
  
 

ABSTRACT 

CHOI, YONG-JAE. Engineering of Electrochemically and Optically Active Silica 
Nanocomposites. (Under the direction of Tzy-Jiun Mark Luo.) 
 

Sol-gel based silica materials have received tremendous attention because of their 

solution process and nanoporous structures in nature that are suitable to encapsulate small 

molecules, nanoparticles, biomolecules, and even living organisms, making them ideal 

materials for optical and electrochemical applications such as sensing, fuel cells, and biofuel 

cells. However, the poor electron conductivity of the silica matrix has to be overcome by 

supplementing electrochemically active species. Examples are carbon nanoparticles and 

metallic nanoparticles. Metallic nanoparticles and aminosilane have been identified to be the 

focus of this doctorate study and the objective of the research is to synthesize nanocomposite 

materials through reduction and sol-gel reactions. Here aminosilane, bis[3-

(trimethoxysilyl)propyl]ethylenediamine (enTMOS, i.e., an aminosilica precursor), known 

for its metal-binding capability was found to enable spontaneous reduction reaction of silver 

ions even though the redox potential of the amino group is lower than that of the silver. 

In order to investigate the electrochemical property of both aminosilica and the 

nanocomposite, as well as to deposit the nanocomposite film onto the substrates, a rapid 

prototyping method for a poly(dimethylsiloxane) (PDMS) electrochemical device with 

miniaturized electrodes and liquid cell was developed. Cyclic voltammetry studies showed 

that electrochemical properties of the aminosilica matrix is dependent on the water amount 

and found that the synthesis of silver nanoparticles can be controlled by water concentration. 

These colloids were later found capable of self-assembling on hydrophobic surfaces such as 



  
 

silicon wafer, polystyrene, polypropylene, PDMS, and glass substrates, making it possible to 

pattern the nanocomosite layer through soft-lithography and micro-contact printing. In 

addition, the thickness of the self-assembled layer is the function of time, allowing films of 

200 nm thick to be produced. Electrochemical studies of the nanocomposite film also showed 

that the embedded silver nanoparticles that produced by spontaneous reduction reaction 

exhibit fast redox chemical reactions with their performance similar to the solution-

synthesized silver nanoparticles. The electron transfer rate and electron hopping diffusion 

between silver nanoparticles were also investigated using the self-built opto-electrochemical 

cells and showed that the embedded nanoparticles do not significantly hinder the diffusion of 

redox chemicals. 

Finally, the successful fabrication of silver nanocomposite on the hydrophobic surface 

through self-assembled process were applied to gold nanocomposites. Spacing of gold 

nanoparticles within a monolayer of the film has been successfully controlled through sol-gel 

reaction to exhibit various plasmonic effects. Such films that have been able to self-assemble 

onto the surface of polystyrene beads as core-shell structures may have applications in 

sensing, catalysts, optical devices, and bio-labeling. 
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Research Motivation 
 

Nanocomposite materials are interesting materials because they consist of more than one 

component with individual phase being dispersed at a nanometer scale. Such structures give 

nanocomposites unique properties that will never be seen from individual component. 

Among many applications that nanocomposites can be applied to, biofuel cells requires an 

efficient way to transfer electron between electrodes and the biomolecule, i.e., enzyme, as 

well as to maintain the stability of the biomolecules. For example, sol-gel based silica has 

been known for its enzyme compatibility and easy preparation; however, the intrinsic 

electron insulating property has made encapsulation of electrochemical active/electron 

conductors a necessity. We have long been searching for a solution to produce a 

nanocomposite material that is solution process-able, scalable, one-step approached, 

biocompatible, and can be solidified and self-assembled to form desired structures. We 

envision this method will allow biofuel cell electrodes to be easily fabricated and integrated 

to liquid cell devices. Based on the observation of a spontaneous reduction of a unique 

aminosilane from our exploratory experiments, this thesis research is to explore the reduction 

process, self-assembly mechanism and electrochemical activities of metal-aminosilane 

nanocomposite. 
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Chapter 1 

 

Introduction and Literature review 
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Introduction 

Due to their unique properties and nanoscale size (e.g. high surface area, high density of 

multiple phases), nanocomposite materials are useful in medical1, 2, chemical3, optical4-6, 

electronic7 and environmental applications. The large surface area to volume ratio that 

originates from nanostructure has an advantage on catalysts8, sensors9 and fuel cells10. High 

ratio multiphase with organic component11, 12 is found to have applications in biofuel cells13, 

biosensors14, 15 and many bio-related applications16, 17. Other multiphase nanocomposites 

such as those containing metallic nanoparticles have potential in electric18, 19, catalytic20, 21 

and optical22 applications by enhancing electron transport mechanism in a nanoscale network 

or utilizing plasmon effect as a method of detection. One of widely used components of 

nanocomposite is sol-gel based silica material12. This material exhibits good biocompatibility 

and stable chemical properties, but it also has poor electric conduction and poor interfacial 

adhesion with metals. One can image that metal-silica nanocomposite should combine the 

advantages of both metal and silica components, but to fabricate a homogeneously mixed and 

well dispersed nanocomposite at the nanometer scale is still challenging.  

There are two general approaches to synthesize metal-silica nanocomposites. The first 

method starts with a mixture of synthesized metal nanoparticles and silica precursor, and then 

a silica matrix is formed later by sol-gel process. The second method is backfilling metal salt 

into a pre-created silica matrix, and then a metal reduction inside of a silica matrix is 

processed later. A homogeneous distribution for nanoparticles is an issue for the first method 

and proper metal reduction process inside of a silica matrix is the major concern for the 
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second method. Both methods use tetramethylorthosilicate (TMOS) or tetraethylorthosilicate 

(TEOS) as a base matrix. Metal nanoparticles protected by a polyamidoamine (PAMAM) 

dendrimer23, silica oxide (SiO2) shell24 or other capping agent were generally prepared for 

making a mixture with a silica precursor in order to form a composite. Otherwise, acid or 

base catalysis was mixed on a silica matrix filled with a metal salt and additional heat 

treatment or light absorption25-28 was applied to induce a metal reduction.  

In case of metal reduction, spontaneous reduction of silver nanoparticle by 2-propanol29, 

dimethylsulfoxide (DMSO)30 or polyethyleneimine (PEI)31 have been reported. This 

spontaneous reduction is a more favorable process for composite materials, because chemical 

additives such as reducing and capping agents can dilute concentration of metal ion solution 

and externally delivered energy can cause inhomogeneous composite concentration.  

In addition to a metal reduction process, good adhesion of metal nanoparticles to a silica 

substrate is also another challenge. Physisorption or chemisorption of metal nanoparticles on 

a silica matrix by additional functional group is necessary to have good adhesion. (e.g., 

modified silica by amine functional group32 is used to attract nanoparticles.) Those interests 

are further expanded into an organically modified silicate (ORMOSIL). The ORMOSIL 

forms a network by cross linking of silicate through sol-gel process just like other silica 

precursor and additional functional groups on an ORMOSIL can have unique physical and 

chemical properties with metal nanoparticles. Some specific functional groups can be further 

utilized for a reducing agent to synthesize metal nanoparticles.  

Production of a homogeneous composite material and good adhesion between a silica 
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matrix and metal nanoparticles can be achieved when nanoparticles are spontaneously 

reduced and attached on the functional groups of ORMOSIL. This is an optimum 

configuration for assembling metal-silica nanocomposite materials. 

Before study of metal-silica nanocomposite materials is reported, fundamental 

understanding on a silica material with sol-gel process, general reduction methods for a metal 

nanoparticle and electrical/ optical properties of nanoparticles are reviewed in the fallowing 

section. Understanding these concepts will provide an idea of how to create nanocomposite 

materials with desired characteristics. 

 

Background 

Silicate materials with porous structures have shown great potential in sensing systems in 

recent years. There are many applications such as chemical sensing probes, filters and 

templates for other detection materials.  This is because these materials are shown to be 

stable in many environments including a wide range of pH, transparent in visible and UV 

ranges. Many different hybrid silicates also exhibit similar properties. The sol-gel synthesis 

method is often used to form structures of silicate materials by hydrolyzing and condensing 

reactions to build siloxane bridges out of alkoxide precursors (Si(OR)4). The commonly used 

precursors are tetraethoxyiliaene(TEOS) and tetramethoxysilane(TMOS). These molecules 

are the simplest forms of silica based precursors. Many applications are based on optical and 

electrochemical property changes in materials. The high porosity and functionalized surfaces 

of silicate materials are the major characteristics allowing them to be used as template 
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materials for many applications since active molecules can be trapped and utilized as sensing 

indicators.  These entrapped molecule changes still can be monitored through silicate 

materials through optical or electrochemical methods due to optically transparent and 

chemically stable characteristics. This silicate structure also offers the advantage of high 

signal density due to large surface area on the porous structures and high immobilization of 

molecules due to physical or chemical bonding to the structure.  

The metal nanoparticles are also used in optical sensors like surface plasmon resonance 

spectroscopy (SPRS) due to their environmentally sensitive Plasmon effect and 

electrochemical property. The high electrical conductivity is often observed in the material 

doped with metallic nanoparticles because electron hopping steadily occurs between adjacent 

nanoparticles without having to form close contact aggregates. Gold and silver are well 

studied metal nanoparticles and also have good electrical and optical properties, which can be 

utilized in various applications. 

The composite material structure of metal nanoparticles inside of silicate material can 

utilize both the advantages of the high surface area of a silicate matrix and the good electrical 

conductivity of metal nanoparticles. Therefore, control of both structures is the major focus 

of this study. In this section, the general properties of sol-gel preparation methods for 

standard silicate material will be reviewed. Conventional reduction methods of metal-

nanoparticles (silver and gold) via reducing agents and capping agents and the general 

concept of immobilization methods will also be discussed.  
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Sol-gel preparation 

The sol-gel experimental conditions 

The tetraethyle orthosilicate (TEOS, Si(OC2H5)4) is widely used as a precursor in SiO2 

systems. This alkoxide is generally dissolved in alcohol and reacts with water or humidity. A 

ternary diagram is presented to show the relationship of each element in the mixture (TEOS-

H2O-ehtnaol(EtOH)) at room temperature33. 

 
Figure 1. 1. TEOS-EtOH-H2O miscibility.1 

 

The basic reactions during sol-gel process are shown below.  

 
Si(OR)4+ H2O ↔ Si(OH)(OR)3 +ROH  

Si(OH)(OR)3 + Si(OH)(OR)3 ↔ SiO(OR)6 +H2O  

Si(OH)(OR)3 + Si(OR)4 ↔ SiO2(OR)6 +ROH  

 

This sol-gel process starts a hydrolysis reaction by adding water (replace alkoxide(OR) with 

hydroxyl group(OH)). It is a slow reaction. Generally acid or a base catalyst is used to 
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accelerate the speed of the process. It is usually true that the acid catalytic process is much 

faster than the base catalytic process. In addition to this factor, there are many factors that 

affect the reaction, e.g., composition, temperature, relative humidity, aging , heat treatment 

and the solvent elimination methods. After hydrolysis, the condensation of Si-OH into Si-O-

Si bonds follows. Depending on the different method of hydrolysis and condensation, several 

different types (dimeric, oligomeric, polymeric species) of Si-O-Si can be formed. 

 

Bis[3-(trimethoxysilyl)propyl]ethylenediamine (enTMOS)  

 

Figure 1. 2. Diagram of enTMOS. 

 

There are many different organosilica materials, but they all are synthesized through 

hydrolysis and condensation reactions to form Si-O-Si bonds. EnTMOS is one type of 

organically modified silicate containing two amine groups. These additional functional 

groups have been utilized in many applications previously. For example, material itself can 

swell /shrink in response to temperature, pH and salt concentration known as smart glasses.34 

Otherwise, functional groups are used as templates to form nanoparticles. These amino 

groups can attract metal ions and chemically induce them to form nanoparticles. For instance, 

cupper ions are captured on an amine group and exposed to sodium borohydride (NaBH4) in 
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order to induce nanoparticle formation which can be further changed into silver or gold 

particles.35 In the case of iron oxide (Fe2O3) nanoparticle synthesis, high internal pH created 

by two amino groups help to form Fe-O-Fe linkage.36 This Amino functional group on 

organosilica can be further investigated by the physical and chemical property changes of an 

alkoxysilane precursor. 

  

Metal nanoparticles 

Introduction to metal nanoparticles 

The oldest artifact using nanoparticles is the Lycurgus chalice known as early as the fourth 

century. The color of this cup is light green without external light but as light is introduced to 

the glass then the color changes to red which is caused by gold nanoparticles. However the 

secret of making dark red color, known as ‘Ruby glass’, was not known until Johann Kunckel 

rediscovered it in 1679 and Andreas Cassius also published the method in 1685.37 This is the 

first known intentional synthesis of gold nanoparticles. In the 19th century, William Henry 

Fox Talbot invented the photographic process called the calotype. Silver chloride is used in 

this process to develop the negatives. Michael Faraday made a colloidal gold solution in 

1857 which showed different colors with various light incidences. The first attempt to 

describe the phenomenon of color changes is by Maxwell-Garnett. He tried to explain the 

system by the distance of particles. However the first assumption of his theory ignores the 

size of the particles. He assumed that the particle size was small enough to be ignored when 

compared to the incident wavelength of light.37 The successful theory of optical absorption 
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by nanoparticles is proposed by Guestav Mie in 1908.38 This theory includes the parameter of 

particle size and fits well with the experimental results of gold sol in several papers. This 

equation is still used with various modifications and remains based on the original concept. 

Earlier applications using nanoparticles are very limited until the early twentieth century. 

Since Goad and Moskovits explained the colors of nanoparticles as a Plasmon effect in the 

late 1970’s, there are many research projects interested in those effects including plasmonic 

solar cells and Surface Raman scattering effect (SERS).37, 39 In addition to those surface 

properties of nanoparticles, other applications were discovered such as catalysts and 

electronic devices as well. 

The insulating matrix dispersed with metallic nanoparticles gives rise to electric 

conductivity, which varies with the amount of metal content. Because this transition from 

insulating material to conducting material is achieved by the percolation network of 

nanoparticles, the electrical conductivity is changed by many orders due to the changes of 

metal nanoparticle dimensions such as volume fraction or surface area.40, 41 

 
Standard chemical potential for metal ions 

Standard reduction/oxidation potential of some metal-ions are listed as standard electrode 

potentials.42  To become a metal nanoparticle, an electron needs to be transferred. An 

electron is naturally moved from higher to lower potential. According to the table, gold is the 

lowest among listed ions. This means that the gold nanoparticle can be synthesized much 

easier than other metallic nanoparticles. Silver is second easiest.  There are several reducing 

agents which can release the electron to these metal ions and change them into nanoparticles 
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such as sodium borohydride and citrate. Other methods of release include using sonic, light, 

heat and electrical energy.  

 

 

 Figure 1. 3. Standard electrode potentials in aqueous solution at 25oC vs. NHE. 42 

 

Silver nanoparticle synthesis 

Silver nanoparticles now have many applications including, antibacterial materials, 

biosensor materials and catalytic materials as well as conducting materials used for printing 

circuits. These properties are used in applications such as antibacterial agents, sensors. 

Catalytic properties on silver nanoparticles are dependent on the size, structure and shape of 

the nanoparticles.   
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Table 1. 1. Various silver reduction methods by different reducing agents and capping 

agents.43 

Methods Reducing agent Ligands 
Chemical reduction 
(aqueous solution) 

NH2OH-HCl 
Sodium citrate 

NaBH4 
Polyol 

Ethylene glycol 

 
Citrate 

Dodecanethiol 
PVP 
PVP 

Chemical reduction 
(non-aqueous solution) 

DMAC 
DMF 

Acetonitrile 

PEG 
PVP 
TTF 

Template reduction Free Radicals 
H2 

AAO 
Poly(styrene-DVB) 

Electrochemical  
reduction 

Potentiostat Polyphenylpyrrole 
Zeolites 

PVP 
Ultrasonic/Microwave  

assisted method 
Sonoelectrodepostion
Sonoelectrochemistry 

reduction 
Sonication, NaBH4 

PVP 
NTA 

PDCE and DPS 

Photo-induced reduction Visible light, ascorbic
 acid 

Visible light, NaBH4

PVP 
PVP and sodium citrate

Irradiation reduction 
 

IPA, γ-irradiation Mesoporous silica 
PVP, PVA 

Biochemical reduction Peptide 
Yeast strain 

Fungus 

Peptide 
Proteins 

Protein and enzyme 
 

The most common method of forming silver nanoparticles are the chemical reduction with 

aqueous or non-aqueous solutions.43 In addition to this method, the template method, 

electrochemical reduction, photo induced reduction, microwave assisted or ultrasonic 

assisted synthesis, irradiation reduction and biochemical reduction are used to induce silver 

nanoparticles.43 When using the reduction reaction to form a nanoparticle, a stabilizing agent 
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is necessary, otherwise, the nanoparticles will aggregate and lose their properties. The 

common surfactants, polymers and ligand are used to cap the particles to inhibit aggregation. 

However this protective agent may influence the properties of nanoparticles. 

 

Gold nanoparticle synthesis 

Table 1. 2. Various reduction methods of gold nanoparticles.44 

Methods Reducing agent Ligands 
Chemical reduction 
(Citrate reduction and 
the Brust-Schiffrin 
method) 

Citrate, Ascorbic acid 
Sodium Borohydride 

Citrate 
 - replace by Acetone 
Thiols 
Sulfur-containg ligands 
Other ligands 
- Phosphine 
- Phosphine oxide 
- Amine 
- Carboxylate 
- Isocyanide 

Photochemistry UV 
Near-IR laser 

 
Thiols 

Sonochemistry Ultra sonic field  
Radiolysis γ-irradiation  
Thermolysis Heating  Alkyl groups 

 

The common reduction methods of gold nanoparticles are citrate reduction and the Brust-

schiffrin method.44 Citrate is still widely used to reduce gold nanoparticles even shell ligand 

need to be removed around the gold core for further application. This method of reduction 

control is done by controlling the ratio of reducing/stabilizing agents. The Brust-schiffrin 

method is a two phase synthesis with thiol stabilization. The nanoparticles synthesized and 

stabilized by thermal energy, common organic solvent. In addition to those conventional 
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methods, other various methods are used to induce nanoparticles such as, UV, γ-irradiation, 

heating and sonication.  

 

Electron transfer mechanism in metal nanoparticles 

The composite material of metal nanoparticles and silicaoxide are divided by a dielectric 

interlayer with metallic particles. This structure is called an island-type metallic film. 

Charges may be transferred by quantum tunneling effect and electron jumping mechanism.  

Electron jumping mechanism is caused by localized breakdown of interlayer capacitance. 

Electron tunneling is not shown on a macroscopic scale because these electrons are tunneling 

through the barriers based on quantum mechanical probability theory. The energy is stored by 

electrons which are charged on metals. 

C
e

2
 

 
( Where, e is electron and C is capacitance of metal. ) 37, 45 

 
 

 
Figure 1. 4. The Coulomb staircase phenomenon on electron transfer at low temperature. 
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Those stored electrons flow discretely as a non-ohmic condition. These steps are shown on 

the experiment.  However the temperature should be very low to minimize the thermal 

effect ( < kT ). If the thermal energy is higher, then thermally induced tunneling process will 

occur and current run through the nanoparticles much smoothly. Conventionally, the 

solution-phase based synthesis methods are used because they facilitate making nano size 

particles and the most common synthesis materials are gold and silver particles. This is 

simply because of the easy control of the surface of those metal particles by polymer, thiols, 

enzyme and proteins and it is easy to make changes of reactivity, optical properties and 

electron hopping rates. 

Nanoparticle on a metal surface is measured by the STM tip. The ligand outside of the 

nanoparticles can be interpreted as capacitance between the electrodes. 

 

 

Figure 1. 5. The configuration of measurement method for electron transfer through a metal 

nanoparticle. 37 

 

The step shaped current-voltage ( I-V) curve is formed, 
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( Where the Q  is the initial charge of metal particle, C is the capacitance and V  is the 

offset value caused by impurities or a Fermi level change between the particle and the 

substrate. ) 37 
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( Where, R is the resistance and CT is the total value of capacitance. )5 

This step current-voltage behavior is shown in the solution-phase experiments by a 

differential pulse voltammetry. 
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( Where Q is the charge of the particle, E  is initial potential of nanoparticle, and CT is 

the total capacitance. ) 37 

 

Those equations are used to determine particle capacitance and resistance compared with 

experimental results. Those parameters are the function of properties of ligand, solvent, PH 

and other various environmental factors.  
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Figure 1. 6. The schematic diagram of metal nanoparticle mediated electron transfer between 

metal electrode and electrolyte solution. 37 

 

The optical properties of metal nanoparticles (Mie scattering theory and Long 

wavelength approximation) 

The colloidal gold and silver nanoparticles show red and yellow color. G. Mie(1908) 38 

solved Maxwell’s equation for a sphere by considering electron movement in a metal sphere 

on an external electrical field. Mie’s Scattering Theory still remains an important theory for 

colloidal chemistry.  

 

Figure 1. 7. The illustration of an electron oscillation by an external electric field.14 
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Maxwell’s equations are used to explain the phenomenon of light scattering from a 

spherical particle. The particle is assumed to be linear, isotropic and composed of a 

homogeneous medium and light propagates through this particle. The solutions of above 

equations are solved by Mie (1908),38, 46 
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( )λE : Extinction spectrum 

χ : Shape factor (2 for sphere) 

mε : External dielectric constant 

rε : Real metal dielectric constant 

iε : Imaginary metal dielectric constant 

 

If mr εε 2−=  then, this condition becomes the frequency absorbed on the maximum 

spectrum.  The size of the metal particle changes the dielectric constant and affects the 

surface Plasmon. There are two effects on the metal particles. The first is dielectric, 

originated by an inner orbit electron inside the conduction band and the second is free 

electron damping on the particle. The second is mainly affected by the size. The below 

equation is the Drude model of damping dielectric function. 

( )
γωω

ω
ωε

i
p

D −
−= 2

2

1  

(γ  : the damping constant.) 
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Noble metals show strong Plasmon resonances and shorter Plasmon wavelengths due to high 

surface free electron oscillations. High electron density also makes the shifting of the 

Plasmon wavelength easy. 

If the particle size is negligible to the wavelength of light (<1%), then the problem can be 

addressed with a simpler solution.37 

EP α= , where 
2
13

+
−

=
ε
εα a  

This shows that the Plasmon resonance also occurs when { } 02Re =+ε independent of 

particle size. The modified long wavelength approximation is done by correcting the 

perturbative term. The polarization is corrected like below,37 

( )radEEP +=α , where P
a

kPikErad

2
3

3
2

+=  

These approximations are limited when the size of a particle is larger due to the initial 

condition of the approximation.   

 

Bio-inorganic hybrid nanomaterials 

The synthesis of first bioceramic, bioglass material which embraced biologically active 

molecules during its formation was attempted in the early 1970s,47 but the technology was 

not much used until recently. These hybrid materials have many potential applications 

including biosensors, bioactive optical sensors, and encapsulating agents for drug delivery48-

50. Encapsulation can improve the performance of many devices. Bioactive material 

entrapment by ceramic gel is mostly accomplished by the sol-gel method. The first 
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encapsulation of an active ferment into a sol-gel matrix was carried out in 1990 by mixing 

biomolecules with a sol-gel precursor51. Hydrolysis and condensation polymerization allows 

trapping the proteins without their denaturation at the point of matrix formation. The caged 

biomolecules inside of matrix pores makes no requirement of protein covalent bonding. This 

advantage makes the sol-gel immobilization method very convenient for biomolecules and 

makes them active without losing their abilities.20 The most frequently used matrix for 

enzyme trapping is silica gel. 

 

Preparation of nanocomposite 

In preparing the nanocomposite, the first problem is to decide a precursor for nanoparticles 

and how to change those into composite materials. Nanoparticles can be simply dispersed 

with alkoxide, yielding a gel and then becoming an amorphous silica or have metals 

introduced into the alkoxide after a gelation.53, 54 Another way of incorporating nanoparticles 

is to anchor those with modified silane.55 

 

Enzyme immobilization  

The immobilization of enzymes is really an engineering process. It makes easy to reuse 

them, to activate them on a reactor and separate a product from enzymes. However, it also 

can reduce an activity, due to diffusion issues, reactor design and additional cost. The enzyme 

immobilization is classified by the mode of enzyme attachment on a matrix. Covalent 

binding, entrapment, microencapsulation and cross linking are four major classifications of 

attachment modes. As a consequence of these immobilization methods, some properties of 
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enzymes are affected such as catalytic ability or thermal stability.  

 

Figure 1. 8. The methods of immobilization of enzymes.56 
 

Depending on the enzyme attachment, it also can be classified by bonding between the 

support structure and the enzyme. Adsorption, ionic, affinity and metal bonding are most 

common bonding forces between matrix and enzyme. 

 

Figure 1. 9. The attachment methods between matrix and enzyme.56 
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Selection of support is the main issue in enzyme immobilization. Support can be provided by 

organic materials (polyacrylate, polyacrylaminde, vinyl, etc.) and inorganic materials (silica, 

controlled pore metal oxide, etc.). Desired properties of support material should be 

hydrophilic, biocompatible and physical resistance. Usually high porous material is used for 

high loading and good protection from the environment.  

 

Driving force of self assembly 
 

There are several forces affecting molecules, including van der Waals, electrostatic, steric, 

depletion, hydrophobic or solvation forces.57, 58 Repulsive or attractive forces can be applied 

to particles by these forces. The van der Waals, electrostatic and solvation forces are 

dominant inducing forces for self-assembly on particles. The van der Waals force is an 

interaction by dielectric susceptibility. It is a very short range force and an attractive force on 

bodies.  The electrostatic force is induced by surface changes. It can be a repulsive or an 

attractive force and its scales diminish by the square of the distance.  The solvation force is 

another short range force. It is induced by solvent molecules on interfaces of particles at a 

short separation distance. The amount of force is similar to that of the Van der Waals force. 

This solvation force can be an attractive or repulsive interaction force according to its 

solvophilic or solvophobic (hydrophilic or hydrophobic) interaction characteristics with 

solvent.58 If a total force is balanced or positive then, particles are suspended in a solution, 

but if this net force is negative then, particles will start to assemble. The van der Waals force 

is almost impossible to manipulate. However electrostatic and solvation forces can be easily 
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changed by external manipulation or the environment to become either attractive or repulsive. 

Therefore, these force relationships are major factors for self assembly. 

 

Cyclic voltammetry 

Introduction 

Cyclic voltammetry (CV) allow us to see how electron transfer and the related chemical 

reactions. A potentiostat allows for the induction of oxidation and for the reduction of 

chemical species. These CV results provide information among other physical and chemical 

processes.  CV curves are based on a fundamental equilibrium relationship between an 

electrodes and solutions. When an electrode potential is changed, this induces electron 

transfer between an electrode and a solution. The CV curve is plotted by a current versus a 

varying potential at a certain scanning speed. 

  

The cyclic voltammetic cell 

There are three electrodes in a CV system (Figure1.8). A working electrode (WE) is a 

place where electrical currents pass through a counter electrode. Electrochemical reactions 

happen on this electrode. A counter electrode (auxiliary electrode, AE) exists to maintain an 

electron transfer passing through a solution toward a working electrode. A reference 

electrode (RE) exists on a three electrode system to maintain a potential between a working 

electrode and a measured solution. According to the direction of sweeping voltage, different 

reactions happen on the working electrode. 
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Forward direction: Oxidation + electron → Reduction 

Backward direction: Reduction – electron → Oxidation 

 

 

Figure 1. 10. The schematic of a three electrode electrochemical system. 59 
 

 

A reference electrode maintains constant potential. A counter electrode is usually made of 

inert materials like platinum or gold and used to complete a circuit in a cell. A working 

electrode provides a place where reaction occurs.  
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Figure 1. 11. The circuit diagram inside of the potentiostat. 42 
 

There are two circuit systems used to construct a potentiostat. The first circuit is a voltage 

follower and the second circuit is a current-voltage (I-V) inverter. (Figure1.9) A voltage 

follower circuit allows an electrode to keep voltage without allowing any current through an 

amplifier. Through this circuit, voltage between a working and reference electrode is 

maintained at a constant level without current. The next circuit is an I-V converter. Current 

on a cell is converted into voltage using this circuit configuration. The voltage between 

reference and counter electrode is measured when a cell voltage on a working electrode and a 

counter electrode is changed inside the cell.  

 

Solvents  

There are several factors to be considered about a solvent. Conductivity, solubility and rea

ctivity are those factors.60  A solvent also has some unwanted effects but these effects can be

 minimized when proper selection of solvent has been made. There are some physical and ch
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emical factors considered. A dielectric property indicates solvent polarity and solubilizing po

wer.60 An acceptor and donor number indicate solvent involvement ability in electron pair int

eractions.  

 

Electrolyte 

An electrolyte is used to minimize migration and double layer effect by increasing 

conductivity on a solution.60 However, the choice of electrolyte is determined by solvents and 

chemical species used for CV measurement. These electrolytes should be soluble and have 

no reactivity with any other chemical species in a cell. 

 

Working electrode 

 A working electrode is a place where electrons are transferred in or out from active species 

in a cell. The common materials for a working electrode (WE) are non-reactive conducting 

materials such as platinum, glassy carbon, gold and silver or sometimes mercury droplet.  A 

small electrode area is preferred to reduce such negative effects as capacitive charging and IR 

drop effect.60 

 

Reference electrode (RE) 

 Ag/AgCl and the calomel electrode are commonly used as reference electrodes. In the case 

of a non aqueous system, Ag/Ag+ electrode is also used. Whenever a reference electrode is 

used for the first time, the calibration must be accomplished by known chemical species. 
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Table 1. 3. The different types of reference electrodes and characteristics. 

The Normal Hydrogen Electrode  

(NHE) 

2H+ + 2e- ↔ H2  ( Eo= 0.0V ) 

Impractical because of H2 gas  

The Saturated Calomel Electrode  

(SCE) 

 

Hg2Cl2 + 2e- ↔ 2Hg + 2Cl- ( Eo= 0.24V )

Used for many decades. 

Silver / Silver Chloride electrode 

 

AgCl + e- ↔ Ag + Cl- ( Eo = 0.22V )  

Non toxic, easily made, reliable. 

Pseudo-References 

 

Pt, Ag wire (inert) 

No solution contamination, but the 

potential vary little bit with condition 

which also predictable. 

 

Counter electrode 

The material of counter electrode usually used is platinum or graphite. 

 

Potential window 

The potential range for solvent, electrolyte and a working electrode is limited when it 

begins to produce side-effect reactions. If this happens inside a cell system then, signals will 

come from this reaction in addition to the original current signal. This will obscure 

measurements. In the case of water as a solvent on a cell solution, two reactions below 
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provide the primary limiting range for measurement.  

2H2O → 2H+ + O2(g) + 4e- 

2H2O + 2e- → H2 + 2OH- 

Collecting preliminary background data using an electrolyte and a solvent make the testing 

system safe before collecting any data. Comparison also can be made with electro active 

materials in the cell quantitatively.  

 

Figure 1. 12. Potential window range with different electrolyte and working electrode 

types.59 

 

The cyclic voltammetry system60, 61 

A simple configuration of the cyclic voltammetry system is oxidation or reduction of one 

electron transfer from one chemical species in the system. When a working electrode sweeps 
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potential, chemical species oxidize or reduce themselves consistent with the Nernest equation. 

These electron transfers are shown as current on a CV graph according to potential changes 

on a working electrode. Cathodic or Anodic current is shown by reduction (oxidation) 

process of species.  The effective distance of oxidation (reduction) concentration is decided 

by the square root of double diffusion length multiplied by time. 

DtX d 2=  

The reaction of voltammetric system at the electrode surface depends on mass transport. 

When a chemical species reaches an electrode and then, oxidizes or reduces itself, an 

electronic signal can be detected. This mass transport is described by three phenomena. The 

first is migration, the second, diffusion and the last is convection.  

The migration is the movement of charged particles under an electric field. This effect is 

undesirable in a system and can be neutralized by increasing the amount of supporting 

electrolytes. The diffusion effect shows a movement in the concentration gradient of 

electrochemical reaction species on an electrode surface. This effect is described by Fick’s 

law. This is the most frequent effect on the voltammetric system. The electrode also has 

several kinetic factors like temperature or material characteristics affecting electron transfer.  

 

The Randles-Sevcik equation 

The equation is based on Gibb’s free energy and electromotive force of chemical 

systems.62 
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Through the previously cited Nernest equation, the Randles-Sevcik equation can be induced. 

It can be accomplished by considering time dependant changes of the concentration and 

energy relationship.61 

( )
( ) ( )

( )
( ) ( )⎥⎦

⎤
⎢⎣
⎡ −−=

−=+=

'

'

exp
,0
,0

,
,0
,0

o
i

R

o

i
R

oo

EtE
nF
RT

tC
tC

tEtE
tC
tCIn

nF
RTEE

ν

ν
 

( ) ( )tDnFACi oo σχσπ 2/1*=  

( ) 2/1*2/12/35

2/1*2/12/3
2/13

1069.2

04463

ν

ν

oop

oop

CADni

CADn
RT
Fi

×=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

 

n : number of electrons 

v : scan rate (V / sec),  

F : Faraday’s constant (96485 C / mol) 

A : Electrode area (cm2) 

R : the universal gas constant (8.314 J / mol K)  

T : the absolute temperature (K)  

D: the diffusion coefficient (cm2/sec).  
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This Randles-Sevcik equation gives unique current-voltage graphs though a potentiostat. 

Therefore a general relationship of graphs shows a linear relation to current and square root 

of the scanning speed. 

vI p α  

The experimental data can be analyzed using the maximum potential and defined current on 

Figure1.13. Potential is defined by a midpoint of oxidation and reduction potential.  The 

current of each point will be matched if a reaction is reversible. One electron transfer reaction 

is usually a 59 mV difference in potential at room temperature. 

 

 

Figure 1. 13. The definitions of maximum potential and current position. 
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Electrode kinetics 

Real electron transfer reaction at the surface of an electrode may not be fast enough to 

achieve equilibrium. Heterogeneous electron transfer happens at the electrode. 
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The rate constant of k1, k-1 is the basic theory for electrochemical reaction. The transition 

state diagram(TSD) shows the potential changes on the electrode though the reaction. 

 

 

Figure 1. 14. Transition state diagram at different electrode potentials. 
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The Butler-Volmer equation 

The free energy of reactants is changed without overall reaction changes in an 

electrochemical reaction. This is described by the Butler-Volmer equation deduced from 

previous electron kinetic equations. 
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The transfer coefficient α is generally described by characteristics of the transition state. If 

the values are less than 0.5 then it is considered as a product like state, on the contrary, a 

value larger than 0.5 shows a reactant like transition state. 

 

Electrochemical reversibility 

The scanning rate is a limiting parameter for the Nernst equation. If the scanning speed is 

fast, the Nernsitan condition is no longer satisfied. If scanning speed is slow, this makes 

electrolytes move quickly through a diffusion process. This will soon compete with the 

oxidation and reduction process of electrolyte on the surface of an electrode. If this condition 

cannot follow scanning speed, then potential will change to a negative state (reduction) or to 

a positive state (oxidation).  
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The simulation of electrochemical experiment by the discretized diffusion equation 

Simulation is useful when the study is either in a preliminary state with any possible 

mechanism or confirmative state to match experimentally. Modular structure based on 

electron transfer between electrode and chemical species is used for a simulation. Therefore, 

this simulation is based on a linear diffusion and chemical kinetics relationship with 

additional non-ideal factors such as IR drop and capacitance.  

 

Figure 1. 15. The illustration of the electrode process.60 

The electrochemical reaction in the electrolyte solution on the electrode surface involves 

several processes. The electrode kinetics on the surface of the electrode are related to the 

Butler-Volmer equation. The diffusion of electrolyte species is related to Fick’s law. The 

simulation of complete process is accomplished by the explicit finite differences (EFD) 
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method. First, Fick’s second law equation is generalized by the first and second order 

chemical reaction. 
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qC : Concentration of species q. 

2,1qC : Concentrations of the first and second species for the nth solution chemical reaction. 

 

The concentration near the electrode is dominated by the Butler-Volmer equation and the 

concentration far from the electrode will be the same as the bulk solution. Then, these two 

concentrations are the boundary condition for the equation.  

 

 

The right side of term can be expanded by Taylor series approximation by distance on 

diffusion equation. 
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Figure 1. 16. Time and space grid for concentration.60 
 

Combing expanded terms through previous Fick’s law equation expansion, 
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When the boundary conditions are considered, the equation is shown below. 
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An expanding space grid was used because time grid expansion causes problems on chemical 

kinetics. There are two boundary conditions. The space is doubles in every fourth grid point 

and the potential near the electrode determines concentration, otherwise the initial 

concentration remains the same at an infinite distance from the electrode. The behavior of 
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species movement on the electrode surface is based on Butler-Volmer equation and diffusion. 

The Butler-Volmer equation is further corrected by IR drop as well. The correction method 

of IR drop term is done with the experimental result of the current and resistance.  
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The general solution chemical reaction kinetics is deduced as below. 
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The current and potential relationship are related to the concentration changes through space 

and time and previous equations simulate the electrochemical reaction.   

 

FaradayMP potentiostat 

 

Figure 1. 17. The photograph of FaradayMP potentiostat. 
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The specification of the potentiostat used on the experiment is listed at the below. Three 

electrodes cell with reference of silver/silver chloride is connected for the measurement  

 

Table 1. 4. The specification of potentiostat (FaradayMP). 
 

Electrode Drivers Counterelectrode 

compliance voltage 

±13 V 

Output current ±60 mA 

Bandwidth 10 kHz 

Slew rate 30 V/ms 

Working to reference ±3 V 

Signal to noise ratio 72 dB 

Electrometer Input impedance 1015 W 

Input current 200 fA (max) 

Bandwidth 1 MHz 

Signal to noise ratio 80 dB 

Full scale ranges 8 decades from ±10 nA  

to ±100 mA 

Current Measurement Resolution (16 bits) 0.3 pA to 1.5 nA per bit
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Chapter 2 

 

Building the Modified Electrochemical-cell with Performance Tests 

 

 

  



 

 

46 

Abstract 
 

A common cyclic voltammetry (CV) cell consists of a three electrode system (working, 

counter and reference electrodes). This kind of cell is bulky and uses a large amount of 

solution to process a measurement. The major limiting factor of the cell size is its reference 

electode. It is highly convenient to manufacture a new electrochemical cell which allows us 

to measure reactions of the chemical species with a small amount of solution.  It is also easy 

to include a reference electrode in its manufacture. There are some solid type reference 

electrodes already developed, but here we simply mix a chloride solution into an electrolyte 

solution and create the silver/ silver chloride reference electrode by dipping silver wire into 

the cell. This simplified cell is tested using the potentiostat and compared with a simulation 

method to validate the system. 
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Introduction 
 

Cyclic voltammetry is one of the basic measurement techniques for electrochemistry. The 

potentiostat provides a potential difference compared with a reference electrode and varies 

the potentials of the working electrode which allows for oxidation and reduction of ionic 

species in the electrolyte. These potential changes give basic electrochemical information. 

The three electrode cell is usually utilized for measurement. This conventional cell is bulky 

because of the size of the reference electrode. For example, silver/silver chloride is a 

common reference electrode. This electrode, usually made of porous glass, contains silver 

wire and potassium chloride (KCl) solution which only allows ions to transfer and maintain 

reference potentials. A similar electrochemical setup can also be established without 

complicated setup. The function of the electrolyte and reference reaction can be combined. 

This configuration makes the system simple and compact in size. 

 

Experimental methods 
 

This cell has a cylindrical solution reservoir in the middle allowing an electrochemical 

solution around 100 microliter made with Polydimethylsiloxane (PDMS). A platinum coated 

silicon wafer is attached to the back side, silver wire is inserted into the middle of the 

reservoir and the top is covered with a working electrode (figure2.1). The cell is easily 

prepared by assembling top and bottom (working and counter) electrodes between the 

cylindrical hole on the PDMS cell and center reference electrode. The difference in this 

configuration is the reference electrode. The most common type is the silver/silver chloride 
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Simulation condition 
 

The ‘Electrochemical Simulation Package (ESP ver.2.4)’1 program is used to simulate the 

ferricyanide reaction. This program is based on expanding space grid and Runge-Kutta 

integration which was introduced on CVSIM2 to calculate the current versus the voltage 

changes. The condition for the simulation is listed in the below (figure2.2). The simulation 

parameters are established for one reaction with one electron transfer at 0.12V with scanning 

speed 7mV/s.  

 

Figure 2. 2. The parameters used in the simulation program.  
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Results and discussion 
 

The complete scanning results overlapped with simulation a result is shown in the figure 

below (figure2.3). This simple PDMS cell works like any other CV system. When the 

experimental data overlaps the simulated CV graph, the graphs are almost identical.  
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Figure 2. 3. Scanning 1 mM of Fe(CN)6

3- / Fe(CN)6
4- with 7 mV/s. (The condition of 

simulated CV is k=0.044, e=0.12, a=0.5 with 7mV/s )  
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Table 2. 1. The current and potential points shown on cyclic voltammetry by modified 

electrochemical cell.   

 Reduction Oxidation  

Peak current 1.105 1.017 Ire /  Iox = 1.087 

Maximum peak potential 0.154 0.084 Vre - Vox = 0.070 

 
The maximum peak current of oxidation and reduction ratio on experimental data is 1.087 

which is nearly 1, the theoretical number (table2.1). This also means that this is a reversible 

reaction at the given scanning speed (7mV/s). The potential difference of those peak 

positions is 70mV. The ideal number is 56.5/n mV (where, n is the number of transferred 

electrons at each reaction. In this experiment, the n is 1 and peak separation is 56.5mV ), but 

the range of 60~70mV is also considered a reversible electron transfer.1, 3 These results also 

show that the scanning results of this cell approach ideal performance. 

Since the reference electrode design has been changed, the electrode needs a calibration at 

this configuration. The electrode potential of ferricyanide/ ferrocyanide in aqueous solutions 

versus NHE is listed below.3 

Fe(CN)6
3- + e-  ⇋  Fe(CN)6

4-    (0.36V) 

When simulation result was generated, the best fit resulted when the reference potential was 

0.24V.  According to the standard electrode reaction, silver /silver chloride reaction 

potential varies with the condition of salt. When KCl concentration is 0.1M, the reaction 

potential is 0.288V (vs. NHE). If concentration is saturated, the potential becomes 0.197V. 

The salt also causes changes. The solution of NaCl(3M) causes the potential to become 
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0.194V.4 This reference configuration indicates the standard potential for this particular 

reference electrode is 0.24V with 1x PBS buffer. Similar results also found with an Ag/AgCl 

reference electrode on Fe(CN)6
3-/4- at 0.25V.5 This shows our configuration of reference 

design is still valid. 
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Figure 2. 4. The current and root square scanning speed relation. 
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Another set of scanning is done with different speeds of 7, 25, 50, 100 and 200 mV/s to 

match with theoretical prediction and graph (figure2.4) shows a linear relationship with 

current and root square of scanning speed. 
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Conclusion 
 

This simple design CV cell tested with standard Fe(CN)6
3-/4-reaction to check its 

performance. The reference electrode potential turned out to be at 0.24V at this Ag/AgCl 

configuration by comparing with simulation data. Other experimental data shows that this is 

a reversible reaction and one electron transfer reaction and current vs. the root square of 

scanning speed relationship also shows an ideal linear relation. Throughout these tests we 

demonstrate that this new cell has a very simple structure which makes it easy to handle and 

fabricate and it works as well as other general types of CV cells. 
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Abstract 
 

We report a rapid and spontaneous metallization process associated with sol-gel reaction of 

aminosilane that can be utilized to synthesize silver embedded silica nanocomposite without 

involving additional reducing agents. The reduction reaction induced by bis[3-

(trimethoxysilyl)propyl]ethylenediamine (enTMOS) involves amine functional moieties, 

which drive the reduction reaction with presence of water. Cyclic voltammetry was used to 

investigate the relations between the redox potential of enTMOS and its relation to chemical 

environment. It was found that the oxidation potential of enTMOS depending on the amount 

of water (water:enTMOS (v/v) = 8:1 ~ 0:1) ranges from 0.48 to 0.68 V vs. Ag/AgCl electrode 

in methanol. The oxidation potential of aminosilane decreases with water content and 

becomes more negative than that of Ag, suggesting the aminosilane acts as a silver reducing 

agent while acting as a matrix to encapsulate silver nanoparticles after reacting with water. 

This process has been utilized to produce evenly dispersed silver nanoparticles with sizes 

ranging from 5 ~ 20 nm in both liquid and solid forms of aminosilane, allowing us to prepare 

silver nanoparticles doped silica nanocomposite that exhibits enhanced electrochemical 

properties. 
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Introduction 
 

Sol-gel based nanocomposites containing metallic nanoparticles have attracted much 

interest because of their applications in optics,1, 2 heterogenerous catalysis,3, 4 chemical 

sensors,5 and fuel cells electrode applications.6 The hydrolysis and condensation reactions 

involved in silica precursor (e.g. tetramethylorthosilicate) can be controlled at a mild and 

biocompatible condition,7 therefore it has been utilized to encapsulate protein for bio-

mimetic applications.8, 9 In the effort to produce sol-gel based nanocomposites with improved 

electrochemical properties and electric conductivity for biofuel cell and biosensing 

applications, there are three methods currently available. The most common approach is to 

induce gelation reaction in the presence of metallic nanoparticles followed by immobilization 

of nanoparticles in the porous matrix.10, 11 Inclusion occurs in the matrix due to size of 

nanoparticles. To meet the percolation threshold for electron transfer in electrochemical 

applications, it usually requires high concentration of nanoparticles and capping agents 

during the preparation step. The second method is to perform direct metallization after the 

formation of porous matrix. In most situations, however, reducing agents or the reactants 

have to be introduced, which usually causes unevenly distribution as reported by the 

literature.12 The third method utilized direct immobilization of metal ions on functionalized 

silane followed by chemical reduction13, thermal treatment14 or radiation15. Alternative 

method such as co-depositing metallic sol-gel nanocomposite by electrochemical method has 

also been demonstrated.16 The silane chemicals involved in sol-gel reactions themselves are 

also reductive. For examples, the sol-gel reaction of tetramethylorthosilicate has been 
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reported to generate radicals and induce reduction reaction of silver;17 Methanol due to its 

reductive nature is also a possible reducing agent.18 Recently, spontaneous reduction of silver 

with single reducing agent source have been the focus of the study due to their relatively 

simple and straight forward procedure.19, 20 Among various reducing functional groups, 

amine groups are electrochemically oxidizable with very positive oxidation potentials 

between 0.8 ~ 1.0 V vs. normal hydrogen electrode (NHE), which has been utilized to reduce 

gold (III) ions into gold nanoparticles.21, 22 The oxidation potential, however, is considered 

too high to reduce silver ions. In literatures, it has been reported that reduction of silver only 

occur at high concentration of amine such as high molecular weight Polyethyleneimine 

(PEI).23, 24 In search for a method to produce an electrochemically active silica material that 

combines sol-gel and reduction reactions into one single step, we report a metallization 

method that is accompanied by polymerization of silane that contains secondary amine 

functional groups through sol-gel agglomeration of silica colloids in the presence of water. 

Here, bis[3-(trimethoxysilyl)propyl]ethylenediamine (enTMOS)25, 26 was utilized as a silica 

precursor and to serve as the reducing agent. Since both sol-gel and reduction reactions occur 

simultaneously, this process can be utilized to create evenly distributed silver nanoparticles 

suspension. In addition, metallization process can also be performed on previously 

polymerized aminosilica film to generate highly populated and densely packed nanoparticles 

network. Furthermore, electrochemical activity of aminosilane under the influence of water 

was examined to determine the relations between metallization and its reaction condition.  
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Experimental methods 
 
Reagents. All chemicals including enTMOS, silver nitrate were purchased from Aldrich 

Chemical Co., and used as received. Unless it is stated otherwise, stock solutions were 

prepared in ACS grade methanol. Water was purified to Type I using a Milli-Q Biocel system 

with an additional three-cartridge DI system. 

 

Ag nanoparticles sol and Ag nanoparticles doped gel. Silver nanoparticles sol and silver 

nanoparticles doped silica gel were synthesized as follows. First method (solution synthesis 

method) involves mixing 0.1 M enTMOS and 0.1 M AgNO3 solutions at a desired mole ratio. 

The mixture slowly turned to pink, orange, and then deep ruby color, indicating formation of 

silver nanoparticles. The silver nanoparticle sol can be further solidified by mixing with 

appropriate amount of water and followed by evaporation of solvent. 

Second method (impregnation method) involves gelation of 0.1 M enTMOS solution 

followed by silver impregnation in 0.1 M AgNO3 solution. In general, an enTMOS stock 

solution was initially added with appropriate amount of water to induce gelation within 5 ~ 

10 minutes of mixing. Here, DI water is able to drive the sol-gel reaction of enTMOS without 

involving acid or base conditions. The resulted solid was a transparent yellow gel. Later 

silver impregnation was performed by immersing gel directly into a 0.1 M AgNO3 solution 

for 2 ~ 3 days to allow silver reduction to occur.  
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UV-VIS kinetics study. UV-VIS spectroscopy was performed on Varian Cary 100 

spectrophotometer equipped with dual beam chamber, where sample solutions containing 1:1 

mole ratio of silver and aminosilane were measured each time. For each reaction solution 

with desired water to enTMOS volume ratio, a 2 mL of reaction solution containing 13 mM 

enTMOS was prepared by mixing enTMOS, DI water, and silver nitrate stock solution. To 

avoid light scattering caused by silica colloids and silver aggregates, each time 10 μL of 

reaction solution was added to a cuvette containing 1 mL of fresh methanol and its 

absorbance was measured. Kinetics of silver nanoparticles synthesis were plotted by 

monitoring the maximum absorption peak between 430~460 nm.27 Absolute absorbance was 

obtained by calibrating spectrophotometer to both 100% and 0% transmittance. 

 

 

Figure 3. 1. (a) Photo of self-built polydimethylsiloxane (PDMS) electrochemical cell. The 

graphite working electrode was detached for clarity. (b) Layout of the same electrochemical 

cell illustrates its sandwich structure that consists of working, reference, and counter 

electrode. 



 

 

61 

Electrochemical cell setup. Cyclic voltammetry (CV) was performed with self-built single 

chamber of polydimethylsiloxane (PDMS) liquid flow cells that consist of a graphite carbon 

(working electrode, 2.6 mm in diameter embedded in epoxy resin), a platinum coated wafer 

(counter electrode) and a silver pseudo-reference electrode (Figure 3.1a). The working and 

counter electrodes were mounted on both side of a liquid chamber (5 mm in diameter and 5 

mm in height) to form a sandwiched device (Figure 3.1b). A silver wire deposited with AgCl 

was used as the reference electrode and maintained inside the liquid chamber. The Faraday 

MP potentiostat (Obbligato Objectives Inc.) was used with the liquid cell to perform 

electrochemical measurement. The liquid cell typically holds 100 μL of liquid with two 

microfluidic channels connected to it, and allows us to perform rapid fluid exchange and 

flush. In general, a graphite working electrode was covered by a 1 mm-thick PDMS sheet 

that exposed the underlying surface to the solution through its 2 mm diameter hole. This 

PDMS sheet served as the adhesive layer to seal between the working electrode and the flow 

cell while allowing the potentiostat to access to analyte. Before assembling the working 

electrode, a drop of analyte solution was placed inside the hole of PDMS sheet, this was 

required to maintain liquid on the film and reduce the chance of trapping bubbles during the 

assembling and disassembling of the electrochemical cell (EC cell). Either new or freshly 

polished graphite electrodes were used each time when CV was performed in order to avoid 

the continual deposition of aminosilane. 
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Cyclic voltammogram of aminosilane solution. In general, methanol solutions containing 

0.4 M of aminosilane were used to study its electrochemistry with 0.1 M sodium chloride as 

electrolyte. Here, 0.4 M of enTMOS, when reacting with water, exhibits reason gelation time 

frame during CV measurement and allows us to monitor the effects of gelation on 

electrochemical properties. For the following procedures, each experiment was repeated three 

times, and each time, a new three-electrode EC cell with clean carbon electrode was 

fabricated and used. For all CV measurements, enTMOS was prepared by mixed with 

appropriate amount of water, and the solution was immediately transferred to the liquid cell 

within a minute. CV was continuously cycled at 50 mV/s until solution turned into gel state, 

then the EC cell was disposed. For time dependent oxidation potential measurement, CV of 

0.4 M aminosilane solutions at 1:1 volume ratio (water : enTMOS) was carried out when 

each freshly prepared mixture had been reacted for 1, 3, 5, 7, 9, and 11 min, respectively. All 

oxidation potentials were obtained based on half-peak intensity on the voltammograms, and 

the average oxidation value of the three measurements was plotted for each condition with 

maximum and minimum values illustrated by the error bar. 

 

Cyclic voltammogram of aminosilica films. The graphite electrodes were polished, cleaned, 

and dried. Later, a 0.1 M of aminosilane solutions mixed with appropriate amount of water 

were spin cast at 2000 RPM for 1 min onto the surface of graphite electrodes. Then, the 

graphite electrode was assembled onto the electrochemical cell using 0.1 M NaCl methanol 

solution as electroylte. CV was scanned at 50 mV/s.  
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Transmission electron microscopy. Two different procedures were utilized to prepared 

TEM samples. First method prepared a silver sol by mixing equal volume of 0.1 M enTMOS 

and 0.1 M AgNO3 in a sealed container and allowed to react for an hour. The solution turned 

yellow within several minute and continued to become darker. The mixture was dropped onto 

a gold TEM grid (Electron Microscopy Sciences Inc.) followed by drying in the air. Second 

method was utilized to prepare impregnated samples. A gold TEM grid was dipped in a 0.1 

M of enTMOS solution to coat a layer of pure enTMOS film followed by drying in the air for 

5 min. Later, the TEM grid was immersed in 0.1 M AgNO3 stock solution for 60 min. After 

removing it from the solution, sample was rinsed with DI water then dried in the air. Images 

were taken on Philips CM12 (FEI Co.) transmission electron microscope with an accelerated 

voltage of 80 KV. High resolution TEM and electron beam diffraction images were taken on 

JEOL2100F microscope with an accelerated voltage at 200 KV. 

 

Powder X-ray diffraction. A sample containing silver nanoparticles was synthesized using 

the impregnation method. Gelation of enTMOS was carried out by adding water to a 0.8 M 

enTMOS stock solution at a 1:1 volume ratio. At this case, the gelation is rapidly induced 

because of high concentration of enTMOS. Once gelation was completed, the sample was 

immersed in a 0.1 M AgNO3 solution for 3 days, during which the sample turned into deep 

red color. The gel was retrieved, dried in the air, grinded into powder, and placed on the 

sample holder of a Philips X-ray automated powder diffractometer with a Cu target and a Ge 

postsample monochromater. 
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Results and discussion 
 

 

 

Figure 3. 2. (a) Photos of spontaneous reduction of silver after mixing AgNO3 and enTMOS 

stocks solution for 12 hours. (b) Photo of silver impregnated enTMOS gel that contains high 

concentration of Ag nanoparticles. This reaction was performed by treating an enTMOS gel 

in AgNO3 solution for two days. 

 

Samples synthesized through solution synthesis and impregnation methods as described in 

the experimental section are shown in Figure 3.2. The silver nanoparticles solution was 

synthesized by directly mixing AgNO3 and enTMOS stock solutions at 1:1 (Ag+ : enTMOS) 

mole ratio. The mixture slowly turned yellow, then gradually became brownish and deposited 

a silver metallic film on the wall of container within 24 hours (Figure 3.2a), which was 

similar to the spontaneous reductions reported by the literature.19, 28 Impregnated gel was 

obtained by immersing solid sample into silver nitrate solution. The reddish color indicates 

the presence of nanoparticles within sol-gel matrix (Figure 3.2b). A more stable silver sol can 

be prepared by mixing solutions at 1:4 mole ratio (Ag+ : enTMOS). A yellow and clear 

solution was obtained and no silver precipitation was observed in 24 hours. UV-VIS 
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spectroscopy of silver nanoparticles in the silver sol revealed the maximum absorption 

appears at 400 nm, corresponding to silver nanoparticles of 6 nm in diameter.27, 29, 30 The 

silver nanoparticles in aminosilane can be further spin cast on surfaces or solidified by slow 

evaporation of methanol. The resulted film did not bleach when immersing in either aqueous 

or organic solvents, indicating nanoparticles have been permanently immobilized in the 

matrix. Immobilization of nanoparticles was due to physical entrapment in silica matrix and 

chemical bonding between amine-silver complex. This is evidenced by a more stable silver 

sol when higher concentration of aminosilane such as 1:4 (Ag+ : enTMOS) was prepared, 

indicating aminosilane also acts as capping agent. In order to understand the spontaneous 

reduction of silver with aminosilane, cyclic voltammetry (CV) was utilized to examine the 

electrochemical property of aminosilane and its relations to chemical environment. CVs of 

enTMOS in the form of solution and thin film prepared by spin cast of 3:1 ratio (water : 

enTMOS, v/v) are shown in Figure 3.3. The CV measurements were performed in methanol. 

Here, methanol was chosen because it has been used as solvent to conduct synthesis of silver 

aminosilica nanocomposites. The observed voltage corresponding to the half-peak electrical 

current during the forward scan on the CV is identified to be the oxidation potentials of the 

secondary amines functional groups, whose value was measured vs. the Ag/AgCl quasi-

reference electrode. No reduction peaks were found at the reversed scan on all CVs, 

indicating the oxidation of amine is an irreversible reaction. The maximum current of 

oxidation peak were found to decrease with number of scan cycle due to possible deposition 

of aminosilane on the carbon electrode. This was made possible through formation of N–C 
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bond according to similar studies reported by the literature.31, 32  

 

Figure 3. 3. Cyclic voltammograms (CV) of polyethyleneimine (PEI) as well as enTMOS in 

the form of solution and thin film were measured in methanol solutions that contain 0.1M 

NaCl. CV of 0.1 M NaCl methanol solution without enTMOS is also included and shown as 

control. All potential values reported here are based on Ag quasi-reference electrode. 

 

The solution state of aminosilane was found to have the highest oxidation potential at 0.68 V 

(vs. Ag/AgCl electrode), while the aminosilane film exhibits a lower oxidation potential 

around 0.5 V due to various degree of polymerization that exists in the film. The lower 

potential value (more negative potential) indicates that it has a higher tendency to reduce 

silver ions, because it is more negative than the reduction potential of silver (0.58 V vs. 
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Ag/AgCl electrode). Compared with aminosilica film, CV of 1 M of polyethyleneimine (PEI, 

M.W. = 800) in anhydrous methanol as shown in figure 3.3 has an oxidation potential of ~ 

0.75 V, which is more positive than that of silver ion. CV of PEI and enTMOS anhydrous 

solutions appear to have very low redox current at the potential below 0.65 V, whereas the 

CV of enTMOS film exhibits higher current density. These results show unpolymerized 

aminosilane and low molecular weight polymer inherently exhibit relatively weak reducing 

power for silver ions, while the gel state of aminosilane was found to be able to drive the 

metal reduction. PEI shows the least activity and it is also consistent with the report why PEI 

does not normally reduce silver unless at very high concentration.23 Since sol-gel reaction of 

enTMOS is readily catalyzed by water, CV of aminosilane under the influence of water was 

investigated and the results show that the oxidation potential of aminosilane decreased with 

the amount of water (Figure 3.4). When volume ratio of water to aminosilane was 1:1, 

oxidation potential of aminosilane was 0.57 V. The minimum potential was 0.48 V when 

volume ratio increases to 8:1. All solutions measured here were later found become gels at 

the later stage of the experiment, indicating reaction conditions suitable for gel formation 

have been met. It was found that water not only promotes gelation of enTMOS, but it also 

lowers the oxidation potential of amine groups. Without the presence of aminosilane, 

methanol and water mixtures did not exhibit noticeable oxidation peaks below 1.0 V (data 

not shown). In contrast to polymerized aminosilane, different concentrations of aminosilane 

in anhydrous methanol solution do not significantly contribute to the shifting of potential 

either. Oxidation potential for aminosilane at 0.2, 0.4, and 0.6 M concentrations in anhydrous 
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methanol all show similar oxidation potential at 0.68 V except for increased peak current 

(data not shown). Similarly, silane such as tetramethylorthosilicate (TMOS), does not exhibit 

oxidation potential due to lack of oxidative functional groups, although it has been reported 

to generate oxygen radicals and showed limited reduction power during hydrolysis and 

condensation reactions.17 These results prove that the oxidation current originates from amine 

functional groups of enTMOS. In order to monitor how gelation process affects redox 

potential of enTMOS, time dependent CV was performed in the solution that contains 1:1 

water to enTMOS volume ratio (Figure 3.5). The results show that the oxidation potential 

decreased initially from 0.61 V down to 0.58 V within the first three minuets of mixing then 

remained stable around ~ 0.58 V. Afterwards, the solution generally solidified around 11 

minutes after the reaction. The oxidation potential, however, remained unchanged even after 

gel was formed. The value initially decreased due to the formation of silica colloids during 

the rapid hydrolysis and condensation of enTMOS in the presence of water. But it was found 

that further gelation of silica colloids did not affect the oxidation potential, which proves the 

chemical environment of amine groups in the colloidal state remain unchanged even after 

gelation. This is also consistent with the general conception that gelation is associated with 

interconnecting of silica colloids.33, 34 To further correlate oxidation potentials to the reaction 

rate of silver nanoparticles, we measured kinetics of silver reduction in enTMOS solutions 

with respective to various water volume. It was found that water content increases the 

reaction rate of silver reduction. This was confirmed by kinetics measurement in UV-VIS 

spectroscopy (Figure 3.6). A maximum rate of silver reduction was observed when the 



 

 

69 

volume ratio was 8:1 (water : aminosilane), while kinetics of silver reduction in an anhydrate 

enTMOS solution appeared to be the lowest. Both kinetics of silver nanoparticles synthesis 

and oxidation potential of enTMOS appear to be less optimal when volume ratio was 10:1, 

possibly due to dilution effect. We also found that the trace amount of water content in ACS 

grade methanol is enough to form the colloidal solution of enTMOS. These results suggest 

that it is possible to utilize aminosilane solution as a reducing agent and perform silver 

metallization, and the kinetics of metallization can be simply controlled through water 

contents. Our results also indicate that metallization process can be performed directly on a 

polymerized film since it contains enough localized water within the pores after gelation, 

which results in higher reduction rate. Furthermore, those aminosilica gel, once induced by 

water, can be utilized as a matrix to encapsulate silver nanoparticles because of the strong 

interactions between metal ions and amine functional groups.35, 36  
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Figure 3. 4. Oxidation potential of enTMOS in methanol solutions under various water to 

enTMOS volume ratios (x : 1, where x represents the volume ratio of water as shown on the 

X-axis). Potential value of enTMOS was found decreasing with water content. 

 

Figure 3. 5. Time dependent oxidation potential of enTMOS under 1:1 water to enTMOS 

ratio(v/v) in a methanol solution. Initial decrease of potential was observed followed by 

equilibrating at 0.58 V after 5 minutes of reaction. 
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Figure 3. 6. Time dependent UV-VIS absorbance at 400 ~ 460 nm of silver nitrate solutions 

under different enTMOS to water volume ratios. The kinetics of reduction reaction increases 

with water contents. Maximum kinetics appears on the sample that contains water : enTMOS 

~ 8:1 (v/v). 

 

The silver nanoparticles prepared in enTMOS using both solution synthesis and impregnation 

methods were further characterized using TEM. The average size of silver in enTMOS 

solution without adding water was determined to be 5 ~ 6 nm (Figure 3.7a). High resolution 

TEM image indicates each particle structure is crystalline structure with its structure 

identified to be silver packing structures through electron diffraction pattern (Figure 3.7a 

insets). In contrast, treating enTMOS film (gel state) with AgNO3 solution creates silver 

nanoparticles of larger sizes in addition to the 5~6 nm sizes. The size distribution of silver in 

impregnated gel appears to be bimodal distribution (one at 5 ~ 6, and the other at 10 ~ 15 nm, 
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Figure 3.7b), and it indicates the large size of nanoparticles might be due to the larger pore 

size of sol-gel matrix and considered porelimited particles. The small size of nanoparticles on 

the impregnated gel were produced from the environment within the matrix similar to the 

solution state of enTMOS. These two TEM images show that both enTMOS solution and 

enTMOS gel are able to reduce silver ions into silver nanoparticles while serving as an 

encapsulation matrix.  

 

Figure 3. 7. (a) TEM image of silver nanoparticles prepared in enTMOS solution. A 

uniformly distributed nanoparitcles of 3 ~ 20 nm in diameter was observed. The inset 

illustrates the electron diffraction patterns of a silver nanoparticle and shows its 
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polycrystalline structure. A high resolution TEM image is also inserted here to highlight 

silver lattice structures (scale bar is 5 nm long). 

 

 

Figure 3.8. (b) TEM image of silver nanoparticle impregnated enTMOS film. The sample 

was prepared by treating enTMOS film with AgNO3 solution, and the results were densely 

distribution of nanoparticles 

 

To identify the crystal structure of silver in the silver impregnated gel, the sample was further 

examined using XRD, and the results are shown on Figure 3.8. The XRD pattern indicates 
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the structure of particles embedded within the aminosilica colloid was indeed crystalline 

silver. The XRD peaks of crystalline silver were 38.14˚, 44.59˚, and 64.66˚, which 

corresponds to (111), (200) and (220), respectively37, 38. Broadening of the diffraction peaks 

result from limited lattice size and slight distortion of crystal lattice strucdtures within the 

nanoscale materials.39 The background diffraction pattern that results from enTMOS matrix 

itself appear as two broad peaks of equal intensity, where the broad peak around 20˚ ~ 30˚ is 

generally regarded as the spacing between silicon atoms of amorphous silica materials.40 

While the other broad band between 44 ~ 70˚ is not determined at this time. The decrease of 

oxidation potential with amount of water can be explained using the following mechanism. 

Oxidation of secondary amines generates aminium radical cations that quickly obtain 

hydrogen by reacting with residual water and become protonated.41, 42 The resulted hydroxyl 

radicals form hydrogen peroxide and may further decompose into water and oxygen. This 

indirect electrolysis of water with the presence of amines has also been mentioned.41 The 

decrease of oxidation potential of enTMOS in the presence of water is due to the 

combination of water and polymerization of aminosilane, which can be utilized to chemically 

reduce the silver ions into silver nanoparticles. Because water is present in the reaction, 

methanol was used as solvent to dilute enTMOS and slow down condensation reaction, as 

alcohol has been widely utilized to carry out the sol-gel reaction.43 Similar oxidation 

potential decrease on PEI was also observed from our studies when water amount was 

increased. However, silver reduction in PEI aqueous solution was significantly slower 

compared to enTMOS. This is possibly due to that locally populated amine groups induced 
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by the sol-gel reaction of aminosilane serve as nucleation sites for silver metallization. 

 

 

Figure 3. 8. Powder X-ray diffraction of a silver-impregnated enTMOS gel. Characteristic 

diffraction peaks that appear at 38.14˚, 44.59˚, and 64.66˚ can be identified as crystalline 

structures of silver. The inset is the X-ray powder diffraction of a pure enTMOS gel, which 

can be matched to the baseline of diffraction pattern of silver-impregnated enTMOS gel. 

 

Conclusion 
 

Aminosilane was found to undergo accelerated spontaneous reduction of silver when water 

was present in the system. Electrochemistry studies confirmed that water, in addition to 

catalyzing sol-gel reaction, lower the oxidation potential of secondary amine groups that 

serves as reducing agent for metallization. The oxidation potential of aminosilane solution 
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was found to have a more negative oxidation potential than that of silver ion after mixing 

with water, suggesting a spontaneous reduction of silver can occur. Both CV and kinetics 

studies identify that max spontaneous silver reduction occurs when aminosilane and water is 

~ 8:1 volume ratio. Time-dependent CV studies also show that colloidal and gel structures of 

aminosilane have similar oxidation potentials, suggesting that both solution synthesis and 

impregnation methods can be utilized as simple and effective methods to produce silver 

nanoparticles doped sol-gel materials. 
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Abstract  

Silver nanoparticle embedded aminosilica colloids synthesized via aminosilane-induced 

spontaneous reduction reaction exhibit selective adhesion properties on hydrophobic surfaces 

and have been utilized as a simple and one-step procedure to create patterned nanocomposite 

film with silver to aminosilica mole ratio at 0.9:1. Substrates that enable self-assembly of the 

colloids include silicon wafer, polydimethylsiloxane, and microscope slide, where patterns of 

hydrophilic surface were either created using oxygen plasma treatment or stamped with 

chemical ink using microcontact printing. Upon immersing substrates in a solution 

containing silver-aminosilica colloids, particles attach to hydrophobic surfaces and 

continuously self-assemble onto the deposited film, allowing us to fabricate nanocomposite 

patterns with controllable thickness (~ 200 nm).  
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Introduction 

Fabrication of nanocomposites1, 2 based on metallic nanoparticles with well-defined 

dimensions and structures is the important step toward utilization of their unique properties 

in sensors,3 electrodes,4 biosensors,5-7 and optical application.8-11 Among many patterning 

techniques12, the bottom-up approach such as self-assembly through controlled surface 

chemistry or geometries has been the focus of studies. The motive is that the ability to 

perform self-assembly processes within predefined area promises the arrangement of 

nanoscale building blocks with a nanometer precision on a large-scale surface. Since 

nanocomposites contain more than one component (e.g. silica matrix and metallic 

nanoparticles), fabrication and patterning of nanocomposites may involve more than one step. 

For example, patterning of silica film itself can be carried out by depositing silane chemical 

ink using microcontact printing,13, 14 nanoimprint,15 lift-off of sol-gel layer on microcontact 

printed monolayer,16 or laser pulse to create sol-gel structures.17 Formation of sol-gel layers 

can be achieved through self-assembly of surface-bound silane,18 or bio-inspired and solution 

deposition techniques.19, 20 Synthesis or immobilization of metallic nanoparticles in 

nanocomposite can be carried out using bio-inspired approaches,21, 22 synthesized through 

reductive hydride terminal groups,23 immobilized using polyelectrolytes,24 thermal 

treatment,25 radiation,26 or spontaneous reduction within silica matrix.27, 28 Fabrication of 

silica matrix that contains metallic nanoparticles can be performed after synthesis of 

nanoparticles, examples are direct nanoparticle encapsulation,29, 30 and self-assembly of silica 

coated nanoparticles.31, 32 Alternatively, formation of nanocomposites as a whole has also 
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aminosilica precursor, bis[3-(trimethoxysilyl)propyl]ethylenediamine (enTMOS),37 also 

known as an aminosilane. The amino groups of enTMOS serve as both reducing agents and 

silver ion coordinating sites, while at the same time undergo sol-gel reaction by reacting with 

water and form aminosilica colloids along with silver nanoparticles. (Figure 4.1b). Substrates 

that promote self-assembly of nanocomposites include silicon wafer, polydimethylsiloxane 

(PDMS), and microscope slide. Patterns of hydrophilic regions on the substrates were created 

using two soft-lithography techniques38, then the nanocomposite films were created by 

immersing the substrates into the colloidal solutions (Figure 4.2). We have found that silver 

embedded silica colloids when synthesized under 1:2 mole ratio (silver : aminosilane) exhibit 

optimal surface selectivity, and their self-assembly can be performed on patterned surfaces 

with resulting film thickness as the function of reaction time.  
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Figure 4. 2. Two procedures have been employed to produce modified surface on selective 

area prior to performing self-assembly in silver enTMOS sol. (a) First approach utilized a 

PDMS stamp and oxygen plasma to create patterns of treated surface on the substrate. (b) 

Second method used the PDMS stamp to print a layer of hydrophilic chemical ink through 

microcontact printing. Two procedures produced films of opposite patterns when the same 

PDMS stamp is used. 

 

Experimental methods 
 
Preparation of silver enTMOS sol.  All solvents used in the following experiments were 

ACS grade methanol and purchased from Aldrich Chemical Co. Aminosilane, bis[3-

(a) (b)
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(trimethoxysilyl)propyl]ethylenediamine (enTMOS), was purchased from Gelest Inc. In 

general, spontaneous reduction of silver was carried out by mixing 0.1 M silver nitrate and 

enTMOS stock solutions to result in silver sol suspension according to the previously 

described procedure.28 Here, methanol solutions containing 80 mM silver nitrate and 

enTMOS at a desired mole ratio were prepared at 25˚C in a controlled 45% humidity 

environment prior to the self-assembly experiment, and then the solutions were maintained in 

a sealed environment at all time to avoid solvent evaporation. Depending on the mole ratios, 

solutions started to change color within minutes of preparation and their completion time was 

monitored using UV-VIS spectroscopy.  

 

Substrate preparation.  Unless stated otherwise, deposition of silver-aminosilica colloids 

was performed on silicon wafers. All wafers were cleaned with acetone, sonicated in 

methanol bath for 10 min, and then rinsed with deionized water. Once the surface was dried 

under a stream of compressed air, each wafer was surface-treated to create patterns of 

monolayer using one of the following two methods. First method utilized oxygen plasma to 

create a layer of –OH terminal groups at the surface: A PDMS stamp with parallel strip 

patterns that were fabricated according to the procedure described in the literature39 was 

placed on top of the wafer, then the surface was plasma-treated for 3 minutes in a plasma 

cleaner (model PDC-001, Harrick Plasma). The PDMS stamp has open channels allowing 

plasma gas to diffuse through and react to uncovered area (Figure 4.2a). The plasma-treated 

surface became hydrophilic while the area covered by PDMS remained hydrophobic. Second 



 

 

89 

method utilized soft-lithography method38 to print a monolayer of chemical film on silicon 

surface. Here, the same PDMS stamp was immersed in a methanol solution containing 1 mM 

3-aminopropyltriethoxysilane (APTS), blow-dried, then pressed against the substrate to 

create a layer of chemical film (Figure 4.2b). Alternatively, the substrate with microcontact-

printed APTS patterns can be further treated in a methanol solution containing 1 mM 

(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (i.e. fluorosilane) for 5 min followed by 

rinsing with methanol and below drying. This procedure allows fluorosilane to be deposited 

on previously untreated area. Please note that all surface modification did not produce any 

visible pattern under any microscope. 

 

Self-assembly of silver-aminosilica colloids.  Individual surface-treated substrate was 

immersed into a microcentrifuge tube at room temperature that contains freshly prepared 

silver enTMOS sol. All substrates were placed vertically in the solution to avoid non-specific 

binding of precipitated particles and allowed to sit for desired period of time without 

disturbance. After desired reaction time was met, substrates were removed, washed, 

sonicated in methanol for 3 sec, and then blow-dried under stream of compressed air. 

 

Atomic Force Microscopy.  All AFM images were taken on Caliber atomic force 

microscope (Veeco Inc.) using silicon nanoprobe cantilevers as scanning probes. The 

noncontact scanning mode (acoustic tapping mode) was used for all measurements in order 

to avoid surface alteration during the scanning. The tapping amplitude of cantilever was 
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adjusted to 4.5 V prior to sample engagement. Images were measured at a voltage set point of 

2.8 V with a scan rate of 0.5 ~ 1 Hz. To avoid image distortion, scanning were carried out 

with active closed-loop on all X, Y, and Z axes. All images reported here are height mode and 

images were processed using 2D flattening and histogram optimization. To measure the film 

thickness, AFM images at the edge of self-assembled films were flattened to the silicon wafer 

substrate, the average height of the self-assembled film were calculated by subtracting the 

average height of wafer surface from that of film using roughness function under the surface 

analysis tool of SPM analysis software. 

 

SEM and TEM Characterization.  Scanning electron microscopy images were taken 

using Hitachi S3200 SEM. The silicon wafer coated with self-assembled film was imaged 

without sputtering additional metallic coating. The Oxford Isis energy dispersive X-ray 

spectrometer system attached on the SEM was used to identify the characteristic X-ray 

emission of elements at specific surface areas with an accelerated voltage at 10 kV.  

A gold TEM grid with lacey carbon film was immersed for 30 min in a silver-enTMOS sol 

containing a 1:2 mole ratio (Ag+:enTMOS). After removing from the solution, the sample 

was rinsed with methanol then dried in the air. The image was taken on JEOL 2000FX 

transmission electron microscope with an accelerated voltage of 200 kV. 
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Results and discussion 
 

The stability of silver nanoparticle embedded colloids synthesized through spontaneous 

reduction reaction28 were found dependent on the mole ratios of silver and aminosilane. A 

more stable silver sol was obtained when silver to enTMOS mole ratio was 1:3 ~ 1:4, 

whereas less concentrated enTMOS such as 1:1 ratio resulted in aggregates and deposited on 

the surface of the container (Supporting information, Figure 4S.1). The stable sol was a clear 

and light yellow solution that did not deposit at the container wall in 24 hours after mixing; 

on the contrary, solutions of 1:2 mole ratio turned deep brownish color and rapidly deposited 

a layer of silver coating on the container wall. Reaction kinetics were examined using UV-

VIS spectroscopy (Figure 4S.2), which shows the wavelength of peak absorbance for all 

solutions were 416 ~ 425 nm. Solutions exhibited blue shift to 410 ~ 412 nm 24 hours after 

the reaction, which indicates the silver nanoparticles of smaller size had been produced over 

time from 20 to 6 nm.40, 41 We found concentrated enTMOS solution (e.g. Ag+:enTMOS = 

1:3 and 1:4) did not accelerate the reduction reaction, which is due to the higher 

stoichiometric number of amino groups vs. silver ions that inhibits the formation of silver 

nanoparticles. Less concentrated enTMOS (Ag+:enTMOS = 2:1 and 3:1) means fewer 

reducing agents, but more unprotected silver nanoparticles result in formation of aggregates 

and precipitates. The combination of these two effects explains why mole ratio at 1:2 exhibits 

the maximum kinetics. 
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Figure 4. 3. (a) Photo of the self-assembled film on silicon wafer surface, where strip pattern 

of brownish substance (200 µm wide with a 100 µm spacing) was observed after immersing 

the wafer in a 1:2 solution (Ag+:enTMOS) for 24 hours. The surfaces that have been exposed 

to oxygen plasma were not covered by the film. AFM images (50 x 50 µm) at the edge of the 

film show selectivity of assembly on two surfaces after immersing in solutions for 24 hours 

that contain (b) 1:2, (c) 1:1, and (d) 3:1 mole ratios (Ag+:enTMOS). Optimal selectivity was 

observed when mole ratio was 1:2. 

  

(a) (b)

(c) (d)
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Figure 4. 4. (a ~ c) AFM images (50 x 50 µm) at the edge of self-assembled films 

synthesized under various reaction times. The height-profile maps across both treated and 

untreated regions reveal well-defined cut-off boundaries on all samples.  

(a) 
24 hours 

48 hours 

168 hours 

(b) 

(c) 
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 (d) Thickness of the film vs. reaction time shows the deposition can be continuously 

performed in solutions for 168 hours (7 days). The thickness of the film was measured at the 

boundary of self-assembled pattern by comparing the average height of both regions. 

 
Self-assembly experiments in solutions of various mole ratios were first carried out on 

silicon wafers, where area of strip pattern had been treated with oxygen plasma. Figure 4.3a 

shows the resulting film after immersing in a 1:2 ratio solution for 7 days. The area treated 

with oxygen plasma are not covered by the film. On the contrary, untreated area steadily 

grew a layer of brownish film. Selectivity of particle adhesion between treated and untreated 

surfaces was found critically dependent on the mole ratio of silver and enTMOS, which was 

revealed by examining the edge of the self-assembled film grown for 24 hours. In a 1:2 

solution, plasma treated surface showed little to no adsorption of particles while the untreated 

surfaces were completely covered by the film (Figure 4.3b). AFM images show that the film 

consists of particles with average diameter ~ 61 nm. When mole ratio was 1:1, the result 

(d) 
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showed poor selectivity as can be seen at the boundary of two surfaces (Figure 4.3c), where 

both surfaces were coated with a layer of particles. Solution of 3:1 ratio resulted in unstable 

colloids and a thin layer of particles were also observed on both regions (Figure 4.3d). 

Particle size at the deposited area is estimated to be 71 nm in diameter, which is larger than 

that in 1:2 solution. This is possibly due to fewer enTMOS in the solution acting as silver 

capping agent. These images show that the selectivity of nanocomposite colloids prepared by 

1:2 mole ratio solutions is optimal, while 1:1 solution does not exhibit acceptable selectivity. 

Therefore solution of 1:2 was chosen for the following self-assembly experiments.  

In addition to surface selectivity, silver-aminosilica colloids from 1:2 solution were also 

found to continuously self-assemble on the deposited film, forming a thicker layer. Figure 4.4 

shows the thickness of the deposited layer vs. reaction time. Thickness of the film in the 

same batch of the solution was 110 nm at 12 hours, 133 nm at 24 hours, 137 nm at 48 hours, 

then 209 nm at 168 hours. The estimated deposition rate was 5 nm/hour in the first 24 hours. 

These results prove that the resistance to surface adhesion remained effective for at least 7 

days after merely 3 min of plasma treatment. SEM images on the boundary of a self-

assembled film after growing for 24 hours are shown in figure 4.5a, where a protruded silver-

aminosilica composited layer is observed and the hydrophilic area area not covered by the 

film is. The film is composed of particles as shown on the AFM images but some particles 

appear to be brighter on the SEM image (Figure 4.5b). The energy dispersive X-ray 

spectroscopy (EDX) shows that the brighter particles contain higher silver contents (Figure 

4.5c). Spectrum indicates that Si, Ag and C elements are present in the composite film. Silver 
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and carbon mole ratio was determined to be ~ 0.33:1, which is equal to ~ 2.6:1 ratio of Ag 

and enTMOS. Particles that appear dark on SEM image are low in silver content (Figure 

4.5d), which is ~0.9:1 (Ag:enTMOS). Since two EDX spectra were taken under the same 

beam size, equal intensity of C signal indicates similar enTMOS amount in these two regions. 

The particles containing higher Ag amount are due to aggregation/fusion of silver 

nanoparticles. Silver nanoparticles in the low Ag region was also confirmed by the TEM 

studies (supporting information, Figure 4S.3). We have also examined the EDX spectra of 

nanocomposite films from solutions of different mole ratio and found that the ratio of 

nanocomposites are 0.8:1 ~ 0.9:1 with silver aggregates can be as high as 4:1 ~ 5.5:1 ratios. 

The composition of nanocomposite films is constant regardless of the mole ratio of the 

solutions, while more enTMOS such as 1:2 (Ag+:enTMOS) results in smaller size colloids 

with fewer large aggregates. Both TEM and EDX studies prove that the deposited layer is 

nanocomposite in nature, which contains silver nanoparticles within aminosilica layer.  

Two depositing mechanisms are proposed here: growth of silver-aminosilica colloids and 

self-assembly of colloids onto the deposited layer. The increase of colloidal size was 

identified using high resolution AFM, which reveals that the growth of individual particle at 

the surface is through the aggregation of smaller silver-aminosilica colloids as can be seen on 

Figure 4.6a ~ 6d. The average particle sizes of the self-assembled film on day 1 and day 2 are 

estimated to be 277 and 264 nm with primary particle size for day 1, 2, and 7 being 61, 70, 

and 22 nm, respectively. AFM image of the film after growing for 7 days also confirms that 

there exist smaller diameter colloids on the surface of film (Figure 4.6d). This is probably 
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due to the smaller size of silver nanoparticles being continuously produced at the later stage 

of the reaction. Considering the primary size of silver nanoparticles is around 6 ~ 20 nm as 

indicated on UV-VIS spectroscopy (Figure 4S.2) and TEM (Figure 4.1 and 4S.3), which is 

significantly smaller than that of the colloids, we speculate that silver nanoparticles at the 

surface of aminosilica colloids are critical in both substrate adhesion and self-assembly.  

 

 

 
Figure 4. 5. (a) SEM micrograph at the edge of silver-aminosilica nanocomposite film 

(thickness ~ 133 nm) that has been self-assembled on wafer surface for 24 hours in a 1:2 

methanol solution (Ag+:enTMOS). The area that is not covered by the film was previously 

(c) (d)

(a) (b)



 

 

98 

treated with oxygen plasma. (b) SEM image of the same film at 30,000x magnification. Film 

is composed of colloidal particles with some particles appear brighter on the image. Energy-

dispersive X-ray spectra (EDX) of (c) bright and (d) dark regions as indicated on SEM image 

show that the film contains both silver and carbon elements with brighter particles containing 

more silver content. 

 

 
 

Figure 4. 6. (a) AFM image (10 х 10 µm) of a self-assembled film fabricated in 1:2 solution 

for 24 hours. (b) High resolution AFM image (3 х 3 µm) shows that the film consists of large 

colloidal particles (diameter ~ 277 nm). (c) AFM image (10 х 10 µm) of a self-assembled 

(a) (b)

(c) (d)
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film that has been grown in solution for 7 days. (d) Surface of the film at 3 х 3 µm size 

reveals the surface consists of small diameter particles (diameter ~ 22 nm). 

 

This also explains why large silver aggregates appear on all SEM images. We also 

identified the controlled environment at minimum 45% humidity is necessary for preparing 

solutions that exhibit self-assembly property, because the colloidal structure of aminosilica is 

formed under this condition. Self-assembly of nanocomposite colloids on the existing film 

can be explained using Ostwald ripening.42 Growth of silver-aminosilica colloids are made 

possible with formation of Si–O–Si bond and fusion of silver nanoparticles at the colloidal 

surface, both of which in combination are also responsible for selective surface adhesion, 

increase of colloidal diameter, and growth of film thickness. In addition, unprotected silver 

nanoparticles once attach to surface or substrates are considered adhesive and prone to fusion 

as reported by the literatures,43-45 this is due to the presence of anisotropic cohesive force 

when only one side of the nanoparticle is bounded.46  

The surface selectivity is the result of balancing adhesion and repulsive forces between 

colloids and the substrate. Since aminosilane at lower concentration is not an effective 

capping agent for silver nanoparticles, uncapped silver nanoparticles tend to adhere to 

surfaces. As shown on Figure 4.3c, colloids produced from 1:1 solutions contain fewer 

aminosilica components, and therefore poor selectivity was observed. On the contrary, pure 

aminosilica colloids show poor adhesion to hydrophilic surfaces due to repulsive force 

between silanol terminated surfaces (Si–OH) and the solvent cushion layer at the hydrophilic 
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surfaces.47 Intrinsic positive charges on the surfaces of aminosilica colloids should also 

prevent aggregation of colloids, as it is evidenced by the zeta potential measurement of stable 

aminosilica colloids around ~ 30 mV. Therefore, colloids from the solutions containing high 

concentration of aminosilane (e.g. 1:3) exhibit slower deposition rate. We have also observed 

larger silver aggregates from solutions containing less concentrated aminosilane (Figure 

4S.4), indicating stronger silver aggregation. 

Selective self-assembly was further demonstrated on polydimethylsiloxane (PDMS) and 

microscope glass slide (Figure 4.7a~b). Patterns were created following the first method 

described in the experimental section. Both substrates were hydrophobic, which attracted 

colloids and formed a self-assembled layer. Similar result was also observed on silicon 

surface, where patterns of a monolayer of 3-aminopropyltriethoxysilane (APTS) were created 

using microcontact printing (Figure 4.7c). Photos show that the APTS coated areas on silicon 

wafer are not covered by the nanocomposite film, whereas the untreated surfaces are covered 

by a layer of the film. Selectivity of deposition was also confirmed on the APTS modified 

silicon wafer where previously unmodified areas had been surface-treated in a fluorosilane 

solution. Nanocomposite films in Figure 4.7d appear to be thicker and darker on fluorosilane 

treated area compared to the film grown on the unmodified surface area (Figure 4.7c), 

proving more hydrophobic surface exhibits enhanced adhesion property. Please note that the 

partial deposition of nanocomposite film on the APTS coated regions in figure 4.7d is due to 

the formation of fluorosilane monolayer at the defect sites of APTS monolayer that promoted 

adhesion of the colloids. These results also prove that selective self-assembly of silver-
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aminosilica nanocomposite can be controlled simply using surface hydrophobicity.  

Selectivity of self-assembly process at the nanometer scale was attempted on the silicon 

wafer where the dimensions of strip patterns and the size of silver-aminosilica colloids were 

at the same order of magnitude. A PDMS replicate stamp with parallel strip patterns was 

utilized to create parallel hydrophilic area with an individual width at 300 nm. Figure 4.8a 

illustrates that silver-aminosilica colloids arranged in parallel strips were successfully self-

assembled onto the unmodified areas of silicon wafer after immersing in solution for 24 

hours. Under high resolution AFM, it was also observed that strips of silver-aminosilica layer 

are composed of individual colloid (Figure 4.8b). AFM images show that the height of 

individual particle of the assembled strips is 40 ~ 45 nm high (Figure 4.8c), which is 

approximately equal to the average size of silver-aminosilica particles as previously 

discussed. SEM reveals that each strip consists of tightly packed particles on the surface 

(Figure 4.8d). Results indicate 300 nm wide hydrophobic area only attracts a monolayer of 

colloids. We observed that the maximum height of some strip can reached ~ 100 nm when 

large particles were on top of the strip pattern as shown in figure 4.8d, indicating self-

assembly of colloids also occurs through stacking to the existing nanocomposite strips.  
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Figure 4. 7. Self-assembly of nanocomposite colloids was performed on (a) PDMS, (b) 

microscope slide, and (c) 3-aminopropyltriethoxysilane (APTS) modified silicon wafer. Each 

of APTS strip pattern is 100 µm wide and separated by 200 µm spacing, where unmodified 

areas promote the deposition of nanocomposite. (d) Improved binding of colloids was 

observed when the silicon wafer was further treated in a fluorosilane solution after APTS 

pattern was created. 

(a) (b)

(c) (d)
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Figure 4. 8. (a) AFM image (50 x 50 µm) of self-assembled nanocomposite strips on silicon 

wafer (300 nm wide and 400 nm apart). (b) High resolution AFM image (3 x 3 µm) shows 

that the strips consist of colloidal particles. (c) Height profile of the strips shows the average 

height is ~ 50 nm. (d) SEM image of the nanocomposite strips at 18,000X magnification 

confirms that the individual strip consists of individual particles. 

 

 

 

(a) (b)

(c) (d)
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Conclusion 
 

Aminosilica colloids containing silver nanoparticles synthesized from solution of silver ion 

and aminosilane at 1:2 mole ratio were found to selectively adhere to hydrophobic surfaces 

and have been utilized to create 3-D nanocomposite structures on silicon wafer, PDMS, and 

microscope glass slide. Colloids do not bind to hydrophilic regions on the substrates but 

continuously self-assemble on the surface of existing film with an average growth rate at 5 

nm/hr within the first 24 hours. Successful demonstration of self-assembly of silver-

aminosilica colloids on nanoscale patterns suggests that it is possible to create large scale of 

nanocomposite sol-gel structures with feature size controllable at the nanometer scale. 
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Supporting Information  
 
1. Additional supporting figures on the script.  

 

 

Figure 4S. 1. Photos of centrifuge tubes that contain silver nitrate and enTMOS in methanol 

solutions 24 hours after mixing. The mole ratios of AgNO3 : enTMOS from left to right are 

1:4, 1:3, 1:2, 1:1, 2:1 and 3:1, respectively. When enTMOS is more than twice the 

concentration of silver such as those in 1:4 and 1:3 ratios, the colloids are more stable and do 

not deposit at the container wall. 
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Figure 4S. 2. (a) Kinetics of silver nanoparticle production in solutions that contain various 

mole ratios of AgNO3 and enTMOS. The maximum peak on the absorbance spectrum was 

plotted with time. Maximum kinetics was observed in the 1:2 solution, while 1:4 and 1:3 are 

the lowest. (b) Wavelength of the absorbance peak vs. time for solutions of various mole 

ratios. Peak wavelength decreases over time (blue shift) on all four solutions, indicating that 

small diameter silver particles were being produced. 



 

 

112 

 

Figure 4S. 3. TEM micrograph of a nanocomposite film on a hydrophobic TEM grid that has 

been self-assembled in a 1:2 solution (Ag+:enTMOS). The primary size of silver nanoparticle 

is 6 ~ 10 nm in diameter with some silver nanoparticles that are larger than 20 nm in diameter. 

Figure 4S. 4. SEM micrograms of self-assembled silver-silica nanocomposite film in a 

methanol solution containing AgNO3 and enTMOS =1:1 (80mM : 80mM) , 1:1.5 (80mM : 

120mM) 1:2 (80mM : 160mM) mole ratio. 



 

 

113 

2. Additional research on patterning of silver nanoparticles on hydrophobic surface. 

The additional test was performed fallowed by the previous patterning silver nanoparticles 

on surface treated silicon wafer. Pervious results showed that the mol ratio of 1:2 (enTMOS: 

silver nitride) made the best results on the patterning. Not only the silver and enTMOS mol 

ratio was the important but also, adding proper amount of water is also necessary to trigger 

the sol-gel reaction. Here we further investigate the relations with water versus enTMOS to 

monitor the relation with patterning. 

First, we tested with different mol ratio of enTMOS and water to check the sol-gel reaction. 

This will give us the time line and maximum mixture ratios of water contents on the system. 

The mole ratio of enTMOS and silver nitride was fixed with 1: 2 ratios all the time regardless 

water ratio in the system. The DI water was tested for 0.5, 1, 2, 4 and 8 times on gelation and 

patterning on silicon wafer. All of solutions are stayed in the state of solution for a few 

minutes, but some solution started to turn into gel when the reaction time reached at 1 hour 

except 0.5 and 1. The solution ratio of 1: 1 also turned into gel after 1 day later.   

 

Table 4S. 1. The time line to become a gel was tested with different mole ratio. 

enTMOS: DI 

(mole) 

Aging time 

(5min.) 

Aging time 

(1hour) 

Aging time 

(1day) 

1 : 0.5 solution solution solution 

1 : 1 solution solution turned into gel 

1 : 2 solution turned into gel turned into gel 

1 : 4 solution turned into gel turned into gel 

1 : 8 solution turned into gel turned into gel 
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Figure 4S. 5. The schematics of the analysis methods.  
 

The hydrophobic and hydrophilic surface area analyzed by the averaging the height. The 

patterned area and non-patterned area is compared.  

 

Table 4S. 2. The height data is compared after the patterning was formed on silicon wafer.  

enTMOS: DI 

(mole) 

Patterning 

height(nm) at 5min.

Patterning 

height(nm) at 1hour

Patterning 

height(nm) at 1day 

1 : 0.5 8.5(1.8) 113.8(30.7) 2.1(1.3) 

1 : 1 9.8(13.4) 31.5(24.9)  

1 : 2 33.8(-1.6)   

1 : 4 no patterning   

1 : 8 no patterning   

* The average height difference (a-a’). ( ) showed difference on each pattern (b-b’).  
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The reaction is waited for the given time and then patterning test was performed for 24hours 

in the solution. 

The O2 plasma treated on the silicon wafer covered by PDMS pattern. The silicon wafer 

was immerged after the reaction time on each mole ratio for 24hours. The patterning was 

compared each pitch height with low and high area and large scale of accuracy of pattern was 

examined by the averaging patterned area coved by the PDMS pattern with non-coved area. 

The results showed that the low contents of water make higher patterning on silicon wafer. 

More water involved in reaction showed that there was no more patterning ability shown on 

the results. Even 1:2 (enTMOS: DI) mole ratio showed that the patterning also happed on the 

other side of the area gave the negative number on height difference. The proper reaction 

time also required even same mole ratio was tried. The results did not showed the optimum 

condition for the patterning, but it showed the trends. The low DI water is necessary for the 

kinetic and patterning but it is less than 1 : 1 mole ratio. Otherwise, the whole solution will 

become a gel before the patterning happened. According to the test data given conditions, the 

1: 0.5 mole ratio with 1hour reaction time showed the best results. To getting a stable and 

controlled experiment on patterning silver nanoparticles, the water mole ratio control is 

necessary and proper reaction time is required. 
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Abstract 
 

The electrochemical properties of silver nanoparticle (d ~ 5 nm) synthesized within 

aminosilica film from spontaneous reduction reaction were examined using cyclic 

voltammetry and the results show that the nanocomposite film exhibits similar redox 

property as solution-synthesized silver nanoparticles when measuring in phosphate buffer 

solution and its redox potentials were found to be sensitive to the presence of chloride ions. It 

also shows that silver nanoparticles and hydrolyzed aminosilica increase the electron 

diffusivity of the aminosilica film. Both results confirm that an accurate reference electrode 

suitable for microfluidic devices can be created simply by treating an aminosilica-coated 

electrode with a silver nitrate solution. Furthermore, a humidity sensor based on silver-silica 

nanocomposite film has also been demonstrated. 
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Introduction 
 

The sol-gel materials have been widely used as an immobilization matrix to encapsulate 

variety of chemical species for optical, chemical, biochemical and energy applications1-3. 

One limit of these materials is their low electrical conductivity due to the intrinsic property of 

silica itself. To overcome this drawback, there have been increasing interests to create 

nanocomposite materials based on sol-gel method that contains metallic components. These 

two components silica and metal have to work together to exhibit the desired properties that 

can never be achieved by single component alone. 

Fabrication of metal-silica composite electrode has been reported using numerous 

methods4-6. However, the majority of the methods involve multiple steps due to the 

requirement of both reduction and immobilization of metallic nanoparticles7, 8. We have 

reported a simple and one step approach to synthesize aminosilica materials with 

immobilized silver nanoparticles distributed at a nanometer scale (nanocomposite)9. Here, we 

examine the electrochemical properties of the nanocomposite film produced from 

spontaneous reduction of silver. The effects of silver nanoparticles on electron transfer within 

the nanocomposite film were also examined in phosphate buffer or ferricyanide solutions. 

Each experiment in different solution shows distinct redox characters, indicating that this 

nanocomposite film exhibit high sensitivity toward redox chemicals due to the presence of 

metallic nanoparticles. 
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Experimental methods  

 
Figure 5. 1. Schematic diagram of creating silver nanoparticle in an aminosilica film. 
 

General preparation of silver nanoparticle doped silica gel. The silver nanoparticle doped 

aminosilica film was created fallowing simple two steps approach (Figure 5.1). The fluorine 

doped tin oxide (FTO) glass purchased from Hartford Glass Co., was used as a counter 

electrode. This FTO electrode was cleaned with acetone and methanol in ultrasonic bath for 

10 minutes, and then dried under compressed air.  The surface was further treated in O2-

plasma cleaner for 3 minutes to improve the adhesion of silica film on the surface. The thin 

film of bis[3-(trimethoxysilyl)propyl]ethylenediamine(enTMOS) was created on FTO glass 

from a methanol solution containing 0.1 M enTMOS by dip-coating or spin-coating. After 

the coating was dried in the air, the aminosilica-coated FTO glass was immerged into a 0.1 M 

AgNO3 methanol solution for 60 min. The resulting electrode exhibited light brownish-

yellow color, which indicates the presence of silver nanoparticles inside of the enTMOS film. 

Then, electrode was washed with methanol several times to remove the excessive AgNO3 

solution. 
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UV-VIS spectroscopy. UV-VIS spectroscopy method was used to monitor the formation of 

silver nanoparticles within the aminosilica matrix. The baseline of the spectra was calibrated 

before the measurement. The FTO electrode was placed inside a cuvette so that it is 

perpendicular to the beam path. Then, the cuvette was later filled with 0.1 M AgNO3 

methanol solution and the measurement was taken at each 10 minutes for total of an hour. 

 

Transmission electron microscopy. TEM images were performed on a JEOL 2010 with an 

accelerating voltage of 200 kV. A 200 mesh gold grid was used. First, an enTMOS film was 

created on TEM grid by dipping the grid in a diluted enTMOS solution and dried, then this 

enTMOS coated grid was dipped in a 0.1 M AgNO3 solution for an hour. The grid was gently 

rinsed with methanol solutions and allowed the sample to dry.  

 

Cyclic voltammetry (CV). The Faraday MP (Obbligato Objectives, Inc.) potentiostat was 

used to perform the electrochemical measurements. Unless it is otherwise stated, all 

measurements were performed at 50 mV/s scan rate. A three-electrode flow cell was 

constructed as previously described10 and the nanocomposite-coated FTO electrode was used 

as the working electrode. The reference electrode and counter electrode was silver chloride 

coated silver wire (Ag/AgCl) and platinum foil, respectively. The three-electrode flow cell 

holds about 0.1 mL of electrolyte. Here, electrolyte includes phosphate buffer (with/ without 

chloride) or sodium nitrate depending on the required experimental setup. 

The CV measurement with ferricyanide ions was done in an electrochemical cell 
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containing a solution of 10 mM ferricyanide and 0.1 M sodium nitride as electrolyte. 

Aminosilica electrode either with or without silver nanoparticles was fabricated according to 

the method described in previous section. The enTMOS film with ferricyanide was prepared 

by dipping the film into a 10 mM ferricyanide ion solution and washed with deionized water 

before the CV test. 

 

Fabrication of silver-aminosilica nanocomposite film for humidity sensing. To create a 

nanocomposite film that is suitable for humidity testing, self-assembly process similar to the 

previous report was used here11. A polypropylene substrate was immersed in the solution 

containing AgNO3 and enTMOS pre-mixed at a 1:4 molar ratio. After this composite film 

was created, the substrate was removed from the solution, washed, and then dried. Later, the 

film was peeled off from the substrate and attached to a glass substrate with both ends of the 

film connected to the carbon tape. Humidity measurement was performed inside a glove box, 

where humidity was adjusted by mixing desired amount of air and dry nitrogen gas. 

Humidity inside the chamber was monitored using a hand-held humidity sensor (Model 

RH390, Extech Instruments). The electrical resistance of the film was recorded on a Keithley 

614 electrometer. 
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Results and discussion 
 

Time-lapse UV-Vis spectroscopy in Figure 5.2 shows that silver nanoparticles were slowly 

produced inside the aminosilica film when it was immersed in silver nitrate solution, causing 

the transparent film turned into brownish yellow color. The increasing absorbance at ~ 400 

nm wavelength indicates the concentration of silver nanoparticles has increased over time. 

Size of the nanoparticles within aminosilica was determined to be ~ 5 nm using TEM (Figure 

5.3), which is thought to be limited by the pore size of aminosilica matrix. These results 

indicate that the creation of nanoparticles inside the silica materials can be simply achieved 

by dipping enTMOS films into a silver ion solution. Although TEM image shows individual 

silver nanoparticles are separated, cyclic voltammetry (CV) measurement of the film in 

phosphate-buffered saline (1x PBS) shows that the nanocomposite film exhibit very sharp 

redox current (+/- 25 µA) with a narrow voltage range at ~0 V vs. Ag/AgCl reference 

electrode (Figure 5.4a). The oxidation and reduction potentials of silver nanoparticles are 

0.05 V and -0.09 V, corresponding to Ag + Cl-  AgCl and AgCl  Ag, respectively12. Such 

behavior is similar to the reported silver nanoparticles results13, 14, indicating pore-size 

limited nanoparticles produced from spontaneous reduction reaction within aminosilica are 

suitable for electrochemical application. Because of the high surface area to volume ratio of 

the nanoparticles, the peak current is very high but potential range is very narrow. On the 

contrary, when immersed in phosphate solution (without NaCl), redox reactions are 

associated to Ag  Ag2O and Ag2O  Ag at 0.37 V and -0.03 V15-17, respectively (Figure 

5.4b). Two redox peaks are broader than that in Figure 4a with maximum current at +/- 10µA. 
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Compared to silver nanocomposite, a bulk silver electrode shows much broader redox 

peaks in both PBS and phosphate solutions. The redox peaks are not symmetrical and the 

peak-peak separation is always larger than the CV graph of silver nanoparticle film even at a 

low scanning rate (7 mV/s), which indicates a slow and complex reaction12, 18 ( Figure 5.5a,b). 

The redox reactions on the surface of bulk electrode were found to be more complicated than 

nanocomposite samples. Because there was no redox chemical species directly involved from 

the solution, all redox reactions observed on CV come from silver itself. 
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Figure 5. 2. Time-lapse UV-VIS absorption spectra of silver nanoparticles synthesized in an 

enTMOS film. Each spectrum was measured at each 10 minute interval for a total of one 

hour in a methanol solution containing 0.1 M silver nitrate (AgNO3). The film was created on 

top of a FTO electrode followed by immersion in an AgNO3 solution to create silver 

nanoparticles. The absorbance peak at 400 nm indicates the presence of nanoparticles. 
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Figure 5. 3. TEM image of an enTMOS film that contains silver nanoparticle. This image 

indicates that the synthesized nanoparticles within the film are ~ 5 nm in diameter. The lattice 

space is 0.237 nm, which correspond to the d-space of the (111) face (~ 0.236 nm). 
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Figure 5. 4. (a) The cyclic voltammogram of silver nanoparticle doped enTMOS film. The 

measurement was performed in a phosphate buffer saline solution containing chloride ions 

with a scan rate of 50 mV/s. (b) The cyclic voltammogram of silver nanoparticle-embedded 

enTMOS film in a phosphate buffer without chloride ions (50 mV/s). The peaks appear 

broarder, due to that silver oxide and silver phosphate are both involved in the redox 

reactions. 
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Figure 5. 5. (a) The cyclic voltammogram of a bulk silver electrode in a phosphate-buffered 

saline solution. The oxidation peak near zero volt corresponds to the formation of silver 

chloride on the surface of electrode. (b) CV of the bulk silver electrode performed in a 

phosphate buffer. The broadening of peaks indicates more complicated redox reactions occur 

on surface, which also involve silver oxide. 

 

The electron transfer rate between redox chemicals and silver nanoparticles were 

monitored using ferricyanide electrolyte. The aminosilica films containing silver nanoparticle 

were tested on the home-built electrochemical cell that contains ferricyanide solution. 

Because the aminosilica film has been coated on the electrode surface, the CV curve does not 

follow the Nernst equation. The results show that silver nanoparticles within the aminosilica 

film improve the electron transfer rate, as indicated by the smaller difference of oxidation and 

reduction potential on the nanocomposite film (Figure 5.6a). Since the electron transfer 

kinetics could slow down between ferricyanide and FTO electrode, the potential difference 
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increase with the scan rate increase even though electrolyte helped the electron transfer 

between FTO electrode and ferricyanide. Aminosilica film can help electron transfer by 

fixing ferricyanide into the matrix which makes higher concentration of ferricyanide than 

other area in a solution. Silver doped aminosilica matrix makes better performance compared 

with other two electrodes. Because of electron transfer mediated by not only ferricyanide and 

electrolyte but also by the silver nanoparticles incorporated with aminosilica matrix. 

We found the embedded silver nanoparticle within the pores does not block the electron 

transfer. The overall current density on nanocomposite film is higher than a blank FTO 

electrode. However the overall current is lower than aminosilica film itself due to some pores 

are blocked by nanoparticles than occupied by ferricyanide (Figure 5.6b). This can be 

explained by the higher current density on the nanocomposite film.  Although electron 

transfer rate is slow within the aminosilica film, the current density is higher. This is due to 

that high concentration of ferricyanide ions is trapped inside the positively charged 

aminosilica matrix. 
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Figure 5. 6. (a) Peak-peak separation between the oxidation and reduction potentials vs. scan 

rate for enTMOS films with, without silver nanoparticles and FTO electrode without a film. 

CV was measured in a 10 mM ferricyanide solution using 0.1 M NaNO3 as electrolyte. (b) 

The peak current of oxidation/ reduction potential of 10 mM ferricyanide vs. the square root 

of scan rate (7, 200, 400, 800 and 1600 mV/s). The results were compared to a blank FTO 

electrode. The insert is CV graphs with scan rate at 50mV/s. 

 

The electrochemical properties of silver nanocomposite film were further utilized to 

demonstrate the concept of humidity sensing19. A thin enTMOS film that mixed with silver 

nitrate and aminosilane at a 1: 4 mole ratio was tested under various humid environments. 

The results show the electrical resistance of the nanocomposite decreases with the humidity 

(figure 5.7). To determine its relationship, logarithm of resistance values were plotted against 

relative humidity with a sensitivity ratio of 0.066 Log(GΩ)/RH. 
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Figure 5. 7. (a) A humidity sensor based on silver-aminosilica nanocomposite. The 

nanocomposite film was mounted on a glass substrate using carbon tapes as electrodes. (b) 

The logarithm of electrical resistance of the nanocomposite is inversely proportional to 

relative humidity. 

 

Conclusion 
 

The electrochemical properties of silver nanoparticles synthesized via spontaneous 

reduction of silver nitrate inside an aminosilica-coated electrode were examined by cyclic 

voltammetry and the results show same performance as those of solution-synthesized silver 

nanoparticles. Compared to bulk silver electrode, nanocomposite electrode also exhibits 

higher redox currents density with a much narrower half-peak potential width. This proves 

that silver nanoparticles directly synthesized from aminosilica matrix can serve as reference 

electrode. In addition, the humidity-sensitive characteristics of the nanocomposite film has 

been further utilized to demonstrate a humidity sensor. 
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Abstract 

A microfluidic device that contains a silica film as optical transducer and electrochemical 

electrode was used to monitor how ferricyanide ion behaves within nanoporous matrix. This 

prototype device allows UV-VIS absorption spectroscopy and cyclic voltammetry to be 

performed at the same time. Significant reducing in leaching of redox molecules proved this 

device integrated with silica film can be utilized to explore biosensor and biofuel cell 

concepts. 
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Introduction 

There has been a tremendous interest in combing biological systems, especially 

transmembrane proteins, for biofuel cells, biosensors, bioreactors, and biosolar cell 

applications. To integrate functionality of transmembrane proteins to devices, a platform 

compatible with proteins and phospholipids membrane is required. Recent success in soft 

materials has demonstrated the possibility of utilizing these complex biological systems (e.g. 

bacteriorhodopsin and ATPase)1 for energy storage and conversion from a solid matrix. 

Further advances in this field requires a better control on bio-inorganic interfaces, and 

monitor the system through electrochemical and optical methods simultaneously. 

In our effort to address the needs for current and future research, we report a microfluidic 

device that is integrated with an opto-electrochemical cell. This device is based on a zero 

alignment broadband sol-gel light guide.2 It consists of an optical transducer, a microfluidic 

channel integrated with three electrochemical electrodes. This rapid prototyped device is 

easily constructed and compatible with most of commercial spectrophotometer and 

potentiostat. An organically modified silicate (ORMOSIL) film can be fabricated through 

sol-gel synthesis on a fluorine doped tin oxide (FTO) glass to interact with liquid (Figure 6.1). 

The advantages of such configuration are enhanced optical sensitivity and rapid fluidic 

diffusion for electrochemical sensing. Initial measurement was performed with a ferricyanide 

solution using cyclic voltammetry together with optical absorption spectroscopy to examine 

properties of sol-gel thin film. The results are comparable to a regular electrochemical cell 

and show rapid and sensitive response on absorption spectra.  
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Figure 6. 1. Side view of the electrochemical cell that consists of a silica optical transducer as 

the working electrode and a microfluidic flow cell. This microfluidic flow cell contains a 

platinum counter electrode and a silver reference electrode. 

 

Sol-gel materials have been known for its ability to encapsulate biomolecules and 

transform to highly-selective biosensors.3-6 The major advantage is the long term stability of 

proteins associated with the enhanced thermal properties of proteins in the sol-gel matrix.7, 8 

One factor that affects the performance of sol-gel sensor is the response time required for an 

analyte to reach equilibrium concentration inside the matrix,9 therefore sol-gel as thin film at 

the range of sub-micron were constantly used to reduce response time. However, the short 

light path usually means lower sensitivity. Planar thin film waveguide based sensors,10, 11 in 

the contrast, has the advantage of long light path and the short response time. Sol-gel in the 

form of thin film can act as waveguide to conduct light wave and serve as chemical 

sensors.12-14 Thin film can be easily fabricated on cover glasses or silicon wafers by dip 

coating or spin coating.15, 16 Several groups also have reported using microscope slides or 

cover glasses as sensors17-19 To easily integrate sol-gel thin film structures within a 
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microfludic device that serves as electrochemical cell, thin cover glasses and conducting 

oxide coated glass were used here as substrate. 

The silica film was synthesized using silica precursor that contains high density of amine 

functional groups, which enhance the electrochemical properties of optical transducer. For 

rapid prototyping purpose, this film was produced with a thickness equal to that of cover 

slides. Our studies have shown this silica film, with thickness < 1 µm, exhibited improved 

oxidation and reduction responses of ferricyanide, Fe(CN)6
3-, compared to a blank FTO 

electrode. After treated with ferricyanide, the silica film remained electrochemically active 

even after 48 hours in phosphate buffer solutions. We observed significant reducing in 

leaching of redox molecules and therefore allows us to explore this properties for other 

applications. 

 

Experimental methods 

Device configuration. The electrochemical device consists of microfluidic component and 

sol-gel optical electrode (light guide). The light guide electrode was prepared by attaching 

two 9 x 18 mm cover glasses (150 µm thick, n = 1.47) on a fluorine doped tin oxide glass 

(FTO electrode) using polydimethylsiloxane (PDMS, n = 1.4) as adhesive. Two cover glasses 

were separated by 3 mm spacing where ORMSIL light guide was formed. This electrode was 

mounted on a PDMS fluidic cell that was built with platinum and silver counter electrodes. 

The immersing buffer solution exhibits lower refractive index (n = 1.33), therefore, a total 

internal reflection at the gel-liquid interface was achieved. Wet gel was maintained at all time 
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to preserve the integrity of silica gel. Since two cover glasses were used to couple light into 

the sol-gel layer, the sol-gel and glass interface should be smooth to reduce light scattering. 

The interface was examined under inspection microscope and no degradation was observed 

indicating good bonding between silica and cover glasses. Figure 6.2 illustrates the setup for 

this device when it was placed inside a UV-VIS spectrophotometer. Since the refractive 

index of PDMS adhesion layer and channel solution was lower than that of glasses and sol-

gel, only two pieces of black polystyrene foam (2 x 2 cm) with 150 µm slit width were 

mounted at the both end of the device. This was to cut off stray light and to pass straight light 

through sol-gel electrode to the detector side under the condition that the incident beam and 

the light-guide was parallel.  

 

Sol-gel synthesis. Silica precursor was prepared by mixing a methanol solutions of 0.1 M 

bis[3-(trimethoxysilyl)propyl]ethylenediamine (enTMOS) with deionized water at a volume 

ratio of 1 :3. Each time fresh solution was prepared and used immediately. The mixture was 

injected into the space between two cover glasses on the surface of the FTO electrode with 

the help of a flat PDMS template. Surfaces of FTO and cover glasses were oxygen plasma 

treated before injecting the solution. Oxygen plasma treatment was found to improve the 

bonding between glass substrate and silica matrix, and improve wetability of surface for easy 

loading. In general, gelation occurred within 5 minutes of injection, followed by removal of 

the template resulted in integrated silica-light guide electrode. This procedure produced a sol-
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gel layer that has same thickness as cover slip. Then the light guide was kept moisture in a 

phosphate buffer and stored for future use. 

 

Device operation. The fabricated device was mounted inside a Varian Cary 100 

spectrophotometer with its three electrodes connected to an Obbligato potentiostat. During 

the experiment, a 1x phosphate solution containing 1 mM of ferricyanide was injected 

immediately followed by absorption spectroscopy and cyclic voltammoetry measurements. 

The voltages of cyclic voltammograms were measured based on silver pseudo electrode as 

reference. For kinetics study both measurements were performed every 30 minutes. For 

leaching experiment, flow cell was washed with a solution of 1x phosphate buffer several 

times and allowed ferricyanide to diffuse into the solution. 

 

Figure 6. 2. Photo of microfluidic device installed in the chamber of a UV-VIS 

spectrophotometer. 
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Results and discussion 
 

Our first results show that the minimum response time of this device was 5 minutes for 

both UV-VIS spectroscopy and cyclic voltammetry. Both measurement shows increasing in 

intensity during each 30 minute interval. Compared with the device that contains a blank 

FTO electrode, oxidation peak and reduction peaks of 1 mM ferricyanide are 50 and 60 µA 

(Figure 6.3). It required 3 hours for this 150 µm thick silica layer to reach the concentration 

equivalent of 1 mM of ferricyanide solution. The silica film can continuously attract 

ferricyanide ion for another 3 hours (Figure 6.4b). Enhanced ferricyanide signals due to the 

presence of silica film has increased the currents to 70 and 90 µA. After flushed with 

phosphate buffer, only cyclic voltammograms showed decrease in signal with each scan. The 

ability of trapping ferricyanide was observed even after 48 hours continuous immersion in 

PBS buffer (Figure 6.4c). The equilibrium loading of ferricyanide was estimated to be 0.2 

mM in the silica matrix. Because the electrochemical properties of silica light guide result 

from the trapping of Fe(CN)6
3-, the enTMOS light guide was not electrochemically active if 

it was only treated with phosphate buffer (Figure 6.4c).  
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Figure 6. 3. Cyclic voltammograms of Fe(CN)6
3- measured in the liquid cell that contained a 

blank FTO electrode. 

 

UV-VIS spectroscopy with background correction was utilized at the same time to monitor 

the reaction between ferricyanide and silica matrix. Ferricyanide exhibits characteristic 

absorption peak at 420 nm as indicated on Figure 6.5. Absorption peak was observed 

immediately after the injection indicating rapid diffusion nature of the film. This observation 

was also validated through electrochemical measurement (Fig 6.4b). After 30 minutes, peak 

at 420 nm became maximum indicating concentration of ferricanide increased due to 

concentration gradients. It is interesting to note that the absorption decreased to 50% of 

initial intensity during 3 hours of continual observation while absorption band (480 ~ 680 nm) 

steadily increased. The UV-VIS spectroscopy shows that the chemical shift from 420 nm to 

absorption band at 480 ~ 680 nm is caused by interactions between ferricyanide and silica 
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matrix. The existing interactions are strong that silica optical film remained 

electrochemically active at least 48 hours after immersed in a phosphate buffer solution. The 

absorption band between 480 and 680 nm did not decrease when rinsing with phosphate 

buffer (not shown). Both measurements show the binding between ferricyanide and enTMOS 

silica matrix is strong, but it does not affect the electrochemical property of ferricyanide. In 

addition, we found no significant loss in optical sensitivity when silica layer was directly 

fabricated on top of FTO electrode. Since the refractive index of FTO is higher than that of 

enTMOS layer, the optical measurement was performed at zero order mode where internal 

reflection was minimized during the measurement. 

In summary, a ORMOSIL light guide combined with three-electrode microfluidic flow 

cell was demonstrated and this device was successfully utilized to study the electrochemical 

and optical properties of the silica film, which will be used as a platform for testing new 

biosensor and biofuel cell concept. Current work includes reducing film thickness to allow 

rapid solvent exchange as well as incorporating functional enzyme for high selective 

biosensing. 
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Figure 6. 4. Cyclic voltammograms measured in the liquid cell with an enTMOS coated light 

guide electrode in (a) 1x phosphate buffer that contains 1 mM Fe(CN)6
3- for a period of 6 

hours with each scan at 30 minutes interval (b) after immersed in a 1x phosphate buffer for 
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48 hours, and (c) 1x phosphate buffer without Fe(CN)6
3- ion. 

 

 

Figure 6. 5. Sequence of UV-VIS absorption spectra taken from the enTMOS light guide 

shows time dependent changes when solution of 1 mM Fe(CN)6
3- was injected in the liquid 

cell. 

. 
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Chapter 7 

 

Calculation of Diffusion Coefficient between Silver Nanoparticles inside of 

Aminosilica Matrix 
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Abstract 

The silica-matrix doped with silver nanoparticles was made through aminosilane reduction 

methods. Through X-ray diffraction peaks and UV-Vis spectroscopy, the creation of silver 

nanoparticles was confirmed and an electrochemical reaction was tested for the purpose of 

biocompatible electrodes. However the evaluation of exact electron transfer rate has not been 

tested on this electrode. Using the UV-Vis absorption and cyclic voltammetric current 

measurement, electron transfer rate was determined by calculation of diffusion coefficient 

through Mie scattering theory1 and Randles-Sevcik equation. 
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Introduction 
 

Silica composite materials are known as bio-compatible materials because of their porous 

structure that can hold enzymes without damaging them. This kind of setup is often used as 

electrochemical, optical biosensors and electrodes due to the easy fabrication method of 

imbedding detecting material within the pores in silica.2, 3 The performance of sensors can be 

evaluated by optical or electrochemical methods4, 5. However the electrochemical 

performance of this composite material is not ideal, because silica materials are non-

conductors. The electron transfer chiefly depends on the electron hopping though the 

materials. Here, we developed a silica material doped with silver nanoparticles. This highly 

doped metal nanoparticle can help with electron transfer between biomaterials and electrodes 

by shortening their non-conducting distance.6, 7 Their performance was evaluated by 

calculating electron transfer rate on this composite material. 

 

Experimental methods 

Forming enTMOS film on the electrode. The film of bis[3-(trimethoxysilyl)propyl]-

ethylenediamine (enTMOS) was prepared on a fluorine-doped tin oxide glass substrate by the 

dip-coating method. Before the coating was applied, the substrates were cleaned using an 

ultrasonic cleaner in the following solutions (acetone, methanol and DI water) then dried. 

Finally, electrodes were cleaned with plasma cleaner just before depositing an enTMOS film. 

The cleaned electrode was then coated with enTMOS silica film using 0.1M enTMOS 

solution,followed by gently drying on the electrode.  
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Reducing AgNPs inside of an enTMOS film. The porous structure of enTMOS film on an 

electrode allows the introduction of a solution of silver-nitrate inside the matrix. Once the 

solution penetrates into the matrix, silver particles are slowly reduced by an amine functional 

group of enTMOS.8 After silica film was formed on a FTO electrode, the entire electrode 

was immersed into a 0.1M silver nitrate (AgNO3) solution and maintained for the appropriate 

nanoparticle formation time. The entire electrode was gently cleaned using methanol by 

immersing it briefly to remove any unnecessary AgNO3 solution before the CV measurement 

so as not to affect the electrochemical measurement. 

 

Electrochemical measurement. The cyclic voltammetry (CV) was performed using a 

FaradayMP potentiostat. The CV cell consisted of the silver-silver chloride (AgCl) reference 

electrode and platinum counter electrode. The container of the cell was made using PDMS 

and enTMOS with a silvernanoparticle doped electrode used as the working electrode. 

 

UV-Vis spectroscopy. The film thickness was monitored by an Alpha-step profilometer 

between 3 ~5 parts on each sample. The visible absorption spectra were scanned by a Cary 

100 scan UV-Visible spectrometer. The absorption spectra are determined after zero-line 

correction by another enTMOS coated film as reference side.  
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Results and discussion 
 

The UV-Vis spectra were measured with two different thickness samples (Figure7.1). This 

shows that the creation of silver nanoparticles increases with time. The newly created 

nanoparticles’ size is changed very little when the maximum wavelength was monitored on 

Figure7.2. Therefore, this enTMOS mixed with silver chloride create the fairly uniform silver 

nanoparticle in the solution. This will make it easier when the size of nanoparticles is 

assumed to be the same size and only the population grows through time.  
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Figure 7.1. UV-Vis peak absorption intensity of AgNPs through time. Two samples showed 

different absorption intensity. The thickness of sample 1 is 12.5 nm and the sample 2 is 5.1 

nm on average. 
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Figure 7.2. Movement of peak position of UV-Vis spectra according to a timeline on 

enTMOS film.  

 

The maximum current of electrochemical reaction was also monitored using the potentiostat. 

The film coated by enTMOS with silver nanoparticle was monitored by cyclic voltammetry 

methods. The PBS buffer was used as the electrolyte and caused a silver/silver chloride 

reaction inside the composite electrode. Through the potential scanning this reversible 

reaction allows the whole metal nanoparticles to hold the electrons and transfer them into the 

working electrode of the potentiostat. The monitored current also shows very similar trends 

such as an increase in concentration of silver nanoparticles inside of the silica 

matrix.(Figure7.3) 
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Figure 7.3. Cyclic voltammetry test results on enTMOS film. Each peak shows the maximum 

current point for each time. The scanning speed is 50 mV/s for this measurement. 

 

Calculation of absorption coefficient. A theoretical approach of absorption coefficient can 

be expressed by Mie scattering theory. 
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The results of Outter’s experiment give a number as Nce2/m =1.7 × 1031. The electron 

velocity at the Fermi energy is given as uF=1.4 × 106ms-1( εo=4.9 ).9  

The absorbance A is defined the Beer-Lambert law, which is a cross product of the molar 

absorbtivity α, the path length of the sample b and the concentration of the compound in 

solution c. 

A = αbc 

The volume fraction of p is also related to concentration. Therefore, the concentration can be 

calculated by combining the Beer-Lambert law with Mie scattering theory1. 

According to UV-Vis spectrum, the maximum peak position of each spectrum slightly 

decreases with time but, the amount of the decrease is not obvious. Using estimated analysis 

on time line (figure7.2) , maximum wavelength at 1 hour is 428nm and the average size of 

nanoparticles is around 3.7 nm.10 The concentration of nanoparticles was calculated based on 

this particle size (figure7.3). 
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Figure 7. 4. Calculated concentration of silvernanoparticles using UV-Vis spectroscopy 

 

Calculation of diffusion coefficient using Randles-Sevcik equation. The diffusion 

coefficient will be,  

5 3 / 2 1/ 2 1/ 2(2.69 10 )pi n AD cv= ×  

 

where the number of transferred electrons n, the concentration c, the area of electrode A,  

the diffusion coefficient D, the scan speed v , the peak current pi . 
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Figure 7. 5. The plotting graph of current versus root square of scanning speed. 

 
The sample at 60 and 90 minutes was scanned various speeds to calculate the diffusion 

coefficient between silver nanoparticles. Using the Randles-Sevcik equation and previously 

calculated concentration data, the calculated diffusion coefficient is 1.30 X 10-7 cm2/s for a 

60 minutes sample and 1.9 X 10-7 cm2/s for a 90 minutes sample. The diffusion coefficient 

number is slightly increased, but these results provided the estimation of diffusion coefficient.  

The highest reported value is 5.8 X 10-6 cm2/s using a metal organic redox hydrogel7. Our 

reported number is less than an order of magnitude slow, but this result is better than values 

from other redox hydrogel which is an order of 10-9~10-8 cm2/s11, 12. 
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Supporting Information 
 
1. Basic control of aminosilica gel 
 

There are three properties to be controlled when the silica silane is used in the experiments.  

The first is transparence, the second one is cracking and the last one is the shrinkage of the 

aminosilica gel. These properties also affect each other as well. These properties are 

important when the gel is used as a part of the optical and electrical device. The transference 

of gel is important for the optical gel, shrinkage and cracking are also important when the gel 

is placed. These properties can change the gel physically when it is placed on some devices. 

To create perfect gel condition for an optoelectric sensor, these properties were tested prior to 

the experiments. Through this experiment, we are able to reduce the potential for cracking, 

enhance transparence and reduce shrinkage. These are perfect conditions for testing the 

sensor. Each mixture was composed with the following volume ratio of each component. 

 

Table 7S. 1. The volume ratios of each solution. The first is the volume of enTMOS, 

followed by methanol and DI water amount. 

  50:50:300  
  50:50:100  

50:200:50 50:100:50 50:50: 50 50:10:50 
  50:50: 10  

(enTMOS : methanol : DI water) 

The test was performed by mixing the amount of each solution (table 7S.1). The time of the 

gelation also monitored (see table2). According to that table, less water and more methanol 

took more time to become a gel.  
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Table 7S. 2. The corresponding gelation times. 

  40 sec.  

  20 sec.  

203 sec. 95 sec. 40 sec. 10 sec. 

  120 sec.  

 
 
Table 7S. 3. The transparence of the gel was tested after the gelation reaction was completed. 

The number inside is the ratio of DI water over enTMOS. 

  Cloudy 
(4) 

 

  Less cloudy 
(2) 

 

Clear 
(1) 

Clear 
(1) 

Clear 
(1) 

Clear 
(1) 

  Clear 
(0.2) 

 

 
 
Table 7S. 4. The shrinkage of the gel was compared with the original volume of the solution. 

The number inside of each cell is the ratio of methanol over enTMOS. 

  Shrink 
(1) 

 

  Shrink 
(1) 

 

No change 
(4) 

Little shrink 
(2) 

Shrink 
(1) 

Large shrink 
(0.2) 

  Shrink 
(1) 
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Table 7S. 5. The cracking of the gel was monitored after the gel reaction was completed. The 

number inside of the cell is the ratio of total volume over the volume of enTMOS. 

  None 
(8) 

 

  None 
(4) 

 
 

None 
(6) 

None 
(4) 

Little 
(3) 

Most 
(2.2) 

  
 

Most 
(2.2) 

 

 
 
The characteristics on the table 7S.3(a~c) were also monitored. Each table was compared 

with the number of different ratios of enTMOS, methanol and DI. For example, the clarity is 

related to the ratio of the water inside the system as shown on table 7S.3(a). This is obvious 

reason because the amount of the DI water is the key effect for the gel reaction on the system. 

The greater the amount of methanol in the system the less the shrinkage when the mixture 

gelled. The cracks on the gel were monitored subsequently. Usually the gel cracked when a 

high amount of enTMOS is mixed in a solution as shown on table3(c).  

According to all of the previous data presented on the table, the best condition for an 

optimum gel is less water and more methanol.  A small amount of enTMOS usage is 

necessary to create the proper gel for the sensing device. 
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2. Light guide system 

There are two major reasons for incorporating the light guide design system into the silica 

gel. The first is signal amplification. When gel is coated on the surface of a cuvette and the 

light passes vertically through the gel, this will result in a short absorption due to the that the 

light is guided through the narrowest part of the gel. The second one is the designing of the 

opto-electrochemical cell. The design of the cyclic voltammetry cell, with a gel coated 

working electrode, makes it difficult to pass light through the cell vertically. The light must 

pass through the gel without interfering with the solution in the cell and on the counter 

electrode on the backside of the cell. The light guide system is designed to meet the 

conditions imposed by those two restrictions,. This design makes a longer light path, 

measured vertically without interfering with the cyclic voltammetry cell and does not need to 

be aligned perfectly when the light guide system mounted on the UV-Vis spectroscopy.  

 

Figure 7S. 1. The top image shows normal configuration of spectroscopy and the bottom 

illustration shows the light guide system to magnify the signal. 
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The light will be confined due to the incident angle on the glass. Once the angle is less than 

total reflection angle ( 41.8o for the glass ), light will be trapped inside of the glass slide, 

passing through the gel and exiting to the other side of the glass slide.  

 

 
Figure 7S. 2. This is the photo (left) of the light guide system. The enTMOS was placed on 

the center of the slide glass, which also attached on the FTO glass. The right photo shows the 

how the light guide system is placed on top of the cyclic voltammetry cell as a working 

electrode and placed inside of UV-Vis spectroscopy. 

 

The dimension of the gel is 2.15 mm long, 11.9 mm wide with a thickness of 0.13~ 0.18 mm 

(figure7S.2). This gel shows approximately 12 times of signal improvement when the light 

incident uses the vertical direction. However the light source is not much wider than the 

device. The light source is only around 11 mm wide. This provides a theoretical amplitude of 

approximately 6.1~8.5 times on this device using the given thickness range.  
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The absorption signal coming from the UV-Vis spectroscopy showed around 420nm 

absorption which originated from the ferricyanide molecules (Fe(CN)6
3-). There are no 

electrochemical changes in this case. The signal can be directly compared without 

considering signal changes with a 535nm area due to ferrocyanide (Fe(CN)6
4-). By 

comparing the absorption changes, the signal was improved 5.9 times from the original 

signal from the same gel. This obviously showed that signal improvement was successful and 

waveguide was working without problems in guiding the light. This device was also mounted 

on the cyclic voltammetry cell and shows that new optoelecrochemcial cell can operate when 

the measurement is necessary in-situ.  
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Figure 7S. 3. The UV-Vis spectroscopy of the gel on vertical or horizontal directions to 

compare the light absorption amplification. The signal magnification difference is 5.9 times. 
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Abstract 

Self-assembly of aminosilica layer containing mono-dispersed gold nanoparticles (d = 18 

~ 22 nm) was induced via spontaneous reduction reaction of gold(III) ions using aminosilane 

as the reducing and capping agent. The aminosilica amount and the spacing between 

nanoparticles in the self-assembled film was found to be the function of aminosilane:water 

molar ratio during the sol-gel reaction of aminosilane, which results in films of different 

plasmonic property with wavelength of UV-Vis absorption ranging from 701 nm to 548 nm. 

In addition, the nanocomposite film that consists of a monolayer of nanoparticles within 

aminosilica has been deposited on the surface of polystyrene beads, and this core-shell 

structure was found to be capable of storing electrostatic charges and forming a well-

separated 2-D array. 
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Introduction 
 

Nanocomposite materials containing gold nanoparticles dispersed in a well-defined 3D 

space of an inorganic/organic matrix have been shown to exhibit unique mechanical1, 

catalytic2, electron hopping3, charge storage and capacitance4, and optical properties5, 6. Such 

properties grant them possible usage as new metamaterials7, as well as applications in 

sensing8, 9, biosensing10, 11, electrochemical electronics12, 13, and membrane catalysis14. These 

applications rely on synthetic methods to construct the necessary hierarchic structures. In 

general, synthesis of nanocomposite that involves both metal and matrix components can be 

carried out using stabilization and reduction steps15, 16. An alternative method is to create 

nanocomposite using one step approach17, 18. Although immobilization of gold nanoparticles 

can take place directly on either inorganic or organic matrix, self-assembly of gold 

nanoparticles and the matrix on the substrates offer many advantages such as controllable 

density, thickness and the packing arrangement of the assembled layer. Self-assembly of gold 

nanoparticles has been demonstrated via physical adsorption of surface modified 

nanoparticles on substrates19, 20, packing arrangement by size and geometry21, 22, through 

chemical interactions such as DNA23, antibody24, chemical linker25, 26, grafted polymers27, 

sol-gel22, or even metal-metal aggregation28. We have explored spontaneous reduction 

reaction using sol-gel reaction of aminosilane29, bis[3-(trimethoxysilyl)-

propyl]ethylenediamine (enTMOS), as a two-in-one approach to self-assemble 

nanocomposite bulk films on selective substrates30.  

Here, we report that gold nanoparticles (d = 18~22 nm) synthesized via spontaneous 
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reduction reaction of aminosilane at 1:8 molar ratio (Au3+:aminosilane) readily self-assemble 

on polymer substrates with their distance controlled via sol-gel reaction. This procedure can 

be carried out directly on polystyrene and polypropylene surfaces without modifying the 

surfaces of the substrates. Furthermore, this technique has been utilized to produce 

homogeneous and robust nanocomposite coating on curved surfaces of polystyrene beads 

(both 900 µm and 1 µm in diameter). It was found that gold nanoparticles embedded within 

aminosilica matrix are mono-dispersed and exhibit electrostatic charge storing capability. The 

resulting self-repulsive forces allow the nanocomposite-coated polystyrene beads to form a 

well-separated bead array. 

 

Experimental methods 

General preparation of gold-aminosilica sol. All chemicals and solution preparation were 

performed under nitrogen environment in order to avoid water absorption. Gold(III) chloride 

purchased from the Aldrich was dissolved in dehydrated methanol under nitrogen 

environment to make a 0.1 M stock solution. Bis[3-(trimethoxysilyl)-propyl] 

ethylenediamine (enTMOS) purchased from Gelest, Inc was freshly prepared every time 

prior to the experiment. Then, double deionized water (18.2 MΩ.cm) of desired amount from 

a Milli-Q system was added to the mixture to prepare a solution of a desired water:enTMOS 

molar ratio. The solution was stirred vigorously and allowed it to react at room temperature 

for 1 hour. Gold ion stock solution depending on the required molar ratio was added to the 

mixture and the final volume of the mixture was adjusted to make the concentration of gold 
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ion to be 5 mM. The prepared gold-aminosilica sol quickly turned yellow and gradually 

turned red and no precipitation was observed at all time. 

 

Deposition of nanocomposite films. For each deposition experiment, an approximate 1x0.5 

cm size of polystyrene substrate was prepared, washed with methanol, blow-dried, and then 

placed vertically in the solution immediately after the preparation of gold-aminosilica sol. 

Unless stated otherwise, all deposition experiments were performed at room temperature for 

24 hours. After reacting for a desired period of time, the polystyrene substrate was removed 

from the solution, washed with methanol, and then blow-dried for later observation. To 

deposit nanocomposite films on the surfaces of polystyrene beads, beads of 1 µm and 900 

µm in diameter were dispersed into the gold-aminosilica sol. The mixture was kept on the 

shaker to assure uniform coating of films. After desired reaction time was met, the beads 

were separated from the solutions by gentle centrifugation, washed with methanol, and then 

dried in the air for a day. 

 

Kinetics study and UV-Vis spectroscopy of nanocomposite films. All kinetics 

measurement and UV-Vis absorption spectroscopy were performed on a Varian Cary 100 

UV-Vis spectrophotometer. Before each experiment, the baseline of spectrum was corrected 

based on 100% and 0% transmittance. Depending on the samples, methanol or a blank 

polystyrene plate was used respectively as the reference for solution and film samples. When 

measuring solution samples, each time a 100 µL of solution was transferred from the 
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mixtures to a cuvette and diluted to 10 times of its volume with methanol. To measure 

nanocomposite films, polystyrene plate was placed vertically inside the sample chamber so 

the plate surface is perpendicular to the beam path. 

 

Atomic force, transmission electron, and scanning electron microscopy. All AFM images 

were taken on a Veeco Caliber atomic force microscope using silicon cantilever as scanning 

probes. Acoustic tapping mode was used for the whole time with a voltage set point at 4.5 V. 

Images were scanned at 1 Hz and post-processed by flattening. TEM images of the 

nanocompoiste film on formvar/carbon coated grids and 1 µm polystyrene beads were taken 

on a JEOL 2010F at 200kV. The grids were immerged into gold-aminosilica solutions under 

the same condition as previously described. After 12 hours later, the grids were removed 

from the solution, washed thoroughly with methanol, and below dried. Energy dispersive X-

ray spectroscopy (EDX) of the samples was performed on an Oxford Isis energy dispersive 

X-ray spectrometer using accelerated voltage of 10 kV equipped on a Hitachi S3200 SEM 

microscope. Samples were placed on the carbon tape without sputtering additional metal 

coating on the surface. Aperture was opened to the maximum in order to increase the EDX 

signal due to the small amount of composite materials attached on the PS beads.  

 

Preparation of electrostatically charged and discharged nanocomposite-coated 

polystyrene beads. A metal disk connected to a commercial Van de Graaf electrostatic 

generator was used to charge the nanocomposite-coated polystyrene beads. Beads were 
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dropped onto the disk and in contact with the metal plate for about 5 seconds then transferred 

to an electrostatically discharged polypropylene microcentrifuge tube. To discharge the 

sample beads, a metallic tweezers that has been grounded was allowed to contact with the 

beads. During both procedures, samples were shaken well in order to make sure all beads 

have been charged or discharged. 

 
Results and discussion  

Spontaneous reduction reaction of gold chlorides in the presence of aminosilane was 

initially explored and its reaction kinetics was measured under various molar ratios of gold 

ions and aminosilane by monitoring the absorption wavelength at 526~530 nm (Figure 8.1). 

Similar to the previous study30, there exists a maximum kinetics that occurs when molar ratio 

is 1:8 (Au3+:enTMOS). This is due to that enTMOS serves as both reducing and capping 

agents for gold nanoparticles. The reaction kinetics appears to be low when the molar ratio of 

Au3+ and enTMOS is below 1:6 due to lower concentration of reducing agent. Kinetics is 

also low when the molar ratio is 1:15~20, during which capping effect of enTMOS 

dominates and prevents formation of gold aggregates.  
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Figure 8. 1. UV-Vis absorption peak at 526~530 nm for solutions under six different molar 

ratios of Au3+:enTMOS (1:x, where x = 4, 6, 8, 10, 12 and 14) after reacting for 3, 6, 12, and 

24 hours. The solution containing 1:8 molar ratio (Au3+:enTMOS) was found to exhibit the 

maximum kinetics. 

 

Since colloidal formation of enTMOS is necessary to initiate deposition of nanocomposite 

on the substrate, the effect of water content was also examined. The enTMOS solution was 

mixed with various amount of water prior to reacting with gold chloride, and then self-

assembly of nanocomposites was carried out on polystyrene substrates immediately after 

gold chloride was added to the solutions. Figure 8.2a shows that the wavelength of the UV-

Vis absorption peak of the self-assembled films produced is the function of enTMOS:water 

ratio. In general, absorption wavelength of the films decreases with amount of water, but the 

effects of water vary under different Au to enTMOS ratios. Water is found most effective 
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when molar ratio (Au3+:enTMOS) is 1:8, which produces films of widest range of absorption 

wavelengths from 701 nm to 548 nm. When Au3+:enTMOS molar ratios are 1:4 ~ 1:6, the 

deposited films are slightly blue-shifted (58~59 nm), while molar ratios between 1:12 ~ 1:14 

result in stable nanocomposite films with only 20~33 nm difference on the absorption. 

Therefore, nanocomposite films from solution of 1:8 molar ratio (Au3+:enTMOS) were 

chosen to examine the effect of water content (Figure 8.2b). The results show all 

nanocomposite films exhibit single absorption peak even after depositing in solution for 24 

hours, which indicates that deposition of nanoparticles follows the same mechanism and only 

contributes to broadening of the absorption peak during the reactions. The photo inset in 

Figure 8.2b illustrates the color of the nanocomposite films on the polystyrene substrates 

produced from solutions of four different enTMOS:water ratios. The composition of the films 

was further examined using energy-dispersive X-ray spectroscopy (Figure 8.3a) to determine 

the atomic ratio of gold and silica on the four different nanocomposites films. The molar ratio 

of Au:Si for the deposited film was also found to be the function of water content. The molar 

ratios of the nanocomposite films are determined to be 7.7:1, 6.8:1, 4.3:1 and 1.9:1 when 

produced from solution respectively containing 1:0, 1:0.1, 1:0.2, and 1:0.4 (enTMOS:water) 

molar ratio. The data show that the amount of aminosilica increases with amount of water, 

creating more silica component in the matrix due to water-induced gelation of aminosilane. 

In addition, more aminosilica colloids could prevent aggregation of gold nanoparticles by 

forming a coated layer on the outside of gold nanoparticles.  
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Because the absorption wavelength of gold nanoparticles are dependent on both size31-33 

and spacing34-36 of particles, to determine the mechanism of different color on the films, UV-

Vis absorption spectra of the solutions containing 1:8 ratio (Au3+:enTMOS) were measured 

under various enTMOS:water ratios (Figure 8.3b). The spectra show one consistent 

absorption wavelength around 527~530 nm regardless of the water amount indicates that the 

addition of water did not affect the size distribution of gold nanoparticles. To further 

investigate the size and assembly of gold nanoparticles within the nanocomposites, films 

resulted from 1:0 and 1:0.4 ratio (enTMOS:water) were examined by TEM. Figure 8.4a is the 

TEM image of a nanocomposite film produced from solution without the presence of water. 

Gold nanoparticles of a dominated size 22 nm that form 1-D aggregates are observed. For 

nanocomposite film produced from solution containing water (enTMOS:water = 1:0.4, 

Figure 8.4b), slightly smaller gold nanoparticles with dominated size of 18 nm are observed. 

Size distributions of two TEM images indicate minor difference in particle sizes from these 

two solutions. We measured the shortest distance between any two adjacent nanoparticles on 

the TEM images and found that minimum spacing for water-free film and 1:0.4 

(enTMOS:water) film is zero and 2 nm, respectively (Figure 8.4c-d). The dominated spacing 

between adjacent nanoparticles in water-free film is 2 nm and it displays a wide range of 

distances from 2 to 27 nm in the 1:0.4 film. We should ignore any spacing larger than 22 nm 

because its effect on the plasmon is minimum when spacing is larger than the size of 

nanoparticles (i.e., d = 18~22 nm)34.   
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Figure 8. 3. (a) Molar ratio of Au and Si of the nanocomposites films produced from 5 

different solutions (Au3+:enTMOS = 1:8) containing 1:0, 1:0.1, 1:0.2 and 1:0.4 molar ratio of 

enTMOS and water. The Au to Si ratio of the films is inversely proportional to the amount of 

water in the solutions. (b) On the contrary, absorption wavelength of the solutions 

(Au3+:enTMOS = 1:8) remains at 527~530 nm regardless of enTMOS:water molar ratios. 
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Figure 8. 4.TEM images (25,000X) of self-assembled nanocomposite films on TEM grids 

prepared from solutions of (a) 1:0 and (b) 1:0.4 molar ratio (enTMOS:water) for 12 hr. Both 

solutions contain 1:8 molar ratio (Au3+:enTMOS), while the size of most populated gold 

nanoparticles are 22 and 18 nm, respectively. The numbers of particles counted on the images 

from left to right are 1038 and 1219 particles per square micron. The spacing between any 

adjacent gold nanoparticles that contribute to the plasmonic effects of samples from (c) 1:0 

and (d) 1:0.4 molar ratio (enTMOS:water) are shown as histograms. Sol-gel formation 
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induced by water increases the overall spacing between gold nanoparticles. 

 

These results complement the UV-Vis spectroscopy study (Figure 8.3b) and confirm that 

the plasmonic property of the nanocomposite results from the assembly of nanoparticles not 

the size of nanoparticles. In our experimental procedure, formation of colloidal structures 

was induced prior to the gold reduction reaction, and therefore more aminosilica colloids in 

the solution act as nucleation sites and induce more gold nanoparticles. The total number of 

particles on the TEM images from the solution containing 1:0 enTMOS:water ratio was 

determined to be 1464 per µm2, while the particle count for the film from the 1:0.4 ratio 

solution is 1719 per µm2. This indicates more aminosilica colloids produce more gold 

nanoparticles. Tapping mode AFM was utilized to examine the surface topography of the 

self-assembled films after depositing for 24 hours from solutions of 1:0 ~ 1:0.4 molar ratio 

(enTMOS:water). It shows that the feature size of deposited film decreases with amount of 

water (Figure 8.5a~d). When solution does not contain water, formation of silica colloids is 

minimum, causing unprotected gold nanoparticles to aggregate. Aggregation of gold 

nanoparticles contributes to the feature size of nanocomposite, as identified by the grain size 

of nanocomposite films. While the amount of water increases, formation of aminosilica 

prevents nanoparticles from aggregating and results in well-separated nanoparticle and 

smaller grain size on the surface. This observation indicates that higher reduction kinetic of 

gold ions combining with sol-gel reaction under the influence of water contributes to both 

distribution of gold nanoparticles and the features size of nanocomposite films.  
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Based on aminosilane-induced deposition of gold nanocomposite through sol-gel reaction, 

we have successfully applied self-assembly method to deposit nanocomposite on polystyrene 

beads. As shown in Figure 8.6a, polystyrene beads of 900 µm in diameter coated with 

nanocomposite films produced from solutions of 1:0, 1:0.1, 1:0.2 and 1:0.4 enTMOS:water 

ratios also display various degree of plasmonic property (blue to red). In addition, self-

assembly can be carried out on 1 µm size beads as well. Figure 8.6b illustrates the film 

produced from a gold-aminosilica sol solution without water (enTMOS:water = 1:0). The 

coating of nanocomposite layer on 1 µm size bead was determined by TEM to be a 

monolayer thick with size of gold nanoparticles about ~ 20 nm (Figure 8.6c). The TEM 

image also shows that aminosilica layer exists at the surface of nanoparticles, which 

contributes to the formation of monolayer film. These nanocomposite films containing gold 

nanoparticles display charge storing capability. Polystyrene beads of 900 µm size with 

coating layer produced from 1:0.2 solution can be either discharged or charged in a 

polypropylene microcentrifuge tube (Figure 8.6d, left and middle images). We also observed 

the repulsive force resulting from the uniformly surface charges form a well-separated beads 

array inside a charge-free centrifuge tube (Figure 8.6d, right image). The well-separated bead 

array remains active for a period of one week after shaking and handling, as compared to 

uncoated polystyrene beads where electrostatic charges not only concentrate locally at the 

surfaces but also quickly dissipate and transfer to the centrifuge wall. Based on the repulsion 

distance between the beads on the centrifuge wall, we estimated that the charge density of the 

20 nm monolayer nanocomposite is 7.4x109 cm-2. We conclude that the nanocomposite shell 
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helps to maintain the electrostatic charges on the surface of the beads, which suggests that 

our approach can be utilized as alternative method to create core-shell structure and further 

utilized as electrostatic or optical applications like an e-ink display, a charge device for 

memory storage, a sensor and a model for charged bead behavior.   

  



 

 

179 

 

 
 
Figure 8. 5.AFM images of the nanocomposite films on polystyrene plates produced from 

solutions of (a) 1:0, (b) 1:0.1, (c) 1:0.2, and (d) 1:0.4 molar ratio (enTMOS:water) under 

Au3+:enTMOS = 1:8 show granulated aminosilica colloids with their size decreasing with 

amount of water. 
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Figure 8. 6.(a) Photo of gold-silica nanocomposite coated polystyrene (PS) beads (d = 900 

µm) from left to right were produced for 24 hours from solutions of 1:0, 1:0.1, 1:0.2 and 

1:0.4 molar ratios of enTMOS and water, respectively. (b) TEM image (10,000x) of a PS 

bead (d = 1 m) that has been treated for 12 hours in a 1:8 (Au　 3+:enTMOS) solution that 

does not contain water. (c) TEM image of the 1 µm bead at higher magnification (50,000x) 

shows a monolayer of gold nanoparticles has been deposited on the surface of bead. (d) 

Photos on the left and middle are electrostatically discharged and charged nanocomposite-

coated polystyrene beads (d ~ 0.9 mm). The photo on the right shows that the highly charged 

beads form a well-separated bead array on the wall of a microcentrifuge tube. 
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Conclusion 

Gold(III) ions in the presence of aminosilica colloids spontaneously reduce to gold 

nanoparticles and then self-assemble into nanocomposite layer on polymer surface with inter-

particular spacing as the function of water amount. The resulting film displays single UV-Vis 

absorption peak between 701 and 548 nm controllable via sol-gel reaction but independent of 

the reaction time. Furthermore, monolayer of nanocomposite film has been self-assembled on 

polystyrene beads without modifying the polymer surface to form uniformly core-shell 

structures. Successful deposition of nanocomposite layer on polystyrene beads suggests that 

this technique can be used as an alternative approach to create core-shell polymer-

nanocomposite materials that contains nanoparticles. 
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Supporting Information  

1. Kinetics of making gold nanoparticles 

The gold chloride dissolved in methanol was mixed with different mol-ratio of enTMOS 

solution. The peak absorption of Plasmon effect of nanoparticles showed that the amount of 

the produced nanoparticles increases with time. According to the graph (Figure 8S.1), there is 

an effective ratio to trigger the reduction of colloidal gold nanoparticles when it is mixed 

with enTMOS. The minimum ratio showed on graph was around 4 times of mol-ratio 

compared with mole of gold solution itself, the creation of nanoparticles reached the 

maximum point between 5~10 and slowly reduced over high mole ratios. However, the total 

amount of reduction was reached similar amounts if the ratio was higher than 5. Formation of 

gold nanoparticles was monitored using UV-Vis spectroscopy under different mole ratio of 

enTMOS. The same amount of HAuCl4 (5mM) was mixed. Each time the solution was taken 

by 100mciroL and diluted by 10 times for the measurement.  

 

 

 

 

 

 

 

 

 

Figure 8S. 1. (a). The kinetic data of the absorption intensity on the maximum peak position 

after 6 hours. (b). After 72 hours.      
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There is little kinetic difference for the experiment, but the amount of enTMOS was mixed 

over certain threshold point, the nanoparticles started to reduce and kinetic data was also 

slowly reduced over the high mole ratio of mixture. It seems that the capping ability becomes 

stronger when higher mole ratio is prepared for the solution.  

 

 

  

 

 

Figure 8S. 2. Different molar ratio of enTMOS was mixed from 15, 10, 6, 5 and 4 times 

bigger than gold chloride. The solution was reacted for 3 hours and diluted by 10 times to 

take the image. 

 

The kinetic data of short time after the solution was mixed showed similar effect explained 

before. For a short time kinetic, the solution showed various color. The figure 8S.2(b) shows 

that how gold nanoparticles were synthesized with different amount of enTMOS. The low 

amount of enTMOS exhibits higher kinetic at 525 nm area with more high absorption area, 

high amount of enTMOS shows less absorption at 525 nm area with low absorption area. 
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These color differences were observed during the reaction but the difference of colors 

become indistinguishable for prolong reaction time. Because the longer the reaction the more 

broader size of nanoparticles was synthesized in the solution (figure8S.2).  According to the 

UV-Vis spectroscopy data, the absorption wavelength started from 400 nm, shifted to 550 nm 

and later a small peak showed up at the region of 700 nm. 

 

2. The self-assembly properties 

The silanol groups on enTMOS induced the sol-gel reaction when they are mixed with 

water. The small amount of water creates sol state of this aminosilica material. In the mean 

time, enTMOS sol continuously reduces gold ions to gold nanoparticles. This composite 

material showed different properties on the surface according to the amount of enTMOS. In 

high concentration areas, enTMOS showed almost no difference on the surface due to highly 

stable colloids, but when the concentration is low, colloidal particles started to be deposited 

on the surface. 

 
Figure 8S. 3. The gold nanoparticle-silica composite coated on the polypropylene surface 

using different mole ratio enTMOS with HAuCl4. The left one showed blue coating by the 

mixture ratio of Au+:enTMOS by 1 :5 and the right one is 1:2.5. 
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3. Different color control of the gold nanoparticle-silica film  

Using kinetic control by the amount of reducing agent, the color of nanoparticle suspension 

can be changed (Figure8S.2). Because different kinetic control produces different size of 

nanoparticles in the solution, the contents of DI in the solution also affect the sol formation in 

the system. The whole kinetic test was done not only by the amount of enTMOS but also by 

the amount of DI ratio. All absorption peaks become smaller when the amount of enTMOS is 

increased due to the reducing power of enTMOS and high reducing agent concentration gave 

less chance to grow bigger nanoparticles. The absorption peak moved from 700 nm to 550 

nm area with enTMOS mole ratio increased. (figure8S.4).  

Figure 8S. 4. The wavelength changes according to the mole ratio of enTMOS versus gold 

chloride on each premixed DI water. When mole ratio of enTMOS : DI = 1 : 0.1 shows the 

linear changes of absorption peaks through the contents on enTMOS. 
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Figure 8S. 5. The AFM images of aminosilica-gold nanoparticle composite film assembled 

on polypropylene surface. This self assembled film showed different size at different mole 

ratio of Au3+ : enTMOS. Particle size turns out smaller when high mole ratio of enTMOS 

was mixed. 

 

This UV-Vis absorption change on the self-assembled composite material can be related to 

the results obtained from the AFM. These images show that the different particle size of 

composite materials have been coated on the surface and this was the reason for the 
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absorption peaks shifting. After proper control of the kinetics inside of the solution, the 

different size of gold nanoparticles was synthesized. When the DI water was involved into 

the solution, the absorption peak also was affected a little bit by the mole ratio. The higher 

water contents with gold chloride and enTMOS made less affected by creating absorption on 

550nm area, and also low water contents made higher absorption on 700nm over the mole 

ratio until it reached critical point at 8 by enTMOS itself. This also showed that not only by 

changing mole ratio on enTMOS, but also by changing mole ratio on DI versus enTMOS can 

control the colloidal particles and resulted in controlling size of gold nanoparticles. 
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Chapter 9 

 

Conclusion and Future works 
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The bis[3-(trimethoxysilyl)propyl] ethylenediamine(enTMOS) was used as a precursor to 

form the silica matrix because of its unique structure and amino functional groups. Making a 

uniformly mixture of silica-metal composite has been achieved by spontaneously reducing 

metal ions either inside the matrix after the formation of silica gel or in the presence of 

aminosilica colloids. The bottom up assembly method has been achieved to produce 

uniformly films with controllable thickness on reproducible patterns. The electrochemical 

properties of this new material have been examined by a potentiostat. Both smaller potential 

difference of redox peak and a higher current density proved that this nanocomposite exhibits 

enhanced electron transfer rate and uniformly electrochemical activities. More carful control 

on the size of nanoparticles and the structure of silica colloids were demonstrated using gold 

nanoparticles because of easy characterization of material through monitoring color changes 

of the composite material.  

For future work, the electron transfer mechanism can be further studied and various 

performance tests can be done on biomolecules by these developed electrodes. Various 

metal-silica composite control study in self-assembly and matrix control can be further 

applied in fabrication to a composite electrode.  

 


