling the formation of nanoparticles as well as their dispersion stability. 
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On the other hand the presence of too strong capping agents on the nanoparticles surfaces can 

produce a detrimental impact on the particle’s catalytic properties. For example, PVP capped Pt 

nanoparticles do not show any electrocatalytic activity toward oxygen reduction or methanol 

oxidation because of too strong affinity of PVP to Pt181.  

Polyethylenimine (PEI) is a hydrophilic polymer with primary, secondary and tertiary 

amino groups and overall positive charge in neutral aqueous solution. Because of abundant 

positive charge, it is a widely used stabilizer to coat nanoparticles to achieve surface 

functionalization182. The positively charged amine groups stabilized the nanoparticles in solution 

and can also be used to form self-assembled monolayers on common electrodes. S. Laschi et 

al183 developed glassy carbon electrodes modified with a dispersion of multi-wall carbon 

nanotubes in PEI. It exhibits excellent electrocatalytic activity towards the analyte. PEI contains 

one of the highest densities of amine groups among all polymers, this is the reason for the highly 

efficient dispersion of nanoparticles in PEI as well as for the high electroactivity of the PEI/CNT 

immobilized on the electrode surface184.  

Polyelectrolyte-capped Pt nanoparticles can be synthesized in aqueous solution, and their 

assembly on electrodes can allow  control of size distribution, shape, and surface density185. Thus, 

assembling charged Pt nanoparticles on an electrode may increase efficiency and utilization. Pan 

et al186 demonstrated that self-assembled Pt nanoparticles electrode and membrane-electrode-

assembly of polymer electrolyte fuel cells can be prepared by using charged Pt nanoparticles 

with an ultra low Pt loading. Zaki187 showed that nanostructured Pt electrodes were assembled 

from solution-prepared polyacrylate-capped Pt nanoparticles by virtue of electrostatic and 

hydrophobic interactions with a cationic polyelectrolyte: poly(diallyldimethylammonium) 

(PDDA). Electrochemical characterization of polyelectrolyte-stabilized Pt nanoparticles showed 
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that these surfaces are catalytically active for many reactions such as oxygen reduction, methanol 

oxidation, and hydrogen oxidation188.  

In this chapter, a simple, facile, clean and efficient route was designed to prepare PEI/Pt 

NPs. PEI/Pt NPs were prepared by photoreduction procedure. First, PEI and PtCl6
2- ions are 

mixed with the desired ratio. PtCl6
2- will complex with functional groups of PEI in an aqueous 

solution. Then, UV irradiation results in conversation of PtCl6
2- to Pt0 nanoparticles. The PEI/Pt 

NPs with average diameter of 3 nm were prepared. The mechanism for the photoreduction of PEI 

mediated PtCl6
2- to give Pt nanoparticles in aqueous solution was also studied. Our research 

shows that this process is a excellent procedure to prepare small Pt nanoparticles with a narrow 

particle size distribution. PEI/Pt NP were deposited on glass carbon electrode and the 

electrocatalytic activities are investigated. The methanol oxidation reaction in acid electrolytes is 

examined by using electrochemical techniques. The Pt nanoparticles immobilized on the glassy 

carbon electrode show extraordinary electrocatalytic activity and stability. 

3.3 Experimental methods 

3.3.1 Materials 

Hexachloroplatinum (IV) acid hydrate (H2PtCl6·6H2O; guaranteed reagent) was obtained 

from Fisher Chemical Company. Polyethylenimine (PEI) with a weight-average molecular 

weight of 25000 was purchased from Aldrich. The 4-nitrophenol was purchased from Riedel-de 

Haën AG, while the sodium borohydride was purchased from Fisher Scientific. High-purity 

nitrogen was used in all experiments. Sulfuric acid (H2SO4, 99.99%) and methanol (CH3OH, 

anhydrous) were analytical grade. All chemicals were used as received without further 

purification. The concentration of the polymer solution is based on the monomer unit. 
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A Rayonet photochemical reactor (model RPR-600, Southern New England Ultraviolet Inc.) 

was used as a UV-irradiation system in our experiments. The photochemical reactor is supplied 

with eight 253.7 nm light sources (8 W per lamp), equipped with a merry-go-round unit, which 

holds samples for equal irradiation at one time at 5 RPM, and a cooling fan keeps the 

temperature at ambient. 

3.3.2 Synthesis of PEI/Pt NP 

Colloidal dispersions of Pt nanoparticles were synthesized from H2PtCl6 complexed with 

PEI by UV irradiation. Each photoreduced particle sample was prepared from 0.3 mL of a 10 

mΜ hexachloroplatanic acid solution, the source of the Pt4+ ions used in the reduction. To this 

solution was added an amount of a 20 mM PEI solution（C2H5N monomer concentration）, 

which was varied depending upon the ratio desired. Each sample was diluted to 5 mL using 

deionized water and placed in a quartz test tube. Under these experimental conditions, the initial 

reaction mixtures were yellowish in color. The sample was bubbled with nitrogen for twenty 

minutes, sealed tightly using parafilm, and irradiated by 254 nm light. The merry-go-round unit 

in the photochemical reactor held multiple samples at one time for even irradiation and the 

cooling fan kept the temperature at room temperature. The samples were irradiated for 1 day. 

The growth of Pt nanoparticles was monitored at different intervals using UV-visible absorption 

spectroscopy. 

3.3.3 Characterization of PEI/Pt NP 

Transmission electron microscopy (TEM) images of Pt nanoparticles were obtained from a 

transmission electron microscope (FEI TECNAI F20). The electron beam acceleration voltage 

was set at 200 KV. Samples for TEM were prepared by deposition of a drop of solution onto a 
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carbon-coated 300 mesh copper grid resting on absorbent filter paper, which rapidly wicked 

away the water and allowed the nanoparticles to be dispersed on the grid, followed by air-drying 

under ambient conditions. All images were digitally recorded with a CCD camera (1024×1024 

pixels), and image processing was carried out using a Digital Micrograph (Gatan) and Digimizer. 

The histogram of the particle size distribution and average diameter were obtained by measuring 

about 100 particles in arbitrarily chosen areas in the enlarged Digimizer. The data collected by 

the program was tabulated and analyzed. This procedure was repeated for several different ratios 

of the photoreduced platinum particles. The UV-vis absorption spectra of the nanoparticles 

solution were measured by Cary 50 UV-vis spectrophotometer (Varian, USA) using 1 cm optical 

path length quartz curette to pursue the reaction in solution.   

3.3.4 Testing of the catalytic ability of Pt nanoparticles  

In order to test the catalytic ability of the photoreduced platinum nanoparticles, a reduction 

reaction was used. This reaction was that of 2 mL of 0.17mΜ 4-nitrophenol, 0.5 mL of 1.2 Μ 

sodium borohydride and 0.5 mL of the photoreduced platinum solution. The reduction reaction 

was monitored by UV-Vis spectroscopy. For this reduction reaction, the absorbance of the peak 

at approximately 400 nm was observed and recorded every minute for 10 minutes. A plot was 

made with the natural log of the absorbance on the y-axis and the time in minutes on the x-axis. 

3.3.5 Immobilization of PEI/Pt NP on GC electrode for CV test 

Glassy carbon electrodes were used as a substrate for the immobilization of Pt 

nanoparticles. The glassy carbon working electrode with a geometrical surface area of 0.07 cm2 

was polished with 1μm and 0.05 μm Al2O3 powders successively on Nanocloth, and followed by 

sonication in Millipore deionized water. PEI/Pt NP solution prepared by UV irradiation was 
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pipetted on to the surface of the glassy carbon electrode. After water was evaporated overnight at 

room temperature, the PEI/Pt NP coating was irradiated for 1 hour in the Rayonet photochemical 

reactor. Then the electrode was washed carefully with ultrapure water before measurement.   

3.3.6 Electrochemical instrumentation and measurements 

All electrochemical measurement was performed in a conventional three-electrode cell at 

room temperature. A Pt wire was used as a counter electrode. An Ag/AgCl (saturated KCl 

solution) reference electrode was used for all electrochemical measurements, and all 

electrochemical potentials in the present study were given versus Ag/AgCl reference electrode. 

The working electrode was PEI mediated Pt coated glassy carbon electrode (diameter 3 mm). In 

order to minimize the effects of impurities during the measurements, the electrode was cycled in 

1 M H2SO4 solution at 50 mVs-1 between 0 and 1.2 V until reproducible cyclic voltammograms 

were obtained prior to any electrochemical measurements. Cyclic voltammograms and 

chronoamperometry were recorded using a computer-controlled CHI 660 electrochemical 

workstation (CH Instruments, Austin, TX). Hydrogen adsorption cyclic voltammograms were 

recorded in nitrogen protected 1 M sulfuric acid aqueous solution. The solution was purged with 

nitrogen to deplete dissolved oxygen before the test. The region for hydrogen adsorption was 

used to estimate the electrochemical active surface areas. Fresh 1 M H2SO4 + 2 M CH3OH was 

used in every methanol electro-oxidation methanol measurement to get reliable and reproducible 

results.  

3.4 Results and discussion 

 3.4.1 Preparation and characterization of PEI/Pt NP 
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Synthesis of PEI/Pt NPs. It is well-known that transition metal colloids can be formed by 

photochemical reactions in water/alcohol solutions, in which the reduction of metal salts takes 

place by solvated electrons and free radicals produced under irradiation. The photochemistry of 

platinum complexes has been widely investigated in the past because of the virtue of slow and 

controllable photoreduction process to produce small and well dispersed Pt nanoparticles. 

Methanol is the reducing agent under UV-irradiation in most cases of Pt photoreduction189. It is 

suggested that organic free radicals are produced from adsorbed methanol under UV-irradiation 

and the radicals reduce Pt salts190. In this investigation, a photoreduction method was performed 

to synthesize colloidal Pt nanoparticles by reduction of PtCl6
2- in PEI aqueous solution without 

ethanol. PEI was used as both stabilizer and reducing agent.  

Absorption spectra. PtCl6
2- aqueous solutions are yellow in color. When PtCl6

2- mixed with 

PEI, the yellow color became less intense. Irradiating with UV light for a few minutes change the 

solution color to orange, which is the typical color of PtCl4
2-. Then the solution changes to dark 

brown slowly with further UV irradiation.  The color change in formation process of PEI-Pt 

colloidal via photoreduction of PtCl6
2- was followed by UV-vis spectroscopy.  Figure 3.1 

presents the UV-vis spectra of the Pt solutions with PEI and without PEI before and after UV 

irradiation in dilute solution. Figure 3.1 (a), shows a typical electronic absorption spectrum of 

H2PtCl6 in aqueous solution which displays a strong absorption band in 250 nm. After mixing 

with PEI, as shown in Figure 3.1 (b), the peak at 250 nm disappears, and a new shoulder peak at 

235 nm appears due to LMCT (ligand to metal charge transfer)191, which is assigned to the 

absorption band of a complex of PtCl6
2- with PEI (chloride ligands were replaced by the amine 

groups of PEI). After only 5 minutes irradiation, the peak at 235 nm totally disappeared, and 

another shoulder peak at 210 nm appear, as shown in Figure 3.1 (c). This is the typical 
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absorption position of PtCl4
2-.192 We can get a conclusion that Pt4+ was reduced to Pt2+ in the first 

5 minutes, a fast reaction. Curve d in Figure 3.1 shows the adsorption of the solution after 60 

minutes irradiation. The spectra of solution irradiated for 60 min are similar to the solution 

irradiated for 5 minutes.  It only shows a little increase in 210 nm and slightly increases in 

baseline compare with curve c. This means that almost no further reduction happens for Pt2+ until 

almost all of Pt4+ was reduced to Pt2+. The further reduction of Pt2+ to Pt0 is a slow process 

compared with the speed of reduction of Pt4+ to Pt2+. This is consistent with  Cameron’s NMR 

test of photoreduction of platinum in ethanol/water solution193. Cameron indicated that 

photoreduction of PtCl6
2- complexes to Pt0 via Pt2+ and Pt0 metal formation does not occur until a 

~90% yield of PtCl4
2- has accumulated. Irradiation for 1 day resulted in the complete 

disappearance of the absorption band and a significant increase of the baseline absorbance. The 

spectrum of solution after 1 day UV irradiation was present in curve e, which implies formation 

of platinum nanoparticles.179 This feature has been observed for PVP-stabilized Pt by 

photoreduction and heat treatment in alcohol-water solution and hydrogen reduction in water, 

indicating that PtCl6
2- complexes were reduced to metallic species.190 The resulting solution was 

stable and no large aggregates or precipitate were observed for at least several months.  
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Figure 3.1 Variation of UV-Vis absorption spectra during the photoreduction of H2PtCl6. 

a) H2PtCl6 aqueous solution; b) mixture of H2PtCl6 with PEI; c) complex of H2PtCl6 with PEI 
after 5 minutes UV irradiation; d) complex of H2PtCl6 with PEI after 60 minutes UV irradiation; 
e) complex of H2PtCl6with PEI after 1 day of UV irradiation 

TEM images and size distributions. Figure 3.2a shows a typical TEM image at moderate 

magnifications and the corresponding size distribution histograms of the PEI/Pt NP after 

photoirradiation. The average particle diameter is 2.97 ± 0.68 nm. The isolation of the PEI/Pt NP 

is quite good in the colloidal solutions. It can be found that the majority of the Pt nanoparticles 

have a nearly isometric morphology with very narrow size distribution in the image, and only a 

very few aggregated particles were observed. Fig 3.2b displays an HRTEM (High-resolution 

electron microscopy) image. The spacing of lattice fringes measured from the image is 0.25 nm 

which is about same as (111) inter plane of fcc (face center cubic) Pt nanoparticles. The inset 

image shows a representive diffraction pattern obtained form FFT (Fast Fourier Transform) 
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analysis of that particle. The HRTEM image shows that the photoreduced Pt nanoparticles are 

well ordered at the atomic scale. 

 

Figure 3.2 TEM images of PEI/Pt NP synthesized by photoreduction. 

 a) Image in moderate magnifications, the inset at the bottom show it’s corresponding size 
distribution histograms of the PEI/Pt NP; b) HRTEM of Pt nanoparticles and the inset on the top 
right show FFT  pattern, the fringe spacing of 0.25 nm corresponds to the interplanar separation 
between the (111) planes. 

Effect of initial molar ratio (PEI: Pt) To investigate the influence of initial molar ratio of 

PEI to Pt on as-prepared Pt nanoparticles,  samples 1–9 with corresponding initial molar ratio 1:1, 

3:1, 6:1, 8:1, 10:1, 15:1, 17:1, 18:1 and 20:1 of PEI (repeating unit) to Pt were prepared. Low 

molar ratio (1:1 to 6:1) and high molar ratio (19:1 or higher) resulted in unstable solutions. After 

a few days, black metal deposits that precipitated from solution due to the coagulation of as-

prepared particles were observed from these unstable solutions. However, the solutions with 

moderate molar ratio of 8:1 to 18:1 are stable at least for several months. These samples were 

characterized by TEM. Figure 3.3 show the images with different PEI to Pt ratio.  As seen in the 

images, the particles produced with smaller amounts of PEI (ratios 1:1- 6:1, Figures 3.3 (1)-(6)) 
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are more clumped together. It is believed that this is due to the nanoparticles sticking to each 

other without enough PEI stabilization. The particles formed using the 8:1 to 15:1 ratio show 

much better disperse. The particles formed using the 17:1 and 18:1 ratios (Figures 3.3 (7) and (8)) 

are best dispersed and do not overlap each other. This is most likely because there is just enough 

PEI to disperse the particles evenly. At the highest ratio (20:1 or higher, the particles are 

clumped again, possibly due to the bridge of the PEI by Pt nanoparticles. These TEM images 

explained the stablility difference of these samples: clumped sample are not stable, while the 

better dispersed samples are more stable. This result is silimar as thermal reducing of gold in 

PEI63: lower PEI to gold molar ratio (2:1, 3:1) and higher molar ratio (8:1 and 9.5:1) resulted in 

the formation of  gold particle aggregates; coagulation of as-prepared particles were observed 

when initial molar ratio was lower than 1.5:1 or higher than 10:1. 

The size and size distribution of samples with different PEI to Pt ratio was analyzed and 

compared. Table 3.1 show the diameter analysis of TEM images. It can be seen that the ratio of 

PEI to Pt almost does not affect the size and size distribution of as-made Pt nanoparticles 

although the ratio of PEI to Pt affect the stability of final products. This result is different from 

the thermal process of PEI mediated gold nanoparticles. In the case of thermal reducing of gold 

with PEI63, nanorods and large particles ( 100 nm) with hexagonal shape are observed in 

sample with low PEI to Pt ratio, and at a moderate molar ratio of 5:1, only dispersed 

nanoparticles ( 25 nm in diameter) were obtained. But at higher ratio of 9.5:1, the formation of 

quasi one-dimensional aggregates is again noticed.  
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Figure 3.3 TEM images of sample 1-9 with PEI:Pt ratio of (1) 1:1; (2) 3:1; (3) 6:1; (4) 8:1; (5) 
10:1; (6) 15:1; (7) 17:1; (8) 18:1; (9) 20:1  

 

(1) 1:1 

 

(2) 3:1 

 

(3) 6:1 

(4) 8:1 

 

(5) 10:1 (6) 15:1 

(7) 17:1 

 

(8) 18:1 (9) 20:1 
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Table 3.1 Tabulated diameter analysis of samples with different PEI to Pt ratio 

Ratio Mean size (nm) SD Relative error 

1:1 2.79 0.36 13% 

3:1 2.52 0.50 20% 

6:1 3.20 0.57 18% 

8:1 3.18 0.74 23% 

10:1 3.00 0.61 20% 

15:1 2.83 0.43 15% 

17:1 3.01 0.64 21% 

18:1 3.28 0.61 19% 

20:1 2.96 0.41 14% 

 

3.4.2 Catalysis analyzation of photoreduced Pt nanoparticle  

In order to test the catalytic ability of the photoreduced nanoparticles, a reduction of 4-

nitrophenol was chosen as a model. This reaction was that of 2mL of 0.17mΜ 4-nitrophenol, 

0.5mL of 1.2Μ sodium borohydride and 0.5mL of the reduced platinum solution. 4-nitrophenol 

aqueous solution itself shows a spectral profile with an absorption maximum at 310 nm194. 
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Addition of sodium borohydride solution results in the shifting of the peak position to 400 nm 

which corresponds to the formation of 4-nitrophenolate ions in alkaline condition caused by the 

addition of NaBH4. The mixture, initially yellow, became colorless as the 4-nitrophenol was 

successive reduced to 4-aminophenol, allowing the reaction to be monitored using UV-Vis 

spectroscopy. In the absence of Pt catalyst, the absorbance value and the peak position of 

remained the same even for a couple of days.  For this reduction reaction, the changing of the 

peak absorbance at approximately 400nm can be observed and recorded periodically. The 

concentration of the sodium borohydride greatly exceeds those of 4-nitrophenol, therefore it 

should remain essentially constant during the reaction. A pseudo-first-order kinetics with respect 

to 4-nitrophenol can be used to evaluate the catalytic rate in this condition195. A plot can be made 

with the natural log of the absorbance on the y-axis and the time in minutes on the x-axis, with 

linear correlation should be obtained for all the samples studied. The absolute value of the slope 

of the fit line running through the linear points on the graph was considered the rate of the 

reaction which can be used to evaluate the catalytic activity.  

Figures 3.4 (a) and (b) demonstrate this procedure for determination of catalytic ability. 

Figure 3.4 (a) shows the resulting spectra from the catalytic reaction using a photoreduced 

sample with a 18:1 PEI monomer to platinum ratio. The absorbance of the peak at 400nm was 

recorded after each minute of reaction time. Figure 3.4 (b) shows the plot of the natural log of the 

absorbance at each time versus the time it was taken at. The absolute value of the slope of the fit 

line running through the points is 0.19 for this 18:1 ratio sample. The values of the pseudo-first-

order rate constants determined from different samples are given in Table 3.2. It was find that the 

apparent first-order rate law fitted reasonably well to most of samples.  
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Figure 3.4 a) Successive UV–Vis spectra of reduction of 4-NP by Pt nanoparticles with a PEI to 
Pt ratio of 18:1. Time of interval is 1min; b) Plots of lnA versus time for the reduction of 4-
nitrophenol by Pt nanoparticles prepared by a PEI to Pt ratio of 18:1 
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Table 3.2 Rate Constant for the Reduction of 4-Nitrophenol with different PEI to Pt ratio 

PEI to Pt Ratio Rate constants K (1/min) Stability 

1 0.075  

3 0.090  

6 0.138  

Unstable 

8 0.166  

10 0.171  

13 0.188  

15 0.207  

17 0.265  

18 0.192  

Stable 

19 0.098  

20 0.087  

24 0.079  

28 0.074  

Unstable 
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Figure 3.5 summarized the relation of the PEI to Pt ratio, catalytic activity and stability of 

the Pt nanoparticles. It has been shown that there are three region in this figure: two unstable 

regions and a stable region. When the PEI to Pt ratio increases, the pseudo-first-order rate 

constants increase too. There is a maximum value of pseudo-first-order rate constants at ratio of 

17:1. After this ratio, the pseudo-first-order rate constants decrease with the increasing of PEI to 

Pt ratio. It is supposed that the diffusion of 4-nitrophenol mainly controls the rate of reduction195. 

As seen from the TEM results, Pt dispersed not very well in low PEI to Pt ratio because of not 

enough stabilizing agent (PEI), thus it is a unstable solution. As a result, 4-nitrophenol can not 

effectively reach the surface of Pt nanoparticles because of aggregation of Pt nanoparticles in 

low PEI to Pt ratio. While for very high PEI to Pt ratio, PEI with rich amino groups are 

considered to be adsorbed on the platinum nanoparticles, the high density of adsorbing PEI 

would affect the diffusion of 4-nitrophenol to the platinum nanoparticle surfaces. So pseudo-

first-order rate constant can only reach maximum in moderate PEI to Pt ratio. Accordingly, it can 

be concluded that the stability of the solution and rate constant of the reduction reaction is 

predominantly controlled by the amount of PEI adsorbing on the platinum nanoparticles. 
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Figure 3.5 The relation between the PEI to Pt ratio and catalytic activity. 

 

3.4.3 Electrocatalytic activity of photoreduced Pt nanoparticle 

Deposition of Pt nanoparticles on GC electrode. The preparation of polymer-coated 

electrodes has been a relevant subject of interest recently. The catalytic activity of Pt 

nanoparticles is generally affected by their size, shape and stabilizing agents controlled by the 

preparative conditions. The polymer matrix might provide an efficient pathway for electron and 

photonic species for fuel cells. Many kinds of polyelectrolyte assembled on electrodes were  

studied196. Among them, PEI is a polyelectrolyte which has been used widely for the preparation 

of multilayer assemblies yielding novel multifunctional materials. The procedure in this study for 

polyelectrolyte coating of electrode with PEI is based on solvent evaporation. The PEI/Pt NP 
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solution was applied directly on the glassy carbon surface. After the solvent evaporated, PEI 

coating layer was irradiated by UV light. It has been shown that γ-irradiation or UV radiation can 

generate free radicals on the polymer chains which react to covalently cross-link the chain197. 

Cross-linking combines the polymer chains into a continuous network extending over the entire 

electrode makes it intractable in that it is more stable on the surface of the electrode and will not 

be soluble in the medium. It has been show the Pt nanoparticles with a PEI to Pt ratio of 17 have 

highest catalytic ability by above tests, therefore all of next electrocatalytic activity experiments 

use the sample with the PEI to Pt ratio of 17. 

Cyclic Voltammetry Profiles of PEI/Pt NP. Figure 3.6 presents the cyclic voltammograms 

for PEI/Pt NP coating electrodes at different scan ranges in 1 M H2SO4 solution. The PEI coated 

electrode does not show any characteristic peak in the potential range shown (Figure 3.7), 

whereas the PEI/Pt NP coating electrodes display the characteristic voltammetric profile of Pt 

surfaces198: hydrogen adsorption-desorption, the double-layer and formation and removal of 

platinum surface oxides. These cyclic voltammograms features are in good agreement with the 

cyclic voltammograms curves for other Pt electrodes199. This demonstrates that the voltammetric 

features of Pt nanoparticles electrode are due to the presence of Pt in PEI on the electrode. 

Hydrogen underpotential (Hupd) deposition is very sensitive to crystallographic orientation of the 

platinum surface200. The adsorption peaks of hydrogen are distinctly resolved when the potential 

was scanned to the region of oxide formation, while when the potential was scanned below the 

oxide formation region the adsorption states peaks of hydrogen are not well resolved (figure 3.6 

b). The corresponding hydrogen adsorption-desorption peaks HA1 and HD1, are associated with 

the Pt (110) crystal plane, and hydrogen adsorption-desorption peak a HA2 and HD2 are associated 

with the Pt (100) crystal plane187. The broad H-adsorption below the Pt (110) and Pt (100) peaks 
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possibly indicates the presence of Pt (111) sites. Resolved hydrogen adsorption states at the 

PEI/Pt NP assembled on the electrode is a significant signal because it indicates that PEI is a 

good capping agent which does not block Hupd catalytic sites, while in the case of PVP mediated 

Pt colloidal, Hupd states can not be resolved 181. The OO1 and OO2 peaks show typical Pt oxidation 

at high potential, while peak OR was associated with the reduction of platinum oxide. This is an 

evidence of the presence of platinum on the electrode surface201. It may be concluded that the 

platinum nanoparticles have a clean active surface. 

 

Figure 3.6 CV of the as-prepared PEI/Pt NP coated electrode. 

Supporting electrolyte: N2 saturated 1M H2SO4, scan rate: 20 mV/ s and electrode area: 0.07 cm2. 
a) Potential between -0.22 V and 1.2 V; b) Potential between -0.22 V and 0.35 V. 
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Figure 3.7 Comparison of pure PEI with PEI/Pt NP coated electrode response in 1 M H2SO4. 

 

The catalytic activity of Pt nanoparticles was evaluated by its active surface area. The 

active area of Pt nanoparticles can be estimated by the hydrogen underpotential deposition. This 

area is calculated by integrating the cathodic current for hydrogen adsorption reaction with 

correction for the “double layer” charging current202 (as show in the net shaded region in Figure 

3.6a). A reported clean polycrystal Pt electrode’s charge density of 210 μC/cm2 was used, 

assuming adsorption of one hydrogen atom per platinum atom.203 The area of the 

electrochemically accessible nanoparticles was calculated to be 1.32 cm2. The roughness factor (f) 

was defined as the ratio of the true active surface area to the apparent geometric area. From this 

procedure, the roughness factor is about 20. 
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Electrocatalytic Activity of Methanol Oxidation Reaction It is well known that Pt 

nanoparticles have good catalytic activity and stability for the electrochemical oxidation of 

methanol in the acidic environment of DMFC.157 The catalytic properties of PEI mediated Pt was 

studied by cyclic voltammetry. Figure 3.8 presents the cyclic voltammograms obtained from the 

oxidation of methanol at PEI mediated Pt coated electrodes in 1 M H2SO4 containing 2 M 

methanol. Voltage sweeps were scanned in the range of 0-1 V at a rate of 20 mV/s. A well-

defined symmetric anodic peak for the oxidation of methanol at 0.66V in the forward scan is 

apparent. In the reverse sweep direction, an anodic reverse peak was recoded at 0.47 V. This 

reverse anodic peak is attributed to the removal of surface adsorbed, incompletely oxidized 

intermediate species generated during the oxidation of methanol, mainly CO. The peak current at 

0.66 V and 0.47 V, which are consistent with that reported in the literature201, are not observed at 

pure PEI electrode (Figure 3.9), demonstrating that the Pt nanoparticles are responsible for the 

electrocatalytic activity.  
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Figure 3.8 50 consecutive cycle scans of methanol oxidation obtained from PEI/Pt NP coated 
electrode with a scan rate of 20 mV/s in 1 M H2SO4, 2 M methanol at 298 K. The peak current 
decreases with the number of scans. The voltammograms were recorded at 2 second intervals. 
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Figure 3.9 Comparison of pure PEI with PEI/Pt NP coated electrode response in 1 M H2SO4 and 
2M CH3OH. 
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Electrooxidation of methanol is a complicated chemical reaction. Even after several 

decades of study, the mechanism of the oxidation of methanol is still not completely understood. 

Several different reaction mechanisms have been proposed160. Spectroscopic studies204 indicate 

that methanol molecules are first absorbed on the surface of Pt and disassembled as intermediates 

such as Pt-(CHO)ads and Pt-(CO)ads; H2O is absorbed to the surface of Pt as intermediate Pt-

(OH)ads which reacts with carbonaceous intermediates to give CO2 producing the stripping peak 

in the backward scan. It is generally agreed that the most abundant surface intermediate is CO, 

which can poison the catalyst. The ratio of the magnitude of the anodic peak current in the 

forward sweep to the reverse sweep has generally been used to evaluate catalyst tolerance to 

intermediate species accumulation on the surface of the electrode.205 The higher the ratio of the 

forward anodic peak current to the backward anodic peak current (If/Ib), the more methanol is 

oxidized to carbon dioxide which means that the concentration of intermediate species on the 

electrode is relatively lower, thus a better tolerance to the poisoning201. In our experiments, the 

ratio is about 1.3. This is much higher than those reported for most of other Pt-based electrodes. 

For example, the ratio of 0.87 was reported with nanosize Pt on carbon.205 Such a high value 

indicates that most of the CO is oxidized to CO2 in the forward scan and that the Pt nanoparticles 

coated electrode does not undergo serious poisoning by the accumulation of CO. 

 The onset potential for the oxidation of methanol in our experiments is about 0.1 V (Figure 

3.10a), which is 0.3 V less positive than the bulk Pt electrode (Figure 3.10b shows a CV 

comparison of PEI/Pt NP with Pt electrodes. Both of them were recorded in 1 M H2SO4 

containing 2 M CH3OH at 20mV/s). The onset potential for the oxidation of methanol on our 

PEI/Pt NP coated electrode is also much lower than those of the other Pt based nanoparticles 

based electrodes. For example: Geng et al206 studied the onset potential of methanol 
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electrooxidation for various Pt based multicomponent electrocatalysts and most onset potential 

of their catalysts are in the range of  0.12-0.39 V; the onset potential on iridium-Pt nanoparticles 

based207 and the nanoporous Pt network14 electrode were observed at 0.2 V; it was also shown 

that the onset potential of carbon nanotube/Pt nanoparticles electrode208 was 0.2 V. Although 

such a comparison is not very precise because the catalytic activity is related to many factors 

such as preparation technique, surface area, particle size and distribution, pretreatment etc, the 

low onset potential and larger If/Ib ratios conclusively indicates that PEI/Pt NP show superior 

electrocatalytic activity for methanol oxidation  and good tolerant to CO poisoning.  

In our study, the peak current in the first forward scan at 0.66V is 0.861mA. Based on the 

geometric electrode surface of 0.07cm2, we obtain a current density of 12.3 mA/cm2 for 2 M of 

methanol (scan rate of 20 mV/s) on the Pt nanoparticles coated electrode with a very low Pt 

loading. For comparison, Liang181 found that PVP coated Pt nanoparticles produce almost no 

response to methanol with no oxidative or hysteresis phenomenon observed. Their work 

indicates that the poor signal arising from the PVP stabilized nanoparticles can be attributed to 

the presence of the strong capping agent on the Pt nanoparticles surface, inhibiting the particles’ 

catalytic properties. The strong affinity of PVP for the Pt nanoparticles hinders the diffusion of 

methanol to the Pt surface, and thus inhibits electron transfer from Pt. In contrast, our PEI coated 

Pt nanoparticles show good catalytic properties for methanol oxidation. The reasons may be that 

the affinity of PEI for Pt is not as strong as PVP, or that UV irradiation lessens the affinity of PEI 

with Pt. In the other side, the homogenous distribution of Pt nanoparticles and smaller size are 

also expected for producing high electrocatalytic activity. 
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Figure 3.10 a) Magnified CV image of PEI/Pt NPs coated electrode. Onset potential is labeled in 
the image. The arrows show the scan directions. b) Comparison of PEI/Pt NPs with bulk Pt 
electrode. CV was scanned in 1M H2SO4 and 2M CH3OH. 
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The long-term stability of the Pt nanoparticles coated electrode is particularly important for 

the development of DMFCs.  The long-term stability of the electrode was tested by using the 

same electrode for 50 repetitive cycles. The forward and backward peak currents (Figure 3.8) on 

Pt nanoparticles coated electrodes were measured as a function of the number of cycles, as 

shown in Figure 3.11a. It can be seen that the shape and peak potential of the curves show no 

evident changes, but the peak current decreases with increasing cycle number. The gradual 

decrease in catalytic activity after successive cycles of potential scan could result from the 

consumption of methanol during the electrochemical oxidation reaction. A better measure of 

stability comes form the ratio of the forward anodic peak current to the backward anodic peak 

current (If/Ib), calculated as a function of the number of cycles as shown in Figure 3.11b. Only a 

3.7 % decrease in If/Ib was observed after 50 cycles, demonstrating that the electrode does not 

undergo serious deactivation by the oxidation/reduction product, and still shows good catalyst 

tolerance to poisoning.  

 

Figure 3.11 Long-term cycle stabilities of PEI/Pt NPs coated electrode over 50 scan in N2 
saturated 1 M H2SO4 + 2 M CH3OH at scan rate of 20 mV/s. a) The variation of the forward and 
backward scan peak current with cycle number. b) Plot of If/Ib versus cycle number. 
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In order to understand more about the nature of oxidation product, the scan at different 

potential limits were obtained which shown in Figure 3.12. When the scan limit is higher than 

1.2 V, a new shoulder peak appears at about 1.18 V, which is associated with oxidation of 

carbonaceous species. The backward anodic peak potential and peak current density decrease. 

This is consistent with results of the Pt/C and Pt/carbon nanotubes201, 205. The ratio of If/Ib 

increasing with the anodic scan limit confirmed that the reverse anodic peak current is associated 

with residual carbon species on the Pt nanoparticles coated electrode.  

Figure 3.12 Cyclic voltammograms of methanol oxidation on PEI/Pt NP coated electrode at 20 
mV/s in 1M H2SO4, 2M CH3OH with different potential scan limits labeled in the inset figure. 
The inset shows a magnified peak region. 
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Chronoamperometry scans were measured at different potentials for 600 seconds on the Pt 

nanoparticles coated electrode and the results are shown in Figure 3.13. It was found that the 

largest current occurs at 0.6 V compared to 0.8 V and 0.3 V. This is consistent with the above 

result from cyclic voltammogram tests. The current gradually decreases with time because the 

methanol is electro-oxidized continuously and the concentration of methanol decreases with time. 
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Figure 3.13 Chronoamperometry curves of PEI/Pt NP coated electrode for methanol oxidation  
recorded at 0.3 V, 0.6 V and 0.8 V in 1M H2SO4 and 2M CH3OH, at 298K. 

 

3.5 Conclusions 

In this study, we have demonstrated that monodisperse Pt nanoparticles can be synthesized 

in PEI aqueous solution by a photoreduction method. The results obtained from UV-vis 

spectroscopy and TEM clearly demonstrate the photoreduction of PtCl6
2- to Pt nanoparticles. 

Photoreduction of PtCl6
2- complexes to Pt0 metal particles via Pt2+. Pt0 metal formation occurs 
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only after almost all of PtCl6
2- converts to PtCl4

2-, and the reduction from PtCl6
2- to PtCl4

2- is a 

fast process, while the reduction of PtCl4
2- to Pt0 metal particles is a slow process. It has been 

shown that PEI play an important role in the preparation of Pt nanoparticles. Different ratio of 

the ratio of PEI to Pt results in the product with similar diameter but with different stability. 

Testing the catalytic ability of photoreduced particles by reduction of 4-nitrophenol showed that 

there is strong relation between the the ratio of PEI to Pt and the cataytic activity.  PEI/Pt NP can 

be assembled on the surface of a glassy carbon electrode, and the electrocatalytic activity was 

also studied. Hydrogen adsorption states were observed and well resolved at as-prepared PEI/Pt 

NP assembled on electrode surfaces, without subjecting the nanoparticles decapping. The high 

current density, If/Ib value and lower onset potential for methanol oxidation show that the PEI/Pt 

NP exhibit excellent catalytic properties for methanol oxidation reactions. It partly overcomes 

the accumulation of intermediate carbonaceous species on the catalysts’ surface which leads to 

catalyst poisoning in fuel cell. The system is highly stable toward the oxidation of methanol for 

long term cycles. These results present in this study indicate that PEI is a good candidate to be 

used as a capping and reducing agent in photoreduction of Pt nanoparticles. At the same time, it 

can work as a good carrier to immobilize the nanoparticles on the surface of the electrode.  The 

presence of PEI in this system not only mitigates the CO poisoning of Pt catalyst, but also 

enhances the electrocatalytic activity and stability of the catalyst. PEI assisted photoreduction 

synthesis appears to be a promising method for the preparation of well-dispersed Pt nanoparticles, 

and this method provides an attractive route to Pt catalysts with good electrocatalytic activity and 

reliable catalytic performance. 
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CHAPTER 4 UV Irradiation Strategy for Synthesis of Spinel 

Co3O4 Nanorods at Room Temperature 

4.1 Synopsis 

A UV-assisted method was used to synthesize polyelectrolyte-mediated Co3O4 

nanocrystals. High quality rod-shape Co3O4 nanocrystals were synthesized at room 

temperature and ambient pressure. Polyethylenimine was used as a stabilizer, leading to 

the growth of nanocrystals to nanorods. UV–vis absorption spectra were obtained to 

pursue the formation process of Co3O4 nanorods. The research results demonstrate that the 

morphology of Co3O4 nanorods is dependent on the molar ratio of PEI to precursor Co2+. 

The shape, size, and morphology of the Co3O4 nanorods dispersed in the PEI matrix were 

characterized by TEM. The crystal structure was also determined by powder XRD and 

Raman spectroscopy. HRTEM and XRD studies show that the nanorods are spinel phase 

single-crystal materials. The possible formation mechanism is discussed.  

4.2 Introduction 

Synthesis of one-dimensional (1D) nanomaterials has attracted considerable attention209, 

owing to their intriguing properties, unique structures, and potential applications in electronic, 

magnetic, optical and catalytic materials210, 211. 1D nanomaterials such as nanobelts212, 213, 

nanorods214, nanotubes215, and nanowires216, 217 have been synthesized by various methods, 

including structure-directing hard templates (such as alumina218, silica219, 220, polymer215 etc); 

soft templates (such as surfactants221,) and coordinating ligands222; vapor-liquid-solid (VLS) 

growth223; and the self-assembly of spherical nanoparticles by oriented attachment224. These 
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methods have successfully synthesized 1D nanostructured metals, metal oxides, and metal 

chalcogenides.  

The p-type semiconductor Co3O4 is an important functional material and has been widely 

used in anode materials225, 226, solid-state sensors227, 228, heterogeneous catalysts229, solar energy 

absorbers230, pigments231, and other applications. Nanostructured Co3O4 is especially popular 

because of its high surface-to-volume ratio. Nanostructured Co3O4 displays very high discharge 

capacity as the anode material in Li-ion rechargeable batteries232, and exhibits good sensitivity to 

certain reactants228, such as hydrogen and alcohol. For most applications it would be highly 

desirable to prepare nanostructured Co3O4 with well-defined morphology in a narrow size 

distribution.  

Much effort has been devoted to developing new methods for preparation of Co3O4 on the 

nanoscale. The thermal decomposition of inorganic precursors214, 233, crystallized cobalt 

alkoxides234-236, or polymer fibers237 at high temperature are traditional methods. For 

，example Hou et al.238 synthesized cobalt oxide by cobalt hydroxide route. First, cobalt 

hydroxide nanoplatelets were prepared by precipitation and hydrothermal treatment. Then cobalt 

oxide nanoplatelets were obtained by thermal decomposition. Nanosized cobalt oxide can also be 

synthesized by heating polished Co foils in ambient conditions at 200-350 °C239. But cobalt 

oxide nanoparticles prepared by this method are irregular in shape. These kinds of high 

temperature methods usually led to sintering and aggregation of the nanocrystals at the high 

reaction temperature. Low-temperature synthesis of nanoscale Co3O4 has been a recent focus. 

Various new experimental procedures have been reported in the literature for the synthesis of 

nanosturctured Co3O4 at temperatures as low as 150- 260°C. The new low temperature methods 

include sol-gel240, spray pyrolysis241, chemical vapor deposition229,  and hydrothermal reaction 
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preparation242.   With ionic liquid assistance, Co3O4  nanoparticles have been formed in solution 

at room temperature243. Shape and size control are still a challenge for the synthesis of regular 

Co3O4  nanoparticles. 

Co3O4 nanoparticles can also be prepared via irradiation. In microwave-assisted 

synthesis233, the reaction temperatures are still as high as 100-140 °C，so the thermal effects 

produced by microwave irradiation are thought to contribute to the reaction, although some 

researchers244 believe there are non-thermal effects. In the γ-irradiation method245, investigators 

claim that Co3O4 nanoparticles are prepared at room temperature and ambient pressure. The 

proposed reaction mechanism was divided into two steps: Co2+ is reduced to cobalt atoms by γ-

irradiation and then the cobalt atoms are oxidized to Co3O4. However, the Co3O4 powders 

produced by this method only show amorphous structure. 

   UV irradiation is widely used to synthesize Ag, Au and Pt nanoparticles190, 246. Photo-

driven processes have some advantages over other methods. Controlled reaction of metal ion 

precursors can be carried out without using excess reducing agent, for example, and there is no 

adsorbing contamination in the product.  Photo-driven processes are usually slow, such that the 

reduction reaction arises uniformly in solution and the final product will be more uniform, and 

the reactions are more controllable. To the best of our knowledge, there are no reports of the 

synthesis of Co3O4 nanorods by UV-irradiation assistant method at room temperature. In this 

paper, we present a method for the synthesis of water-dispersible Co3O4 nanorods by UV 

irradiation under ambient conditions in aqueous solution. Polyethylenimine (PEI) was used as a 

stabilizer. The as-prepared Co3O4 nanocrystals were systematically investigated using TEM, 

EDX, Raman and XRD. The method is very simple and provides for the synthesis of 1D Co3O4 

nanocrystals at room temperature.  
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4.3 Experiments  

4.3.1 Materials   

Cobaltous chloride hexahydrate (CoCl2•6H2O) was obtained from Fisher Chemical 

Company. Polyethylenimine (PEI) with a weight-average molecular weight of 25000 was 

purchased from Aldrich. All chemicals were used as received. 

 A Rayonet photochemical reactor (model RPR-600, Southern New England Ultraviolet 

Inc.) was used for UV irradiation. The photochemical reactor is supplied with eight 253.7 nm 

light sources (8 W per lamp), a merry-go-round unit which holds samples for equal irradiation 

rotating at 5 RPM, and a cooling fan to maintain the temperature within the reactor at room 

temperature. 

4.3.2 Preparation of Co3O4 nanorods 

 In a typical procedure, 3 mL of 20 mM CoCl2 was added to 9 mL PEI aqueous solution 

(20 mM of the C2H5N monomer concentration). The final molar ratio of PEI/Co2+ was 3. The 

mixture of aqueous solutions was diluted to 100 mL with deionized water and then was left 

stirring 2 hours to complete the formation of Co2+/PEI complex in quartz tubes. The samples in 

quartz tubes were placed in the photochemical reactor and irradiated for up to 2000 minutes. 

4.3.3 Characterization of Co3O4 nanorods  

UV-vis absorption spectra of the nanoparticle solutions were measured by a Cary 50 

spectrophotometer to pursue the reaction in solution. The as-prepared products’ morphology, 

dimensions and lattice fringes were observed by TEM with a FEI TECNAI F20 microscope. The 

electron beam acceleration voltage was set at 200 kV. Images were obtained by depositing of a 
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drop of the final solution onto a carbon-coated 300 mesh copper grid, followed by air-drying 

under ambient conditions. Particle size distribution was obtained by measuring about 100 

particles in arbitrarily chosen areas in the enlarged photograph. The crystallographic information 

of the samples was identified by X-ray powder diffraction (XRD) analysis with a Rigaku 

D/MAX-2BX X-ray diffractometer using Cu Kα radiation (λ=0.1541874 nm). The Raman 

measurements were performed using a LabRam HR800 UV spectrometer (Horiba Jobin-Yvon) 

with a 633 nm laser line. 

4.4 Results and discussion 

4.4.1 UV-vis spectroscopic studies 

Co3O4 nanorods were prepared through a simple UV irradiation process from precursor 

complexes in aqueous solution. UV-vis spectroscopy was used to monitor the reaction of Co2+ 

ions in solution during photochemical treatment. Figure 4.1 shows the change in the complex 

UV-vis absorption spectra with increasing UV irradiation time. Formation of Co2+/PEI complex 

is the first step of nanoparticles synthesis. In Figure 4.1, spectrum (a) taken immediately after 

mixing CoCl2 with PEI solution shows a typical UV-vis spectra of Co2+/PEI complex, with an 

absorbance peak at 315 nm. This peak  is characteristic of an oxygen adduct of a cobalt chelate247. 

With increasing irradiation time, there is an apparent decrease in the 315 nm peak, which 

indicates the breaking of the complexation by exposure to the UV light. After about 30 minutes, 

the peak at 315 nm disappears, indicating the complex is completely dissociated. The irradiation 

time was extended to as long as 2000 minutes. The dashed line (h) in Figure 4.1 shows the 

absorption spectra of Co2+/PEI complex irradiated for 2000 minutes, which is a relatively flat 

line showing smooth exponential decay as a function of increasing wavelength with a broad rise 
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in absorption at long wavelengths. We believe this is attributable to scattering of light associated 

with the formation of nanoparticles. The spectrum after 2000 minutes exposure of the Co2+/PEI 

complex to UV light yielded no conspicuous changes either in intensity or in maximum 

absorption. This amount of time appears to be sufficient in obtaining Co3O4 nanoparticles.  
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Figure 4.1 Temporal evolution of UV-vis absorption spectra after UV irradiation of Co2+/PEI 
complex. 

 

4.4.2 TEM, STEM and EDX analysis 

TEM analysis of the as-prepared samples reveals the presence of nanorods as shown in 

Figure 4.2. The low-magnification micrograph in Figure 4.2(a) indicates the typical 
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nanostructures were rod shaped. It appears that a large quantity of nanorods was encapsulated 

inside the polymer matrix. At this time we are not sure whether the encapsulated structures exist 

in solution or they form during the drying step of TEM sample preparation. There are a minority 

of agglomerated nanorods. Imaging statistics of nanorods in Figure 4.2 (b) suggest the length of 

the rod range from 50 nm to 400 nm, with an average length of 206 nm and standard deviation of 

68.6 nm. The average width is 21.8 nm (aspect ratio ~10). The agglomerates were not counted in 

the imaging statistics. Figure 4.2(c) shows a single rod with a smooth surface encapsulated in the 

polymer matrix at higher magnification. It has a uniform diameter along its entire length, 

indicating good size and shape control by this method. As shown in Figure 4.2(d), the HRTEM 

image recorded from an individual nanorod clearly shows a lattice spacing of 0.46 nm, in 

accordance with the (111) plane of the cubic spinel Co3O4
248. The inset in Figure 4.2(d) is the 

fast Fourier transform (FFT) pattern of the digitalized HRTEM image. The FFT diffractogram 

reveals the presence of lattice distances which correspond to the (220) and (111) planes of the 

cubic spinel Co3O4. 
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Figure 4.2 TEM characterization of as-prepared Co3O4 nanorods (a) low magnification image of 
Co3O4 nanorods coexisting with PEI, (b) length and width distributions of Co3O4 nanorods, (c) 
high magnification image of an individual rod, (d) a high-resolution transmission electron 
microscope (HRTEM) image taken from the middle part of the rod, (inset: FFT transform of 
HRTEM image). 
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Scanning transmission electron microscopy (STEM) investigations has provided further insight 

into the nanostructures and the chemical composition of the as prepared materials. Figure 4.3(b) 

shows a STEM image of the nanorods.  The image shows several nanorods aggregating in the 

PEI polymer matrix. The particle size and shape is the same as the TEM result. The spot in the 

image was selected to obtain an energy dispersive X-ray (EDX) spectrum. The EDX result in 

Figure 4.3(a) affirms the nanorods consist of cobalt and oxygen. The ratio of cobalt to oxygen is 

~ 3:4, in agreement with Co3O4 stoichiometry. The above results demonstrate that nanoparticles 

of Co3O4 with rod morphology and high aspect ratio can be selectively produced by a UV-

assisted method. 

 

Figure 4.3 EDX spectrum of Co3O4 nanorods taken from the spot 1 in the middle of inset STEM 
image. 
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4.4.3 XRD and Raman analyses  

The crystal structure and phase purity of the product was determined by X-ray diffraction. 

Figure 4.4(a) shows a typical XRD pattern of the nanocrystals. All diffraction peaks can be 

exactly indexed to the cubic spinel Co3O4 (Space group Fd-3m). The lattice constants of the 

nanorods(a=b=c=0.8063) were in good agreement with standard values (Joint Committee for 

Powder Diffraction Standards-International Centre for Diffraction Data (JCPDS-ICDD) card no. 

74-1657). No impurities can be detected in this pattern, which indicates that pure Co3O4 can be 

obtained under the described synthesis conditions.  

In order to further confirm the XRD results, the Co3O4 nanorods were also studied by 

Raman spectroscopy. Figure 4.4 (b) shows the Raman spectrum of the as-prepared Co3O4 

nanorods. Five distinct peaks were observed. These along with their assignments are given in 

Table 4.1. It has been shown that Co3O4 spinel exhibits a cubic structure, with space group Fd3m 

(O 7
h ). The Raman band at 688.7 cm-1 was assigned to the A1g species in the O 7

h  symmetry249. The 

bands at 620.8 cm-1 , 532.5 cm-1 and 200.4 cm-1 have F2g symmetry, whereas the peak at 482.7 

was attributed to the Eg symmetry239, 250. Different samples were measured repeatedly, and only 

Co3O4 Raman spectrum was observed, which confirms the formation of pure Co3O4 nanocrystals. 
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Figure 4. 4 (a) XRD pattern of nanorods, confirming the formation of pure spinel structure cobalt 
oxide (Co3O4), (b) Raman spectrum of the Co3O4 nanorods. 
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Table 4.1 Peak assignments for the Raman spectrum of  Co3O4 nanocrystals 

Peak Assignment Observed (cm-1) Ref 

1 F2g 200.4 250 

2 Eg 482.7 239 

3 F2g 532.5 250 

4 F2g 620.8 250 

5 A1g 688.7 249 

 

4.4.4 Discussion 

 The formation mechanism of Co3O4 nanorods is not immediately clear. The literature251 

indicates that PEI shows very high ability coordinate cobalt ions, and the PEI/Co2+ complex is 

one of metal complexes with oxygen-binding properties.  The PEI/Co2+ complex is capable of 

binding oxygen in 2:1 and 1:1 stoichiometries. UV-vis spectra in Figure 4.1 show this feature at 

315 nm. When PEI/Co2+ complex binds with oxygen and external energy is provided, an electron 

can transfer from cobalt to the oxygen. This oxygenation reaction can be viewed as a internal 

redox reaction: Co2+ is formally oxidized and the oxygen is formally reduced252. Irradiation with 

254 nm light can cause the photochemical decomposition; the O-O bonds break and free radicals 

can be detected253.   

 To confirm this mechanism, a comparison experiment was done at pH 3. It is known that 

the formation of the oxygen complex only occurs at pH 5 and above. This is due to strong 

competition by protons for the basic coordination sites on the ligand which prevents formation of 

the cobaltous chelates at lower pH. TEM results (Figure 4.5) show that although reduction 
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apparently occurs, there are no nanorods formed at pH 3. To investigate the effect of O2, 

experiments were carried out with PEI/Co2+ solutions purged with nitrogen gas and compared 

with those through which air was bubbled prior to irradiation. The solution bubbled with 

nitrogen gas show very few nanorods in the TEM images while the solution bubbled with air 

produces many nanorods. The appearance of a small amount of Co3O4 nanorods indicates that 

oxygen was not completely removed from the solutions prior to irradiation, or some oxygen is 

absorbed due to imperfect quartz tube sealing. Examining the crystal structure and the above 

experimental results, we may propose a hypothesis for the formation of Co3O4 nanorods as 

shown in Figure 4.6: PEI was complexed with cobalt ions which bind with O2 in solution. UV 

irradiation gives sufficient activation energy to transfer electrons from cobalt to oxygen. The 

complexes decompose and subsequently cobalt was oxidized to Co3O4 in the aqueous solution.  

The oxidizing agent is likely the dissolved oxygen in solution, which binds with PEI/Co2+ 

complex. Further studies are still underway to confirm this mechanism. 
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Figure 4.5 TEM image of CoCl2 and PEI mixture at pH 3, irradiation with UV light for 34h. 
There is apparently no feature bigger than 40 nm in the image. 

 

 

Figure 4.6 Proposed formation process for Co3O4. 
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Further investigations on the influence of PEI in the synthesis of Co3O4 nanorods and 

confirmation of the reaction mechanism have been performed. These studies indicate that the 

morphology and size of the final product strongly depends on the molar ratio of PEI to Co2+. As 

shown in Figure 4.7(a), when the molar ratio of PEI to Co2+ is 0.5:1, there are no detectable 

nanoparticles apparent in the TEM image. In Figure 4.7(b), when the molar ratio reaches 1:1, 

nanoparticles are observed. Experiments show that the optimum molar ratio of PEI to Co2+  for 

the formation of nanorods is 3:1. At this ratio, the synthesized nanorods show a smooth rod 

shape. When the molar ratio of PEI to Co2+ is higher than 3:1, shown in Figures 4.7(e), the 

nanorods are not smooth and aggregation occurs. When the ratio of PEI to Co2+ reaches 6, as 

shown in Figures 4.7(f), very few nanorods are formed, possibly because cobalt complexed with 

six nitrogen ligands appears to be much less efficient in complexing oxygen254.  There is a strong 

relationship between the synthesis of nanorods and the molar ratio of PEI to Co2+.  
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Figure 4. 7 TEM micrographs of Co3O4 prepared at different molar ratios of PEI to Co2+: (a) 
0.5:1, (b) 1:1, (c) 2:1, (d) 3:1, (e) 4:1, (f) 6:1. 
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4.5 Conclusions 

Co3O4 nanorods were successfully prepared by a UV-assisted method in aqueous solution 

at room temperature and ambient pressure. This is the first known report of UV -assisted, room-

temperature synthesis of crystalline spinel Co3O4 nanomaterials. The phase of the product was 

identified by XRD and no impurity was present. Nanorod morphology of Co3O4 was confirmed 

by TEM.  A possible formation mechanism was proposed. Further studies are underway to 

confirm this formation mechanism. Unlike traditional chemical synthesis methods, the reactions 

all occur at room temperature. This method has the virtue of simplicity, mild reaction conditions, 

and leads to highly crystalline particles with controllable morphology.  With uniform 

morphology, the Co3O4 nanorods obtained have great potential application. This approach, which 

is not simply the photoreduction of precursor metal ions to zerovalent metal but rather a photo-

driven process from a complexed intermediate, could provide a strategy for the synthesis of other 

nanosized transition metal oxide materials. 
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CHAPTER 5   Preparation of FePt Nanoparticles by Chemical 

Reduction in PAMAM-OH Template 

5.1 Synopsis 

Using dendrimers as templates, FePt nanoparticles with narrow size distribution were 

prepared by a simple chemical reduction method at room temperature. In this approach, 

PAMAM-OH dendrimers act as templates in which metal ions are coordinated in, and NaBH4 

acts as reductant. The FePt nanoparticles were synthesized in aqueous solution. The as-made 

FePt nanoparticles are spherical with an average size of ~3 nm and have the chemically 

disordered face-center-cubic (fcc) structure. The FePt nanoparticles can be transformed to the 

face-center-tetragonal (fct) phase after annealing at 700 °C for 1 hour. The as-prepared fcc FePt 

nanoparticles are found to be superparamagnetic at room temperature. After annealing in a 

reducing atmosphere, the FePt nanoparticles transform to ferromagnetic and show high 

coercivity. The structural and magnetic properties of the as-made and annealed samples were 

characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD), and 

alternating gradient magnetometry (AGM).   

5.2 Introduction 

Dendrimers are very attractive materials in nanotechnology and nanoscience because of 

their highly ordered structure, narrow size distribution and chemical versatility255. There are 

many types of dendrimers. Poly(amidoamine) (PAMAM) is one of the most widely used 

commercially available dendrimer. For high generation PAMAM dendrimers, they possess a 

high concentration of surface functional groups.  The crowding surface functional groups lead to 

a close-packed spherical structure surrounding significant interior cavities256. The high density of 
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interior tertiary amines in PAMAM dendrimers can complex metal ions based on electrostatic 

interactions or complexation reactions257. In suitable condition, metal ions can be complexed 

exclusively within the dendrimers. After the metal ions are encapsulated, they can be reduced by 

excess of chemical reducing agent in water to yield zero-valent encapsulated nanoparticles258. 

This type of synthesis is kinetically controlled, and it does not produce broad size distributions 

associated with the thermodynamics of nucleation and growth. As templates, dendrimers 

themselves with fairly uniform composition and structure can yield nanoparticles with well-

defined size and shape. So dendrimers are ideal monodisperse molecular-level reactors for 

nanoparticle syntheses.  

Because of significant technological applications, magnetic nanomaterials have been 

intensively studied to develop a better understanding of their fundamental properties69, 259. 

Magnetic nanoparticles with high magnetocrystalline anisotropies and coercivities can be used 

for future magnetic high-density recording applications, and high performance permanent 

magnets260, while superparamagnetic or ferromagnetic nanoparticles with low coercivities can be 

used in biotechnology ( such as: bioseparation, biosensors, etc)261, 262. Synthesis of high quality 

magnetic nanoparticles with desired shape and size is a prerequisite to investigate and utilize 

their properties. Narrow size distribution is highly desirable because magnetic properties are 

strongly size dependent in nanometer size range. Recently, magnetic nanoparticles including Co, 

Ni, CoPt, FePt and Fe3O4 have been prepared by solution phase synthesis263-266.  

Single-phase FePt nanoparticles are especially interesting because of their high crystalline 

anisotropy, high saturation magnetization, and desired chemical stability. These good properties 

of FePt nanoparticles have inspired synthetic advances. However, synthetic approaches for 

preparing monodisperse FePt in 10 nm size range are very limited. Chemical routes using 
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organic solvents with surfactants are the most widely synthesis method for the preparation of Pt 

alloy nanoparticles 267. These methods have many attractive features, such as their ease of 

synthesis, narrow size distribution, and chemical stability268. The particles are commonly 

synthesized via either simultaneous co-reduction of iron salt and platinum acetylacetonate, 

Pt(acac)2, thermal decomposition of iron pentacarbonyl, Fe(CO)5, or the reduction of Pt(acac)2 in 

a polyol and mixed surfactants267, 269. The polyol process that utilizes diol or polyol to synthesize 

metal particles is a good example of these kinds of approach.  In this process, it is believed that 

Pt plays a critical role in accelerating the co-reduction of Fe species, which are considered to be 

difficult to reduce on their own through the polyol process.  However, Fe(CO)5 is a highly toxic, 

flammable liquid at room temperature. Besides the safety concerns, there are other disadvantages 

associated with iron pentacarbonyl which arise from its low boiling point. The reaction 

temperature is above the boiling point, so some of the iron is lost and not incorporated into the 

FePt alloy nanoparticles. Therefore the stoichiometry of the FePt particles is difficult to control 

by this method.  The as-prepared FePt nanoparticles normally show a chemically disordered 

face-centered cubic (fcc) structure and are superparamagnetic at room temperature. Thermal 

annealing at temperatures above 500°C can converts fcc FePt  to a face-centered tetragonal (fct) 

structure, which shows a higher magnetocrystalline anisotropy associated with a very high 

coercivity270. However, conversion of as-synthesized fcc particles to the fct phase by thermal 

annealing to 500°C can lead to particle agglomeration, leading to increases in both size and size 

dispersion271.  

Although preparative routes to magnetic FePt nanoparticles are established, most of FePt 

nanoparticles prepared in organic solvents are poorly water soluble. A great effort has been spent 

to prepare FePt in aqueous media.  Most of them involve surfactant or hydrothermal synthesis. 
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For example, Gibot et al272 synthesized CoPt and FePt  nanoparticles by reduction of metallic 

salts with surfactant at 70 °C.  Caiulo et al273 prepared glucose-encapsulated FePt by 

hydrothermal at 180 °C.  Zeng et al274 tried to synthesize FePt without surfactant at room 

temperature, but only loosely held aggregates were formed. So Gibot272 conclude that FePt 

nanoparticles prepared in aqueous or biphasic medium always appeared to have coalesced into 

spongelike agglomerates. The agglomerates deteriorate their properties and limit their 

applications. In our research, hydroxyl-terminated PAMAM dendrimers were used as templates 

to synthesize FePt nanoparticles. Terminal hydroxyl group eliminates the restrictive pH window 

necessitated by selective protonation, size was controlled and aggregation was avoided. 

 In this chapter, the synthesis of FePt nanoparticles in aqueous media at room temperature 

using PAMAM dendrimers as templates and NaBH4 as reductant was studied. The as-made 3 nm 

nanoparticles from dendrimer template method are soluble and stable in aqueous solution. These 

as-made nanoparticles have the chemically disordered fcc structure and can be transformed to the 

chemically ordered fct phase by annealing. The structure and magnetic properties of the annealed 

samples were characterized and compared with as-synthesized FePt nanoparticles. 

5.3 Experimental  

  5.3.1 Materials   

H2PtCl6, FeSO4, and NaBH4  were purchased from Aldrich Chemical Company. They are 

used as received without further purification. 

 5.3.2 Preparation of FePt nanoparticles 

A co-complexation and chemical reduction method was used to prepare dendrimer-

mediated FePt nanoparticles. The syntheses were carried out using a standard airless technique in 
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nitrogen atmosphere. In a typical procedure, 1 mL of 20 mM FeSO4 and 1 mL of 20 mM H2PtCl6 

was mixed together and was added to 10mL 0.1 mM of Generation 4 hydroxyl-terminated 

PAMAM dendrimer (G4-OH) aqueous solution.  G4-OH dendrimers are approximately 4.5 nm 

in diameter in solution and contain 64 end groups.  The stoichiometric ratio of Fe to Pt was 1: 1.  

The molar ratio of total metal ions to the dendrimers was 40.  The aqueous mixture was stirred 

and bubbled with nitrogen for 2 hours at room temperature. Then a 10-fold excess of 10 ml 

freshly prepared aqueous NaBH4 solution was added dropwise to the mixture.  In minutes, the 

solution changed to a dark black color. The reaction occurred at room temperature.  

The dendrimer mediated FePt nanoparticles were thermally annealed in a quartz tube 

furnace for further characterization. Annealing transforms FePt nanoparticles from the 

chemically disordered fcc phase to the ordered fct phase, giving FePt nanoparticles with high 

magnetocrystalline anisotropy and ferromagnetism.  But, the annealing will also result in the 

decomposition of the dendrimer around FePt nanoparticles into carbonaceous matrix. The 

annealing process was carried out under 95% Ar + 5% H2 at temperatures ranging from 500 to 

700 ℃ and duration of 60 minutes. 

5.3.3 Characterization of dendrimer mediated FePt nanoparticles 

The nanoparticles morphology and size were observed by TEM with a FEI TECNAI F20 

microscope. The electron beam acceleration voltage was set at 200 kV. Images were obtained by 

depositing a drop of the particle solution onto a carbon-coated 300 mesh copper TEM grid, 

followed by air-drying under ambient conditions. Particle size distribution was obtained by 

measuring about 100 particles in arbitrarily chosen areas in the enlarged photograph. Samples for 

XRD and magnetic measurements were obtained by evaporating FePt particle solution on Si 
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wafers at room temperature. The crystallographic information of the samples was identified by 

X-ray powder diffraction (XRD) analysis with a Philips X’pert diffractometer in the Bragg-

Brentano (θ-2θ) geometry, using a Ni-filtered line-focused Cu Kα X-ray source.  Room 

temperature magnetic hysteresis curves were measured using a Princeton Micromag 2900 

alternating gradient magnetometer (AGM).  

5.4 Results and discussion 

5.4.1 Morphology analysis  

The as-prepared FePt nanoparticles synthesized via dendrimer template were studied by 

TEM.  Figure 5.1 is a representative bright field TEM image and corresponding size-distribution 

histograms of as-prepared FePt nanoparticles. Analysis of the TEM images reveals that the as-

prepared nanoparticles are spherical and uniform in size. The low magnification micrograph in 

Figure 5.1(a) indicates the nanoparticles are well separated although there is a minority of 

overlapping regions because of TEM sample preparation. High resolution TEM studies (Figure 

5.1 inset) show that the FePt nanoparticles have uniform lattice fringes across the nanoparticles, 

which is attributed to the good crystalline quality of these nanoparticles. These kinds of particles 

are expected to be a single magnetic domain and exhibit superparamagnetic properties. Imaging 

statistics in Figure 5.1(b) suggest the monodispersity of the FePt nanoparticles. Fit with a log-

normal distribution, an average diameter of 3.0 nm and a standard deviation of 0.4 nm were 

measured. The overlap regions were not counted in the diameter statistics. The particles have a 

fairly uniform diameter, indicating good size control by this method. To confirm that dendrimers 

play an important role in the preparation of FePt nanoparticles, a comparison experiment was 

done with same condition except without any PAMAM in the system. Figure 5.1(c) show the as-

made FePt without dendrimers. It shows sponge-like agglomeration structure with several 
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hundred nanometer feature. So dendrimers is essential in the preparation of size controlled FePt 

nanoparticles.  Since the dendrimer matrix is not visible, we are not sure whether all of the 

particles are inside the dendrimer molecules at this time. G4 PAMAM dendrimers are 

approximately 4.5 nm in diameter in solution. It can be found that almost all of the FePt 

nanoparticles size is smaller compared with the size of G4 dendrimer. So FePt nanoparticles may 

form inside of dendrimer template.  
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Figure 5.1 TEM images of as-prepared FePt nanoparticles, inset shows HRTEM of the same 
sample depicting the crystalline nature of the sample, b) Particle size distribution, curve fitting 
is based on the assumption of a log-normal distribution. c) TEM images of as-prepared FePt 
nanoparticles without dendrimers. 
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Figure 5.2 EDX of as-made PAMAM-OH mediated FePt nanoparticles. 

 
As shown in Figure 5.2, single particle EDX was done to test the composition of as-made 

particles. Cu signal in Figure 5.2 come from TEM grids. Analysis show the percentage of Fe is 

45.5 ± 0.8% and percentage of Pt is 54.5 ± 2.6%. Pt/Fe ratio is pretty close to 1:1 which is 

preferred to form L10 phase with high anisotropy. 

The surface of the as-made FePt nanoparticles was examined by XPS measurements. 

Figure 5.3 gave out the survey scan of the as-made sample.  It clearly shows the Fe and Pt signal. 

The Si signal comes from the substrate. Figure 5.4 show the high resolution C1s peak in FePt. As 

seen in the figure, C1s was composed of three components, which is corresponds to three kind of 

chemical environments of C in dendrimer: C-C; C-N; and C-O. For the case of Fe, it shows a 

broad line with a significant shift in binding energy. It is worth to noting that two components 
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were found for Pt 4f in the as-made FePt nanoparticles (Figure 5.5). A binding energy of 71.3 eV 

is the typical state of Pt0 metal. Another component at 72.4 eV is the nonzero charge state275. 

This state only can be found in the composite state indicating the existence of charged atoms due 

to coordination bonds with dendrimer ligands. Sun et al276. reported that amine and carboxylate 

ligands form coordination bonds with FePt nanoparticles and that Fe tends to bind with −OOC, 

while Pt binds to NH2.  

 

Figure 5.3 XPS of as-made FePt nanoparticles. 
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Figure 5.4 XPS of C1s for as-made FePt nanoparticles. 

 

 

Figure 5.5 XPS of Pt 4f for as-made FePt nanoparticles. 
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5.4.2 Annealing induced particle sintering  

High temperature annealing can lead to particle aggregation. Figure 5.6 (a), clearly shows 

the morphology of FePt nanoparticles annealed at 500°C under 5% hydrogen and 95% argon for 

1 h. According to the literature276, using 5% hydrogen and 95% argon as the reducing 

atmosphere can reduce the iron oxide layer present around each FePt nanoparticle. The average 

diameter of FePt nanoparticles increases from 3 nm to 10.7±1.7 nm. At this temperature, the 

dendrimer will decompose and only leave carbonaceous residue. As shown in the TEM image, 

sintering occurs at this temperature, and the sizes of FePt nanoparticles increase. Figure 5.6 (b) 

shows the FePt nanoparticles annealed at 600°C for 1h. Heating the specimen at this temperature 

will result in further coalescing of nanocrystals: The size of the FePt nanoparticles increased to 

14.1±4.1 nm. The inset in Figure 5.6 (b) is a high resolution TEM image which shows clear 

lattice fringes of the FePt nanocrystal. The interplane spacing is 0.219 nm, consistent with the 

{111} lattice planes of fct FePt. The average particle size slightly increases further with 

increasing annealing temperature to 700°C. As shown in Figure 5.6 (c), the diameter of FePt 

nanoparticles increased to 15.4±5.8 nm. The detailed structure of a single FePt nanoparticle 

annealed to 700 °C was characterized with HRTEM, as shown in Figure 5.6 (d). The lattice 

fringes of the FePt nanoparticle are clearly shown in the image with adjacent fringe spacing of 

0.195 nm corresponding to {200} lattice planes of fct FePt. Figure 5.6(h) is the Fast Fourier 

transformation (FFT) of the HRTEM image of Figure 5.6(d), which consistent with the fct 

structure projected from the [001] direction.  
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Figure 5.6 (a)TEM images of FePt nanoparticles annealing at 500 °C for 1h; (b) at 600 °C for 
1h, (c) at 700 °C for 1h; (d) HRTEM image of a single fct-FePt nanoparticle annealing at 700 
°C for 1h with interfringe spacing at 0.195nm; (e) Particle size distribution  of sample (a); (f) 
Particle size distribution of sample (b);  (g) Particle size distribution of sample (c); (h) FFT of 
the corresponding HRTEM image (d). 
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Both the size of the particles and their size distribution are affected by the annealing 

temperature.  Figure 5.7 shows size and size distribution of FePt nanoparticle as a function of 

annealing temperature. It can be found that both the size and size distribution of FePt 

nanoparticle increase with the increasing annealing temperature.  This means that although the 

high temperature is needed to transform the fcc FePt to fct FePt, but the high annealing 

temperature will make the size bigger and distribution much broader than as-prepared FePt 

nanoparticles. To prevent agglomeration of the FePt nanoparticles, silica or other material can be 

coated outside of dendrimer mediated FePt nanoparticles before annealing277. Dendrimer is an 

ideal template with good compatibility with other materials278, 279.  
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Figure 5.7 Effect of annealing temperature on the average particle size and standard deviation. 
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5.4.3 Structural analysis of the FePt nanoparticles  

The crystal structure of the FePt nanoparticles was determined by X-ray diffraction (XRD). 

As shown in Figure 5.8 (a), X-ray diffraction of the as-synthesized FePt particles reveals a 

typical chemically disordered fcc structure, in which Pt atoms are substituted into Fe positions 

and vice versa. Annealing induces the Fe and Pt atoms to rearrange into the long range 

chemically ordered fct structure, which can be viewed as a natural superlattice of alternating Fe 

and Pt atomic planes. The change in the particle structure upon annealing depends on annealing 

temperature and other factors such as annealing time, Fe/Pt ratio etc. Figure 5.8 (b) shows the 

XRD for the FePt nanoparticles annealed for 60min at 500 °C. Careful examination of curve b in 

Figure 5.8 shows that the (111) peak is shifted to high angle and the (002) peak begins to appear, 

which means that the onset of phase change apparently occurs at about 500 °C. This result is 

consistent with previous observations of FePt nanoparticles prepared by other methods. Further 

increase in the temperature to 600°C, (001) and (110) peaks become apparent, as shown in 

Figure 5.8 (c). Scans of FePt nanoparticles annealed at 700 °C in Figure 5.8 (d) clearly shows the 

typical superlattice peaks of (001) and (110) that are characteristic of the ordered FePt (L10) 

compound phase. The lattice constants of the FePt nanoparticles(a=3.8417) are in good 

agreement with standard values (Joint Committee for Powder Diffraction Standards-International 

Centre for Diffraction Data (JCPDS-ICDD) card no. 65-1051). Therefore, annealing caused the 

Pt and Fe atoms to rearrange into a chemically ordered fct structure. 
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Figure 5.8  X-ray diffraction patterns of FePt nanoparticles: a) as-synthesized and a series of 
samples annealed under Ar/H2 (5%) for 1 hour at temperatures of (b) 500, (c) 600, and (d) 700 
°C. 
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Figure 5.9 Hysteresis loops of FePt nanoparticle a) as-prepared, b) annealed at 500 °C, c) 
annealed at 600 °C, d) annealed at 700 °C. 
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5.4.4 Magnetic properties 

It is well-known that the coercivity of FePt nanoparticles strongly depends on the degree of 

chemical ordering as well as particle size280. Along with the phase change, magnetic properties 

can be easily tuned. The magnetic properties of FePt nanoparticles were studied by AGM at 

room temperature. Figure 5.9 gives the hysteresis loops of dendrimer-mediated FePt 

nanoparticles annealed in different temperature. Here, M/Ms represents the normalized saturation 

magnetization. From the XRD result, the as-prepared as-synthesized FePt nanoparticles were 

confirmed to be chemically disordered fcc structure, and magnetic measurements in Figure 5.9 (a) 

confirmed that the as-synthesized FePt nanoparticles are superparamagnetic at room temperature 

with Hc ≈0, consistent with the low magnetocrystalline anisotropy of the fcc structure. The 

thermal annealing transforms the chemically disordered fcc structure to the chemically ordered 

fct structure. The coercivity of the annealed FePt nanoparticle increases with temperature, and a 

minimum annealing temperature of about 500 °C under an Ar with 5% H2 atmosphere are 

required to form ferromagnetic FePt nanoparticles. This corresponds to the structure 

transformation from the fcc phase to the fct phase at this temperature. Figure 5.9 (b) is the 

hysteresis loop for 1 hour annealed sample in 500 °C whose coercivity reaches 325.4Oe at room 

temperature, consisting with a small portion of the nanoparticles having sufficient anisotropy to 

be ferromagnetically ordered at room temperature.  For the 600 °C annealed sample, the 

coercivity is greatly increased to 9298Oe. This is an agreement with FePt phase transforming 

with increasing of annealing temperature indicated in Figure 5.8. Annealing at 700 °C can yield 

typical FCT FePt nanoparticles with coercivity of 9668Oe, in agreement with the high 

magnetocrystalline anisotropy of the fct phase.  
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Figure 5.10 shows the room temperature coercivity as a function of annealing temperature 

for dendrimer mediated FePt nanoparticles. The coercivity value increases dramatically after 500 

°C, consistent with XRD data. It should be noted that the coercivity increasing not only 

dependent with phase change but also with the size growth due to coalescence, as confirmed by 

the TEM images.   
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Figure 5.10 Room-temperature of coercivity values as a function of annealing temperature for 
dendrimer mediated FePt nanoparticles. 

5.5 Conclusions 
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Monodisperse dendrimer mediated 3 nm FePt nanoparticles was synthesized by reduction 

of FeSO4 and H2PtCl6 in the presence of the dendrimer template using superhydride as the 

reducing reagent in aqueous solution at room temperature. The as-prepared FePt nanoparticles 

are chemically disordered with the fcc phase. Thermal annealing induces change in particle 

structure from chemically disordered fcc to chemically ordered fct and transforms FePt 

nanoparticles from superparamagnetic to ferromagnetic. Magnetic hysteresis measurements 

show a coercivity as high as 1T at room temperature for the annealed FePt nanoparticles. The 

dendrimer template method provides an alternative approach to synthesize monodisperse FePt 

nanoparticles at room temperature and gives good water compatibly to the FePt magnetic 

nanoparticles. The well-defined dendrimer mediated magnetic nanoparticle synthesized by 

chemical reduction method in aqueous solution may be suitable for various multifunctional 

magnetic nanomaterials applications.  
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CHAPTER  6   The Enhanced Coercivity for Dendrimer 

Mediated Multicomponent Magnetic Microspheres 

6.1 Synopsis 

Dendrimer mediated CoPt alloy nanoparticles were successfully encapsulated in silica 

microspheres by a multistep technique. Monodisperse CoPt nanoparticles were prepared with 

PAMAM-OH dendrimer templates by a chemical reduction method, and silica coating was 

accomplished via sol-gel reaction. These multicomponent spheres exhibit multicore-shell 

structures. The size of the multicore-shell structured spheres can be effectively tuned by reaction 

condition. The silica coating is shown to isolate and protect the dendrimers mediated CoPt 

nanoparticles. The synthesized multicore–shell nanoparticles were characterized by high 

resolution transmission electron microscopy (HRTEM), EDS and AGM. Magnetic 

measurements indicate that the magnetic properties multicore-shell microspheres can be 

effectively modulated by the silica coating process.  

6.2 Introduction 

The synthesis of ultrasmall magnetic nanoparticles with uniform size distribution has been 

the focus of an increasing amount of the recent literatures because of their extensive 

technological applications which include single-bit elements in high-density magnetic data 

storage arrays, magnetic fluids, magnetic resonance imaging, biology and medicine31, 65, 281, 282. 

Particularly, superparamagnetic nanoparticles have generated considerable interest because of 

their special features and applications in biomedicine283-288.  But pure magnetic particles still 

suffer from a lot of shortcomings which limit their practical applications289, such as:  (i) naked 
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magnetic nanoparticles tend to form large aggregates due to magnetic dipole moment, (ii) some 

magnetic materials such as Co, Ni-based can be biohazardous and also not stable at ambient 

condition resulting in the alteration of magnetic properties and (iii) they undergo biodegradation 

when they are directly exposed to the biological system. Thus coating of magnetic nanoparticles 

with biocompatible polymer may favorite their biomedical applications290-292. As shown in last 

chapter, ultrasmall superparamagnetic alloy nanoparticles can be synthesized within dendrimer 

templates.  FePt and CoPt nanoparticles293, 294 with the chemically ordered fct structure have 

been considered as best candidates for fabricating next-generation information storage media. 

However the as-made FePt or CoPt nanoparticles typically have the chemically disordered face 

centered cubic (fcc) structure, which exhibit low magnetic corcivity31. High temperature anneals 

is necessary to transform the disordered fcc phase to the fct phase to improve their magnetic 

properties. But their original shape changed and size increased in the annealing process. It is well 

known that the size and shape of nanoparticles plays an important role in determining the 

magnetic properties. Hence an increased interest in coating their surface with a protecting shell295, 

296 to control over the particle size and dispersity with tunable coercivity, obviate particle 

coalescence upon annealing289. Coating with silica will provide a better chemical stability. 

Knecht et al279, 297 have investigated encapsulation of dendrimers with silica. Their result proved 

that PAMAM dendrimers can been utilized as both a host for Au0 nanoparticle synthesis and an 

active agent for silica condensation. The resulting product yields mesoporous silica nanospheres 

of 80-nm diameter supporting randomly distributed gold nanoparticles. Dendrimer may also 

provide a media to stabilize magnetic alloy nanoparticles and used as a template to grow silica 

microspheres. Coating magnetic alloy nanoparticles with silica can provide a model to 
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investigate magnetic behavior of magnetic nanoparticles due to new surface, interparticle, and 

exchange interactions in magnetic/nonmagnetic matrix.  

In this chapter, silica encapsulated CoPt with multicore-shell structure was fabricated with 

a multistep technique. A chemical reduction process was first used to synthesize ultrasmall 

spherical shape CoPt nanoparticles by the chemical reduction of CoCl2·6H2O and H2PtCl6 with 

NaBH4 in the presence of PAMAM dendrimers. Then a Stober synthesis was used to encapsulate 

the dendrimer mediated CoPt nanoparticles. The magnetic and structural properties of the 

dendrimer mediated CoPt and silica multicore-shell microspheres were systematically 

investigated.  

6.3 Experimental  

6.3.1 Materials  

H2PtCl6, FeSO4, NaBH4, ethanol and tetramethyl orthosilicate (TEOS) were purchased from 

Aldrich Chemical Company. Ammonia (30%) was purchased from Fisher Scientific. All of 

chemicals were used as received without further purification. 

6.3.2 Preparation of CoPt@silica nanoparticles 

Dendrimer mediated CoPt nanoparticle Synthesis. Dendrimer mediated CoPt nanoparticles 

were prepared before condensation of silica. A co-complexation and chemical reduction method 

was used to prepare dendrimer-mediated CoPt nanoparticles. In a typical procedure, 10 mM of 

an aqueous solution of CoCl2·6H2O and H2PtCl6 were mixed with 0.1 mM of Generation 6 

hydroxyl-terminated PAMAM dendrimer (G6-OH) (Aldrich). The stoichiometric ratio of Co to 

Pt was 1: 1.  The molar ratio of total metal ions to the number of surface groups of the 

dendrimers was 1: 4.  The aqueous mixture was stirred and bubbled with nitrogen for 2 hours at 
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room temperature. Then a 10-fold excess of freshly prepared aqueous NaBH4 solution (10 ml) 

was added dropwise to the mixture.  In minutes, the solution changed to a dark black color. The 

reaction occurred at room temperature.  

Silica encapsulation of CoPt nanoparticles. Silica encapsulation was realized by Stober 

method. In a typical experiment, 10 ml dendrimer mediated CoPt aqueous solution was mixed 

with 40ml ethanol. 2 ml concentrated ammonia was added to the mixture. To that, TEOS was 

added and the reaction was taken in a ultrasonic cell for 60 min at room temperature. Once 

complete, the reaction mixture was centrifuged for 5 min (12K RPM) to form a pellet which was 

washed copiously with DI water. 

6.3.3 Characterization of silica encapsulation of CoPt nanoparticles 

The nanoparticles morphology and size were analyzed by TEM with a FEI TECNAI F20 

microscope. The electron beam acceleration voltage was set at 200 kV. Silica nanosphere 

samples were suspended in water and then drop onto a carbon-coated 300 mesh copper TEM 

grid, followed by air-drying under ambient conditions. Particle size distribution was obtained by 

measuring about 100 particles in arbitrarily chosen areas in the enlarged photograph. Energy-

dispersive X-ray spectrometry (EDS) was obtained using an EDAX package integrated onto the 

TEM. Samples were tilted at 15° for analysis at 200 kV during STEM analysis. Samples for 

magnetic measurements were obtained by evaporating Silica nanosphere solution on Si wafers at 

room temperature. Room temperature magnetic hysteresis curves were measured using a 

Princeton Micromag 2900 alternating gradient magnetometer (AGM).  

6.4 Results and discussion 
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6.4.1 Characterization of as made dendrimer mediated CoPt nanoparticles 

The as-made dendrimer mediated CoPt nanoparticles were firstly analyzed by TEM. Figure 

6.1 is a representative bright field TEM image, size distribution histogram and corresponding 

diffraction pattern of as-prepared FePt nanoparticles. TEM image indicates that the nanoparticles 

are well separated with uniform sized spherical particles of ~3.5 nm in diameter. In some region 

of TEM image, clear lattice fringes can be observed, which indicate the good crystalline quality 

of these nanoparticles. The diffraction pattern shows the formation of the chemically disordered 

fcc structure. The dendrimer matrix is transparent in TEM image thus it cannot be simply 

discerned whether the particles are inside or outside of the dendrimer molecules298.  So these 

nanoparticles were either entrapped within the interior of the dendrimer or surface passivated by 

select dendrimers which leave numerous surface function groups of the dendrimer template 

available for silica condensation reactivity 
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Figure 6.1 TEM image, size distribution and diffraction pattern of as-made dendrimer mediated 
CoPt nanoparticles. 

 

-4.0k -2.0k 0.0 2.0k 4.0k

-4.0x10-6

-2.0x10-6

0.0

2.0x10-6

4.0x10-6

M
 (e

m
u)

Field(Oe)  

Figure 6.2 Magnetic loops of as-made dendrimer-coated CoPt nanoparticle. 
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Magnetic hysteresis loops of as-made dendrimer-mediated CoPt nanoparticle was shown 

in Figure 6.2.  The as-made loop has low coercivity of 168 Oe since the particles have the 

disordered fcc phase at room temperature. 

6.4.2 Characterization of silica encapsulated CoPt nanoparticles 

The dendrimer mediated CoPt nanoparticles aqueous solution was mixed with ethanol with 

a ratio of 1:4 which provide the media for the silica polycondensation reaction. Silica 

condensation reaction occurs almost immediately after adding TEOS which can be observed 

from the color change of the solution. Once the reaction complete the product was centrifuged 

and washed with water to remove excess unreacted chemicals. Silica encapsulation of the 

dendrimer-supported CoPt nanoparticles was evident by the isolation of a gray precipitation after 

centrifugation. 

The resulting multicomponent nanocomposite was analyzed using TEM and AGM. The 

effect of TEOS concentration for CoPt silica core shell particles was investigated with different 

amount of TEOS starting materials. Sample 1-3 was prepared with 0.05, 0.1, 0.2 ml TEOS 

respectively. TEM images of the composite material revealed individual CoPt nanoparticles are 

well dispersed throughout silica nanospheres. As shown in Figure 6.3, different amount of 

TEOS result in different size of silica microspheres. Analysis of these images shows that the 

nanoparticle dispersity remained the same before and after encapsulation (3.4 nm) which 

suggests that the silica encapsulation did not lead aggregation or coagulation of dendrimer 

mediated nanoparticles. 
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Figure 6.3 TEM images of Silica encapsulated CoPt nanoparticles with TEOS of (1) 0.05 ml, (2) 
0.1 ml, (3) 0.2 ml and their size distribution histograms.  
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Figure 6.4 EDS of silica encapsulated CoPt nanoparticles. a) Whole EDS spectra, b) Selective 
region of EDS. 

 

Figure 6.4a shows the EDS of silica encapsulated CoPt nanoparticles. It clearly shows the 

Si and O signal. Because the percentage of Co and Pt in the sample is very low, their signal is 

much lower than Si and O. The magnified EDS spectrum of Figure 6.4b clearly shows the Co 

and Pt signal. The Cu signal comes from TEM cupper grids. EDS test clearly confirmed that the 

sample is composed of Co, Pt, Si and O. 

The magnetic properties were studied by AGM at room temperature. It was found that all 

of the three samples have totally different magnetic properties from the as-made dendrimer 

mediated CoPt nanoparticles. Figure 6.5 show the hysteresis loops of three silica encapsulated 

CoPt nanoparticles.  

a b 
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Figure 6.5 Hysteresis loops of three silica encapsulated CoPt nanoparticles. 

 

Table 6.1 Comparison of the size and coercivity of silica encapsulated CoPt nanoparticles 

 Sample 1 Sample 2 Sample 3 

Hc (Oe) 1198  214 258 

Size (nm) 35 52 60 

SD (nm) 5.4 9.6 10.6 

 

Table 6.1 summarized the change of coercivity with the changing of the size of silica 

microspheres. It shows that the coercivity of silica coated CoPt increased a lot compared with the 

sample without coating. In magnetic nanoparticles system, the coercivity is dependent on 

anisotropy. For the coated nanoparticles, the magnetic properties are a combination of many 

anisotropies, which include magnetocrystalline anisotropy, surface anisotropy, and interparticle 

interactions. In noninteracting particle system, the total magnetic anisotropy (K) are the sum of 

bulk magnetocrystalline anisotropy (Kxtal) and surface anisotropy (Ks), which is expressed by299: 

K= Kxtal + (6/d) Ks 
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d is the diameter of the particles. Upon coating, the surface anisotropy will decrease, thus a 

decreasing of coercivity should be expected300. But it seems this result is inconsistent with this 

theory. The assumption of this theory is noninteracting particle system. For this system, the 

dipolar magnetostatic interactions are big enough not to be neglected. So the magnetostatic 

dipolar interaction (Kdi) has to be added to the equation. The total magnetic anisotropy should be 

revised as: 

  K= Kxtal + (6/d) Ks + Kdi 

The contribution of dipolar magnetostatic interactions will make big difference in 

anisotropy among the samples. Because of the different morphology and size of silica 

microspheres with different synthesis conditions, the distance between the CoPt nanoparticles 

and the surface area of the samples will be different, the coercivity was also changed. The similar 

phenomenon has been found for cobalt ferrite particles in silica matrix and magnetite 

nanoparticle in silica spheres301-303. In those cases, the coercive field was enhanced by the 

interparticle dipolar interaction which was explained by reflecting the “intrinsic anisotropy” of 

the particles. Another theory used to explain for the increasing of coercivity of nanocomposite 

comes from the stronger obstacles when the domains of magnetic nanoparticle try to turn under 

an applied field. This means that the magnetic nanoparticles are limited and embedded in the 

matrix and can be considered as pinned304. These results prove that the thickness of silica shell 

and dispersion of CoPt nanoparticles can significantly influence the coercivity. Thus, the 

magnetic properties can be simply tuned by silica coating. 

6.5  Conclusions 

Using PAMAM dendrimer templates, it had been demonstrated that by combining the 

host/guest properties of dendrimers, new strategies for the synthesis of encapsulated magnetic 
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alloy nanoparticles into discrete nanosphere composites have been achieved. Dendrimer 

mediated CoPt multicomponent spheres exhibit multicore-shell structures. The size of the 

multicore-shell structured spheres can be effectively tuned by the concentration of TEOS. Silica 

encapsulated CoPt nanoparticles exhibit essential magnetic properties which can be modulated 

by the synthesis conditions. Such multicomponent microspheres may be used as a important 

model to study the magnetic properties of multicore-shell system and it may find important 

applications for the encapsulation and stabilization of magnetic materials, as well as the 

formation of multi-functional composite systems. 



 

 126

  

CHAPTER 7   Doubling the Resolution of Discrete 

Ferromagnetic Nanoparticles Arrays: Capillary Filling in a 

Magnetic Field 

7.1 Synopsis 

One prerequisite for future applications of magnetic nanoparticles is their patterning into 

particular periodic structures within which interparticle distance and magnetic properties of each 

nanoparticle are well controlled. Here, a scalable technique for controllable two-dimensional 

assembly of ferromagnetic magnetite nanoparticles beyond the template resolution is presented. 

Polyethyleneimine was used as a stabilizer to synthesize magnetite nanoparticles. Individual 

magnetite nanoparticle arrays were fabricated by a capillary filling technique modified by an 

external magnetic field. In this method, evidently both electrostatic repulsion and anisotropic 

magnetic dipole-dipole interactions are used to direct magnetite nanoparticle assembly. It is 

shown that individual magnetic particles were patterned on a silica wafer in paired arrays, 

doubling the intrinsic resolution of the capillary pattern itself. The technique is technologically 

feasible and scalable to make ordered magnetic nanoparticles over a large area, which could 

perhaps be used for ultra-high-density magnetic storage. 

7.2 Introduction 

In nanotechnology research, a major effort has been devoted to the controlled synthesis and 

patterning of magnetic nanostructures because of their fascinating properties and unique 

applications69, 305. The synthesis of magnetic nanoparticles with well-defined nanostructures is 

the essential first step in the study of nanomagnetism and use in various technologies. Their 

assembly onto surfaces is a prerequisite for exploiting their properties and applications in 
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practice. It is a real challenge to pattern magnetic nanoparticles into particular periodic structures 

within which interparticle distance and magnetic properties of each nanoparticles are well 

controlled. It is even more difficult for ferromagnetic nanoparticles, since they tent to aggregate 

due to their magnetic dipole moments. Patterned magnetic nanostructures play an important role 

in fundamental studies and applications in areas such as ultra high-density storage, 

nanomagnetes, magnetoresistive random access memory (MRAM) and spinelectronic devices281, 

306. It is clear that there is a fast growing interest in fabrication of well-defined nanosize magnetic 

structures23, 307. 

It has been shown that evaporation of magnetic nanoparticle solutions under a magnetic 

field can achieve an ordering the of magnetic nanoparticles308. When the applied magnetic field 

is parallel to the substrate during the evaporation process, the nanocrystals assemble with 

formation of large linear patterns along the field301, 309. It is clearly seen that the applied field 

induces the magnetic nanoparticles to form ribbons structures in most studies310-312. In these 

structures, the spaces between the lines and the positions of the lines are hard to control, and the 

accurate control of these parameters in assembly is of vital importance to their application. New 

strategies are required to control the assembly process of magnetic nanoparticles. 

A variety of methods have been investigated for patterning of magnetic nanostructures. 

Direct writing and writing with mask are demonstrated methods for fabrication of highly ordered 

arrays of magnetic nanoparticles313. Direct writing techniques include electron-beam lithograph, 

scanning probe nanolithography and laser interference annealing, which are sequential 

processes314-316. These processes yield precise magnetic patterns, but seem to be highly 

impractical for mass production because of the lengthy time and expensive equipment required 

for pattern fabrication. Writing with mask techniques include nanoimprint, electrodeposition and 
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micromolding technology317-319. Although most of these methods are flexible and effective in 

producing arrays of magnetic nanoparticles, their accuracy in controlling the spatial arrangement 

still needs to be demonstrated or improved. 

Capillary filling is a promising patterning technique for the formation of continuous 

features320, 321. In this technique, when an elastomeric stamp with a relief feature is placed on a 

flat substrate, a network of capillaries is formed at the interface. Suitable solutions are placed at 

one end of the stamp, and spontaneously fill the open channels by capillary forces. After solvent 

evaporation, elastomeric stamp is peeled off and a replicated feature is left on the substrate. With 

the capillary filling technique, well-defined arrays of polymers, hydrogels, liquid crystals, 

proteins, and inorganic salts have been fabricated322-325. The array resolution is limited by the 

feature size of stamp and it can only form continuous features. It is still a challenge to form 

controllable individual particle arrays with high resolution. 

Here we describe a simple and convenient method that allowed for the large-scale 

production of highly ordered arrays of magnetite (Fe3O4) nanoparticles rapidly and in a 

controllable fashion. Magnetite is an important example of a half-metallic magnetic material.  

The key feature of this method is assembly of polyelectrolyte protected magnetic nanoparticles 

using capillary filling in a magnetic field to control the balance of magnetic dipolar attractive and 

polyelectrolyte electrostatic repulsive interactions. By this method, two lines of ordered magnetic 

nanoparticle arrays are formed in each channel. Thus the pattern doubles the resolution of the 

original stamp. First, capillary filling was used to form a continuous pattern feature. The 

surfactant polyelectrolyte’s electrostatic interactions were used to avoid aggregation of the 

ferromagnetic nanoparticles. Magnetic forces allowed the magnetic nanoparticles to form an 

aligned structure. Slow evaporation of solvent resulted in separation of the magnetic 
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nanoparticles into two lines in each channel.  In contrast to other techniques, this method allows 

formation of individual ferromagnetic nanoparticle arrays with doubled pattern resolution.  

7.3 Experimental  

7.3.1 Materials  

Iron sulfate heptahydrate (FeSO4·7H2O), polyethyleneimine (PEI, Mw ≈ 25 000 g mol−1) 

were purchased from Aldrich Chemical Company. Potassium nitrate (KNO3), and potassium 

hydroxide (KOH) were obtained from Fisher Scientific. All chemicals were used as received 

without further purification. Millipore quality deionized water (resistivity >18 M ) was utilized in 

experiments. 

7.3.2 Preparation of PEI encapsulated Fe3O4 

PEI encapsulated Fe3O4 Synthesis. PEI encapsulated Fe3O4 nanoparticles were prepared 

by a method adapted from the literatures326, 327. A oxidation reaction was used to prepare Fe3O4 

nanoparticles. In a typical procedure, FeSO4, KNO3 and KOH were dissolved in de-ionized water 

to make three solutions, with concentrations of 0.06, 2 and 1 mol/L, respectively. These solutions 

were bubbled with N2 before use. 10 ml of the potassium hydroxide solution was first mixed 

with 10 ml potassium nitrate in a beaker. While stirring at a rate of 1000 rpm, this mixture 

solution was added to 80 ml of iron sulfate solution in a three-neck flask under N2 protection. 

The temperature increased to 95 °C, and 0.3g PEI was added to the flask. After one hour of 

reaction, the mixture was sonicated for one more hour.  

Cleaning of PEI encapsulated Fe3O4 nanoparticle. Nanoparticles were magnetically 

separated from solution by placing a magnet below the three-neck flask for 15 min to capture the 
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particles. Then the upper layer of solution was discarded. The collected Fe3O4 nanoparticles were 

redispersed and rinsed 6 times with deionized water. Finally Fe3O4 nanoparticles were suspended 

in 1 L of deionized water. 

7.3.3 Patterning of PEI encapsulated Fe3O4 nanoparticles 

Figure 7.1 shows the scheme of fabrication. Capillary filling in magnetic field was used in 

this study to fabricate ordered individual magnetite nanoparticles arrays. A polydimethylsiloxane 

(PDMS), whose motif consists of parallel grooves across the whole surfaces was placed in 

contact with a silicon substrate. Microchannels formed between the PDMS stamp and the 

substrate because of the conformal contact. Drops of Fe3O4 nanoparticle solution were deposited 

at one open end of the PDMS stamp. The solution spontaneously entered the micro-channels 

because of capillary forces. A magnetic field was applied parallel to the substrate. The solvent 

evaporated at room temperature in the presence of the magnetic field. After the complete 

evaporation of the solvent, the PDMS was gently peeled off, leaving the magnetite nanoparticle 

ordered arrays. 
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Figure 7.1 Scheme of capillary filling in magnetic field (CFIMF) used to fabricate pattern 
structures. 
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7.3.4 Characterization of PEI encapsulated Fe3O4 and their pattern. 

 The Fe3O4 nanoparticles morphologies and sizes were analyzed by TEM with a FEI 

TECNAI F20 microscope. The electron beam acceleration voltage was set at 200kV. TEM 

samples were prepared by dropping the solution onto a carbon-coated 300 mesh copper TEM 

grid, followed by air-drying under ambient conditions. Samples for magnetic measurements were 

obtained by evaporating Fe3O4 nanoparticles solution on Si wafers at room temperature. Room 

temperature magnetic hysteresis curves were measured using a Princeton Micromag 2900 

alternating gradient magnetometer (AGM). SEM images were made on a Philips XL30. Energy-

dispersive X-ray spectrometry (EDS), was obtained using an EDAX package integrated with the 

SEM. AFM images were obtained with Nanoscope D-3000 (Digital Instruments, Inc.) The X-ray 

diffraction pattern was recorded using Philips X’pert-MRD with Cu Kα radiation ( λ= 0.15418 

nm). 

7.4 Results and discussion 

7.4.1 PEI encapsulated Fe3O4 nanoparticles 

It is believed that the formation of Fe3O4 follows a nucleation-growth mechanism326. Fe2+ 

in the solution is first reacted with OH- to form Fe(OH)2. Partial oxidation of Fe2+  by potassium 

nitrate to Fe3+, then forms Fe(OH)3. When the molar ratio of Fe(OH)2 / Fe(OH)3 is near 1 : 2, 

which is the characteristic value for magnetite, the nucleation of magnetite particles occurs and 

the core of Fe3O4 begins to grow. In this process, the positively charged PEI can assemble on the 

surface of the negatively charged Fe3O4 nanoparticles and effectively prevent aggregation327. 

Figure 7.2a shows the typical transmission electron micrograph of the PEI-coated Fe3O4 

nanoparticles. It was found that the magnetite nanoparticles are mainly consisted of quadrate 
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crystallites. Inset is an HRTEM image which apparently shows the PEI around the Fe3O4 

nanoparticles. Similar HRTEM images of polyelectrolyte coated nanoparticles in other studies 

confirms the present of polyelectrolyte327. Figure 7.2 b gives the size distribution histogram of 

Fe3O4 nanoparticles. The average size from statistical analysis of TEM image is 47.9±11.7 nm.  

Compared with the Fe3O4 prepared without PEI328, it is concluded that the formation of uniform 

magnetite nanoparticles is attributed to the surfactant properties of the polyelectrolyte. PEI can 

prevent the coalescence of particles due to the repulsive interaction between the positive charges 

on the PEI. As shown in Figure 7.2 c, the spotted electron diffraction (ED) pattern with clear and 

well-defined rings is indicative of the crystalline nature of nanoparticles with uniform crystallite 

size. The atomic planes indexed in the ED are consistent with those of magnetite. 
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Figure 7.2 a) TEM image of PEI mediated magnetite nanoparticles. Insert shows an HRTEM 
image of one single PEI mediated magnetite nanoparticle; b) size distribution of magnetite 
nanoparticles; c) Electron diffraction pattern of magnetite nanoparticles. 

The XRD pattern of the sample prepared is shown in Figure 7.3. The insert pattern shows 

standard magnetite (JCPDS: 19-0629). The position and intensity of the five major peaks match 

a 

b 

c 
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very well with the standard face-centered cubic (fcc) lattice of Fe3O4. The strong peaks in Figure 

7.3 indicate that the sample has good crystallinity state, and no impurity was found in the sample. 

Scherrer's equation analysis of the full width at half maximum gives the average diameter of the 

nanoparticles 42.7 nm, in agreement with the TEM result. The good agreement between TEM 

and x-ray data suggests that Fe3O4 nanoparticles are a single crystal. 

 

Figure 7.3 XRD pattern of the PEI coated magnetite nanoparticles. 

Magnetization curves measured at room temperature are shown in Figure 7.4. The sample 

has a coercivity of 91 Oe. It is apparently not superparamagnetic because of their size (The 

switch from ferromagnetic to superparamagnetic behavior for Fe3O4 occurs at ~ 13 nm). 

Although Fe3O4 nanoparticles can attract each other via their magnetic dipole moments, the 

coating of PEI effectively separates them and prevents their aggregation by electrostatic 

repulsion and steric hindrance. A redispersement experiment demonstrates this. A magnet 
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attracted and thus aggregated the nanoparticles. After the magnet was removed, the Fe3O4 

particles remained aggregated; this observation suggested that the Fe3O4 particles were 

ferromagnetic. The Fe3O4 particles were resuspended by ultrasonication. This process yielded a 

uniform suspension of Fe3O4 particles that clarified within 10−20 s. This observation confirmed 

the effectiveness of PEI to prevent aggregation. 
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Figure 7.4 AGM magnetometry curves of magnetite nanoparticles. 

In order to gain further insight into Fe3O4 nanoparticles ordering, SEM was employed and 

the images are shown in Figure 7.5. It was found that Fe3O4 nanoparticles randomly distributed 

on the substrate with a size about 50 nm. Inset is an EDX spectrum of the sample. FeK and OK 

can be observed clearly from the inset EDX. Si signal comes from the substrate. In the presence 

of a magnetic field parallel to substrate but no capillary, evaporation of solvent in magnetite 
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nanoparticles solution results in assembly of magnetite nanoparticles into linear patterns, (Figure 

7.6). The assembly of magnetite nanoparticles involves the coupling of particle’s magnetic 

moment to the applied field which aligns the magnetite nanoparticles along the field. This result 

indicates that uniaxial magnetic anisotropy  predominates and the Zeeman energy is in the same 

order of magnitude as the thermal energy (KbT) in the presence of a magnetic field329. Thus it is 

enough to align the magnetite nanoparticles. The inset of Figure 7.6 indicates that the line pattern 

is actually composed of fiber structure with many magnetite wires. It is inferred that in the 

presence of a magnetic field some of particles will align, generating a local inhomogeneous 

magnetic field which will align nearby particles with the applied magnetic field, resulting in long 

ribbon-like structure.  

   

Figure 7.5 SEM image of magnetite nanoparticles. Insert is EDX spectra of the sample. 

 

EDX 
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Figure 7.6 SEM image of assembled chain of magnetite nanoparticles. Inset shows magnified 
chain structure.  

7.4.2 Patterning of Fe3O4 nanoparticles 

Capillary filling (also called micromolding in capillaries-MIMIC) is a soft lithographic 

technique that allows generation of complex structures of functional materials on both planar and 

curved surfaces. Here, capillary filling was used to fabricate individual magnetite nanoparticle 

arrays in a magnetic field. PDMS stamps used in this study were prepared by replica molding of 

a structured master. Figure 7.7 shows a typical AFM image of the PDMS stamp used in this 

study. The stamp consists of parallel lines with a periodicity of 5 μm. The grooves are 2 μm in 

width. As shown in Figure 7.1, when the PDMS stamp was brought into conformal contact with 

a silicon substrate, microcavities formed between them. Then, by capillary forces, drops of 

magnetite solution were drown into the channels. Applying a magnetic field parallel to the 

substrate further align the particles. Subsequent evaporation of solvent induces a small flux of 

nanoparticles and form two line arrays in each channel. A SEM image of magnetite nanoparticle 

Magnetic field
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arrays is shown in Figure 7.8. The magnetite nanoparticles are well separated and form line 

structure on the substrate. The arrow in the SEM image is 2 μm in width, which equal to the 

width of groove in the PDMS stamp. So two lines of magnetite nanoparticles with single-particle 

resolution forms in one groove. Capillary filling in magnetic field double the pattern resolution 

of the stamp master. 

 

Figure 7. 7 AFM images of the PDMS stamp used in this dissertation. 

 

For convenience, most studies of the assembly of nanoparticles only involve non-magnetic 

or superparamagnetic nanoparticles which do not possess a dipole in the absence of an applied 

magnetic field. In this study, ferromagnetic nanoparticles were used. If there is no counter 

interaction, aggregation will occur, preventing ordered assembly. Thus PEI was coated on 

magnetite nanoparticles and electrostatic repulsion was used as a counter interaction. The 

assembly of ferromagnetic nanoparticles is a much more complex process, which involves 

interaction of the magnetic moment with the applied field, the Van de Waals interactions, 

2μm 3μm 
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thermal kinetics, capillary forces, electrostatic repulsion, and magnetic dipolar-dipolar 

interactions330. A schematic of the process is shown in Figure 7.9. It is well known that the 

solution enters the channel between the PDMS stamp and the substrate because of capillary 

forces. Since the magnetite nanoparticles are much smaller than the diameter of the channel, they 

will enter the channel with the solvent. Due to the thermal motion of the nanoparticles, they will 

randomly distribute in the channel, as shown in Figure 7.9. When a magnetic field was applied 

parallel to the channel, the external field aligns the magnetic moment of magnetite particles 

along the field. It is expected that in the presence of an external magnetic field, the dipole–dipole 

interaction energy and the thermal energy are two of the dominant factors in the system. The 

dipole–dipole interaction of particles will overcome the kinetic energy and align the particles 

with the applied magnetic field, as shown in Figure 7.9 step 1. Long chainlike structures of the 

magnetic nanoparticles along the direction of the applied magnetic field will form in the channel. 

This phenomenon is adequately explained by the mechanism that the magnetic moment of the 

suspended magnetic nanoparticles quickly turns and remains identical to the direction of the 

applied field331. The PEI polyelectrolyte effectively counteracts the dipole-dipole interaction and 

prevents aggregation. With the evaporation of solvent (Figure 7.9 step 2), the residual of solution 

is not enough to fill the channel, and then the solvent tends to accumulate at the boundaries of 

the channel. This will drag the magnetite nanoparticles to the edges of the channels332, 333. 

Because the electrostatic repulsion interaction can partially counteract the dipole-dipole 

interaction, this helped the dragging of magnetite nanoparticle to the corner by solvent 

evaporation. The dragging of magnetite nanoparticle to both edges cause the formation of two 

line of ordered magnetite nanoparticle arrays in one channel (Figure 7.9 step 3). The deposited 

particles are separated by large distances where the electrostatic repulsion interaction between 
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particles is substantially decreased. In this complicated process, many interactions are apparently 

at work in forming ordered ferromagnetic nanoparticles arrays with higher pattern resolution: 

capillary forces draw the particles into the channel; magnetic field help to suppress Brownian 

motion and the align particles; electrostatic forces help to prevent the aggregation; evaporation of 

solvent help to separate to two lines.     

 

Figure 7. 8 SEM image of magnetite nanoparticles pattern structure. 
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Figure 7.9 Schematic representation of the assembly process of capillary filling in magnetic field. 

 But is the magnetic field necessary in the assembly process? A complementary experiment 

was performed to answer this question, keeping all of the conditions the same except without the 

magnetic field. The experiment procedure is shown in Figure 7.10.  SEM was also used to 

characterize the magnetite nanoparticles arrays, as shown in Figure 7.11. In contrast with 

assembly in a magnetic field, it can be clearly seen that magnetite nanoparticles randomly 

distributed in the channel and no double line pattern was seen. 
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Figure 7.10 Scheme of capillary filling of magnetite nanoparticles without magnetic field. 

 

Figure 7.11 SEM image of magnetite nanoparticles arrays by capillary filling without magnetic 

field. 
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We believe that the assembly conditions affect the formation of ordered arrays in the 

channel. If the humidity, temperature, concentration and magnetic field are adjusted, it is 

apparently possible to form four lines in one channel (As shown in Figure 7.12). At present, the 

exact factors to form better arrays are still under the study.  

 

Figure 7.12 AFM images of higher resolution of magnetite nanoparticles array by capillary 
filling in magnetic field. 

  

7.5 Conclusions 

4 Lines in 
1 Channel! 
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An efficient process was designed to pattern individual magnetic particles in paired arrays, 

doubling the intrinsic resolution of the template. PEI coated magnetite nanoparticles were 

synthesized and characterized, then used as assembly materials. It has been shown that the 

synthesis of magnetite nanoparticles in polyelectrolyte solution can effectively control the 

growth and aggregation of magnetite nanoparticles. The assembly of magnetite nanoparticles 

with capillary filling in magnetic field cans double the resolution of PDMS template and form 

ordered magnetite nanoparticles assemblies with single particle resolution. Due to its high 

resolution, magnetic nanoparticles assembled this way can be efficiently defined within the 

critical dimension for nanoscale devices. Further doubling the resolution may be possible.   

Capillary filling in magnetic field is a well designed method which uses many interactions 

to direct magnetic nanoparticles assembly. This procedure is very flexible. It is believed that this 

method can be adapted to other superparamagnetic or ferromagnetic nanoparticles. Extending 

this method to other systems, capillary filling in magnetic field will allow addressing and 

manipulation of various magnetic nanoparticles and enable fabrication of magnetic nanoparticle 

patterns with higher resolution. 

 



 

 146

 

CHAPTER 8  Conclusions and Suggestions for Future Research 

8.1 Conclusions 

 Polymer-mediated nanoparticles are versatile and diverse functional materials, with 

applications ranging from catalysis to nanosize device fabrication. Coating with polyelectrolyte 

polymers gives them new functionality and properties. The understanding of polymer mediated 

nanoparticles and how their properties are affected by synthesis is to the application of these 

nanomaterials in practice. The original objective of this dissertation research was to gain both 

fundamental and application oriented information about polymer templates, nanoparticles and 

their interactions. To achieve this goal, two kinds of polymers were used, including PEI and 

PAMAM dendrimer; various nanoparticles were used, including, Pt, Co3O4, FePt, Fe3O4, CoPt. 

The synthesis and assembly of these polymer-mediated metal and metal oxide nanoparticles has 

been investigated.  

It has been demonstrated that a photochemical strategy is an effective method to synthesize 

monodisperse or morphologically controlled nanoparticles. Using a photoreduction method, PEI 

mediated Pt nanoparticles have been prepared. It has been shown that PEI plays an important 

role in the preparation of the Pt nanoparticles. Different ratios of the ratio of PEI to Pt result in 

products with different stability. Testing the catalytic activity of the photoreduced particles by 

reduction of 4-nitrophenol showed that there is a strong relationship between the the ratio of PEI 

to Pt and the cataytic activity. PEI mediated Pt nanoparticles also exhibit excellent 

electrochemical catalytic properties for the methanol oxidation reaction. The results indicate that 

PEI is a good capping, reducing agent and carrier for the synthesis of nanoparticles, and does not 

block the active sites on the metal surfaces. PEI assisted photoreduction synthesis appears to be a 



 

 147

promising method for the preparation of well-dispersed Pt nanoparticles, and this method 

provides an attractive route to Pt catalysts with good catalytic activity and reliable catalytic 

performance. 

A photochemical method was also successfully used to synthesize PEI-mediated Co3O4 

nanoparticles at room temperature and ambient pressure. High quality rod-shape Co3O4 

nanocrystals were synthesized. This approach is not simply the photoreduction of precursor 

metal ions to zerovalent metal but rather a photo-driven process from a complexed intermediate. 

PEI was used as a stabilizer in this reaction. It has been shown that the morphology of Co3O4 

nanorods is dependent on the molar ratio of PEI to precursor Co2+. PEI proved to be a good 

template leading to the growth of nanocrystals to nanorods. 

Chemical methods are also effective ways to synthesize polymer mediated nanoparticles. 

In this work, FePt and CoPt nanoparticles were prepared by a chemical reduction method with 

dendrimer template. Both as-prepared alloy nanoparticles are chemically disordered with the fcc 

phase. Thermal annealing induces a change in particle structure from chemically disordered fcc 

to chemically ordered fct and transforms alloy nanoparticles from superparamagnetic to 

ferromagnetic. By combining the host/guest properties of dendrimers, CoPt nanoparticles were 

encapsulated in silica microspheres. Dendrimer mediated CoPt multicomponent spheres exhibit 

multicore-shell structures. Silica encapsulated CoPt nanoparticles exhibit magnetic properties 

which can be modulated by the synthesis conditions. These results indicate that dendrimer can be 

used as template to synthesize magnetic alloy nanoparticles and allow encapsulating by other 

materials. 

Formation of morphologically controlled and highly ordered arrays of nanoparticles is 

prerequisite to exploit nanoparticle properties for device fabrication. A new way to generate 
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patterned magnetic nanoparticles was developed as described in the end of the dissertation. 

Individual magnetite nanoparticle arrays were fabricated by a capillary filling technique 

modified by an external magnetic field. In this method, evidently both electrostatic repulsion and 

anisotropic magnetic dipole-dipole interactions are used to direct magnetite nanoparticle 

assembly. It is shown that individual magnetic particles were patterned on a silica wafer in paired 

arrays, doubling the intrinsic resolution of the capillary pattern itself. It is a feasible and scalable 

technique to make ordered magnetic nanoparticles over a large area, which could perhaps be 

used for ultra-high-density magnetic storage. 

By the above examples, polymers (PEI, dendrimer) were demonstrated to be valuable 

materials in nanoscience. First, polymers can be used as templates for the preparation of 

nanomaterials, such as, nanoparticles and nanorods. PEI and PAMAM dendrimer are 

commercially available and size controllable with various molecular weights. It is very 

convenient to control the size of nanoparticles. Second, dendrimer and PEI mediated 

nanoparticles are very stable and dispersible in water because of hydrophility of these polymers. 

Third, the catalytic activity of nanoparticles is not deteriorated by coated of polyelectrolyte PEI. 

Fourth, coating with polyelectrolytes give the nanoparticles new functionalities and they can be 

assembled by various methods without aggregation. Thus, the strategies developed in this work 

take advantage of polymers and nanoparticles. These strategies can be further developed to 1) 

use these kinds of materials for technological applications and fundamental research; and 2) 

invent new functional materials in catalysis, biotechnology, medicine, electronics, and photonics. 

8.2 Suggestions for Future Research 
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8.2.1 Pt coated magnetite nanoparticles 

In the Chapter 7, it was shown that PEI mediated magnetite nanoparticles can be 

synthesized by a simple chemical method. In Chapter 2, Pt nanoparticles were synthesized by a 

photoreduction method.  Can we combine these two processes together? Can Pt nanoparticles be 

synthesized at the surface of magnetite nanoparticle? If this combination works, Pt coated 

magnetite complex structure will be fabricated. Because of the magnetic properties of magnetite 

and catalytic properties of Pt, these kinds of complex Pt/magnetite nanostructure will be a kind 

of catalyst that can be easily recovered. After the catalytic reaction, the catalyst can be separated 

by a magnetic field. Some efforts have been spent on this direction. Figure 8.1 shows the TEM 

image of Pt/magnetite nanostructure. The catalytic activity needs to be evaluated in the future to 

prove the assumptions above. 

 

Figure 8.1 TEM image of Pt/magnetite nanoparticles. 
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8.2.2 Oxygen reduction reaction (ORR) of PEI mediated Pt nanoparticles 

The electrocatalytic reduction of oxygen to water is especially important for fuel cells, 

batteries, and many other electrode applications334, 335. Pure Pt and Pt alloys have been 

extensively studied, and show high catalytic activity toward ORR336-338. Reduction of oxygen at 

low overpotential is the main goal of studies aimed at the development of efficient cathodes for 

fuel cells. PEI mediated Pt show excellent catalytic activity for methanol reduction reaction, as 

shown in chapter 3. PEI mediated Pt nanoparticles may also exhibit catalytic activity toward 

oxygen reduction reaction. In the future, electrocatalytic reduction of oxygen by PEI mediated Pt 

nanoparticles should to be investigated.  

8.2.3 PEI mediated Ru nanoparticles 

Ru is very useful for the methanol reduction and oxygen reduction reactions. The synthesis 

of Ru nanoparticles have attracted much attraction339, 340. PEI was used as a stabilizer to 

synthesize Ru nanoparticles in aqueous solution by photoreduction.  Figure 8.2 (a) and (b) show 

preliminary TEM and EDX data of Ru nanoparticles which was irradiated for 24 h. It has been 

shown that the Ru are spherical particles with average size of about 4 nm. Ru nanoparticles have 

not yet been evaluated for their catalytic activity and stability. 
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Figure 8.2  a) TEM image of Ru nanoparticles; b) EDX of as-made PEI mediated Ru 
nanoparticles. 

8.2.4 PEI mediated magnetic alloy nanoparticles 

PEI and PAMAM are chemically and physically similar polymers. Their shape, molecular 

weight, and functional groups are all similar. The difference between them is that PEI is not 

monodisperse as dendrimer. So it is possible to use PEI as template to synthesize magnetic alloy 

nanoparticles like just with the dendrimer. The dendrimer template is monodisperse, and we find 

that the particles made by dendrimer have some size distribution. In the future, techniques need 

to be used to control the molecular weight and shape of PEI, or some strategies need to be 

designed to quickly narrow the size distribution of PEI. With the monodisperse PEI, the size 

distribution of metal nanoparticles is expected to be improved. 

8.2.5 Enhanced coercivity by silica sphere encapsulation 

 In chapter 6, it has been shown that silica encapsulated CoPt nanoparticles exhibit 

improved magnetic properties which can be modulated by the synthesis conditions. There are 
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still several theories to explain this phenomenon. One of them stated that the dipole-dipole 

moment was changed by the silica coating, which separates the particles from each other. 

Hutlova303 pointed out that the increase of coercivity of the magnetic nanoparticles with silica 

coating reflects the “intrinsic anisotropy”. Another explanation of the increase of the coercivity 

of the nanocomposite comes from the higher barrier when the domains of magnetic nanoparticles 

try to turn under an applied field302. Further work needs to be done to prove these theories.  

8.2.6 Study of PEI oxidation mechanism 

The results in this dissertation indicate that PEI can be used as a capping and reducing 

agent and as a carrier in the synthesis of nanoparticles. Preliminary FT-IR results show that 

primary amine groups disappeared after UV irradiation. But the exact oxidation mechanism 

needs to be carefully studied to extend PEI capping and reducing agent to other particle 

preparations. 

8.2.7 Patterned structures of magnetic nanoparticles 

It has been demonstrated in chapter 7 that capillary filling in magnetic field is an effective 

way to improve the resolution of magnetic nanoparticles patterned structures. The temperature, 

humidity, pressure, strength of magnetic field will strongly affect the order and density of the 

pattern. Experiments are suggested to study how these parameters affect the arrays. This work 

should also be extended to other magnetic nanoparticles, which include silica multicomponent 

magnetic microspheres.  
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