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Abstract 

In this thesis, a generic method was developed for surface modification of nanoparticles 

(NP) with silica shell using Stöber method. Nanoparticles synthesized from non-

hydrolytic solvents such as various ethers were first surface activated with a silane-based 

poly(ethylene glycol) (PEG). Because of the amphiphilicity of PEG moiety, these 

nanoparticles could be easily transferred from hydrophobic to hydrophilic solutions 

including different biological buffers. After ligand exchange with this silane-based PEG, 

silica deposition could happen on the surface of these nanoparticles using ethanol and 

water as solvents, ammonium hydroxide as catalyst and tetraethyl orthosilicate (TEOS) as 

precursor. This method has been successfully used to nanoparticles such as iron oxide, 

silver and Pt@iron oxide which were synthesized with oleic acid and/or oleylamine as 

capping agents.  

Hollow MPEG-sil-SiO2 nanoparticles were made from NP@MPEG-sil-SiO2 core-shell 

nanostructures by removing the metal or metal oxide cores using acid. Both core-shell 

and hollow nanoparticles were used in the drug delivery study of penicillin in the 

inhibition of Streptococcus. mutans. The inhibition zones show that hollow nanoparticles 

have larger loading capacity than core-shell ones. 

A new method has been developed for the formation of Pt@Fe2O3 yolk-shell 

nanostructures from Pt@Fe core-shell nanoparticles. Under the electron beam of TEM 

the oxidation of iron shells occurred and resulted in the formation of hollow structures 

because of the Kirkandall effect. The oxidation provided enough energy for Pt cores to 

hop, split and move in convective motion. This study demonstrates an approach of using 
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nanostructures for the synthesis of nanoparticles inside. The size of Pt core and the 

thickness of iron shell are critical factors in the structural evolution of the nanoparticles. 

Besides nm-sized particles, a sol-gel method was developed for the surface modification 

of micron-sized carbonyl iron particles. Faceted ZrO2 nanoparticles were coated onto the 

surface for better protection of these particles from acid corrosion and oxidation. The 

thickness and morphology of the coating were controlled by changing either the reaction 

conditions or precursor concentrations. The coated carbonyl iron particles should be very 

useful in various applications that use magnetorheological fluids. 



 vii 

Table of Contents 

Chapter 1      Introduction 

1.1.   Surface Modification of Nano- and Micro-sized Particles ...................... 1 

1.2.  General Approaches to Surface Modification of Nanostructures ............. 5 

1.3.  Experimental Designs ............................................................................. 17 

1.4.  Synthesis and Surface Modifications of Hollow Nanostructures ........... 20 

1.5.  Objective and Overview of This Thesis.................................................. 21 

                    REFERENCES ....................................................................................... 25 

 

Chapter 2     Synthesis of Nanoparticles@MPEG-sil-SiO2 Core-Shell Structures        

2.1.  Introduction ............................................................................................. 36 

2.2.  Experimental Section .............................................................................. 38 

2.3.  Results and Discussion ........................................................................... 42 

2.4.  Conclusions ............................................................................................. 64 

  REFERENCES ....................................................................................... 65 

 

Chapter 3     Formation of MPEG-Sil-SiO2 Hollow Spheres and Their Applications 

3.1.  Introduction ............................................................................................. 68 

3.2.  Experimental Section .............................................................................. 70 

3.3.  Results and Discussion ........................................................................... 73 

3.4.  Conclusions ............................................................................................. 91 

                    REFERENCES ....................................................................................... 92 



 viii 

 

Chapter 4     Synthesis of Complex Pt@Fe2O3 Yolk-Shell Nanoparticles 

4.1.  Introduction ............................................................................................. 95 

4.2.  Experimental Section .............................................................................. 97 

4.3.  Results and Discussion ........................................................................... 98 

4.4.  Conclusions ........................................................................................... 116 

                    REFERENCES ..................................................................................... 117 

 

Chapter 5     Synthesis and Corrosion Study of Zirconia Coated Carbonyl Iron Particles 

5.1.  Introduction ........................................................................................... 119 

5.2.  Experimental Section ............................................................................ 122 

5.3.  Results and Discussion ......................................................................... 125 

5.4.  Conclusions ........................................................................................... 141 

                    REFERENCES ..................................................................................... 142 

 

Chapter 6     Conclusions and Future Work 

6.1.  Conclusions ........................................................................................... 144 

6.2.  Future Work .......................................................................................... 146 

                    REFERENCES ..................................................................................... 152 

 



 ix 

List of Tables  

Table               Title                                                                                                        Page 

 
Table 2.1  The volumetric, weight and molar ratios of water, ethanol, and 

ammonia used in the experiments examining the effect of 

concentration of base catalysts on the formation of 

Fe2O3@MPEG-sil/SiO2 core-shell nanoparticles ......................................57 

Table 3.1  Change of absorance  with the amount of HCl used. .................................84 

Table 3.2  Calculated parameters and diffusion constants for H+ in hollow 

spheres........................................................................................................84 

Table 4.1  Elemental analysis of Pt and Fe in the Pt@Fe core-shell 

particles synthesized with different amounts of Pt(acac)2. ......................100 

  



 x 

List of Figures  

Figure              Title                                                                                                        Page 

 
Figure 2.1  TEM images of Fe2O3 nanoparticles: a) as-synthesized and b) 

after ligand exchange with 10 mg/mL MPEG-sil in toluene at a 

ratio of 2 mg of Fe2O3 particles per milliliter solvent. ...............................46 

 
Figure 2.2  Photographs of Fe2O3 dispersed in various biologically relevant 

media: a) 0.9% saline, b) 25-mM phosphate buffer at pH 7.2, c) 

limulus amebocyte lysate (LAL) aqueous solution; and d) 

endothelial based medium-2 (EMB-2).......................................................47 

 
Figure 2.3  TGA curve of Fe2O3 nanoparticles after ligand exchange with 8 

mg/mL MPEG-sil in toluene at a ratio of 2 mg of particles per 

milliliter solvent. ........................................................................................48 

 
Figure 2.4  a) Low and b) high magnification TEM images of 

Fe2O3@MPEG-sil/SiO2 core-shell nanoparticles formed at the 

concentration of 10 mg/mL MPEG-sil in toluene and 15 

μL/mL TEOS in the mixture of H2O, EtOH, and NH3 (molar 

ratio of 1:1.06:0.03). ..................................................................................50 

 
Figure 2.5  TEM images of Fe2O3@MPEG-sil/SiO2 core-shell 

nanoparticles made using a-d) 5 and e-h) 8 mg/mL of MPEG-

sil in toluene; and (a, e) 4; (b, f) 6; (c, g) 8; and (d, h) 10 

μL/mL of TEOS in the mixture of ethanol, water and 

ammonium hydroxide. ...............................................................................52 

 
Figure 2.6  TGA curves of selected Fe2O3@MPEG-sil/SiO2 core-shell 

nanoparticles made under three different conditions: black line, 

5 mg/mL MPEG-sil in toluene and 10 μL /mL TEOS in the 



 xi 

mixture; red line, 5 mg/mL MPEG-sil in toluene and 4 μL/mL 

TEOS in the mixture; and blue line, 8 mg/mL MPEG-sil in 

toluene and 10 μL/mL TEOS in the mixture.  The molar ratio 

of the final reaction mixture used was of 1 H2O: 0.03 NH4OH: 

1.06 EtOH for all three samples. ................................................................54 

 
Figure 2.7  TEM images showing the influence of amount of ammonium 

hydroxide and ethanol on the formation of Fe2O3@MPEG-

sil/SiO2 core-shell nanostructures.  The H2O: NH3: EtOH molar 

ratio was: a) 1:0.03:1.06, b) 1:0.06:0.75, c) 1:0.08:0.71, d) 

1:0.09:0.59, e) 1:0.18:0.42, and f) 1:0.18:0.  See Table 2.1 for 

corresponding volumetric ratios. ...............................................................56 

 
Figure 2.8  Magnetic hysteresis loops and ZFC/FC curves (inset) of a) as-

made and b) MPEG-sil/SiO2 coated Fe2O3 nanoparticles. .........................59 

 
Figure 2.9  TEM images of Ag nanoparticles a) before and b) after surface 

modification with silica layer.  Inset of a) shows Ag particles 

after the ligand exchange with MPEG-sil. .................................................61 

 
Figure 2.10  TEM images of Pt@Fe2O3 core-shell nanoparticles a) before, 

and b) the deposition of silica layers.  The average overall 

diameter of Pt@Fe2O3@silica core-dual shell nanoparticles 

was about 110 nm.  Inset of a) shows a TEM image of 

Pt@Fe2O3 core-shell nanoparticles after the ligand exchange 

with MPEG-sil and b) an individual Pt@Fe2O3@MPEG-

sil/SiO2 core-dual shell nanoparticle with two distinguishable 

layers. .........................................................................................................63 

 

Figure 3.1  TEM images of a) as-synthesized iron oxide@MPEG-sil-SiO2 

core-shell nanoparticles; b) yolk-shell structures formed by 

partial dissolution of iron oxide cores after reacting with 5 M 



 xii 

HCl for 3 min; c) hollow spheres formed after total removal of  

iron ox ide cores after reacting with 5 M HCl for 10 min; and 

HRTEM images of d, e) yolk-shell structures and f) hollow 

spheres........................................................................................................77 

 
Figure 3.2  TGA results of a) iron oxide nanoparticles and b) MPEG-sil-

SiO2 hollow spheres formed after removing iron oxide cores. ..................78 

 
Figure 3.3  Photographs of (from left to right) iron oxide particles in 

toluene, iron oxide@MPEG-sil-SiO2 in aqueous solution, 

supernatant from iron oxide@MPEG-sil-SiO2 reacting with 

HCl solution (36.5~38 %) and MPEG-sil-SiO2 hollow spheres 

in ethanol. ...................................................................................................82 

 
Figure 3.4  In-situ UV-vis absorbance curves of iron oxide@MPEG-sil-

SiO2 reacting with a) 3.0 M, b) 3.3 M, c) 3.7, and d) 4.3 M of 

HCl, respectively........................................................................................82 

 
Figure 3.5  The simulation plots include: a) absorption intensity for peak at 

around 360 nm vs. reaction time; b) (Mt/M∞)/t vs. (1/t1/2) and c) 

diffusion constant vs. concentration of HCl. The arrows show 

the increase of HCl concentrations from 3.0 to 4.3 M. ..............................83 

 
Figure 3.6  Photograph of a) anti-Rabbit IgG (whole molecule)–FITC 

antibody in DI water and b) in MPEG-sil-SiO2 hollow spheres 

with a clear aquous supernatant. ................................................................85 

 
Figure 3.7  Photographes showing the inhibition test results of iron 

oxide@MPEG-sil-SiO2 (top) and hollow spheres (bottom) 

loaded with Penicillin. ...............................................................................89 

 
Figure 3.8  Inhibition of Streptococcus mutans bacteria by Penicillin V 

potassium salt-loaded nanospheres. 8 μL of aqueous 



 xiii 

susppension of 16 mg/mL Penicillin V potassium salt-loaded 

particles (4 mg/mL) were used. Blue lines were for iron 

oxide@MPEG-sil-SiO2 core-shell nanoparticles loaded 

Penicillin V potassium salts after 6 and 22 hour incubations; 

red bars were for hollow spheres with Penicillin V potassium 

salt after 6 and 22 hour incubations. ..........................................................90 

 
Figure 4.1  Pt@Fe core-shell nanostructures synthesized from a) 100 mg; b) 

50 mg and c) 15 mg of Pt(acac)2. ...............................................................99 

 
Figure 4.2  EDX results of Pt@Fe synthesized with 50 mg of Pt(acac)2. ..................100 

 
Figure 4.3  (a, b) EDX maps and (c, d) HAADF-STEM of Pt@Fe2O3 with 

5-nm Pt cores (a and d) (color code: green-platinum and red-

iron) and Pt@Fe2O3 with 3-nm Pt cores (b and d) (color code: 

red-platinum and green-iron). ..................................................................101 

 
Figure 4.4  TEM images showing the structural evolution of Pt@Fe core-

shell nanoparticles with 3 nm Pt cores under the exposure of 

electronic beam for a) 0; b).10; c) 30, and d) 60 s, respectively. .............103 

 
Figure 4.5  a) TEM and b)HRTEM images showing the Pt@Fe core-shell 

nanoparticles with 3 nm Pt cores. ............................................................104 

 
Figure 4.6  HRTEM showing the Pt@Fe core-shell nanoparticles 

synthesized from 50 mg of Pt(acac)2. ......................................................106 

 
Figure 4.7  Series of TEM images showing the structural evolution of five 

Pt@Fe core-shell nanoparticles with cores of 3 nm in diameter 

and shells of 3.5 nm in thickness. 109 

 
Figure 4.8  Series of TEM images showing the structural evolution of one 

Pt@Fe core-shell nanoparticle with a spherical Pt core of 5 nm 

in diameter and a Fe shell of 5 nm in thickness 110 



 xiv 

 
Figure 4.9  Series of TEM images showing the structural evolution of one 

Pt@Fe core-shell nanoparticle with an octohedral Pt core of 5 

nm in edge length and a Fe shell of 5 nm in thickness. ...........................111 

 
Figure 4.10  Series of TEM images showing the structural evolution of 

Pt@Fe core-shell nanoparticle with a cube-like Pt core of 5 nm 

in edge length and a Fe shell of 3.5 nm in thickness. ..............................112 

 
Figure 4.11  Series of TEM images showing the structural evolution of one 

Pt@Fe core-shell nanoparticle with a triangle Pt core of 5 nm 

in edge length and a Fe shell of 3.5 nm in thickness. ..............................113 

 

Figure 5.1  Flow charts of coating CI particles with zirconia or silica 

zirconia layers (Drawn by Dr. Shai N. Shafrir). ......................................126 

 
Figure 5.2  SEM images of (a) as-received and (b) zirconia-coated small 

CI particles. This particular type of zirconia coating was made 

from a 50% zirconia sol.(Measured by Dr. Shai N. Shafrir) ...................128 

 
Figure 5.3  SEM of direct ZrO2 coated small CI particles with different 

amount of sol precursors: (a) 10 % and (b) 16 %. (Measured by 

Dr. Shai N. Shafrir) ..................................................................................129 

 
Figure 5.4  SEM of SiO2-ZrO2 coated CI particles made from different (A) 

5 %, (B) 10 %, (C) 20 % and (D) 30 % zirconia sol precursors, 

respectively.. ............................................................................................130 

 
Figure 5.5  PXRD patterns of as-received (red), ZrO2 (10 vol %) coated 

(green), and SiO2/ZrO2 (10 vol %) coated CI particles, 

respectively with diffraction peaks from Fe (Δ) and Fe3O4 (×)..............132 

 
Figure 5.6  EDX spectra of particles coated with (a) zirconia (10 vol % sol) 

and silica/zirconia (50 vol % sol). 133 



 xv 

 
Figure 5.7  a) Regular TEM and b) HRTEM images of one SiO2-ZrO2 (50 

vol% zirconia sol) coated CI particles.  134 

 
Figure 5.8  Representative SEM image of the cross-section of coated CI 

particles showing the core-shell structure and the shape of 

zirconia crystals in the coating layers.  The coated CI particles 

were made from 10 vol % zirconia/silica sol solutions. 

(Measured by Dr. Shai N. Shafrir)  ..........................................................135 

 
Figure 5.9  SEM images of zirconia-coated CI particles prepared with 

different amounts of zirconia sol and HNO3 catalyst in 1-L 

water: a) 5 vol % of sol and 36.5 mL of HNO3, b) 10 vol % sol 

and 36.5 mL of HNO3, c) 5 vol % of sol and 146 mL of HNO3, 

and d) 10 vol % of sol and 146 mL of HNO3.. ........................................137 

 
Figure 5.10  TGA curves of various zirconia-coated CI particles: (a) weight 

loss/gain and (b) heat flow as a function of temperature.  The 

experiments were performed in an air flow at a rate of 50 

mL/min.. ...................................................................................................139 

 
Figure 5.11  Accelerated acid corrosion tests and SEM characterizations of 

(a-b) uncoated and (c-d) coated CI particles in an acidic 

solution of pH 4.4. a) Colorimetric test for uncoated CI 

particles exposed for up to 1 h at 30 °C. The corrosion became 

visible after about 10 min; b) SEM image of an uncoated 

particle after 20 min of exposure at 60 °C; c) colorimetric test 

showing no corrosion for particles coated with silica/zirconia 

(50 vol %) after acidic treatment of up to 15 h at 60 °C; and d) 

SEM image of zirconia (10 vol %) coated CI showing no 

obvious pitting after acid treatment of 150 h at 60 °C. .. .........................141 

 



 xvi 

Figure 6.1  TGA results for iron oxide@MPEG-sil-SiO2 (black) and iron 

oxide@MPEG-sil-SiO2-PMMA (red) core-shell nanostructures.

..................................................................................................................148 

 
Figure 6.2  Fe2O3@SiO2 particles modified with (3-mercaptopropyl) 

trimethoxysilane after reacting with Ag particles for 90min. 

The concentration of Ag is 1.32 mg/ml. ..................................................150 

 
Figure 6.3  TEM images of (a)Fe2O3@meso-SiO2 particles using CTAB as 

template  and (b) the particles after ion exchange process with 

ammonium nitrate to remove CTAB. ......................................................151 

 



 xvii 

List of Schemes  

Scheme            Title                                                                                                        Page 

 
Scheme 1.1  The concept of surface modifications of nanoparticles for 

biological applications. ................................................................................4 

 

Scheme 1.2  The dendrite-like polymer with nanoparticles held inside the 

structure......................................................................................................13 

 
Scheme 1.3  Au nanoparticles capped with oleic acid and ligand exchanged 

with (3-mercaptopropyl)trimethoxysilane. ................................................19 

 
Scheme 2.1  A typical configuration of an iron oxide nanoparticle capped 

with MPEG-sil molecules. .........................................................................44 

 
Scheme 2.2  The two-phased approach to the synthesis of 

nanoparticle@MPEG-sil/SiO2 core-shell nanostructures 

involving 1) ligand exchange in an organic phase and 2) 

deposition of silica shells in aqueous phase using the Stöber 

method........................................................................................................45 

 
Scheme 3.1 The formation of MPEG-sil-SiO2 hollow spheres from iron 

oxide@MPEG-sil-SiO2 nanoparticles and its biological 

application as a drug carrier. a) Formation of york-shell 

nanostructure by addition of HCl to an iron oxide@MPEG-sil-

SiO2 ethanol or water soluteion; b) Formation of MPEG-sil-

SiO2 hollow particles upon complete removal of the core; c) 

Generation of MPEG-sil-SiO2 hollow particles loaded with 

Penicillin V potassium in DI water. ...........................................................75 

 



 xviii 

Scheme 4.1  The formation of Pt@Fe2O3 yolk-shell particles from Pt@Fe 

core-shell structures with 3 nm Pt cores and 3.5 nm Fe/FeOx 

shells. .......................................................................................................115 

 
Scheme 4.2  The formation of Pt@Fe2O3 yolk-shell particles from Pt@Fe 

core-shell structures with 5 nm Pt cores and 5 nm Fe/FeOx 

shell. .........................................................................................................115 

 



 1 

 

Chapter 1 

Introduction  

1.1. Surface Modification of Nanometer- and Micron-Sized Particles 

 Nanometer (nm)- and micrometer-scale materials have been widely applied to 

the fabrication of biosensors, labels and magnetic storage devices because they 

exhibit electrical, optical and magnetic properties distinct from their bulk counterparts 

1, 2. Magnetic particles are especially important because of their applications in 

various areas 1. They have been investigated for their use in biological labeling, 

magnetic resonance imaging (MRI), targeted drug carriers for cancer therapy, sensing, 

magnetic separation, and ferrofluids in heat transfer, dampers and actuators 3-6. The 

response of magnetic nanoparticles to an external field is an appealing feature for 

their uses in drug delivery and biological separation, such as cell sorting.  Magnetic 

nanoparticles exposed to alternating magnetic fields can produce thermal energy and 

enable effective hyperthermia therapy 6. The spin carried in magnetic nanoparticles 

can respond to the surrounding microenvironments and be exploited in MRI.  The 

ease of controlling the properties of magnetic nanoparticles is an important feature for 

their widespread use. Common bulk magnetic materials can be classified into 

diamagnetic, paramagnetic, ferrimagnetic, ferromagnetic and antiferromagnetic based 

on the arrangement, orientation, and strength of magnetic dipole moments. The most 

useful magnetic nanoparticles are made of ferro- or ferri-magnetic materials and have 
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superparamagnetic properties with blocking temperatures typically below zero degree 

Celsius 1. Thus, solution phase synthetic methods can typically be applied to magnetic 

materials without the concern of extensive uncontrollable aggregation among the 

particles because of the interaction of permanent magnetic dipoles. These wet 

chemistry approaches include microemulsion, hydrothermal, solvothermal, and non-

hydrolytic methods 1. The classes of magnetic materials that can be produced in 

nanostructure forms, range from metals and metal alloys, to oxides and ferrites. The 

size, shape and size distribution of quite a few types of magnetic nanoparticles can be 

controlled precisely at the nanometer scale.   

 To explore the potentials of high quality magnetic nanoparticles, an important 

requirement is the fine and sometimes precise control of their surface chemistry.  

Surface modification can be used to prevent aggregation, improve stability in 

suspensions, and enhance the compatibility of nanoparticles with solid matrices or 

biological environments. It also provides means for further grafting or conjugating 

additional functional molecules.   

 For clinical applications magnetic nanoparticles have to be able to disperse in 

water and other hydrophilic media, biocompatible and selective toward specific 

targets 1, 7. It is noteworthy that some of the best-known methods for making 

monodisperse and shape-controlled nanoparticles use non-hydrolytic systems1, 8-

12.Nanoparticles generated in such media are generally hydrophobic in nature and 

only disperse well in selected organic solvents. Magnetic nanoparticles with toxic 

elements such as cobalt and nickel need to be shielded from biological media with 
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biocompatible layers. Since nanoparticles have higher surface energies than bulk 

materials, magnetic nanoparticles of metals or metal alloys can be oxidized easily 

even under mild temperatures. Silica and other coatings can alter the oxidation 

profiles by preventing or slowing down the diffusion of oxygen to  magnetic cores 13, 

14. Furthermore, various monodisperse magnetic nanoparticles developed in non-

hydrolytic solvent systems are capped with surfactant and are highly hydrophobic 7.  

These particles cannot be readily applied in biological systems which usually require 

hydrophilic environments. Moreover, stabilization of magnetic particles in water and 

other polar solvents is critical in various applications of ferrofluids as well. But in 

other applications such magnetorheological finishing, the surface of magnetic fluids 

need to be either hydrophobic or hydrophilic depending on the polishing requirements. 

For magnetic nanoparticles such as the widely-studied FePt alloys, inert coatings can 

prevent aggregation during the post-synthetic heat treatment so that small size with 

high coercivity and the preferred crystal phase may be obtained 15.   

 A range of surface modification methods have been developed in order to 

improve the surface characteristics of magnetic nanoparticles and to achieve specific 

applications. There are different criteria for the surface modification of nanoparticles. 

For example, when ten-nanometer immunoglobulin M (IgM) molecules are used in 

cell sorting, the chosen nanoparticles should be in the similar size range in order to 

have maximum valence for the specific binding and small enough to evade biological 

cleaning processes 16.  Besides size, nanoparticles also have to possess a hydrophobic 
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layer for high stability, a hydrophilic layer for biocompatibility and an outermost 

functional layer for cell recognition 17, as shown in Scheme 1.1.  

 

 

Scheme 1.1 The concept of surface modifications of nanoparticles for biological 

applications. 

 

 Surface composition and structure are critical in the design and synthesis of 

surface coating layers.  A variety of approaches have been developed for the surface 

modification of magnetic nanoparticles. They include covalent attachment and 

adsorption of either small molecules or polymers, resulting in core-shell structures 

based on polymerization of organic monomers or polycondensation of inorganic 

precursors through Stöber and other sol-gel methods 18-21. As surface structure is one 

of the most important factors in choosing a coating approach, methods developed for 
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magnetic nanoparticles of metals, alloys and oxides can often be applied to 

nonmagnetic counterparts that share similar surface chemistry, or vice versa.   

1.2. General Approaches to Surface Modification of Nanostructures  

 The strategy for modification or functionalization of nanoparticles depends on 

the specific atomic structures of the surfaces and their interactions with ligands.  

Nanoparticles with capped groups on their surfaces can be modified with organic or 

inorganic molecules, regardless of whether they are synthesized in aqueous or 

nonhydrolytic solutions.  The hydroxyl group is one of the commonly used capping 

groups and it can react with carboxyl groups via its oxygen atom or with various 

silane groups through -O-Si bond 22.   

 For nanoparticles synthesized using nonhydrolytic solutions, they have to be 

modified first to introduce functional groups such as hydroxyl and mercapto groups 

for further grafting or conjugation reactions 7.  Amine and oxysilane are two other 

popular functional groups that are used for surface modification of nanoparticles 23. 

Nanoparticles of semiconducting quantum dots (QDs), Pt, Ag and Au can be 

modified with mercapto groups using well developed thiolate chemistry 24.  The 

selected surface species can often prevent the nanoparticles from aggregating. To 

fulfill specific applications, primer molecules may be necessary to graft and activate 

the surface for further functionalization with other chemical or biological molecules.  

Usually, these primers have dual functional groups, one for surface binding and the 

other for initiating the designed chemical reactions.  Silane coupling agents are such 
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compounds which can change the surface of nanoparticles to be vitreophilic and make 

the further deposition of coating layers plausible 25.   

 Electrostatic interactions 26, 27 and other types of Van der Waals interactions 28 

are the main driving forces in the preliminary surface modification of nanoparticles.  

Since these types of interactions, which are physical adsorption in nature, tend to be 

weak, chemical reactions are needed if strong binding is necessary.  Au and Ag 

nanoparticles usually require sulfur as the bridging element due to the strong affinity 

between these metals and thiol groups 29. Other suitable reactions for the formation of 

surface coatings include silanization and polymerization 23, 30.   

 Emulsion and self assembly are other two commonly used strategies in the 

surface modification of nanoparticles 31-34. Besides direct ligand exchange and 

emulsion methods, microwave-assisted modification 35, dry mechanical coating 

techniques 36, and ozone deposition are other techniques that have been developed to 

facilitate the surface treatment 37-42. For surface modification with inorganic oxide 

layers, sol-gel methods are rather useful and the Stöber method is among the most 

widely used strategy, which was originally developed for making silica layers 25, 43, 44.  

1.2.1. Adsorption and Self-Assembly 

 Physical adsorption is among the methods that are conceptually straight 

forward in the surface modification of nanoparticles for good stability and 

hydrophilicity in suspensions 45-48. The conditions used are generally not complicated, 

since small molecules or even polymers can attach to the surface of nanoparticles 
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through exchange with the original ligands or adsorbed chemicals, and such 

procedures can be conducted at ambient room temperature.   

 Self-assembly is a method capable of making one, two and three dimensional 

structures of nanomaterials 49, 50.  While self-assembly of planar structures has been 

widely studied, it is not optimal when nanometer-sized colloidal particles are 

involved. The major driving forces for self-assembly include electrostatic interactions, 

surface tension, capillary forces, hydrophobic interactions and bio-specific 

recognition 51. Host-guest interactions are typically seen in biological systems, but 

also regularly used in the assembly of non-biological molecules through these weak 

interactions. Long carbon chain surfactants are routinely used as stabilizing agents 

and serve as a good platform for host-guest interactions.   

 Electrostatic interaction is essential in the layer-by-layer (LbL) self assembly 

of polyelectrolyte shells 32-34. This method provides a route for the deposition of 

different chemicals onto various nanostructures 34, 51-54. The thickness of the shells 

can be adjusted by sequentially depositing oppositely charged polyelectrolytes or 

even nanoparticles on the surface through predominantly electrostatic interactions 55.  

Up to eight layers of polyelectrolytes on the surface of 35 nm Au nanoparticles have 

been deposited using this method 56.   

 Surface self-assembly can also be used for the formation of hollow spheres or 

capsules from core-shell structures using templating methods 57. The coating of 

nanoparticles with polyelectrolyte layers and nanoparticles has been achieved with 

polymerization and silanization methods. By removing the templates through 
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calcination or etching, hollow capsules composed of polymer and/or nanoparticles 

can be formed, which are then feasible for drug delivery carriers 33, 58.   

 The most commonly used cation-anion polyelectrolyte pairs include 

poly(styrene sulfonate) (PSS) and poly(diallyldimethylammonium chloride) 

(PDADMAC) 53, 56, PSS and poly(allylamine hydrochloride) (PAH) 34, 57, 58, PSS and 

poly(diallydimethyl-ammonium) (PDDA) or poly(pyrrole) and poly(N-methylpyrrole) 

52, 54.  Sequential assembly of nanoparticles and polyelectrolytes can be applied to 

coat different nanomaterials 33, 59. Functional moieties of small molecules or polymers 

can be incorporated into the multiple component shell structures.  While electrostatic 

interactions can be used to produce multilayers, the cation and anion polyelectrolytes 

are often intertwined and no clear boundary exists between them, especially for thick 

films 55.   

 This self-assembly approach has been adopted for the surface modification of 

particles with polymers 34, 56, 58. TEM images revealed that a single gold nanoparticle 

could be coated uniformly with multiple layers of polymers. The coating consisted of 

one monolayer of 10-mercaptodecanesulfonate followed by eight layers of oppositely 

charged PSS and PDADMAC 47. Modification of nanoparticles based on LbL 

approaches is not as straightforward though as in the cases of micron-sized spheres.  

Achieving uniformity among large quantities of small nanoparticles in satisfying 

yield can be challenging.   
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1.2.2. Surface Modification Based on Organic Reactions  

 Since physisorption is a relatively weak interaction, the attached molecules or 

polymers are very sensitive to the environments such as pH value and temperature, 

and sometimes can be easily dissolved. Direct grafting through chemical adsorption 

has been applied for the surface modification of nanoparticles having strong covalent 

bonds with functional molecules 60. For instance ether bonds generated between 

dextran nanoparticles and aliphatic or aromatic groups are used to make the surface 

hydrophobic 61.  

 Since the hydroxyl group (–OH) commonly exists on the surface of 

nanoparticles, many chemical reactions target interactions with this group 62, 63.  

Silanization is one such method where the silanol group on silane coupling agents 

(SCAs) reacts with surface species 23, 25, 43. Hydrolysis and polycondensation of -Si-

(CxHy)3 itself and with surface hydroxyl groups are a powerful combination for 

creating new coating layers. These silane groups can have different organic moieties 

at one end of the SCAs and a functional group at the other for further conjugation 

with other molecules. As covalent bonding between SCAs and surface species can 

ensure strong linkage, silanization can be used to create an ultrathin single molecular 

layer on the surfaces of nanoparticles. Thus SCAs are regularly used as primers to 

activate the surfaces of nanoparticles. (3-Aminopropyl)triethoxysilane (APS) and (3-

mercaptopropyl) trimethoxysilane (MPS) are the primers most often used for this 

purpose 64-67.  Poly ethylene glycol (PEG) 65, amino 68-70, vinyl 71 and phenyl 72 are 

some of the popular functional groups at the other end of these SCA ligands.  
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 When direct chemical reaction with the surface cannot be implemented, 

covalent attachment can take place after initial surface treatment 73, 74. For example, 

oleic acid-capped γ-Fe2O3 nanoparticles first undergo ligand exchange with 

phosphonic acid-azide or carboxylic acid-alkynes before the formation of bonds 

between the functional groups and surface through “click chemistry” 75. Trichloro-s-

triazine (TsT) is a good linker molecule to bridge methoxy poly(ethylene glycol) 

(mPEG) and dopamine 76. It has three chlorine groups which can react sequentially 

with other molecules. In general, mPEG is first conjugated with one of these three 

chlorine groups to form mPEG-TsT, while another chlorine group reacts with 

dopamine to form mPEG-TsT-dopamine. The catecol unit on the dopamine moiety 

replaces the oleylamine and oleate groups on the surfaces of Fe3O4 nanoparticles.  

TsT can also be used for the coupling of other molecules or polymers.  Oligomeric 

phosphines with different functional moieties can bind to the surface of 

semiconducting quantum dots (QDs) and prevent them from aggregating 77. In such 

case, the outer most layers are designed in such a way as to be compatible with 

microenvironments of the solvents. Further conjugation with biomolecules can be 

achieved through interactions with the outer functional groups.   

1.2.3. Surface Modification Based on Polymerization 

 Different polymerization methods have been applied in the surface 

modification of nanoparticles 78-81. Suitable types of reactions are free radical or ionic 

polymerization. Solvent, initiator, monomer to initiator ratio, and surface structure 
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can affect polymerization processes for given nanoparticles. Nanostructures of metals, 

metal alloys, metal oxides and other materials have all been modified with polymers.  

 Poly(methyl methacrylate) (PMMA) is a popular polymer used for surface 

modification. For example, functionalization of CdS nanocrystals with PMMA can be 

achieved via free radical polymerization 78. As-synthesized CdS nanoparticles are 

first grafted with methacryloxypropyltrimethoxysilane (MPS). The dangling double-

bond moiety of MPS on the nanoparticles can polymerize upon initiation by 2,2-

azobic isobutyronitrile (AIBN). Radical polymerization has been reported in the 

surface modification of titania nanoparticles 79. In this case, 6-palmitate ascorbic acid 

(6-PAA) is used first in treating the surface of TiO2 to allow phase transfer of 

nanoparticles from water into toluene where radical polymerization occurs. After 

coating with PMMA, TiO2 nanoparticles become thermally stable 80. By using 

reversible addition-fragmentation chain transfer (RAFT) polymerization, poly(2-

(dimethylamino) ethyl methacrylate), poly (acrylic acid) and polystyrene (PS) can all 

be grafted onto the surface of gold nanorods synthesized in aqueous solutions using 

trisodium citrate as the stabilizing agent 81.   

 Biocompatible polymers are designed as the shell layers in core-shell or core-

corona-shell nanoparticles, largely depending on the specific biological applications 

82. Among the variety of available biocompatible polymers 31, 78, PEG and its 

derivatives are heavily studied because they are hydrophilic and able to prevent non-

specific protein adsorption, which is important for giving intravenously delivered 
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drugs an extended half-life during blood circulation 83. Further conjugation with 

functional moieties is often required in such applications.  

 The selection of polymers however often depends on the target application.  If 

a hydrophobic surface and chemical stability of the coating are required, PS can be a 

better candidate than many others 30. Dendrimer is another special class of polymers 

that can have many structural varieties and local morphologies which can be quite 

useful for the design of new drug carriers with excellent release profiles 82, 84.  

Scheme 1.2 shows the schematic structure of a dendrite-like polymer which has 

different nodes and pockets with each new generation and an outer active layer of 

hydroxyl functional groups to hold nanoparticles inside 85, 86. 
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Scheme 1.2 Illustration of a dendrite-like polymer with nanoparticles held inside the 

structure (Color code: red-nanoparticles; blue-intersection knobs of the polymer; 

grey-center of the polymer). 

 

1.2.4. Surface Modification with Inorganic Layers 

 Inorganic materials are usually chosen to improve the stability and to 

introduce new electronic, photonic, magnetic, mechanical, and surface chemical 

properties to particles 87-90. Common choices of inorganic layers include silica, titania, 

zirconia and other metal oxides that are readily obtainable through solution phase 

approaches such as sol-gel methods, although other classes of materials including 

even pure metals can also be used as shell layers. Among the inorganic materials, 
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silica has been widely used since the invention of the Stöber method originally 

designed for the preparation of silica nanoparticles with well controlled spherical 

shape and size using alcoholic solvents, catalysts and alkoxide precursors 25, 91. The 

hydrolysis and polycondensation of silica alkoxide precursors can be catalyzed by 

either base or acid. The reasons for choosing other oxides such as zirconia, titania or 

alumina in surface modification are mostly related to the specific requirements of 

optical, electrical and mechanical properties 92, 93. For instance, yttria-stabilized 

zirconia (YSZ), a solid oxygen ion conductor, can bind to silica particles as thin as 

ten nanometers using ultrasound-assisted deposition 92.    

 

1.2.4.1 Sol-Gel Methods 

Sols are small colloidal nanoparticles in solution and can form interconnected 

network of metal oxides, which are called gels, upon further polycondensation in the 

presence of acid or base catalysts 94. The common inorganic oxides such as silica, 

zirconia and titania are frequently made from the precursors of alkoxides.   

The widely used silica precursors are short carbon chain alkoxyl silanes, 

particularly tetraethyl orthosilicate (TEOS) 93, 95, 96.  Ammonia and sodium hydroxide 

(NaOH) are the typical base catalysts, while hydrochloric acid (HCl) and nitric acid 

(HNO3) can be used as acid catalysts for the hydrolysis and condensation of TEOS in 

water and alcohol mixtures.   

 OHHCOHSiOHHOCSi OHNH
5242452 )()( 4 + →+  

 OxHOHHxCOHSiOHOHHCHOCSi n 2524252452 ])([)( ••→++  
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 OHOHHCSiOOxHOHHxCOHSi n 25222524 ])([ ++→••  

When TEOS is used as the precursor, hydrolysis leads to the formation of silanol and 

ethanol in the solvent mixture during the first step.  These silanol groups cross link to 

form oligomers which further condense catalytically through –OH interactions on the 

surfaces of nanoparticles and form silica networks. The second and third steps are the 

polycondensations, during which period dense silica networks are formed.  Other 

silane and halide precursors have also been studied for the formation of silica sol-gel 

for surface modification of nanoparticles. 3-aminopropyltrimethoxysilane (APTMS) 

and methacryloxypropyltri-methoxysilane (MPTMS) are among the most widely used 

precursors 97, 98. 

 Similarly, there are different precursors that can be used in the formation of 

zirconia coatings 92, 99-103.  The alkoxide form is still a popular choice, and zirconium 

propoxide and butoxide are commonly used 99, 104.  The formation of zirconia by a 

sol-gel process also occurs through hydrolysis and polycondensation steps: 

 OHHCOHZrOHHOCZr NaOH
9442494 )()( + →+  

 OxHOHHxCOHZrOHOHHCOHZr n 29442944 ])([)( ••→++  

 OHOHHCZrOOxHOHHxCOHZr n 29422944 ])([ ++→••  

Yttrium is sometime introduced to stabilize certain types of zirconia structures at 

room temperatures 92. Reaction temperature is generally higher for the formation of 

zirconia sol-gel and the deposition of zirconia particles on the surfaces of 

nanoparticles than that required for silica coating.  The stable crystal phase made at 

low temperatures is usually monoclinic. Tetragonal and cubic phases can be formed 
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upon being annealed at  high temperatures 102, 103, 105, 106.  Zirconia coatings on 

nanoparticles of metals or metal oxides are typically faceted and not as smooth as that 

of silica 101.  However, using ultrasound-assisted deposition, YSZ can be uniformly 

deposited on the surface of silica particles 92.  The general mechanism for the 

formation of other metal oxides such as titania is similar to those for zirconia, and 

includes hydrolysis and polycondensation steps using either an acid or a base catalyst.  

 

1.2.4.2  Stöber Method  

 This method is mainly used for the surface modification of nanoparticles with 

silica coatings.  Since its invention, it has been modified and improved for use on 

nanoparticles with different compositions, sizes, shapes and surface chemistry 25, 91.  

The Stöber method has several advantages. First, the synthesis can take place in 

solvents with a wide range of hydrophilicity or hydrophobicity.  A primer can be 

introduced if necessary to activate the surfaces of nanoparticles synthesized in highly 

hydrophobic solvents.  Second, the formation of silica shells not only prevents the 

nanoparticles from coalescing but can also generate functional surfaces for further 

modification. Silica coated nanoparticles are often dispersed readily in aqueous 

solutions.  Third, a silica coating can improve the biocompatibility of nanoparticles 

due to its low toxicity 25.  LizMarzan et. al. reported the silica coating of gold 

nanoparticles using the Stöber method 25.  Silica precursors-(3-aminopropyl)-

trimethoxysilane can easily react at the surface region of the nanoparticles in an 

aqueous phase.  The uniformity in thickness can be controlled to within the low 
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nanometer regime.  For nanoparticles synthesized from hydrophobic solvents, the 

Stöber method cannot always be applied directly and usually a primer is required to 

activate the surface 23.  Mostly these primers used for the Stöber method are silane-

based agents such as APTMS or MPTMS, which can make the surfaces of 

nanoparticles hydrophilic.   

 Metal 23, 25, 107, metal oxide 23 and alloy nanostructures 108, 109 have been 

modified with silica shells using this method.  The capping agents used for the 

synthesis of these nanoparticles can affect the efficiency of the surface modification.  

Commonly used capping agents in nonhydrolytic systems such as acryl amine, oleic 

acid and long carbon chain thiol groups need to be at least partly replaced before the 

proper deposition of silanol groups.   

 While the Stöber method is widely used in modifying spherical nanoparticles, 

achieving uniformity in coated layers for nanowires, nanocubes, nanorods, and 

nanobars is feasible.  There have been reports on the silica coating of quantum dots of 

CdSe/ZnS, nanobars and rods of Ln(BDC)1.5(H2O)2, where Ln=Eu 3+, Gd 3+, or Tb 3+ 

and BDC=1,4-benzenedicarboxylate, and silver nanowires using the Stöber method 32, 

107, 110-113.  These silica layers can be as thin as a few nanometers, and still maintain 

their uniformity indicating an excellent level of control of deposition. 

1.3. Experimental Designs 

 As nanomaterials generated in solutions are stabilized by surfactants, ligand 

exchange with small molecules is common 12, 65, 114, 115.  Various types of 

nanoparticles have been used in ligand exchange for surface modification. Surfactants 
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with designed structural properties replace the capping agents through either kinetic 

stabilization or chemical bonding.  Typically ligand exchange leads to good stability 

and creates new functional groups for applications that require specific selectivity, 

surface chemistry and hydrophilicity.  Surface composition and structure of the 

particles are critical for the selection of new ligands.  For example, the carboxylate 

groups on the surfaces of ferrite nanoparticles can be readily exchanged with 

functional siloxide 65.  Similarly, amines on ZnSe quantum dots can be replaced by 

mercaptopropionic acid (MPA) because of the formation of S-Mn or S-Zn bonds 114.  

On the surface of FePt nanoparticles, iron atoms bind to the carboxylate derivatives of 

oleic acid, while platinum atoms interact preferentially with oleylamine 12.  Both 

oleylamine and oleic acid can be exchanged with mercaptoalkanoic acids through 

interaction between carboxylate groups with iron, and mercapto groups with platinum 

12.   

 Another widely used ligand exchange system involves thiolates on gold and 

silver, which relies on the strong chemical interactions between sulfur and these two 

metal atoms 24, 116. Scheme 1.3 illustrates the use of (3-

mercaptopropyl)trimethoxysilane (MPTMS) to modify oleic acid-capped gold 

nanoparticles through ligand exchange 74.  The strong interaction between the 

mercapto- group of MPTMS and Au nanoparticles is the key factor for the successful 

ligand exchange of oleic acid with MPTMS in this process. These nanoparticles can 

be changed from hydrophobic to hydrophilic after ligand exchange, and the particles 

can be readily dispersed in aqueous solutions.   
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Scheme 1.3 Au nanoparticles capped with oleic acid and ligand exchanged with (3-

mercaptopropyl)trimethoxysilane. 

   

 Besides MPTMS, surface of gold and silver particles can be modified with ω-

functionalized alkylthiols to increase their stability in water 117.  These ω-functional 

groups can be acid, alcohol, amine, and biotin. Phosphine, which is used as a 

stabilized capping agent to synthesize gold or silver nanoparticles can be exchanged 

with ω-functionalized thiols groups as well 118, 119. Phosphine ligands are first 

replaced by thiol groups in the form of AuCl(PPh3).  This step is followed by further 

removal of PPh3 or AuCl(PPh3) groups.  Thiol groups then reorganize and form 

crystalline-like shells on the surfaces of Au nanoparticles 119.   
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1.4. Synthesis and Surface Modifications of Hollow Nanostructures  

 One active research area in nanomaterials is the synthesis of hollow 

nanostructures from coated nanoparticles.  Such hollow nanostructures have potential 

applications in biotechnology 11, 120, 121, reaction engineering 122, electrochemical 

engineering 123, 124 and other areas.  For particles with sizes greater than 100 nm, 

interfacial polymerization, polycondensation, LbL deposition, nozzle reactor spray 

drying and emulsion templating are some of the approaches to synthesize hollow 

nanostructures 49, 125-127.  For those smaller than 100 nm, the synthesis of hollow 

particles are not as straightforward 128.  Using organic or inorganic nanostructures as 

templates, ceramics and polymers alike can be deposited on the surfaces through 

either chemical or physical interactions 11, 110, 129-140.  The core materials can be 

removed through calcinations 133, 134, 137, 138 or etching 11, 110, 129-132, 135, 136, 140 to create 

void spaces.   

 Much attention has been focused on the combination of LbL self assembly 

and templating methods, with which the thickness of hollow shells can be controlled 

by alternately depositing oppositely charged polyelectrolytes on the cores 33, 51, 54, 56. 

Self-templating is an approach that combines emulsion methods with a template 141. 

In this approach, surfactants used to form micelles in water act as templates. By 

adjusting pH and controlling polycondensation processes, hollow spheres are 

fabricated. Biological or chemical functional groups can further be grafted onto 

hollow particles 110. The functionalization of interior surfaces is nontrivial and needs 

further study 142-145,  although optically and magnetically active metal and metal oxide 
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particles and polymers have successfully been deposited onto interior surfaces or in 

void regions. 

1.5. Objective and Overview of This Thesis 

 Surface modification of nanoparticles has been made possible by various 

approaches, but is often material-specific. Different methods or functional species 

have to be identified for given particles or surfaces. Few methods are suitable for 

multiple surface chemistries. Particles with the size smaller than 100 nm are 

important for medical or clinical applications 16, in which they have to be small 

enough to penetrate cell walls to release drugs or avoid excretion.146. But the surface 

modification of small particles is not easy in comparison with large ones because the 

fraction of surface atoms is high and the surface state and chemistry of these particles 

is difficult to understand. Moreover, in the synthesis, organic molecules or surfactants 

are important to improve the stability and monodispersity of particles. These 

molecules have to be removed or modified before bioapplications and surface 

modification becomes necessary when hydrophobic surface capping agents are used 

in the synthesis of particles. It is desirable that the modified particles keep their 

electrical, optical and magnetic properties while having improved stability, potential 

for further conjugation to achieve required hydrophilicity for solvent compatibility.  

 The design of multifunctional nanostructures has emerged as an active 

research area in recent years. Nanomaterials with various morphologies, structures 

and compositions have been synthesized.  Among them, hollow and yolk-shell 

structures have been produced and explored for applications in drug delivery, 
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nanoreactor design and electrochemistry 11, 33, 59, 82, 120-124, 133, 147-151. Single-step 

approaches include nozzle reactor spray drying and emulsion, interfacial 

polymerization, LbL deposition and self assembly 49, 125-127, 152.   These methods are 

largely used to produce particles with diameters larger than 100 nm 128.  The 

challenge is to produce structurally well-defined hollow particles with diameters less 

than 100 nm. Most of the hollow particles were synthesized for biological 

applications such as drug delivery study.  

 Nanosized yolk-shell structures are generally prepared by removing templates 

through calcination 133, 134, 137, 138 and etching 11, 110, 129-132, 135, 136, 139. There have been 

reports on the synthesis of yolk-shell nanomaterials based on the Kirkendall Effect 153. 

For most cases, the size of the yolk is not easy to control and they tend to become 

hollow structures due to slow oxidation processes.  

 This thesis is focused on the surface modification of nano- and micron-scaled 

materials, their biological and mechanical applications, and the synthesis of 

nanomaterials with various complex structures such as core-shell, hollow and yolk-

shell nanoparticles.  

 Chapter 2 will discuss the nanoparticles that are synthesized from 

nonhydrolytical solvent and transferred from hydrophobic solvents to aqueous 

solution using silane based MPEG-sil. This method is generic for most nanoparticle 

systems capped with oleic acid and/or oleylamine surfactants. This silane-based 

MPEG works as a primer to activate the surface for further modification with Stöber 
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method. The thickness of silica coating can be tuned by controlling the amount of 

TEOS, ammonium hydroxide and MPEG-sil. 

 Chapter 3 aims at the generation of hollow MPEG-sil nanospheres by 

removing the metal or metal oxide cores from core-shell nanoparticles. The diffusion 

constant of ions across the walls of the hollow spheres is obtained. NP@MPEG-sil-

SiO2 core-shell and MPEG-sil-SiO2 hollow spheres are applied to the drug delivery 

study. Based on the results of inhibition tests, the loading capacity of hollow spheres 

is larger than that of core-shell particles. 

 Chapter 4 is focused on the synthesis of complex Pt@Fe2O3 york-shell 

nanostructure from Pt@Fe core-shell nanoparticles.  The changes in structure and 

phase triggered by the electron beam is due to the Kirkendall effect and studied in 

detail.  Pt@Fe core-shell nanoparticles are synthesized with Pt cores of tunable size. 

Under the TEM beam, iron shells can be oxidized and Pt@Fe2O3 yolk-shell structures 

form due to the Kirkendall effect. This process results in the splitting and shape 

change of Pt cores. When Pt cores are small enough, splitting does not happen; but 

when the core size is big enough, Pt can split into 2, 3, 4 and even 5 smaller particles. 

It seems that a magic number exists for the final Pt particles which form from the 

initial one. 

 The nanometer sized particles are for biological applications while the 

micron-sized particles are for magnetorheological (MR) fluids and other applications. 

The goal of Chapter 5 is to study the synthesis and corrosion resistant behaviors of 

coated micron-sized carbonyl iron mangetic particles. Specifically, methods are 



 24 

 

developed to coat the surface of CI particles which are the key ingredient of MR fluid, 

and to improve their resistance to various forms of corrosion. Finally, the conclusions 

and future work are presented in Chapter 6. 
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Chapter 2 

Synthesis of Nanoparticle@MPEG-sil-SiO2 Core-Shell 

Structures 

2.1. Introduction 

Surface modification is an important aspect in developing a “toolbox” for 

exploring unique applications enabled by nanomaterials.1-6  Surface modification is 

often required for many functional and monodisperse nanoparticles including iron 

oxides, gold, silver, iron platinum, and other materials.  To this end, the creation of 

robust surface chemistry for different nanoparticle systems has been widely studied in 

recent years.  

There are several different approaches for the surface modification of 

nanoparticles, which are often material-specific.3, 7-13 Common methods include the 

covalent attachment of small molecules,14-18 adsorption of hydrophilic polymers,19-24 

and the formation of shell/layers on the surface of particles.5, 12, 25 Among these 

strategies, the Stöber method is a popular approach to produce silica coated 

nanostructures.26  This process is based on the hydrolysis and polycondensation of 

molecular precursors, such as tetraethylorthosilicate (TEOS), to form silica in an 

alcohol-water mixture using ammonia hydroxide as the catalyst.  There are several 

interesting features associated with the coating of nanoparticles with silica. For 

example, the surface layer of silica can improve the biocompatibility of the 



 37 

 

nanoparticles.3, 27  Moreover, the surface of silica is often terminated in the silanol 

group that can react with various coupling agents to covalently attach specific ligands 

to their surface. When the core contains magnetic particles (such as iron oxides and 

iron platinum), this capability enables the design and synthesis of magnetic carriers 

and contrast agents that can target specific organs via highly precise recognition (e.g., 

antibody–antigen interaction).3 Also, fluorescent probes and other functional species 

can also be introduced into the silica matrices or surfaces to produce multi-functional 

nanoparticles.28-30 

It is noteworthy that some of the best-known methods for making 

monodisperse and shape-controlled nanoparticles are conducted in non-hydrolytic 

solvents.2, 3, 5, 6  The particles generated in such media are generally hydrophobic in 

nature and only well dispersed in selected organic solvents. Thus, surface 

modification is essential to improve their dispersity in water and allow biological 

applications. Unfortunately, the Stöber method cannot be readily applied for 

nanoparticles synthesized in organic solvents.  While short alkane chain-based 

siloxanes such as (acryloxypropyl)trimethoxysilane (APTMS) and 3-

methacryloxypropyl-trimethoxysilane (MPTMS) are typically used to modify the 

surface  of nanoparticles before the further deposition of silica in aqueous systems, 

these ligands are not always effective for nanoparticles dispersed in organic solvents.  

Amino- and mercapto-terminated siloxane ligands, which are popular choices for 

silver and gold nanoparticles, are also not very effective.  In this context, a molecule 

that serves as an appropriate primer and can enable the formation of uniform silica 
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shells is essential for the surface modification of nanoparticles synthesized in organic 

media.9, 31, 32 

In this chapter, the surface modification of several classes of nanoparticles 

synthesized in non-hydrolytic solvents is discussed.  Specifically, methoxy-poly 

(ethylene glycol) silane (MPEG-sil) is used as a primer for the formation of SiO2 

shells (Stöber process) on iron oxide (Fe2O3) nanoparticles as a typical example. The 

effect of the concentration of MPEG-sil, TEOS and ammonium hydroxide over the 

morphology of the produced core-shell nanoparticles are presented. This SiO2-coating 

approach is extended to silver (Ag) and platinum-iron oxide core-shell (Pt@Fe2O3) 

nanoparticles.  Although these nanoparticles have different chemical compositions 

and structures, they all can be prepared in organic solvents with oleic acid and/or 

oleylamine, which are widely used as capping agents for the synthesis of a range of 

nanoparticles.1-3, 33   

2.2. Experimental Section 

Materials Iron pentacarbonyl (99.999 %), oleic acid (99 %), oleylamine 

(70 %), octyl ether (99 %), isoamyl ether (99 %), toluene (anhydrous, 99.8 %), silver 

trifluoroacetate (99.99+ %), tetraethyl orthosilicate (99.999 %) and trimethylamine N-

oxide ((CH3)3NO, 98 %) were purchased from Aldrich.  Platinum actylacetonate 

(Pt(acac)2, 98 %) was from Strem Chemicals.  MPEG-sil (molecular weight: 5000, 

98 % based on NMR) was purchased from Laysan Bio, Inc.  Ammonium hydroxide 

(28-30 %) was from J. T. Baker.  Hexane (99.9 %) was from Fisher Scientific and 
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ethanol (EtOH, 200 Proof) from Pharmco-Aaper. All reagents and solvents were used 

without further purification.  

Synthesis of Fe2O3 Nanoparticles The Fe2O3 nanoparticles were synthesized 

using a modified method reported elsewhere.34 In a typical procedure, octyl ether (3 

mL) and oleic acid (440 μL or 1.4 mmol) were added to a freshly dried 15 mL three-

necked flask under an argon flow.  After the mixture was heated to 100 °C, 60 μL 

(0.46 mmol) of iron pentacarbonyl was added into the flask using a microsyringe.  

The temperature was raised to 280 °C at a rate of 2 °C/min and maintained for 1 h.  

The temperature was then increased to 290 °C (the refluxing temperature) and 

maintained for another hour.  The color of the reaction mixture changed gradually 

from yellow to brown and to black.  In order to convert the particles into maghemite, 

50 mg of (CH3)3NO was added into the mixture after the flask was cooled to room 

temperature.  The reaction temperature was then increased to 130 °C and maintained 

for another 2 h.  Finally, temperature was increased to reflux and maintained for 15 

min.  The nanoparticles were precipitated out from the suspension using ethanol, and 

concentrated using a centrifuge at 5000 rpm for 5 min. 

Synthesis of Pt@Fe2O3 Core-Shell Nanoparticles In a typical synthesis,35 

1,2-hexadecanediol (0.2 g), oleic acid (40 μL), and oleylamine (40 μL) were mixed 

with octyl ether (1.5 mL) in a freshly dried 15-mL flask.  The temperature of the 

mixture was increased to 290 °C before a mixture of 0.1 g of Pt(acac)2 in 1 mL of 

octyl ether was injected into the flask with a syringe.  The temperature decreased to 

220 °C and 55 μL of Fe(CO)5 was added using a microsyringe.  After the addition of 
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Fe(CO)5, the temperature was raised to 290 °C and the reaction was kept at this 

temperature for one hour.  The particles were washed with hexane and precipitated 

out using ethanol as the anti-solvent.  The product was washed with a mixture of 

hexane and ethanol (1:4, v/v) once and then ethanol alone twice.  The nanoparticles 

were stored in toluene. 

Synthesis of Silver Nanoparticles The silver nanoparticles were synthesized 

according to the method previously reported.36  A mixture of silver trifluoroacetate 

(220 mg) and oleylamine (990 μL) in 5 mL of isoamyl ether were used in this work.  

The temperature of the oil bath was raised to 160 °C at a rate of 2 °C/min and 

maintained for 1 h.  The particles were precipitated with ethanol and separated by 

centrifuge at 4000 rpm for 5 min. This procedure was repeated once. The particles 

were dispersed and stored in toluene. 

Surface Modification of Nanoparticles with MPEG-sil and Silica A typical 

procedure for the silica coating of Fe2O3 and Pt@Fe2O3 nanoparticles is as follows: 

Nanoparticles (2 mg/mL) were dispersed in toluene in a freshly dried 15-mL flask.  

Various amounts of MPEG-sil (5-10 mg/mL) in toluene were added and mixed using 

a magnetic stirrer.  The temperature was then increased to 80 °C and maintained for 

250 min. Finally the reaction mixture was stirred at room temperature overnight.  The 

particles modified with MPEG-sil were precipitated with hexane and separated out 

from solvent using centrifuge, followed by washing with a mixture of hexane and 

ethanol at the volumetric ratio of 3:1.  This procedure was repeated twice.  The 

particles were collected by centrifuge at 8,000 rpm for 5 min. 10 mg of nanoparticles 
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modified with MPEG-sil were dispersed in 20 mL of an ethanol/water mixture at the 

volumetric ratio of 4:1 in a freshly dried 25-mL flask, followed by the addition of 

various amounts of ammonium hydroxide (~2-17 % volumetric ratio of the final 

solution).  After stirring for 5 min, designed amounts (80-300 µL) of TEOS were 

added into the reaction mixture and the reaction was stirred vigorously at 50 °C for a 

given period of time ranging from 15 to 60 min.  Finally, the particles were collected 

by centrifuge at 13,000 rpm for 10 min and washed with ethanol. 

For silver nanoparticles, all the experiments were conducted in amber vials.  

In general, 10 mg of silver particles were dispersed into 3 mL of toluene, followed by 

mixing with 100 mg of MPEG-sil in 4 mL of toluene.  The reaction was maintained at 

80 °C overnight.  The final products were precipitated with hexane and dispersed in 

ethanol.  To generate silica shells, 1 mL of MPEG-sil treated nanoparticles in ethanol 

was diluted with a mixture ethanol and water to a final ethanol to water volumetric 

ratio of 4:1.  One milliliter of ammonium hydroxide solution (NH3 content, 29% by 

weight) was added into 5 mL of this solution, followed by 300 μL of TEOS.  The 

reaction was maintained at 30 °C for 15 or 30 min and the particles were collected by 

centrifuging at 8,000 rpm for 5 min 

Characterizations TEM images were recorded on a JEOL JEM 2000EX at an 

accelerating voltage of 200 kV.  The TEM specimens were made by drop casting a 

suspension of nanoparticles in toluene or ethanol on a carbon-coated copper grid.  

The thermal analysis was conducted using a Q600 SDT DSC-TGA system from TA 

Instrument Inc.  The typical heating scan rate was 10 °C/min between room 
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temperatures and 800 or 900 °C in an air flow at a rate of 50 mL/min.  The thermal 

decomposition temperature was determined with the Universal Analysis software (TA 

Instruments).  Magnetic hysteresis loops were measured at 300 K with an external 

magnetic field sweep in the range between -50 and +50 kOe using a Quantum Design 

Superconducting Quantum Interference Device (SQUID, model: MPMS-5S) 

magnetometer.  The zero field cool/field cool (ZFC/FC) curves were measured at 

external field strength of 100 Oe in a temperature range between 2.5 and 300 K.   

2.3. Results and Discussion 

Oleic acid and oleylamine are capping agents routinely used in the synthesis 

of nanoparticles in organic media.  Ligand exchange of these molecules with short 

carbon chain siloxane-based compounds, such as APTMS and MPTMS, is often not 

effective. In this context, PEG-containing compounds are potential candidates as 

appropriate linker molecules for the surface modification of nanoparticles synthesized 

in organic media owing to their unique amphiphilic properties. Another advantage is 

that the presence of MPEG-sil at the surface of these nanoparticles could also serve as 

reacting sites for the formation of SiO2 shells by the Stöber method. Here, MPEG-sil 

was first employed to replace the nanoparticles surface capping groups (oleic acid or 

oleylamine) in toluene and subsequently react with TEOS to allow the formation of 

silica shells on the surface of the nanoparticles.  Scheme 2.1 shows a typical 

configuration of an iron oxide nanoparticle capped with MPEG-sil molecules. 

Scheme 2.2 illustrates the two-phase approach for the synthesis of 

nanoparticles@silica core-shell nanostructures using MPEG-sil as linker.  In the first 
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step, the original capping groups were ligand-exchanged with the linker molecule to 

make the surface of nanoparticles vitreophilic. The driving force for its ligand 

exchange ability could be related to the stronger interaction between the biamide 

groups of MPEG-sil and the nanoparticle’s surface than those from carboxylic or 

amine groups under our synthetic conditions.10 A noticeable and useful property of 

MPEG-sil is that it can be readily dissolved in both selective organic solvents and 

water.  Thus, nanoparticles functionalized with MPEG-sil could be dispersed in both 

hydrophilic and moderately hydrophobic environments. After the ligand exchange, 

the surface-modified nanoparticles could be transferred easily from toluene into 

ethanol and water due to the hydrophilicity of PEG groups. In this stage, MPEG-sil at 

the surface of nanoparticles can act as a coupling agent for SiO2 deposition.   
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Scheme 2.1 A typical configuration of an iron oxide nanoparticle capped with 

MPEG-sil molecules. 
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Scheme 2.2 The two-phased approach to the synthesis of nanoparticle@MPEG-

sil/SiO2 core-shell nanostructures involving 1) ligand exchange in an organic phase 

and 2) deposition of silica shells in aqueous phase using the Stöber method. 

 
Figure 2.1 shows the TEM images of the as-made and the MPEG-sil modified 

Fe2O3 nanoparticles.  The as-made Fe2O3 nanoparticles had oleic acid as the capping 

agent and an average diameter of 15.4 nm, as shown in Figure 2.1a.  The average size 

and size distribution of the nanoparticles were maintained after the dispersion of these 

particles in toluene was mixed with MPEG-sil for 250 min.  These particles could 

then be dispersed in water or water/ethanol mixtures due to the good water solubility 

of PEG groups (Figure 2.1b).  Figure 2.2 shows the photographs of the Fe2O3 

nanoparticles dispersed in 0.9% saline, phosphate buffer (25 mM, pH=7.2), limulus 

amebocyte lysate (LAL) and endothelial based (EMB-2) aqueous solutions after the 
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ligand-exchange with MPEG-sil.  These aqueous media were regularly used in 

biological assay and contained relatively high concentrations of charged ions or other 

species.  We observed that all these dispersions were transparent and stable for 

months, indicating the strong attachment of MPEG-sil to the particles.   

 

 

Figure 2.1 TEM images of Fe2O3 nanoparticles: a) as-synthesized and b) after ligand 

exchange with 10 mg/mL MPEG-sil in toluene at a ratio of 2 mg of Fe2O3 particles 

per milliliter solvent. 
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Figure 2.2 Photographs of Fe2O3 dispersed in various biologically relevant media: a) 

0.9% saline, b) 25-mM phosphate buffer at pH 7.2, c) limulus amebocyte lysate (LAL) 

aqueous solution; and d) endothelial based medium-2 (EMB-2). 

 

The amount of MPEG-sil on the surface of the particles was studied by the 

thermal gravimetric analysis (TGA).  Figure 2.3 shows the TGA curve for Fe2O3 

nanoparticles after the ligand exchange with MPEG-sil. The sample was washed with 

ethanol and precipitated with hexane. The TGA curve indicates that the major weight 

loss happened between 192 and 369 °C. The onset was close to the decomposition 

temperature of pure MPEG-sil (187 °C, obtained from the TGA measurement). A 

distinguishable thermal event starting at around 234 °C can be observed after the 

initial decomposition of MPEG-sil. This weight loss event could come from the stable 

segments of alkanyl groups.  The total weight loss reached the maximum of about 

70% at 400 °C, most likely due to the complete decomposition of the capping agents.   
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Figure 2.3 TGA curve of Fe2O3 nanoparticles after ligand exchange with 8 mg/mL 

MPEG-sil in toluene at a ratio of 2 mg of particles per milliliter solvent. 

 

After surface modification with MPEG-sil, the nanoparticles could be easily 

dispersed in aqueous solution.  Then, TEOS was employed to produce a silica shell 

on the surface of Fe2O3 particles by using ammonia hydroxide as catalyst (Stober 

process).  Figure 2.4 shows TEM images for the SiO2-coated MPEG-sil modified 

nanoparticles produced by this approach.  These core-shell particles were made by 

dispersing 0.5 mg/mL of Fe2O3@MPEG-sil particles into 20 mL of ethanol/water at 

the TEOS concentration of 15 µL/mL and ammonium hydroxide concentration of 0.5 

mL/mL for 15 min.  The Fe2O3 cores remained uniform in size and the overall 
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average diameter of these core-shell nanoparticles was around 59 nm, giving a shell 

thickness of approximately 22 nm.  While some necking between the SiO2-coated 

nanoparticles can be observed, most of the core-shell nanoparticles were still largely 

separated from each other.  The produced core-shell nanoparticles were also uniform 

in terms of particle distribution within silica matrix.  A single Fe2O3 core per particle 

structure was readily achieved.  This result suggests that the sol-gel process 

preferably occurred at the MPEG-sil exchanged surfaces of the Fe2O3 cores. This 

could be explained by the favored interaction between TEOS and crown-ether like 

structures in the backbone of the PEG segments, allowing the silica precursors to be 

preferentially concentrated at the surface regions of the Fe2O3 particles.37, 38  
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Figure 2.4 a) Low and b) high magnification TEM images of Fe2O3@MPEG-sil/SiO2 

core-shell nanoparticles formed at the concentration of 10 mg/mL MPEG-sil in 

toluene and 15 μL/mL TEOS in the mixture of H2O, EtOH, and NH3 (molar ratio of 

1:1.06:0.03). 

 

Effects of the concentrations of both MPEG-sil and TEOS over the thickness 

of the produced SiO2 shells, surface morphology and necking of these core-shell 

nanoparticles were investigated.  In this study, as-made Fe2O3 nanoparticles in 

toluene (2 mg/mL) were first ligand exchanged with either 5 or 8 mg MPEG-sil per 

milliliter of toluene. Figure 2.5 shows the Fe2O3@MPEG-sil/SiO2 core-shell 

nanoparticles synthesized by using different amounts of TEOS in ethanol/water 

solution.  The volume of TEOS employed in these preparations ranged from 4 to 10 

µL per milliliter of mixed solvent at a molar ratio of 1 H2O: 0.03 NH4OH: 1.06 EtOH. 

All other conditions were kept the same as those for making the particles presented in 



 51 

 

Figure 2.4.  There was little variation in the shell thickness for those particles made at 

the same reaction time and temperature.  We noted, however, that at low MPEG-sil 

concentration (5 mg/mL), extended necking was observed for the core-shell 

nanoparticles prepared at low TEOS concentrations (Figures 2.5a-b).  Most of the 

core-shell nanoparticles aggregated with each other through the silica shells. As the 

TEOS concentration increased, the necking gradually disappeared, judging by the 

increasing inter-particle distance in the TEM images (Figures 2.5c-d).  As shown in 

Figure 2.5e-h, when a relatively large amount of MPEG-sil was used (8 mg/mL), 

necking between particles did not occur as frequently as detected for nanoparticles 

produced with smaller amounts of MPEG-sil even at the relatively low TEOS 

concentrations. It is feasible that large amounts of MPEG-sil might supply abundant 

binding sites for TEOS molecules and prevent the inter-particle polycondensation.  In 

general, the shells formed after ligand exchange with 5 mg/mL of MPEG-sil were 

smoother than those with 8 mg/mL of MPEG-sil, although the difference was 

relatively subtle. 
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Figure 2.5 TEM images of Fe2O3@MPEG-sil/SiO2 core-shell nanoparticles made 

using a-d) 5 and e-h) 8 mg/mL of MPEG-sil in toluene; and (a, e) 4; (b, f) 6; (c, g) 8; 

and (d, h) 10 μL/mL of TEOS in the mixture of ethanol, water and ammonium 

hydroxide. 

 

Figure 2.6 shows the TGA results for the Fe2O3@MPEG-sil/SiO2 core-shell 

particles.  The weight loss below ~ 200 °C, which was about 2% of the total weight, 

could come primarily from absorbed water.  When 5 mg/mL of MPEG-sil and 4 

µL/mL of TEOS were used, the thermal decomposition started at ~ 251 °C and ended 

at ~ 587 °C.  When the concentration of TEOS was increased to 10 µL/mL and other 

conditions were kept the same, the onset thermal decomposition temperature of 

MPEG-sil changed to ~ 238 °C and offset to ~ 563 °C.  When 8 mg/mL of MPEG-sil 

and 10 µL/mL of TEOS were used, the onset thermal decomposition temperatures 

changed to ~ 179 °C and offset to ~ 570 °C.  MPEG-sil decomposed much quicker 
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when lower amounts of TEOS (4 µL/mL) were used. The total weight loss for the 

core-shell particles based on MPEG-sil produced from 5 mg/mL of MPEG-sil and 10 

µL/mL of TEOS was about 8.5 %, and that from 8 mg/mL of MPEG-sil and 10 

µL/mL of TEOS was about 12.5 %.  Thus, the weight loss ratio for these two systems 

was 12.5:8.5 or 1.47, which was quite close to the ratio calculated from the original 

MPEG-sil amounts (1.6).  A possible explanation for the observed trend on the onset 

decomposition temperatures and the ranges, as well as the total weight loss, is the 

change in both composition and the degree of polycondensation of the silica shells.  

High MPEG-sil contents apparently resulted in low onset decomposition temperatures 

and deep weight losses. The temperatures for complete weight loss also shifted to 

higher values in comparison to those particles ligand-changed with MPEG-sil 

(without silica shell), demonstrating the protecting effect of the silica matrix over the 

decomposition of MPEG-sil.   
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Figure 2.6 TGA curves of selected Fe2O3@MPEG-sil/SiO2 core-shell nanoparticles 

made under three different conditions: black line, 5 mg/mL MPEG-sil in toluene and 

10 μL /mL TEOS in the mixture; red line, 5 mg/mL MPEG-sil in toluene and 4 

μL/mL TEOS in  the mixture; and blue line, 8 mg/mL MPEG-sil in toluene and 10 

μL/mL TEOS in the mixture.  The molar ratio of the final reaction mixture used was 

of 1 H2O: 0.03 NH4OH: 1.06 EtOH for all three samples. 

  

The effect of concentration of ammonium hydroxide solution over the 

formation of the SiO2 shells is also investigated (Figure 2.7).  In all experiments, the 

amount of MPEG-sil ligand exchanged particles was kept at 0.5 mg/mL and the 

amount of TEOS used was 4 μL/mL.  When the molar ratio was 1 H2O: 0.03 NH3: 
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1.06 EtOH, extended necking structures were detected for the Fe2O3@MPEG-sil/SiO2 

core-shell nanoparticles (Figure 2.7a). By changing this ratio to 1 H2O: 0.06 NH3: 

0.82 EtOH, separated individual particles could be obtained. However, the shell 

thickness varied considerably (Figure 2.7b). On the other hand, when this ratio was 1 

H2O: 0.09 NH3: 0.77 EtOH, relatively uniform core-shell nanoparticles were 

produced (Figure 2.7c).  This might represent the optimal molar ratio for silica 

coating under these experimental conditions.  Further increase in the ammonium 

hydroxide concentration and decrease in the ethanol amount to 1 H2O: 0.10 NH3: 0.65 

EtOH led to polydiserpersity in shell thickness and overall diameter of these 

Fe2O3@MPEG-sil/SiO2 core-shell nanoparticles (Figure 2.7d).  In the absence of 

additional water, i.e. at the molar ratio of 1 H2O: 0.22 NH3: 0.51 EtOH, the size 

dispersity of the particles became even broader (Figure 2.7e), indicating that the size 

dispersity is affected by the amount of both water and ethanol added. When only 

concentrated ammonium hydroxide solution was used without the addition of ethanol, 

the Fe2O3@MPEG-sil/SiO2 core-shell nanoparticles became even more polydispersed 

both in size and structure (Figure 2.7f).  These results show that the amount of 

ethanol and base catalyst plays a critical role over the morphology and size-

distribution of the produced silica-coated core-shell nanoparticles.  
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Figure 2.7 TEM images showing the influence of amount of ammonium hydroxide 

and ethanol on the formation of Fe2O3@MPEG-sil/SiO2 core-shell nanostructures.  

The H2O: NH3: EtOH molar ratio was: a) 1:0.03:1.06, b) 1:0.06:0.75, c) 1:0.08:0.71, 

d) 1:0.09:0.59, e) 1:0.18:0.42, and f) 1:0.18:0.  See Table 2.1 for corresponding 

volumetric ratios.  
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Table 2.1 The volumetric, weight and molar ratios of water, ethanol, and ammonia 

used in the experiments examining the effect of concentration of base catalysts on the 

formation of Fe2O3@MPEG-sil/SiO2 core-shell nanoparticles * 

Sample No. Volume** Weight Molar Number 

absolute normalized 

A 1: 0.25: 4 2.32: 0.13: 6.31 0.13 : 0.004: 0.14 1: 0.03: 1.06 

B 1: 0.75 4 3.18: 0.39:6.31 0.18 : 0.011: 0.14 1: 0.06: 0.77 

C 1: 1: 4 3.48: 0.52: 6.31 0.19: 0.02: 0.14 1: 0.08: 0.71 

D 1: 1.5: 4 4.22: 0.78: 6.31 0.23 : 0.02: 0.14 1: 0.09: 0.59 

E 0: 1: 1 3.70: 1.31: 3.95 0.21 : 0.04: 0.09 1: 0.18: 0.42 

F 0: 1: 0 7.39: 2.6: 0 0.41 : 0.07: 0 1: 0.18: 0 

 

*:  The amount of Fe2O3 nanoparticles in toluene used was 2 mg/mL and MPEG-sil 

was 8 mg/mL in the ligand exchange step for all experiments.  The amount of Fe2O3 

nanoparticles with MPEG-sil used was 0.5 mg/mL mixture.  In both cases, the mass 

of nanoparticles included those from surface capping ligands.  The amount of TEOS 

used was 4 μL/mL mixture.  The ratio refers to H2O: NH3: EtOH. 

**:  The volume of ammonia (NH3) referred to 29 wt% aqueous solution. 

 

Figure 2.8 shows the magnetic hysteresis loops and ZFC-FC curves for these 

Fe2O3 nanoparticles before and after surface modification with SiO2 shells 

synthesized at molar ratio of 1 H2O: 0.03 NH3: 1.06 EtOH and 0.5 mg/mL of Fe2O3-
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MPEG-sil particles.  The saturated magnetization, Ms of the as-made Fe2O3 

nanoparticles was about 60 emu/g, which is the typical reported value.39 The Ms for 

the Fe2O3@MPEG-sil/SiO2 nanoparticles was 3.4 emu/g, which is ~ 17 times smaller 

than that for as-made Fe2O3 nanoparticles. Based on these saturated magnetization 

data, the magnetically active component, i.e. Fe2O3 cores, should be around 5.7 % 

w/w in the core-shell nanoparticles. In this calculation, we used 12.4 nm for the 

diameter of as-made Fe2O3 particles and 47.4 nm for the silica-coated nanoparticles 

(silica shell thickness of 17.5 nm). Using the densities of 4.87 g/cm3 for Fe2O3 

(maghemite) 39 and 2.2 g/cm3 for silica,40 we could obtain the weight percentage of 

Fe2O3 cores, which was around 3.9 %.  This value is close to the one derived from the 

saturated magnetization measurement.  The small difference may come from the 

discrepancy in densities between the references and the true values for both Fe2O3 and 

SiO2 in the core-shell nanoparticles as well as distortions from perfectly spherical 

morphology.  The presence of MPEG-sil in the shell layers and the interaction 

between SiO2 and Fe2O3 could also contribute to this difference.   
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Figure 2.8 Magnetic hysteresis loops and ZFC/FC curves (inset) of a) as-made and b) 

MPEG-sil/SiO2 coated Fe2O3 nanoparticles. 

 

The ZFC/FC data were used to determine the blocking temperature for the as-

made and modified Fe2O3 nanoparticles. As illustrated in Figure 2.8, the blocking 

temperature measured from the ZFC peak was above 270 K. On the other hand, the 

blocking temperature for Fe2O3@MPEG-sil/SiO2 was 124 K, as determined from the 

ZFC peak (Tpeak).  The temperature at the bifurcation point (Tbranch) for ZFC and FC 
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curves of the core-shell particles was about 175 K.  Larger particles in the sample 

usually show a blocking temperature at Tbranch, while smaller or average size particles 

generate a blocking temperature at Tpeak.41  The difference between Tpeak and Tbranch 

indicates that the Fe2O3@MPEG-sil/SiO2 particles were not magnetically 

monodisperse.  The difference in the detected blocking temperature for Fe2O3 and 

Fe2O3@MPEG-sil/SiO2 could be due to the interaction between the Fe2O3 cores and 

the SiO2 shells as well as the formation of aggregates in the Fe2O3 nanoparticles 

system (no SiO2 coating).41 

Similarly to what has been described for Fe2O3 nanoparticles capped with 

oleic acid, SiO2 shells could not be deposited directly onto the surface of oleylamine 

stabilized Ag nanoparticles using the Stöber method. MPEG-sil served as an effective 

surface primer for the formation of SiO2 coatings on these Ag nanoparticles made in 

organic media.  As illustrated on Figure 2.9a, no major changes in size and shape 

were detected after ligand exchange with MPEG-sil.  After ligand exchange, the Ag 

particles could be readily coated with SiO2, as shown in Figure 2.9b.  It can be 

observed that the SiO2 shells formed on the surfaces of the Ag nanoparticles were 

rougher than those formed on Fe2O3. SiO2 residuals that were loosely connected to 

the surfaces were also detected (Figure 2.9b).  In this system, the formation of SiO2 

shells improved the stability of these Ag nanoparticles in aqueous solutions.  For the 

as-made Ag nanoparticles, the color of colloidal suspension in toluene change from 

red or yellow (depending on the concentration) to dark yellow, to violet and finally to 

gray after exposure to light over a period of several days.  Conversely, the Ag 
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nanoparticles coated with SiO2 shells could be kept for months without any obvious 

color change, suggesting a much improved stability to light. 

 

 

Figure 2.9 TEM images of Ag nanoparticles a) before and b) after surface 

modification with silica layer.  Inset of a) shows Ag particles after the ligand 

exchange with MPEG-sil. 

 

This approach could further be employed to generate SiO2 shells on Pt@Fe2O3 

core-shell nanoparticles synthesized with both oleylamine and oleic acid as capping 

agents.  Figure 2.10 shows the TEM images of the Pt@Fe2O3 core-shell nanoparticles 

before and after surface modification with SiO2. The as-made Pt@Fe2O3 core-shell 

nanoparticles had an average diameter of 15.2 nm (Pt core was 8.7 nm, Figure 2.10a). 

After ligand exchange with MPEG-sil, the arrangement of the particles over the 

carbon grids changed dramatically, indicating a difference in surface property (inset 
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of Figure 2.10a).  Figure 2.10b shows the onion-type morphology for the 

Pt@Fe2O3@MPEG-sil/SiO2 core-double shell nanoparticles.  This sample was made 

at the molar ratio of 1 H2O: 0.03 NH4OH: 1.09 EtOH with 0.5 mg/mL of Pt@Fe2O3-

MPEG-sil particles and 15 μL/mL of TEOS.  The inset of Figure 2.10b is a 

representative TEM image of an individual Pt@Fe2O3@MPEG-sil/SiO2 core-double 

shell particle, showing clearly the two distinguished shells around the Pt core. The 

inner shell was Fe2O3  while the outer shell was SiO2.  This observation indicates that 

the coating process did not change the overall structure of Pt@Fe2O3 core-shell 

nanoparticles, suggesting that the method could potentially be also useful to prevent 

the aggregation and sintering among particles in post-synthesis processes, such as 

conversion from Pt@Fe2O3 core-shell nanoparticles to of FePt alloy nanostructures. 
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Figure 2.10 TEM images of Pt@Fe2O3 core-shell nanoparticles a) before, and b) after 

the deposition of silica layers.  The average overall diameter of Pt@Fe2O3@silica 

core-dual shell nanoparticles was about 110 nm.  Inset of a) shows a TEM image of 

Pt@Fe2O3 core-shell nanoparticles after the ligand exchange with MPEG-sil and b) 

an individual Pt@Fe2O3@MPEG-sil/SiO2 core-dual shell nanoparticle with two 

distinguishable layers. 
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2.4. Conclusions 

MPEG-sil can be used as a new primer for the surface modification (SiO2 

coating) of colloidal nanoparticles synthesized from organic media having different 

compositions and capping agents. After ligand exchange of oleic acid and oleylamine 

(capping agents) with MPEG-sil, the nanoparticles could be transferred from highly 

hydrophobic to other moderately hydrophobic or hydrophilic media. The rich crown 

ether-like moieties of ethylene glycol segments enabled the generation of preferred 

sites for the nucleation and growth of SiO2 shells near or at the particle surfaces, 

producing SiO2-coated core-shell nanoparticles. This approach was successfully 

demonstrated for the formation of SiO2 shells on Fe2O3, Ag and Pt@Fe2O3 

nanoparticles. The rather unique amphiphilic characteristics of MPEG-sil as capping 

and surface activating agent can be very beneficial for making structurally uniform 

core-shell particles from different types of sol-gel precursors. Moreover, the approach 

presented in this chapter can allow the development of water-dispersible 

nanoparticles for biological applications with a range of different compositions and 

functionalities.   
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Chapter 3 

Formation of MPEG-Sil-SiO2 Hollow Spheres and Their 

Applications 

3.1. Introduction 

Hollow structures can have potential applications in biological systems 1-3, 

reaction engineering 4 and as ion conductive media 5, 6. While single-step methods, 

such as nozzle reactor spray drying and emulsion or interfacial polymerization, 

polycondensation, layer by layer (LBL) deposition or self assembly 7-11, can produce 

hollow particles larger than 100 nm 12, it is still a challenge to fabricate hollow 

particles smaller than this size 12. Using organic or inorganic templates, ceramic or 

polymers can be deposited on the surfaces through chemical or physical interactions 1, 

13-25. By removing templates through calcinations 13, 14, 18, 19 or etching 1, 15-17, 20-25, 

nanometer-sized hollow structures can be prepared. Much attention has been focused 

on the combination of LBL self assembly and templating methods, in which the 

thickness of hollow shells can be adjusted by alternately depositing oppositely 

charged polyelectrolytes on templates 26-29. Emulsion and templating methods can be 

used together in the self-templating approach 30. In this method, surfactants are used 

to form micelles in water and act as templates at the same time. By adjusting pH and 

controlling the polycondensation process, hollow spheres in the nanometer-sized 

regime are fabricated.  Based on these methods, hollow structures with various 



 69 

 

composites, sizes and morphologies have been prepared. Other biological or chemical 

functional groups can be grafted onto hollow particles through surface modification 15. 

The functionalization of interior surface however, remains an unresolving research 

topic and has attracted a great deal of attentions since the important applications of 

hollow particles in drug delivery and separation are closley related to the utilization 

of interior void spaces 31-34. Several optically and magnetically active metal or metal 

oxide particles and polymers have been successfully produced inside the interior 

regions either on the surface or in the void space.  

Colloidal templating is a promising route for preparing hollow structures with 

critical sizes below 100 nm. Furthermore, among the reports based on templating 

methods, few have studied the release profile of the template, which can be related to 

the drug release profile. In this chapter, iron oxide nanoparticles, which were 

synthesized in organic solvents, were used as a template. By activating the surface 

with MPEG-sil, SiO2 was deposited onto these nanoparticles to form MPEG-sil-SiO2 

shells. Subsequent dissolution of iron oxide cores led to the formation of MPEG-sil-

SiO2 hollow nanoparticles. The release profile of iron oxide by reacting with HCl was 

studied by UV-vis spectroscopy and the data were fit to a three-dimensional (3-D) 

diffusion equation. Diffusion constants were calculated from the fitting process. Both 

MPEG-sil and SiO2 are promising materials for biological applications, because of 

their hydrophilicity, low biotoxicity and high biocompatibility 35. In this study, 

MPEG-sil-SiO2 particles were used for the encapsulation of Penicillin V potassium 
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salt and FITC-antibody. The release and inhibition behaviors of Penicillin V 

potassium on Streptococcus Mutans were studied.  

3.2. Experimental Section 

Synthesis of iron oxide nanoparticles The iron oxide nanoparticles were 

synthesized using a modified method reported elsewhere 36.  In a typical procedure, 

octyl ether (3 mL) and oleic acid (440 μL or 1.4 mmol) were added to a freshly dried 

15-mL three-necked flask under an argon flow.  When the mixture was heated to 

100 °C, 60 μL (0.46 mmol) of iron carbonyl was added into the flask using a micro-

syringe.  The temperature was raised to 280 °C at a rate of 2 °C/min and maintained 

for 1 h.  The temperature was then increased to about 290 °C (the reflux temperature) 

and maintained for another hour.  The color of the reaction mixture changed gradually 

from yellow to brown and then to black.  In order to convert the particles into 

maghemite, 25 mg of (CH3)3NO was added into the mixture, after the reaction 

mixture was cooled to room temperature.  The reaction temperature was then 

increased to 130 °C and maintained for another 2 h. Finally, the temperature was 

increased to reflux and maintained for another 15 min.  The nanoparticles were 

precipitated out from the suspension using ethanol, and concentrated by centrifuge at 

5000 rpm for 5 min. 

Modification of iron oxide nanoparticles with MPEG-sil Nanoparticles (2 

mg/mL) made from the previous step were dispersed in toluene in a 15 mL freshly 

dried flask.  A designed amount (1 to 8 mg/mL) of MPEG-sil in toluene was added 

and mixed using a magnetic stirrer.  The temperature was then increased to 80 °C. 
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The reaction was maintained at 80 °C for 250 min and then at room temperature 

overnight. The particles modified with MPEG-sil were precipitated with hexane and 

separated out from the liquid mixture using centrifugation, followed by washing twice 

with a mixed solvent of hexane and ethanol at volumetric ratio of 3:1.  The particles 

were collected by centrifuge at 5000 rpm for 5 min. Finally the particles were 

redispersed in ethanol. 

Modification of iron oxide nanoparticles with the Stöber method To make 

the silica coating, 20 mg of nanoparticles were dispersed in a mixture of ethanol, 

water and ammonium hydroxide (4:1:1) and sonicated for 10 min. This solution was 

then added into a 25 mL freshly dried flask and kept at 30 °C. For the deposition of 

silica, either 100 μL of TEOS or 250 μL of TEOS mixed with 560 mg of Pluronic 

L121 were used. Then, 250 μL of the mixture of 250 μL of TEOS and 560 mg of 

Pluronic L121 was injected into the flask with vigorous stirring.  After stirring for 15 

min, the reaction was allowed to continue for 1 h without stirring at 30 °C.  The 

coated particles were collected by centrifuge at 13,000 rpm for 10 min and washed 

with ethanol twice.  

Formation of MPEG-sil-SiO2 hollow spheres 1 mL of HCl (36.5-38 %) was 

added to the Fe2O3@MPEG-sil-SiO2 core-shell particles and sonicated for 10 min till 

the color of the solution changed to light yellow. The suspensions were then 

centrifuged at 13,000 rpm for 4 min to separate the particles from the soluents. The 

particles were washed with ethanol twice and centrifuged at 13,000 rpm for 10 min. 

Finally the particles were redispersed in ethanol.  
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Encapsulation of FITC-antibody 0.1 mL of FITC-antibody (Sigma-Aldrich) 

was added to 1 mL of iron oxide@MPEG-sil-SiO2 core-shell particles or hollow 

spheres (4 mg/mL) in water. The solution was stirred overnight with a magnetic 

stirrer. Particles were collected with a centrifuge at 5,000 rpm for 5 min and washed 

with water once. The resulting particles were redispersed in 1.5 mL of water.  Hand-

held UV lamp (wavelength: 254 nm) was used to check fluorescence from the 

antibody.  

Drug delivery study The model organism is Streptococcus mutans, strain UA159 

and  a causative agent of dental caries in humans 37.  In a standard procedure, 

Streptococcus mutans (S. mutans) was grown overnight in pure cultures, a growth 

medium referred to as Brain-Heart Infusion medium (BHI) from Difco (Detroit, MI).  

Small amounts of S. mutans were transferred from frozen stocks (maintained at -80 

oC) into approx. 100 ml of BHI medium, contained in a closed bottle.  Inoculated 

bottles were placed in a 37 oC incubator, with a carbon dioxide-enriched atmosphere 

(5% CO2/95% air, by volume) and allowed to incubate overnight.   

For the inhibition experiments performed using Petri dish cultures, 100 µl of 

overnight S. mutans culture was spread on the surfaces of Petri dishes, containing 

approx. 30 ml of BHI + 1.0% bacteriologic agar (Difco, Detroit, MI).  The plates, 

containing bacteria on the surface, were allowed to incubate for approx.  2-3 hours in 

the carbon dioxide-enriched incubator, to facilitate growth of the bacterium, prior to 

the addition of penicillin-containing nanoparticles.  At the end of the growth period, 
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plates were removed from the incubator, transferred to the laboratory bench, at 

ambient temperature, for application of the nanoparticles.   

MPEG-sil-SiO2 hollow spheres or NP@MPEG-sil-SiO2 core-shell particles (4 

mg/ml) were mixed with 16 mg/ml penicillin in 1 mL DI water at room temperature 

overnight. Then the particles were centrifuged and washed with DI water once. 

Finally the particles were redispersed into 1 mL DI water. 

Approximately 10 µl of suspended nanoparticles were applied to each plate, 4 

applications per plate, and one in each quadrant.  The plates were allowed to rest for 

several minutes to allow solution to dry and/or penetrate into the plate.  The plates 

were then returned to the incubator for overnight growth, approx. 12-16 hours. 

Characterizations Transmission electron microscopy (TEM) images were 

recorded on a JEOL JEM 2000EX at an accelerating voltage of 200 kV.  The TEM 

specimens were made by drop casting a suspension of particles in toluene or ethanol 

on a carbon-coated copper grid. HRTEM was recorded on a FEI Tecnai F20 

instrument operating at 200 kV. 

3.3. Results and Discussion 

Scheme 3.1 shows the scheme for the formation of MPEG-sil-SiO2 hollow 

spheres and their use as carriers for Penicillin. First, the surface of iron oxide 

nanoparticles are modified with MPEG-sil, transferred from hydrophobic to 

hydrophilic solvents like water or ethanol, and then coated with silica shell. 

Following the formation of the MPEG-sil-SiO2 shell on the surface of iron oxide 

nanoparticles, the iron oxide core can be removed by reacting with HCl. By 
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controlling of the thickness of the MPEG-sil-SiO2 shell, the concentration of HCl 

used and reaction time, yolk-shell or hollow MPEG-sil-SiO2 can be formed. For 

biological applications, these MPEG-sil-SiO2 hollow spheres can be used as carriers 

for drug delivery by diffusing drug molecules into the void spaces of these hollow 

spheres because of the good biocompatibility of both MPEG and silica.   
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Scheme 3.1 The formation of MPEG-sil-SiO2 hollow spheres from iron 

oxide@MPEG-sil-SiO2 nanoparticles and its biological application as a drug carrier. a) 

Formation of york-shell nanostructure by addition of HCl to an iron oxide@MPEG-

sil-SiO2 ethanol or water solution; b) Formation of MPEG-sil-SiO2 hollow particles 

upon complete removal of the core; c) Generation of MPEG-sil-SiO2 hollow particles 

loaded with Penicillin V potassium in DI water. 
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Figure 3.1 shows TEM images of iron oxide@ MPEG-sil-SiO2 nanoparticles, 

MPEG-sil-SiO2 yolk-shell and hollow spheres formed. The as-synthesized iron oxide 

particles were 15.3 nm in size with a standard deviation of 1.9 nm. By ligand 

exchange with MPEG-sil, the mass of iron oxide particles was significantly increased. 

The mean thickness of MPEG-sil-SiO2 shells for core-shell iron oxide@SiO2 particles 

was around 40 nm. By reacting with HCl for 10 min, iron oxide cores were 

completely removed and MPEG-sil-SiO2 hollow spheres were formed. If the reaction 

time was shorter than 10 min, yolk-shell structures could be generated with different 

sizes of iron oxide cores left inside the MPEG-sil-SiO2 shells. The MPEG-sil-SiO2 

shells were largely made of amorphous materials based on the HRTEM images. 

Compared with the core-shell nanoparticles, the thickness and morphology of MPEG-

sil-SiO2 shells were kept after the removal of iron oxide cores.  In the iron 

oxide@MPEG-sil-SiO2 decomposition curve, there were four distingusih thermal 

events from the room temperature to about 900 °C, as shown in Figure 3.2. They 

most likely represent the loss of physically absorbed water on silica, decomposition 

of MPEG-sil, further oxidation of iron oxide from magnetite to maghemite and 

polycondensation of silica, respectively. Physically absorbed water should largely be 

removed by 148 °C. The thermal decomposition temperature of pure MPEG-sil is 

about 187 °C and the second thermal event was related to the decomposition of 

MPEG-sil. This observation suggests that the formation of iron oxide@MPEG-sil-

SiO2 core-shell structure alters the onset decomposition temperature for MPEG-sil. 

For MPEG-sil-SiO2 hollow spheres, three thermal events existed: the loss of 
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physisorbed water, decomposition of MPEG-sil and polycondensation of silica. The 

event for the oxidation of iron oxide phase was missing from the TGA curve, judging 

by the slope of the decomposition curve and from the total weight loss.  

 

 

Figure 3.1 TEM images of a) as synthesized iron oxide@MPEG-sil-SiO2 core-shell 

nanoparticles; b) yolk-shell structures formed by partial dissolution of iron oxide 

cores after reacting with 5 M HCl for 3 min; c) hollow spheres formed after total 

removal of iron oxide cores after reacting with 5 M HCl for 10 min; and HRTEM 

images of d, e) yolk-shell structures and f) hollow spheres.  



 78 

 

 
 
 
Figure 3.2 TGA results of a) iron oxide nanoparticles and b) MPEG-sil-SiO2 hollow 

spheres formed after removing iron oxide cores. 

 

Iron oxide cores were dissolved quickly once HCl diffused across the MPEG-

sil-SiO2 shell, because of the fast reaction between HCl and iron oxide. If 1 mL of 

concentrated HCl (36.5-38 %) was added directly into 1 ml of iron oxide@MPEG-sil-

SiO2 in ethanol without any dilution, the solution started to turn yellow in less than 1 

min as shown in Figure 3.3. This observation suggests that iron ions were generated 

and diffused outside the MPEG-sil-SiO2 shells. If a small amount of HCl was used, it 
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took more than 1 min for the color of iron oxide@MPEG-sil-SiO2 solution to change 

from brown to yellow. The MPEG-sil-SiO2 hollow spheres were collected with a 

centrifuge and redispersed in water or ethanol to form milky solutions as shown in 

Figure 3.3.  

The dissolution process of iron oxide cores was followed quantatively using 

the UV-vis spectrometer. Figure 3.4a-d shows the in-situ measurement of changes in 

UV-vis absorption of iron oxide@MPEG-sil-SiO2 ethanol suspensions upon mixing 

with HCl at different concentrations. The appearance of peak at 360 nm and the 

shoulder peak at 310 nm are due to the absorption by FeCl3 (aqueous) and FeCl4
- 38, 39.  

At the beginning there was not any absorption from iron ions or complexes since HCl 

did not diffuse into the cores and no reaction happened between HCl and iron oxide. 

After several minutes, some absorption appeared and increased with time. This means 

iron oxide cores reacted with HCl and iron chloride salts were generated. The 

absorption centered at around 360 nm went up, while those below 308 nm or above 

410 nm went down, resulting in the formation of isosbestic points. The absorption 

peak became stable and did not change any further after reaction with HCl for 60 min 

when the acid concentration was 3 M, 45 min when the acid concentration was 3.3 M, 

25 min when the acid concentration was 3.7 M, and 10 min when the acid 

concentration was 4.3 M. The presence of isosbestic points means that there were two 

dominant substances in the reaction system and their total analytic concentration 

remains constant. These two substances have the same absorbance at the isosbestic 

points. In this reaction system, HCl reacted with iron oxide and iron chloride 
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complexes were generated. Iron oxide has absorbance peaks between 430 and 510 nm. 

In the initial spectra, there are not any obvious peaks in this area. It may be because 

of the broad absorption formed in the range from 280-600 nm which covered this 

absorbance peak of iron oxide. The bump could be from the absorbance of silica and 

MPEG-sil. With the reaction progressed, iron chloride complexes were generated, 

and the absorbance from FeCl3 (aqueous) and FeCl4
- in the range of around 325-380 

nm began to increase. Meanwhile the absorbance in the ranges of 280-325 and 380-

600 nm were decreased. A blue shift of isosbestic points to the left at high 

concentrations of HCl was observed. It moved from 308 to 285 nm when the 

concentration of HCl changed from 3.0 to 4.3 M. At the same time, the absorption at 

the peak increased from 1.2 to 2.1 A. These UV-vis results were used to calculate 

diffusion constants based on a model developed for the oxidation of iron ion in solid 

spheres through an outwards diffusion mechanism 40. 
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where D is diffusion constant, C is concentration of the iron ion to be dissolved, t is 

reaction time, and r is radial position. Assuming that H+ ion reacts with iron oxide 

when it reaches the surface of iron oxide cores and no accumulation of H+ happens on 

the iron surface, then the relation between the amount of dissolved iron and reaction 

time can be obtained according to the following equation: 
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where Mt is the quantity of iron ions that diffuse out after time t, M∞ is the quantity of 

iron ions that diffuse out after infinite time and a is the radius of hollow spheres. 

Figure 3.5a shows the plot based on the relationship between dissolving time 

and absorption intensity. The data were simulated using the Boltzmann function. By 

plotting ( )tM
Mt 1×







∞
 vs. 2

1−t , the diffusion constants were calculated from the 

slope or intercept of the linear section of the curves shown in Figure 3.5b.  The results 

are summarized in Table 3.1. The diffusion constants for H+ ranged from 10-20 m2/s 

when the concentration of HCl was 3.0 M to 10-18 when this concentration became 

4.3 M. The relationship between the concentration of HCl and diffusion constants can 

be further sigmoidally fitted with the Boltzmann function according to equation (3-3):  
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where M is the concentration of [HCl], D is diffusion constant and A1, A2, dM and M0 

are parameters from the simulation process. The simulation results are shown in 

Figure 3.5c.  
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Figure 3.3 Photographs of (from left to right) iron oxide particles in toluene, iron 

oxide@MPEG-sil-SiO2 in aqueous solution, supernatant from iron oxide@MPEG-sil-

SiO2 reacting with HCl solution (36.5~38 %) and MPEG-sil-SiO2 hollow spheres in 

ethanol. 

 

Figure 3.4 In-situ UV-vis absorbance curves of iron oxide@MPEG-sil-SiO2 reacting 

with a) 3.0 M, b) 3.3 M, c) 3.7, and d) 4.3 M of HCl, respectively. 
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Figure 3.5 The simulation plots include: a) absorption intensity for peak at around 

360 nm vs. reaction time; b) (Mt/M∞)/t vs. (1/t1/2) and c) diffusion constant vs. 

concentration of HCl. The arrows show the increase of HCl concentrations from 3.0 

to 4.3 M. 
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Table 3.1 Changes of Absorbance Property with the Amount of HCl Used. 
 

[HCl] Isosbestic Points (nm) 2nd Abs. peaks (nm) Max. Abs. 

3.0 308 355 1.2 

3.3 300 359 1.3 

3.7 290 360 1.6 

4.3 285 362 2.1 

 

Table 3.2 Calculated Parameters and Diffusion Constants for H+ in Hollow Spheres. 
 

[HCl] (M) 3.0  3.3 3.7 4.3 

A [6π-1/2(D/a2)-1/2] 3.07522E-5 -4.60898E-4 -7.8487E-4 -0.00339 

B [3D/a2] 0.01932 0.04312 0.05743 0.11658 

D (B) (m2/s) 5.212E-20 3.286E-19 5.828E-19 2.402E-18 

D (A) (m2/s) -2.076E-20 3.111E-19 5.300E-19 2.288E-18 

 

Because of the good biocompatibility of MPEG and SiO2, the hollow spheres 

may potentially be useful for biological applications.  

Anti-Rabbit IgG (whole molecule)–FITC antibody was used to qualitatively 

examine the loading of hollow spheres synthesized. After mixing with anti-Rabbit 

IgG (whole molecule)–FITC antibody overnight, MPEG-sil-SiO2 hollow spheres 

were centrifuged and redispersed in DI water. The encapsulation of FITC with 

MPEG-sil-SiO2 hollow spheres was examined by a hand-held UV lamp. The results 
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are shown in Figure 3.6. While the green fluorescence could be observed throughout 

the solution for the IgG–FITC antibody aqueous solution, the MPEG-sil-SiO2 hollow 

spheres settled down at the bottom of the tubes gradually due to the agglomeration 

showed the characteristic fluorescence. This observation indicates that antibodies 

linked with FITC were encapsulated in the hollow particles. This proves that MPEG-

sil-SiO2 can be applied as a drug carrier in drug delivery study. 

 

 

Figure 3.6 Photograph of a) anti-Rabbit IgG (whole molecule)–FITC antibody in DI 

water and b) MPEG-sil-SiO2 hollow spheres mixed with anti-Rabbit IgG (whole 

molecule)–FITC antibody overnight with a clear aqeuous supernatant and the 

particles precipitated to the bottom of the vial. 
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The UA159 strain is the genomic type-strain, meaning that its entire genome 

sequence has been determined 41.  The organism is a Gram-positive bacterium, which 

refers to the fact that it has a single membrane that acts as a selective barrier.  Gram-

positive bacteria, like S. mutans, also have a thick, structural layer called the peptido-

glycan layer that imparts size and shape to the organism.  Synthesis of the peptido-

glycan layer can be interrupted by a substantial number of antibiotics, including 

penicillin.  It is for that reason that we chose to study S. mutans, because it is 

sensitivity to penicillin is well-established and it is a universal infectious agent that 

can be found in virtually all persons in industrialized nations. Penicillin was chosen as 

the antibiotic to study its effect on inhibiting Streptococcus. mutans because it is one 

of the most potent antibiotics used and has a small molecular weight of 388.48 which 

makes it easy for this molecule to diffuse across the shells of these hollow spheres, 

which were composed of loose connective silica network. Figure 3.7 shows the 

results of inhibition tests for MPEG-sil-SiO2 hollow spheres and iron oxide@MPEG-

sil-SiO2 particles which were used as controls. In this experiment, the Streptococcus. 

mutans bacteria were loaded onto the culture media in the Petri dishes. When the 

bacteria were killed by penicillin V potassium salt, the color of the media should 

change forming inhibition zones. As control experiments, the iron oxide@MPEG-sil-

SiO2 particles with 16 mg/ml and without penicillin V potassium salt on the surface 

were tested under same conditions. The inhibition zones were clearly shown on the 

plates. A small circle formed after 20 hours culture for iron oxide@MPEG-sil-SiO2 
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particles. This indicates that penicillin V potassium salt could be attached to the 

surface of these iron oxide@MPEG-sil-SiO2 particles. For tests with MPEG-sil-SiO2 

hollow spheres, the inhibition zones were much bigger than those iron 

oxide@MPEG-sil-SiO2 core-shell particles indicating more bacteria were killed and a 

larger amount of drug loading for hollow spheres.  The results indicate that penicillin 

V potassium salt not only stored in the void space but also on the surface composed 

of MPEG-sil and silica. Control test was iron oxide@MPEG-sil-SiO2 without 

penicillin V potassium salt showed no obvious inhibition zone. This study shows that 

MPEG-sil-SiO2 hollow sphere can be used as a carrier for drug delivery.  

By using 10 μL of 16 mg/mL penicillin loaded MPEG-sil-SiO2 hollow 

spheres, the diffusion profiles of penicillin from iron oxide@MPEG-sil-SiO2 particles 

and MPEG-sil-SiO2 hollow spheres were examined (Figure 3.7). After 3 hours of 

incubation, plates were taken out and no obvious inhibition zones were found. After 6 

hours of incubation, there were inhibition zones generated where the samples were 

dropped. Then after about 22 hours, the plates were taken out to measure the 

inhibition zones again. The test results are shown in Figure 3.8. After 6 hours, the 

inhibition zones reached 24.55 mm in diameter for iron oxide@MPEG-sil-SiO2 and 

29.68 mm for MPEG-sil-SiO2 hollow spheres. Between 6 and 22 hours, there were 

little changes for both of these two particles. For iron oxide@MPEG-sil-SiO2, the 

diameter of the inhibition zone changed from 24.55 to 26.98 mm. For MPEG-sil-SiO2 

hollow spheres, this value changed from 29.68 to 31.86 mm. Based on the calculation 

of the increase of areas of inhibition zones from 6 hours to 20 hours, which are 98.3 
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and 105.3 mm2 for iron oxide@MPEG-sil-SiO2 and MPEG-sil-SiO2 hollow spheres 

respectively, it indicates that the amount of antibiotic released from these two types of 

nanostructures were not signigicantly different at 16 mg/mL loading level. When the 

dose was 8 μL of the 16 mg/mL penicillin loaded iron oxide@MPEG-sil-SiO2, the 

mean value of the area of the inhibition zone was about 97 % of that from 10 μL of 

the 16 mg/mL penicillin loaded iron oxide@MPEG-sil-SiO2 sample.  For MPEG-sil-

SiO2 hollow spheres, it was about 88 %, when the dose was changed from 10 μL to 8 

μL.  If there is a linear relationship between the inhibition area and the dose amount, 

the expected value should be 80 %. Considering that multiple factors might influence 

the growth of bacteria and shapes of inhibition zones were not quite spherical, the 

results should be reasonably reliable. 
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Figure 3.7 Photographes showing the inhibition test results of 10 μL aquous 

ssusppension of 16 mg/mL Penicillin V potassium salt-loaded iron oxide@MPEG-sil-

SiO2 (top) and hollow spheres (bottom) loaded with Penicillin after 22 h incubation.  
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Figure 3.8 Inhibition of Streptococcus mutans bacteria by Penicillin V potassium 

salt-loaded nanospheres. 8 μL of aqueous susppension of 16 mg/mL Penicillin V 

potassium salt-loaded particles (4 mg/mL) were used. Blue bars were for iron 

oxide@MPEG-sil-SiO2 core-shell nanoparticles loaded Penicillin V potassium salts 

after 6 and 22 hour incubations; red bars were for hollow spheres with Penicillin V 

potassium salt after 6 and 22 hour incubations.  
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3.4. Conclusions 

Silica hollow particles were synthesized from iron oxide@MPEG-sil-SiO2 

core-shell structures by dissolving iron oxide cores with HCl. By controlling the 

concentrations of HCl and dissolution time used, yolk-shell structures were formed 

with part of the iron oxide left inside the silica shell. The dissolution profiles after 

addition of HCl were studied by using UV-vis spectrometry. The results were 

simulated to find the diffusion constant. The core-shell and hollow particles were 

used as carriers for the drug release study of penicillin. The inhibition zones were 

measured and hollow particles apparently have a larger capacity for accommodation 

of more drugs. 
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Chapter 4 

Synthesis of Complex Pt@Fe2O3 Yolk-Shell Nanoparticles  

4.1. Introduction 

 Yolk-shell structures with different composites have been synthesized mostly 

by templating methods 1-5. The process starts with the core-shell nanocoposites with 

one, two or multiple coating layers.  The interior layer can be calcinated under high 

temperature to form yolk-shell structures 3-5. Alternatively, the cores can be partially 

etched using chemicals 1, 2 to produce yolk-shell structures. Carefully chosen 

surfactants can also work as templates for the direct deposition of silica to form yolk-

shell structures 6. In this latter method, particles are well distributed in the micelles 

formed by surfactants, which ensure the encapsulation of each core with silica shell. 

In some cases, it is easy to synthesize hollow structures, while filling the hollow 

particles with precursors is challenging with respect to the control of  the size and 

morphology of cores 7. Recently, Zhang et. al. devoloped a spontaneous dissolution-

regrowth approach for the generation of hollow silica colloids 8. Yolk-shell structures 

were also fabricated if metal or metal oxide particles were encapsulated before the 

dissolution-regrowth process.  

Besides these methods, yolk-shell structures can also be synthesized by 

applying Kirkendall effect, which has been widely studied for its mechanism and 

applications in making void spaces. It is known that Kirkendall effect results from the 

different diffusion rates of two reactants at the interface of two materials 9. Metal 
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nanoparticles such as iron, cobalt and nickel can be partially oxidized to form yolk-

shell structures which have metal cores and metal oxide shells  9-12. Although the 

reaction rate may be slow, the oxidation process is difficult to control since the 

oxidation can happen anytime and anywhere as long as trace amount of oxygen or 

oxidant exists. In this case, yolk-shell structure is only an intermediate phase during 

the formation of hollow metal oxide particles. A second composite on which 

Kirkendall effect can not happen is usually introduced to guide the formation of yolk-

shell structures using oxidants such as (CH3)3NO under high temperature or electron 

beam with the existence of oxygen 13.  

Nanoreactors such as micelles, reverse micelles, polymers and any other 

nanosized materials have been investigated for decades in synthesis and morphology 

control of nanostructures. The structure of these nanoreactors can determine the 

uniformity, size and shape of the final products 14-18. 

In this chapter, a Pt@Fe core-shell nanostructure with the size-tunable Pt core 

is used to produce Pt@Fe2O3 york-shell nanostructures. Under the TEM beam, iron 

shells were oxidized and Pt@Fe2O3 yolk-shell structures formed due to Kirkendall 

effect. This process initiated the break-up and change of shape of Pt cores. When Pt 

cores were small, break-up could not happen, but when the size was big enough, Pt 

cores could break up into two, three, four and five small particles. It seemed that a 

minimum size exists for the final Pt particles which could be reduced further.   
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4.2. Experimental Section 

 Materials Iron pentacarbonyl (99.999 %), oleic acid (99 %), oleylamine 

(70 %), octyl ether (99 %), isoamyl ether (99 %), and toluene (anhydrous, 99.8 %), 

were purchased from Aldrich.  Platinum actylacetate (Pt(acac)2, 98 %) was from 

Strem Chemicals.  Hexane (99.9 %) was from Fisher Scientific and ethanol (EtOH, 

200 Proof) from Pharmco-Aaper.  All reagents and solvents were used without further 

purification. 

 Synthesis of Pt@Fe2O3 yolk shell structures 19 0.2 g of 1,2-hexadecanedial, 

1.5 mL of octyl ether, 40 μL of oleic acid and 40 μL of oleylamine were added in a 

15-mL flask and evacuated with vacuum pump and purged with argon. The mixture 

was heated up slowly to 290 oC at a rate of 2 oC/min. Different amounts of Pt(acac)2 

in 1 mL of octyl ether were preheated at 130 oC in a 15 mL flask and evacuated with 

vacuum pump and purged with argon. At 290 oC, Pt(acac)2 in octyl ether was injected 

into the reaction system with a syringe and maintained at this temperature for 5 min. 

When temperature decreased to 220 oC, 55 μL of Fe(CO)5 was injected with a syringe. 

Temperature was increased to 290 oC and maintained for 1 hour. Particles were 

washed with hexane and precipitated with ethanol using centrifuge. TEM and SEM 

samples were dropped on to TEM grids and SEM conductive tapes on the stages. 

 Characterization Low magnification TEM images were recorded on a 

Hitachi H-7650 with an accelerating voltage of 80 kV.  High resolution TEM images 

and X-ray analysis were recorded on a FE(S)TEM with an FEI F20 detector and an 

accelerating voltage of 200 kV. HAADF-STEM images were recorded on the 
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FE(S)TEM with an Fischione corp. detector and an accelerating voltage of 200 kV. 

EDX anaysis were recorded on a Zeiss-Leo DSM982 field emission scanning electron 

microscope (FE-SEM). SEM specimens were prepared by dropping wet samples on 

the conductive tape of stages.  

4.3. Results and Discussion 

 As-synthesized Pt@Fe core-shell particles were washed several times and 

drop cast onto copper grids for TEM characterization. Figure 4.1 shows the TEM 

images of Pt@Fe particles with Pt cores of different sizes. The overall diameters of 

the core-shell nanoparticles were 11.5 nm for the product made by using 100 mg of 

Pt(acac)2. The diameters were 12 nm for those made from 50 mg of Pt(acac)2 and 11 

nm for those made from 15 mg of Pt(acac)2. The oxidation happened quickly after the 

particles were removed from the reaction solution and exposed to air, which was 

indicated by the appearance of light contrast between the Pt cores and Fe/Fe2O3 shells 

on the TEM images, especially when the Pt cores were small and Fe shells were thick. 

 The compositions of these core-shell nanoparticles were analyzed by EDX as 

shown in Figure 4.2 using the 13-nm Pt@Fe core-shell nanoparticles made from 50 

mg of Pt(acac)2. The results indicate the existence of both platinum and iron elements. 

The atomic ratios between Pt and Fe in Pt@Fe core-shell particles are summarized in 

Table 4.1.  The analysis was based on the Pt-M, and Fe-K peaks.   When the amount 

of Fe(CO)5 was fixed, the Pt ratio in the Pt@Fe particles increases as a function of the 

amount of Pt precursor added to the reaction mixtures.  
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Figure 4.1 Pt@Fe core-shell nanostructures synthesized from a) 100 mg, b) 50 mg 

and c) 15 mg of Pt(acac)2, respectively. 
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Figure 4.2 EDX results of Pt@Fe synthesized with 50 mg of Pt(acac)2. 

 

Table 4.1 Elemental analysis of Pt and Fe in the Pt@Fe core-shell particles 

synthesized with different amounts of Pt(acac)2. 

Sample No. Pt(acac)2 
(mg) 

Atomic Ratio % (2 points) 
1st Point 2nd Point 

PtM1 FeK1 PtM2 FeK2 

1 100 46.96 53.04 46.01 53.99 

2 50 30.65 69.35 30.12 69.88 

3 25 18.02 81.98 16.14 83.86 

4 15 11.45 88.55 11.09 88.91 

 
 

 HAADF-STEM and STEM mapping was used to study the Pt and Fe 

distributions of Pt@Fe core- shell nanoparticles (Figure 4.3). Pt core and iron/iron 

oxide shell could easily be differentiated since Pt is much brighter than iron/iron 

oxide. These two metal elements were also presented with different color codes using 

HAADF-STEM. Both samples were uniform with platinum signal mostly 

accumulated in the centers and iron in the shells.  
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Figure 4.3 (a, b) EDX maps and (c, d) HAADF-STEM of Pt@Fe2O3 with 5 nm Pt 

cores (a and d) (color code: green-platinum and red-iron) and Pt@Fe2O3 with 3 nm Pt 

cores (b and d) (color code: red-platinum and green-iron). 

 

 When only 15 mg (~0.04 mmol) of Pt precursor was used, the platinum cores 

were small and uniform with an everage diameter of 3.0 ± 0.5 nm, as shown in Figure 
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4.4a. Pt cores provided seed for the further deposition of iron precursor and growth of 

iron shell. The everage thickness of iron shells was 3.5 ± 0.5 nm. As-synthesized 

Pt@Fe/Fe2O3 nanoparticles were prepared for TEM characterization typically in 

tolune, and their structural evolution under electron beam was recorded. As the 

diffusion rate of Fe atom is faster than that for oxygen 20, void spaces were created 

and hollow structures formed. Accordingly the iron shell became thinner and the 

overall diameter grew to 14 nm. Latham et. al. reported the structural evolution of 

amorphous iron, cobalt and nickel particles induced by electron beam of TEM and 

they attributed the formation of hollow particles to the structural rearrangement due to 

exposure to electron beam 11, 12. They noticed that the misinterpretation of structure 

could happen in minutes after electron beam exposure. The effect of particle size, 

current density of electron beam and the oxidation state of the metal atoms in the 

particles on the rate of structure change has been studied. In the current experiment, 

the size of platinum cores was maintained with morphology mostly changed to 

pseudo-spherial shapes.  

 The in-situ TEM data indicate that the structural evolution started within less 

than 10 s. The crystallinity of Pt@Fe2O3 yolk-shell particles was measured using 

HRTEM, as shown in Figure 4.5. Pt cores were highly crystallized, but the outer most 

iron oxide shells were amorphous or disordered. Pt cores started to move inside the 

iron/iron oxide shells after about 5 s under the exposure of electronic beam, 

resembling the convective motion. During the imaging and exposure time period, 

many Pt cores with thick shell disappeared from time to time, which indicated a 
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vaporization process. The result shows that electron beam can provide enough energy 

to induce the chemical transformation of iron to iron oxide in the shells 11, 12.  

 

 

Figure 4.4 TEM images showing the structural evolution of Pt@Fe core-shell 

nanoparticles with 3 nm Pt cores under the exposure of electronic beam for a) 0; b)10; 

c) 30, and d) 60 s, respectively. 
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Figure 4.5 a) TEM and b) HRTEM images showing the Pt@Fe core-shell 

nanoparticles with 3 nm Pt cores. 

 
 Energy from electron beam and the oxidation of the shell were analyzed to 

understand the mechanism for the structural evolution. The heat generated by the 

electronic beam can be estimated using the following equation: 

tRIQ ⋅⋅= 2                                                                                                               (4-1)  
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where Q is the heat in Joule, I is the current, R is the resistance and t is the exposure 

time.  As the electrical resistance at room temperature is 9.87 × 10 -8 Ω•m for iron 8 

and 1 × 10 10 Ω•m for γ-Fe 2 O3 20, respectively and the current density of the electron 

beam used during the experiment was 6.6 pC/cm2. The total heat per square 

centimeter generated by the electronic beam was estimated to be 3.1 × 10-30 J in 1 min. 

For Pt metal to reach its boiling temeprature, the heat needed should be around 469 

kJ·mol−1 (from the PGM database). Assuming the size of Pt core in a Pt@Fe core-

shell particle is 3 nm, the required heat is 7.3×10-14 J. This value is much higher than 

that provided by the electron beam. On the other hand, the oxidation of metal iron can 

generate large amount of heat. The complete oxidation of iron into iron oxide has an 

enthalpy of -1648 kJ/mol according to the following reaction 21: 

4Fe(s) + 3O2(g) → 2Fe2O3(s) , ∆H = -1648 kJ/mol                                               (4-2) 

Assuming the change of enthalpy before and after the reaction equals to the heat 

generation, for a 3.5 nm thick iron shell of a core-shell nanoparticle with overall 

diameter of 12.5 nm, the heat released should be 1.2×10-11 J. This value is much 

higher than the energy required for the vaporization of Pt metal. Based on the 

calculations, the main energy source for causing the vaporization of 3 nm Pt core 

should be from the oxidation reaction induced by the electron beam. The amount of 

oxygen needed in the oxidation of one Pt@Fe nanoparticle with 3 nm Pt core and 3.5 

nm thick Fe shell is calculated to be around 5.4×10-20 mol or a partial pressure of just 

1.3×10-14 torr, which is much lower than 10-7 torr pressure of air under typical 

operating conditions in the TEM vacuum chamber. 
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  When the size of Pt cores in the Pt@Fe core-shell nanoparticles increased to 

5 nm with the shell thickness of 3 nm, both Pt cores and iron shells were crystalline, 

and the outer most shell of iron oxide was amorphous (Figure 4.6).  

 

 

 

Figure 4.6 HRTEM showing the Pt@Fe core-shell nanoparticles with 5 nm Pt cores. 

 

To study the structural evolution of iron shell and platinum shell under 

electron beam, a series of TEM images of Pt@Fe nanoparticles with Pt cores of 

various sizes and structures were acquired in situ continuously with a fixed 3 s 

interval, as shown in Figure 4.7 to 4.11. In general, iron shell gradually expanded and 
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became iron oxide. Among these core-shell nanoparticles, 3 nm Pt cores showed 

rapid motion and some even disappaeared during the imaging (Figure 4.7). 

Interestingly, Pt cores with large diameters could break up, move rapidly and 

recombine again inside the protective shell during the formation of yolk-shell 

structures (Figure 4.8). The 5 nm Pt core could be split into 2, 3, 4 or even 5 small 

ones depending on the reaction time. The maximum number of Pt particles generated 

from the process was 5 for the Pt@Fe with 5 nm Pt cores. This phenomenon can be 

readily understood by comparing the volumes of Pt cores with 3 and 5 nm diameters. 

Assuming a spherical geometry, the volume of Pt core with diameter of 5 nm is about 

5 times of that of 3 nm, which can explain the maximum number of the stable Pt core 

particles. The breaking up of Pt cores usually started unevenly in size with one or two 

small particles formed first. These small Pt cluster grew up at the expense of original 

Pt core. Ultimately the original Pt core was evenly split into several particles with the 

same size, presumably the thermodynamically stable size under such condition. The 

energy generated from the oxidation of iron should play an important role in the 

movement and splitting of Pt cores.  

 The process appeared to be independent of initial shape of the Pt cores. For 

spherical core as shown in Figure 4.8, the shape of Pt core has been more or less 

maintained before the splitting happened at 150 s. In comparison, the Pt cores of 

cube- and octahedron-like shape changed to spheres first and the size decreased 

slightly before the splitting, which indicates the reorganization of the Pt cores, as 

shown in Figure 4.9 and 4.10. It seemed that the maxinum number of Pt core particles 
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was generated after about 4.5-5 min exposure time when most likely the iron shell 

was fully oxidized and the local tmerpature reached its highest point.  After this 

exposure time, the multiple cores could recombine while their movement insides the 

viod space became slow.  The typical number of Pt core particles after the reaction 

was three.  

Figure 4.11 shows the structural evolution of Pt@Fe nanoparticles with 

tetrahedral Pt core.  In the first minute, there was not obvious shape and size change 

of the tetrahedral Pt core. The Pt core appeared to break up at an ealier time than the 

above cases.  Three core particles could be observed about 2 min after the exposure.  

This was about 2.5 min to 3 min faster than the other types of cores presented above  
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Figure 4.7 Series of TEM images showing the structural evolution of five Pt@Fe 

core-shell nanoparticles with cores of 3 nm in diameter and shells of 3.5 nm in 

thickness. 
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Figure 4.8 Series of TEM images showing the structural evolution of one Pt@Fe 

core-shell nanoparticle with a spherical Pt core of 5 nm in diameter and a Fe shell of 

5 nm in thickness. 
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Figure 4.9 Series of TEM images showing the structural evolution of one Pt@Fe 

core-shell nanoparticle with an octohedral Pt core of 5 nm in edge length and a Fe 

shell of 5 nm in thickness. 
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Figure 4.10 Series of TEM images showing the structural evolution of Pt@Fe core-

shell nanoparticle with a cube-like Pt core of 5 nm in edge length and a Fe shell of 3.5 

nm in thickness. 
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Figure 4.11 Series of TEM images showing the structural evolution of one Pt@Fe 

core-shell nanoparticle with a tetrahedral Pt core of 5 nm in edge length and a Fe shell 

of 3.5 nm in thickness. 
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 For Pt cores with diameter less than 3 nm, the oxidation happened in less than 

10 sec and the cores started to hop around inside the shells presumely through 

convection. Vaporization happened for some platinum cores. Although most cores did 

not split, a few particles did break up momentarily during the convection and 

resolidify. The two (or more) newly-generated Pt small particles coalesced and 

formed one core particle again. After around 2 min, the activity of these Pt cores 

attenuated and the cores became motionless even under electron beam of TEM.  This 

observation indicates that oxidation reaction is the main energy source for the 

structural evolution of Pt cores. Scheme 4.1 shows the structural evolution of the 

Pt@Fe2O3 yolk-shell particles from Pt@Fe core-shell structures with 3 nm Pt cores 

and 3.5 nm Fe/FeOx shells. Additional evidence to support this arguement can be 

from the evolution of 5 nm Pt cores and 5 nm Fe shells. It took longer time for the 

Kirkendall effect to take place and iron shell to be oxidized than those with 3 nm Pt 

cores and 3.5 nm Fe shells, which is reasonable if one considers the increase of 

interface for the diffusion of either iron or oxygen ion and therefore the decrease of 

the flux of oxygen due to the increased diameter of iron shells. Among 21 core-shell 

particles in an image frame of the in situ TEM study, there were 4 Pt cores evenly 

split into 5, 4 into 4, and 8 into 3. At the end of the 7 min exposure time, there were 2 

Pt cores evolved into 5, 3 into 4 and 10 into 3. The rest of 5 maintained one from the 

beginning to the end. The percentage of the particles that split among all was around 

80 %. Even for those 5 that maintained as one core throughout the in situ study, their 

morphology changed dramatically from spherical or faceted to irregular, which could 
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be an indication of the melting or surface melting of these Pt cores under high 

temperature. Scheme 4.2 shows the structural evolution of Pt@Fe2O3 yolk-shell 

particles from Pt@Fe core-shell structures with 5-nm Pt cores and 5-nm Fe/FeOx 

shell. 

 

Scheme 4.1 The formation of Pt@Fe2O3 yolk-shell particles from Pt@Fe core-shell 

structures with 3 nm Pt cores and 3.5 nm Fe/FeOx shells. 

 

 

Scheme 4.2 The formation of Pt@Fe2O3 yolk-shell particles from Pt@Fe core-shell 

structures with 5 nm Pt cores and 5 nm Fe/FeOx shell. 
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4.4. Conclusions 

The Pt@Fe nanoparticles were synthesized and the structural evolution of these 

particles under electron beam was studied in situ. Pt@Fe2O3 yolk-shell formed during 

the oxidation of iron in confined nano space of expanding shell due to Kirkendall 

effect. The structural evolution of Pt cores depends on their size and the thickness of 

the iron shells. When the Pt cores were as small as 3 nm, vaporization and convection 

happened. For Pt cores larger than 3 nm, they split into several small particles. A 

simple calculation shows that the energy for the vaporization and splitting of Pt cores 

should come from the oxidation of iron in the shell.    
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Chapter 5 

Synthesis and Corrosion Study of Zirconia Coated Carbonyl 

Iron Particles 

5.1. Introduction 

 
 Carbonyl iron (CI) particle is the key active ingredient in many of the 

magnetorheological (MR) fluids which have a range of applications 1.  Surface 

functionalization of CI particles becomes an increasingly important research area that 

addresses corrosion, sedimentation and other technical challenges facing the 

improvement of the performance of existing MR fluids.  Currently the “insulating” 

coatings on CI particles can be produced with silica particles in a milling process. 

Although the stability and oxidation resistance can be improved, these coatings do not 

offer any significant corrosion protection 2.  Development of chemistry-based coating 

processes is still very much in need to address the technical issues that can have broad 

ramifications for the use of CI particles 3, 4. 

 Among the existing procedures, Swilhart et al. reported the modification of 

carbonyl iron particles (1-10 µm) with a silicon-containing compound at 150 °C 5. 

The coating layer could isolate the particles from each other and allow for the 

incorporation of particles within a silicone binder for molding into a magnetic core. 

Rutz et al. showed that after the treatment of iron particles by phosphoric acid, a 

hydrated iron phosphate layer formed and was subsequently converted into a solid 
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when heated to ~500 °C in an inert atmosphere 6. This layer could then be coated with 

a polymer to facilitate compression molding. This technique was applied to iron 

particles with average diameters of 20 µm or larger. Atarashi et al. coated 2-µm CI 

particles with metal oxides of high and low indices of refraction to tune the 

interference colors 7. Silica, zirconia and other oxides were used as coating materials 

with the thickness on the order of 100 nm.  The resulting coated particles were 

designed for applications in ink jet printing, elecrophoretic color displays, and as 

nonaqueous MR fluids with improved oxidation resistance.  

 Besides inorganic coating materials, Jang et al. reported coating of 7-µm 

magnetic CI particles (BASF, CM grade) with polyvinyl butyral to prevent oxidation 

during use in nonaqueous MR fluids for active control in dampers and torque 

transducers 1. Fang et al. coated 2-µm-sized CI particles with polystyrene (PS) 

nanospheres to create unique surface textures 8. This polymer was used to reduce the 

density mismatch between the coated CI particles and nonaqueous carrier fluid, 

therefore to improve the sedimentation stability of MR fluids without sacrificing 

magnetic properties.  

 Another alternative method for the surface modification of CI particles was 

developed by Ulicny and his coworkers 9. CI powders were heated to 400 °C in a 

nitrogen atmosphere to create a nitrogen-rich surface layer.  These high temperature-

treated CI particles were stable against oxidation after incorporation into an MR fluid 

in an automotive fan or transmission clutch 9. An electroless deposited 

nickel/phosphorus coating was also shown to improve the oxidation resistance of CI 
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particles 10. In this procedure, nitrogen was used as an inert protecting gas.  The 

deposited coating prevented the formation of the oxide layer, which would otherwise 

reduce the magnetic property of these particles. The process however, could not be 

scaled up to 50-g batch level.  

 Among these surface modification methods, the sol-gel method has been used 

extensively due to its ease in the control of coating process, and because of the large 

number of precursors available for making various oxide coating materials. There 

exist strong interactions between commonly-used sol-gels such as silica, zirconia or 

titania and CI particles which are composed of iron and naturally oxidized iron oxides 

11. Pu et al. described a method to encapsulate 4-µm CI particles with a 60-nm thick 

polysiloxane shell through polycondensation of tetraethyl orthosilicate (TEOS) 12. 

Corrosion tests of the coating layer in an acidic solution at a pH value equal to 1.3 

showed good success, although the magnetic properties of the coated particles were 

somewhat degraded.  Octyltriethoxysilane (OTES) was examined as a sol-gel 

precursor for surface modification of CI (BASF, CM grade) by Ulicny and co-

workers 13. The process was carried out under ambient conditions.  The coated 

particle was hydrophobic, which might be advantageous as a water barrier for 

retarding oxidation. It also reduced the out-of-field viscosity of MR fluids and 

permitted fluids to be made from water or chemically polar liquids.  

 Here we describe a facile and scalable sol-gel based process to generate 

coatings of zirconia, a commonly-used hard ceramic material with excellent 

mechanical properties and chemical stability 14. Our scanning electron microscopy 
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(SEM) study indicates that the resulting zirconia coatings on the CI particles have 

different surface morphologies. Thermogravimetric analysis (TGA) and accelerated 

acid tests show that these coatings dramatically improve the oxygen and acid 

corrosion resistance of coated CI particles.   

5.2. Experimental Section   

 Materials.  Zirconium (IV) butoxide solution (Zr(OC4H9)4, 80 wt % in tert-

butanol), (3-aminopropyl)trimethoxysilane (APTMS, H2N(CH2)3Si(OCH3)3), and 

white fuming nitric acid (HNO3, 69-70 %), were purchased from Sigma-Aldrich.  

Ethanol (C2H5OH, 200 proof) was purchased from Ultra Pure.  The two different 

types of CI particles tested had a median size of ~1 µm (small CI) and ~10 µm (large 

CI), respectively, and were purchased from BASF. 

Preparation of zirconia sol  Zirconia sol was made by adding 73-mL 

zirconium (IV) butoxide solution in tert-butanol (0.16 M) to a 2-L round-bottomed 

flask containing 30-mL nitric acid (69-70 %) in 1 L of deionized (DI) water 15, 16. 

Immediately after the addition of the zirconia precursor, a white opaque color 

appeared. The mixture was then stirred using a magnetic stirrer (500 rpm) at room 

temperature until the solution became clear. This process took between 3 and 4 h. The 

flask was then wrapped with aluminum foil and left to stir overnight 15. 

Preparation of zirconia coating on CI particles CI particles (50 g) were 

dispersed in 900 mL of DI water in a 2 L flask. This dispersion was then left in a 

sonication bath for 30 min at room temperature, after which the dispersion was 

transferred to a 2 L round-bottomed flask.  Zirconia sol (100 mL) was added to the 
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flask containing the dispersion of CI particles. The amount of zirconia sol used 

determined the thickness of zirconia coating and the amount of free zirconia 

nanocrystals formed. The flask containing this mixture was placed in an oil bath 

heated at 70 ºC on a hot plate. The mixture was agitated using a mechanical stirrer set 

to 60 rpm for 4 h before being cooled to the room temperature.  The mixture was 

stirred at the ambient room temperature for at least 5 h. Finally, the zirconia-coated 

CI particles were separated out from the liquid mixture using a magnet, and washed 

three times with DI water and ethanol. These particles were subsequently dried in a 

pan placed in a fume hood for 2 to 3 days to reduce the moisture content to less than 2 

wt%. The dried particles were then milled using a mortar and pestle to form uniform 

powders. 

Preparation of zirconia/silica coating on CI particles Zirconia/silica double layer-

coated particles were prepared in two steps. First, a thin silica layer was generated on 

the surface of CI particles.  In this step, 50 g of CI particles were dispersed in 1 L of 

ethanol in a 2 L beaker. The CI dispersion in ethanol was then sonicated in a 

sonication bath for 30 min at room temperature, after which the mixture was 

transferred to a 2 L round-bottomed flask.  The silica sol was formed by adding 5.6 

mL of DI water to the mixture, followed by the addition of 10.5 mL of APTMS 

according to the Stöber method 17.  The flask containing the mixture was placed in a 

water bath heated up to 70 ºC on a hot plate. The mixture was stirred using a 

mechanical stirrer set to 60 rpm for 4 h. The CI particles were then separated from the 

liquid using a permanent bar magnet, and washed once with 500 mL of ethanol and 
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twice with 500 mL of DI water. In the second step, zirconia coating was deposited 

onto the silica layer.  In this step, the wet silica coated CI particles were weighed to 

determine the residual amount of water in the batch.  DI water was then added to the 

batch of silica coated CI particles to make up 900 mL of water in the mixture, 

followed by the addition of 100 mL of zirconia sol and preparation procedures as 

described above.  

The above two descriptions for the preparation of zirconia and zirconia/silica 

coatings on CI particles were used for the batch production with 50-g CI particles and 

10 vol % zirconia sol.  The use of zirconia sol between 5 and 50 vol % were 

examined based on the same general protocols. 

Characterization Transmission electron microscopy (TEM) images were 

recorded on a JEOL JEM 2000EX at an accelerating voltage of 200 kV.  The TEM 

specimens were made by drop casting a suspension of particles in toluene or ethanol 

on a carbon-coated copper grid. SEM images were recorded on a Zeiss-Leo DSM982 

field emission scanning electron microscope (FE-SEM). SEM specimens were 

prepared by placing crushed dried samples or drop-casting wet samples on the 

conductive tape of the SEM sample stages.  The energy dispersive X-ray (EDX) was 

carried out at beam voltage of 20 kV and a working distance of 15 mm.  The densities 

for uncoated and zirconia coated CI particles were measured using a gas pycnometer 

(Accupyc II 1340 Gas Displacement Pycnometer, Micromeritics USA).  The 

accelerated corrosion tests were performed using a pH 4.4 acetic acid aqueous fluid at 

both 30 and 60 °C, respectively.  
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5.3. Results and Discussion 

  Figure 5.1 shows the flow charts of the sol-gel synthesis for both zirconia and 

zirconia-silica coated CI particles based on the procedures developed using 50 g 

particles and 10 vol % of zirconia sol.  Both single and dual coating syntheses started 

with the preparation of zirconia sol from zirconium butoxide aqueous solution.  The 

final sol solution should be clear and the reaction time might vary from about 4 to 24 

h, depending on the amount of nitric acid.  The silica primer layer was used to 

examine its effects on the structures of zirconia coatings. 
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Figure 5.1 Flow charts of coating CI particles with zirconia or silica zirconia layers. 
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Figure 5.2 shows the SEM images of as-received and ZrO2-coated small CI 

particles.  The as-received CI particles are spherical and have nanometer (nm)-sized 

features on the surface (Figure 5.2a). The uncoated CI particles were polydisperse and 

the mean diameter was around 1 μm.  In the procedure of direct coating, zirconia was 

formed through the hydrolysis and polycondensation of zirconium alkoxide 

precursors using base catalyst according to the following general steps 16, 18: 

OHHCOHZrNaOHOHHOCZr 9442494 )()( ++                                                   (1) 

OxHOHHxCOHZrOHOHHCOHZr n 29442944 ])([)( ••++                             (2) 

OHOHHCZrOOxHOHHxCOHZr n 29422944 ])([ ++••                                   (3) 

Figure 5.2b shows the SEM image of zirconia coated CI particles. The coating was 

composed of highly faceted nanocrystals that were distinguishably different from the 

original surfaces of CI particles. Free zirconia crystals could be observed in the 

product and the typical size was on the order of 100 nm.  Various amounts of zirconia 

sol ranging from 10 to 50 vol % were used to produce coated CI particles with 

various amounts of free zirconia crystals. Figure 5.3 shows the SEM images of the 

coating layers in which the morphology changed according to the concentration of 

zirconia sol used. At sol concentration of 10 and 16 vol %, as shown in Figure 5.3, 

the coating was neat with few free zirconia nanoparticles formed. We noted that 

despite the large size distribution of the CI particles in the batch, both small and large 

particles could be coated with faceted zirconia crystal very well (Figure 5.3a).  In all 
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the products, the coatings were apparently made of faceted zirconia nanoparticles that 

had shapes with edges and overgrew to form a continuous coverage of CI particles.  

The higher the concentration of zirconia sol was used, the larger the zirconia crystals 

that comprised the surface coating were, so long the other synthesis conditions were 

kept the same.  This observation suggests that concentration of zirconia sol is critical 

in the controlling the size and shape of the nanocrystals in the coating layers and the 

amount of free crystals. 

 

 

Figure 5.2 SEM images of (a) as-received and (b) zirconia-coated small CI particles. 

This particular type of zirconia coating was made from a 50 % zirconia sol. 

 
 

 

 

 



 129 

 

 

 

Figure 5.3 SEM of direct ZrO2 coated small CI particles with different amount of sol 

precursors: (a) 10 % and (b) 16 %. 

 
  The morphology of the zirconia nanocrystals in the coating layers could be 

controlled by introducing a silica primer layer first on CI particles.  Figure 5.4 shows 

the SEM images of CI particles after being coated with a primer layer of silica first, 

followed by the growth of ZrO2 coating from solutions with different amounts of 

zirconia sol. Silica layers were produced from APTMS and appeared to alter the 

growth of zirconia crystals, resulting in a coating with the quite different surface 

texture and morphology. With a primer layer of alkoxide-silica, zirconia crystal 

became less faceted and the coating surface became smoother than those coated 

directly with zirconia (Figure 5.4). The change of morphology could be due to the 

high flexibility of bond angles between silicon and oxygen atoms and rich hydroxyl 

function groups on the reacting surface of silica.  Such new surface could anchor the 

zirconia nuclei quite differently and result in the high degree of amorphous property 

and low crystalline order of new crystals 14.  The coverage and thickness of 
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crystallites on silica-coated CI surfaces increased as a function of volume ratio of 

zirconia sol used.  The portion of free zirconia crystals formed also increased with the 

amount of zirconia sol. The density for zirconia (10 vol %) coated CI particles based 

on 22 measurements on particles from 7 batches were determined to be 6.72±0.08 

g/cm3 using the gas pycnometer.  This value was slightly lower than that for the 

uncoated CI particles, which was 7.68±0.04 g/cm3 based on 4 measurements. 

 

 

Figure 5.4 SEM of SiO2-ZrO2 coated CI particles made from different (A) 5 %, (B) 

10 %, (C) 20 % and (D) 30 % zirconia sol precursors, respectively. 
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 Powder X-ray diffraction (XRD) was used to study the crystal phase of 

zirconia and CI particles after the reactions (Figure 5.5).  Uncoated CI particles and 

two samples of zirconia powders with known phases were used for comparison. The 

XRD patterns for both zirconia and silica-zirconia coated CI particles had three 

diffraction peaks from (110), (200), and (211) planes of iron, indicating the iron 

particles remained to be in the metal form after the reactions 19.  Besides the signal 

from Fe metal, the coated CI particles had five relatively weak but well-defined 

diffraction peaks, which can be assigned to synthetic magnetite (JCPDS database 00-

019-0629).  The formation of magnetite could be from the surface corrosion of CI 

under the reaction conditions.  We note the color of the coated CI particles turned 

black after the reaction, suggesting the formation of a magnetite layer.  As the 

temperature for the reaction is fairly low and below the typical crystallization 

temperature 14, 20-22, the zirconia formed could most likely have a monoclinic phase 23.  

The other commonly observed zirconia are cubic and tetragonal phases which are 

only stable at high temperatures 20.  Furthermore, the cubic phase can only be 

stabilized by introducing other metal ions at high temperatures. There is no major 

difference between the diffraction patterns of silica/zirconia and zirconia coated CI 

particles.  

 EDX was used to examine the relative amount of zirconia produced both as a 

coating layer and as free zirconia particles through these syntheses. Figure 5.6 shows 

zirconia (10 vol % sol) and silica/zirconia (50 vol % sol) coated CI particles. When 

10 vol% zirconia sol was used, the Zr/Fe ratio in the resulting product was 4/96 based 
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upon weight, or 2.5/97.5 based on mole number. The Zr/Fe mole ratio increased by a 

factor of four to 14/86 (9.3/90.7 by mole number) when the volume percentage of 

zirconia sol changed from 10 % to 50 %. This suggests that the polycondensation of 

zirconia at the condition of low sol might be more effective than that at a high sol 

concentration when other conditions are kept the same. 

 

Figure 5.5 PXRD patterns of as-received (red), ZrO2 (10 vol %) coated (green), and 

SiO2/ZrO2 (10 vol %) coated CI particles, respectively with diffraction peaks from Fe 

(Δ) and Fe3O4 (×). 
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Figure 5.6 EDX spectra of particles coated with (a) zirconia (10 vol % sol) and 

silica/zirconia (50 vol % sol). 
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Figure 5.7 a) Regular TEM and b) HRTEM images of SiO2-ZrO2 (50 vol % zirconia 

sol) coated CI particles. 

  

Figure 5.7 shows the TEM images of a repesentative SiO2-ZrO2 (50 vol % 

zirconia sol) coated CI particle. HRTEM was used to determine the crystal structure 

of zirconia coatings on the CI surface. Based on the HRTEM image, the lattice 

distance of the fringes is around 0.493 nm, close to the d-spacing (0.5087 nm) of (001) 

plane of monoclinic phase of zirconia. 

 The zirconia coating was further characterized with SEM using specimen 

prepared by embedding coated CI particles in an epoxy block whose surface was 

subsequently polished to expose the cross-section of the particles.  Figure 5.8 shows 

the cross-sections for 10 vol % zirconia coated CI particles.  There were three regions 

in these core-shell particles.  Region A was the iron core, and Region C was the 

zirconia particulate coating layers of zirconia crystals.  The interface between the CI 
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cores and the zirconia coating, i.e. the Region B, appeared to have lighter contrast 

than the iron cores. This region was most likely composed of the oxidized iron, i.e. 

magnetite. Such iron oxide layer might have facilitated the formation of strong 

chemical bond between the CI particles and hydroxyl species for the coated materials.  

The average thickness of zirconia layer was around or less than 50 nm. 

 

 

Figure 5.8 Representative SEM image of the cross-section of coated CI particles 

showing the core-shell structure and the shape of zirconia crystals in the coating 

layers.  The coated CI particles were made from 10 vol % zirconia/silica sol solutions. 
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The thickness of the zirconia coating could be varied from 20 to 70 nm, 

depending on the amount of precursors and reaction conditions. In our procedure, 

nitric acid was used as a catalyst and its concentration could influence the 

morphology and size of zirconia crystals in the coating layer.  Low volume ratios of 

zirconia sol were used to examine the formation of coating layer at the early stage.  

Figure 5.9 shows the CI particles coated with zirconia made from 5 and 10 vol % 

zirconia sols at two different amounts of nitric acid (36.5 and 146 mL), respectively. 

The average size of zirconia particles was the smallest among the four conditions 

when relatively small amount of zirconia sol and large amount nitric acid were used. 

Moreover, the larger the amount of nitric acid was, the rougher the coating surface 

became. When relatively small amount of nitric acid was used, the coating surface 

became continuous but was largely made of relatively small crystals. This 

phenomenon could come from the condition that, at a relatively low sol concentration, 

zirconium alkoxide precursors hydrolyzed and formed the coating layer on the CI 

particles through the thermodynamically favored heterogeneous nucleation and 

growth process, and few free zirconia crystals were generated. When a large amount 

of nitric acid was used in the preparation, the zirconia sol could complete the 

polycondensation step rapidly; this favored the homogeneous growth. Experimentally, 

we observed that the reaction mixture became clear in less than 3 h when 146 mL of 

nitric acid was used.  For the reaction catalyzed by 36.5 mL of nitric acid, the sol 

became clear overnight. 
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Figure 5.9 SEM images of zirconia-coated CI particles prepared with different 

amounts of zirconia sol and HNO3 catalyst in 1-L water: a) 5 vol % of sol and 36.5 

mL of HNO3, b) 10 vol % sol and 36.5 mL of HNO3, c) 5 vol % of sol and 146 mL of 

HNO3, and d) 10 vol % of sol and 146 mL of HNO3. 

 

 TGA was performed on the CI particles coated with zirconia under an air flow 

to study the oxygen resistance. Figure 5.10 shows the percentage of weight loss (or 

gain) for as-received and coated CI particles as a function of temperature.  In these 

tests, the oxidation of iron by oxygen from air resulted in a weight gain of CI particles. 

Thus the onset temperature of weight gain is used to evaluate the oxidation resistance 

effect of zirconia coatings on the CI particles. The shift of this onset to a high 

temperature indicates the improvement in the protection of iron cores against the 
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oxidation. Figure 5.10 shows the typical TGA and the corresponding heat flow curves 

for both zirconia (small CI-Zr) and zirconia/silica (small CI-Si-Zr) coated CI particles.  

The TGA data indicate that both types of coating could retard the oxidation of CI 

particles by air (Figure 5.10a). The onset of weight gain changed from 275 °C for the 

uncoated to 325 °C for the zirconia (20 vol %) coated CI particles. Zirconia/silica 

coatings prepared using the 40 vol% sol solution offered even better protection, 

judging by the further increase of the onset temperature. For the samples made using 

50 vol% sol solution, no weight gain was observed, which suggests that iron cores 

could not be readily oxidized up to the temperature tested, which was about 800 °C. 

The observed weight loss could be due to the polycondensation of hydroxyl group of 

hydrated zirconia in both coating layer and as free nanocrystals. These results can 

further be understood based on the heat flow measurements recorded simultaneously 

as the weight loss/gain curves (Figure 5.10b).  There was only a small heat flow peak 

centered around 450 °C for the sample made with 40 vol % sol solution, suggesting 

that there was little oxidation reaction and the activation of the reaction was at a 

relatively high temperature. In comparison, the uncoated particles had two large 

exothermic peaks on the heat flow curve at about 300 °C and 380 °C, suggesting that 

they could be readily oxidized at much lower temperatures than those with ZrO2 

coatings. No major thermal event was observed for the coated samples made with 50 

vol % of sol solution, further suggesting negligible oxidation of CI cores occurred in 

the temperature range measured. 
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Figure 5.10 TGA curves of various zirconia-coated CI particles: (a) weight loss/gain 

and (b) heat flow as a function of temperature.  The experiments were performed in 

an air flow at a rate of 50 mL/min. 

 

 The zirconia-coated CI particles also demonstrated a much improved 

resistance to acid corrosion.  While the as-received CI particles could be easily 

corroded within 10 min. in a pH 4.4 acidic environment, the particles coated with 

either pure zirconia or zirconia/silica had excellent resistance. Figure 11 shows the 

results of accelerated corrosion testing for two samples of the same CI powders with 

and without coating layers.  In this procedure, a small amount of suspension of the CI 

particles was taken out and dropped on a piece of paper periodically after the particles 

were added to an acidic solution. The yellowish coloration on the paper is due to the 

acidic oxidation of metal iron to ferric ions and a qualitative indication of the 

corrosion.  Figure 11a shows the photograph of the uncoated CI particles that were 

exposed to an acidic solution for up to 1 h at 30 °C.  Corrosion commenced between 

5 and 10 min of the exposure. An SEM image of a corroded uncoated CI particle after 
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20 min of exposure shows features of deep pitting (Figure 11b). Figure 10c shows the 

photograph of the accelerated acid corrosion test results for the same initial CI 

particles that were coated with a dual silica/zirconia (from 50 vol % sol) layer on the 

CI particles. No change of color, i.e., the corrosion, was observed after 15 h of 

exposure at 60 °C, when the test was terminated. Figure 10d shows a SEM image of a 

zirconia-coated CI particle after acid exposure for over 150 h at 60 °C. No pitting was 

observed. These acidic corrosion test results were in good agreement with the 

thermogravimetric analyses for oxygen corrosion study, suggesting that the coating 

could be very effective at retarding different kinds of corrosions. 
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Figure 5.11 Accelerated acid corrosion tests and SEM characterizations of (a-b) 

uncoated and (c-d) coated CI particles in an acidic solution of pH 4.4. a) Colorimetric 

test for uncoated CI particles exposed for up to 1 h at 30 °C. The corrosion became 

visible after about 10 min; b) SEM image of an uncoated particle after 20 min of 

exposure at 60 °C; c) colorimetric test showing no corrosion for particles coated with 

silica/zirconia (50 vol %) after acidic treatment of up to 15 h at 60 °C; and d) SEM 

image of zirconia (10 vol %) coated CI showing no obvious pitting after acid 

treatment of 150 h at 60 °C. 
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5.4. Conclusions 

  Carbonyl iron particles can be coated with continuous zirconia or 

silica/zirconia nanocrystals using a facile sol-gel method. The thickness of the coating 

is controlled by changing either the conditions for the reaction or concentrations of 

the precursors. The surface topology of the coatings can also be engineered from the 

faceted to relatively smooth by introducing a silica primer layer.  These zirconia-

coated CI particles exhibit excellent resistance to acid and air corrosions when 

compared with uncoated samples. Such improved properties are important for 

applying these coated CI particles in applications that use magnetorheological fluids.  
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 Chapter 6 

Conclusions and Future Work 

6.1. Conclusions 

Surface modification of nanoparticles made in hydrolytic solvents with silica 

shells was achieved using MPEG-sil as the primer which activated the surface of 

nanoparticles for further hydrolysis and condensation of silica precursors. Hollow and 

yolk-shell nanoparticles were formed from NP@MPEG-sil-SiO2 core-shell structures 

by partial or complete removal of nanoparticle templates using acid. Besides 

templating method, multiple yolk-shell nanostructures were synthesized from Pt@Fe 

core-shell nanoparticles from the oxidation of Fe in the shell via Kirkendall effect and 

initiated by electron beam. To be specific, this work contributes to the following areas: 

First, nanoparticles synthesized from nonhydrolytically solvents were transferred 

from hydrophobic solvents to various aqueous solutions by ligand exchanged with a 

silane-based primer, MPEG-sil. After ligand exchange, silica could be deposited on 

the surface of these nanoparticles using the Stöber method.  The size and morphology 

of these core-shell particles were tuned by controlling the amounts of silane ligand, 

ammonium hydroxide and silica precursors. This method worked well for various 

types of nanoparticles, such as iron oxide, silver, and Pt@iron oxide, indicating the 

method should be generic for oleic acid and/or oleylamine capped nanoparticles. The 

magnetic properties of coated and uncoated iron oxide nanoparticles were studied 
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using SQUID. The percentage of magnetic active component was calculated based on 

both SQUID and TEM results, which indicated that the coating process did not 

change the magnetic properties of iron oxide nanoparticles. 

Second, the metal or metal oxide cores could be removed using acid to form 

MPEG-sil-SiO2 hollow particles from NP@MPEG-sil-SiO2 core-shell structures. The 

releasing profile of iron oxide cores was studied using UV-vis spectroscopy and the 

diffusion constant was calculated. The hollow MPEG-sil nanoparticles were used to 

load drugs, such as anti-Rabbit IgG (whole molecule)–FITC antibody and penicillin. 

Both core-shell and hollow particles loaded with penicillin V potassium were tested 

for drug delivery based on the inhibition of Streptococcus. mutans. Inproved loading 

capability was observed for the hollow particles when compared to the core-shell 

particles.  

Third, the Pt@Fe nanoparticles with the controlled Pt core diameter and Fe 

shell thickness were synthesized. Pt@Fe2O3 yolk-shell nanostructures were formed 

gradually from Pt@Fe core-shell nanoparticles due to the expension of shells when 

iron was oxided.  The expansion of the shell was due to the Kirkendall effect. The 

changes in size and number of particles of Pt cores depended on their initial volume 

sizes and the thickness of Fe shells. If the Pt cores were as small as 3 nm, 

vaporization and convection happened without splitting. For Pt cores larger than 3 nm, 

they split into several small particles with the diameter around 3 nm. Calculations 

show that the energy for the vaporization and breaking-up of Pt cores mostly came 

from the oxidation of iron in the shell. The Pt@Fe core-shell nanoparticles can work 
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as an important model in designing nanoreactors with uniform size and potential 

energy source for carrying on reactions inside. 

Forth, micron-sized carbonyl iron particles were coated with continuous 

zirconia or silica/zirconia nanocrystals using a facile sol-gel method. The thickness of 

the coating was controlled by changing the amount of zirconia sol-gel and nitric acid 

which worked as catalyst in the sol-gel reaction. The coatings could be easily 

engineered from faceted to relatively smooth surface by introducing a silica primer 

layer before zirconia coating.  These zirconia-coated CI particles exhibited excellent 

resistance to acid and oxygen corrosions when compared with uncoated CI particles. 

Such improved properties are essential in various applications that use 

magnetorheological fluids.   

6.2. Future Work 

First, for NP@MPEG-sil-SiO2 nanoparticles, modification of surface with 

other surfactants, polymers or even biomolecules for biological applications is a 

promising direction.   Preliminary work has been done on the coating of iron 

oxide@MPEG-sil-SiO2 with PMMA [poly(methyl methacrylate)]. Ammonium 

persulfate and sodium dodecyl benzene sulfonate were added into particles solutions 

as initiator and emulsifier respectively. Methyl methacrylate was added drop wise 

into the reaction mixture at 70 °C to start the polymerization. The PMMA layer was 

examined by TGA analysis which showed higher weight loss than that of core shell 

particles, as shown in Figure 6.1.  
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Figure 6.1 TGA results for iron oxide@MPEG-sil-SiO2 (black) and iron 

oxide@MPEG-sil-SiO2-PMMA (red) core-shell nanostructures. 

 

Coating of core-shell particles with polymers like PLGA (poly(DL-lactide-co-

glycolic acid)) should also be feasible because of the strong interaction between 

functional groups of polymers (such as amide and carboxylic groups) with siloxane or 

hydroxide groups of the silica shell. PLGA is an FDA approved copolymer with good 

biodegradability and biocompatibility. The thickness of the polymer coating can be 

controlled by changing the concentration of monomers and initiators. By etching 

away silica with HF or strong base, yolk-shell structure can be formed.  

Second, surface modification can be used in the synthesis of higher-ordered 

and complex nanostructures.  Design of multifunctional nanostructures has emerged 

as an active research area in recent years. Among them, hollow and yolk-shell 
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structures have been produced and explored for applications in drug delivery and 

nanoreactor design 1-9. Other complex structures such as dumbbell and onion-like 

structures have also been developed.  The introductions of second or third 

components in the new structures are often realized based on the strategy for surface 

modification.  Some of these new nanostructures and synthetic strategies include:  

Higher order of complexity such as assembly of multicomponent 

nanoparticles can be built into nanostructures through surface modification. The 

driving force for the assembly among the particles can be either specific interactions 

through capping ligands or nonspecific interactions through sol-gel and polymeric 

emulsification in confined spaces. The well-developed silica chemistry provides a 

promising method for further modification of NP@SiO2 with other functional groups 

for the construction of higher order nanostructures. Figure 6.2 shows the Fe2O3@SiO2 

particles surface functionalized with (3-mercaptopropyl)trimethoxysilane (MPTMS) 

and then reacted with Ag particles becasue of the strong affinity of Ag with –SH 

groups. By varying the concentration of MPTMS and Ag nanoparticles, the number 

of Ag nanoparticles on each Fe2O3@SiO2 particles could be finely controlled.  

Mesoporous silica coating is also feasible for the nanoparticles synthesized 

from nonhydrolytic solvents after the surface ligand-exchange with MPEG-sil. Figure 

6.3 shows the TEM images of Fe2O3@meso-SiO2 particles using CTAB as template 

and the particles after ion exchange process with ammonium nitrate to remove CTAB. 
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Figure 6.2 Fe2O3@SiO2 particles modified with (3-mercaptopropyl) trimethoxysilane 

after reacting with Ag particles for 90 min. The concentration of Ag was 1.32 mg/ml. 
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Figure 6.3 TEM images of (a) Fe2O3@meso-SiO2 particles using CTAB as template 

and (b) the particles after ion exchange process with ammonium nitrate to remove 

CTAB. 

 

Third, for Pt@Fe2O3 yolk-shell nanoparticles, the effects of various factors on the 

structural evolution should be studied: 1) The effects of current density of TEM 

electron beam on the structural evolution of Pt@Fe core-shell particles.   The current 

density of electron beam from TEM machine needs to be tuned to further elucidate its 

effect. Based on Latham’s study, the higher the current density is, the higher the 

reaction rate is for the Fe nanoparticles to be oxidized and evolve into hollow 

particles 10. In our study, the electron beam initiated the Kirkendall effect and then the 

oxidation reaction of iron shell, and current density decided its reaction rate. In the 

following steps, the energy released from the oxidation reaction provided the driving 

force for the splitting and motions of Pt cores. The study on the effect of electron 
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beam is critical to quantitatively understand the relationship between the oxidation 

reaction and Pt activities. 2) The effects of the thickness of iron shell on the structural 

evolution of Pt cores. Only iron shells with specific thicknesses have been 

synthesized and studied in this thesis. Based on the observation of these nanoparticles 

under electron beam of TEM, the thickness of iron shell could affect the structural 

evolution of Pt cores. The thicker the iron shells are, the more active the Pt cores are. 

It is easy to explain since thick iron shell can provide additional energy for the 

activities of Pt cores during its oxidation reaction. For Pt cores with small size such as 

3 nm in diameter, no splitting happened when the iron shell thickness was also around 

3 nm. It is unclear what will happen for core-shell particles with thicker Fe shells 

around 3 nm Pt cores. Will the Pt cores split if the Fe shell becomes thicker than 3-5 

nm? Or will they stay as one even when the thickness of the shell reaches its 

maximum? For Pt cores with sizes of 5 nm or even larger, splitting happened when 

the thickness of iron shell was around 3 nm with the electron beam unchanged. The 

energy from the oxidation of iron is not high enough to overcome the cohesion among 

the Pt atoms of 3 nm Pt cores. However, the cohesion energy among the atoms of 5 

nm Pt cores is smaller than the energy provided by the oxidation of 3 nm iron shells, 

which explained the splitting of the 5 nm Pt cores into several small Pt nanoparticles.  
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