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Abstract 

The tuning of silver ion release is very important for biomedical applications of silver 

nanocomposite materials to reduce the potential toxicity effects towards human cells and 

the environment. 

The present work is based on developing different metal/polymer nanocomposites using 

several physical vapor deposition (PVD) techniques. Since the properties of the 

nanoparticles strongly depend on their size, distribution and shape, the determination of 

their exact morphology is important in order to understand and control their physical 

properties. Thus, in this work the metal nanoparticles are deposited on the surface of the 

polymer films or buried under a polymer barrier instead of being embedded into the 

polymer matrix. The model system consists of ensembles of silver nanoparticles (AgNPs) 

on sputtered polytetrafluoroethylene (PTFE) thin films. Sputtered PTFE films are suitable 

to host the AgNPs due to the high crosslinking and since PTFE is a hydrophobic polymer 

so the quick depletion of the AgNPs could be avoided. Besides, PTFE is known for its 

high resistance to chemicals, transparency, good dielectric properties and 

biocompatibility. 

We examined the morphology, the composition and the optical properties of these 

nanocomposites using various analytical methods to characterize them and to study the 

potential of the silver ion release of the samples after immersion in water for several 

periods of time. Inductively coupled plasma mass spectroscopy (ICP-MS) is used to 

measure the concentration of silver ions in water. Changes in the microstructure and the 

optical properties of the nanocomposite films upon immersion in water allow 

demonstrating the kinetics of the silver ion release. Different approaches to tune the silver 

ion release process are studied and demonstrated in this work. Adjusting the release of 

silver ions through variation of the initial amount of silver nanoparticles, particle size 

control and through barrier thickness control is presented. Tuning the silver ion release by 

alloying with gold is also discussed. Furthermore, we study the release of silver ions from 

Ag/PTFE nanocomposites covered by thin films of plasma polymerized 

hexamethyldisiloxane (HMDSO) and we show how varying the oxygen flow during the 
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plasma polymerization process can adjust the silver ion release potential of the 

nanocomposites due to changes in the properties of the formed plasma polymerized 

HMDSO thin films.  
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Chapter 1 

Introduction 

 

 

Silver and its compounds have been known for centuries for their broad-spectrum 

antimicrobial activity against different microbial and they have been used in many 

medical applications besides food packaging, textile fabrics and for water treatment [1–

3]. In comparison with silver salts and the bulk silver, silver nanoparticles (AgNPs) have 

been better candidates in medical applications due to their slower dissolution rate 

compared to silver salts [4], [5] and due to their higher interaction efficiency compared to 

bulk silver [2], [6]. This strongly antimicrobial action is proven to be dominant through 

release of silver ions from the AgNPs as a cooperative oxidation process requiring both 

dissolved dioxygen and protons [7–11], with some evidence that the silver nanoparticles 

themselves can damage the microbial cell membranes too [1], [12–15]. 

Numerous practical applications of metal NPs require them to be well dispersed into or 

on the surface of various substrates and matrices without the formation of large 

aggregates and without high chances of their undesirable transfer into the environment. 

The stabilization of AgNPs in polymer matrices has recently gained great attention and 

many methods were developed to prepare Ag/polymer nanocomposite coatings where the 

silver ion release and the antibacterial effect of the nanocomposites were found to be 
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dependent on the silver nanoparticle content and on the method employed [2], [8], [16–

26]. 

Because of the marked increase of antibacterial nanocomposites in the last decades, there 

is significant interest in studying Ag ion release from AgNPs to optimize the 

nanocomposite performance and to reduce the negative effects on human cells and 

environment [1], [10], [12], [13], [27], [28]. An important issue concerning Ag ion 

release is its kinetics; fast or slow release, high or low dose, short or long-term action. All 

these points are of great interest while searching for novel, efficient antibacterial surfaces 

and improving AgNPs technologies through controlled release formulations. This is 

important in order to get a dose control to achieve the desired bactericidal effects on 

specific targets with no toxic effects on human health or the environment [10]. The 

understanding of Ag biocide and environmental effects is complicated because of the 

multifunctional dependence of Ag ion release not only on the nanoparticles' morphology 

and concentration but also on the particle size distribution in the host materials as well as 

on their properties. Many previous studies on ion release kinetics of AgNPs focused on 

environmental factors' dependence, such as dissolved oxygen, pH, temperature, and the 

presence of natural organic matter [9]. Also the dependence of ion release kinetics on the 

primary particle size and concentration was investigated [12], [27], [29]. The properties 

of the polymer matrix play also a major role in the release process due to differences in 

the water uptake of each matrix [8], [23], [30], [31]. Moreover, several 

bimetallic/polymer nanocomposites were developed showing promising properties in the 

silver ion release studies [19], [32–34]. 

Despite the intensive research that has been carried out so far, there are still no systematic 

studies of controlled release taking into account how the composite's morphology 

(nanoparticles' size, concentration, and distribution) affects the mechanism and the 

kinetics of the interfacial ion transfer reactions of the metal nanoparticles. The lack of 

understanding is partly due to the fact that metal nanoparticles embedded in a polymeric 

matrix are not directly accessible concerning their interfacial structure and reactivity. 

This makes it hard to investigate the geometrical arrangement of the nanoparticles in the 

host matrix; thereby the morphology of the nanocomposite and their functional properties 
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can not be tailored. This has been approached in the present work by the usage of well 

defined model systems consisting of two dimensional (2D) silver nanoparticle ensembles 

which are either directly accessible or covered by polymer layers of well defined 

thickness and composition. By 2D we mean that the nanoparticles are deposited on the 

surface of the polymer instead of being embedded inside the matrix (i.e. 3D). This 

nanocomposite system was prepared by thermal evaporation deposition of AgNPs with 

different nominal thicknesses on top of a highly crosslinked sputtered 

polytetrafluoroethylene (PTFE) thin film or sandwiched between two polymer films. Thin 

films of sputtered PTFE were chosen as they are possible to be prepared using our home-

made sputtering chamber which is a good way to produce a highly crosslinked polymer 

matrix that is suitable as a host for the AgNPs. Moreover, since PTFE is a hydrophobic 

polymer, the water uptake is small, so that a quick depletion of the AgNPs should be 

avoided [35]. Besides, PTFE is widely used in metal-polymer nanocomposite systems 

due to its high resistance to chemicals, transparency and very good dielectric properties 

[36]. In the composite studies of PTFE with metal atoms, it was found that PTFE 

stabilizes the composite, reduces the defects and increases the contact angle for water 

management applications [37]. Moreover, PTFE has been considered by many 

researchers as being biocompatible as its low surface energy results in a poor bacteria 

adhesion, thus the formation of bio-films on the Ag/polymer film could be avoided which 

is an important issue for medical devices [38].  

Characterization of the nanocomposites was performed simultaneously in terms of the 

release of Ag ions and the control of the morphology transformation of the 

nanocomposite system by using a combination of different analytical techniques such as 

transmission electron microscopy (TEM), UV-visible spectroscopy (UV-vis), X-ray 

photoelectron spectroscopy (XPS) and inductively coupled plasma mass spectrometry 

(ICP-MS). A strong correlation was found among the results obtained by the different 

techniques. Based on these results, I discuss the influence of the nanocomposites' 

morphology and the polymer barrier on the Ag ion release kinetics. 

Additionally, silver ion release kinetics from composites consisting of silver-gold (Ag-

Au) alloy NPs of 5 nm average size with various compositions was investigated and 
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compared to composites of only pure AgNPs. The results show that gold alloying 

strongly improves the oxidation resistance of the AgNPs. The dissolution of Ag slows 

down quickly after first exposure to water and reaches a saturation state. No 

concentration gradient is established within the NPs upon Ag depletion due to the high 

atomic mobility in the small NPs.  

In the last part of this work, coatings of plasma polymerized hexamethyldisiloxane 

(HMDSO) were deposited on the Ag/PTFE nanocomposites. The structure of the plasma 

polymerized HMDSO film was tailored by varying the oxygen flow during the 

polymerization process and the silver ion release potential and the water uptake 

properties were investigated. Results showed a strong relation between the oxygen 

content and the properties of the plasma polymerized HMDSO coatings. ICP-MS, water 

uptake and wettability results showed a strong water diffusion dependence on the oxygen 

content in the coating films. This indicates that by tailoring the properties of the plasma 

polymerized coatings films, one can tune the silver ion release properties of Ag/polymer 

nanocomposites. Changing the thickness of the barrier showed also another way of tuning 

the release of silver ions from the nanocomposites. 

This dissertation is composed of eight chapters. The first one gives an introduction into 

the subject of the Ag containing nanocomposites and the silver ion release process. 

Chapter two deals with the main theoretical background associated at all stages of this 

work, starting with the silver nanoparticles and its chemical potential, optical properties 

and the alloying of silver with gold on the nanoscale. Besides, the dissolution of the NPs 

and in particular the silver ion release process and the corresponding antimicrobial effects 

of AgNPs were discussed too. Then the Ag/polymer nanocomposites and the growing and 

nucleation of the NPs on top of the polymer surface as well as the properties of the 

sputtered PTFE films and the plasma polymerized HMDSO films were explained. 

Chapter three describes all the techniques which were employed in this work for the 

deposition or the characterization of the samples. The fourth chapter is dealing with the 

experimental procedures which were followed to prepare and characterize all the sample 

systems. Results and discussions were then shown in three separated chapters as follows: 

chapter five demonstrates the synthesis of Ag/PTFE nanocomposites and their silver ion 
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release properties as well as the barrier effects on the silver ion release potential, chapter 

six deals with the synthesis of Ag-Au alloy/PTFE nanocomposites and their silver ion 

release potential, and chapter seven shows the deposition of plasma polymerized 

HMDSO barriers with various oxygen content and various thicknesses on top of 

Ag/PTFE nanocomposites and how that affects the silver ion release kinetics. Finally, 

chapter 8 summarizes the whole work and gives an outlook. 





 

 

 

Chapter 2 

Theory 

 

2.1 Silver nanoparticles  

Silver nanoparticles contain 20 - 15,000 silver atoms are generally smaller than 100 nm 

[39–41] and have unusual physical, chemical and biological properties. They have been 

utilised in many consumer products and applications as can be seen in Table 2.1, 

exploiting their strongly bactericidal action and making AgNPs the largest and fastest 

growing class of nanomaterials in product applications [3]. 

Table 2.1 Major products in the market containing AgNPs [3] 

Nano-Ag containing prodcuts Percentage 
Creams and cosmetics items 32.4 
Health supplements 4.1 
Textiles and clothing 18.0 
Air and water filters 12.3 
Household items 16.4 
Detergents 8.2 
Others 8.6 

 

Nanoparticles (sometimes referred to as ultrafine particles) generally have been defined 

as particle-types in the size range below 100 nm, in at least one dimension [42]. The 

smaller size of the NPs, results in unique chemical and physical characteristics leading to 
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advanced magnetic, electrical, optical, mechanical and structural properties compared to 

the original bulk substrate [43]. They show behavior which is intermediate between that 

of a macroscopic solid and that of an atomic or molecular structures [6], [44]. They 

display deviations from bulk solid behavior such as reductions in the melting temperature 

which results from the effect of the surface free energy, and changes in the lattice 

parameter (usually reduction) which results from the effect of the surface stress. Both the 

surface stress and surface free energy are caused by the reduced coordination of the 

surface atoms [45].  

 

Figure 2.1 Surface area to volume ration and percentage of surface atoms (%) as a function of particle 

diameter  (for gold NPs), based on [6]  

The decrease in the size has a number of important attributes including large surface area 

to volume ratio as shown in Figure 2.1, high surface concentrations of corner and edge 

atoms and low coordination numbers (the number of nearest neighbors) of surface atoms, 

causing an increasing reactive surface area and as a result the surface free energy of the 

particle will change as a function of particle size, thus influencing the thermodynamics of 
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chemical reactivity. Besides, as size decreases, atomic structure variations occur, in terms 

of changes in bond lengths, bond angles, and vacancies and other defects near and on 

surfaces, and unique electronic properties (e.g., quantum transition) as the band structure, 

well known in bulk materials, begins to resemble discrete energy states of small 

molecules [6], [46–50]. Depending on the material and its size range, one or a 

combination of all of these factors will contribute to the size-dependent change in the 

properties and chemical reactivity of that material [50].  

2.1.1 The chemical potential of NPs 

The chemical potential μ is a thermodynamic quantity which expresses the amount of 

energy change per unit mass or mole in a thermodynamic system, if mass or particles 

would be introduced or removed, assuming fixed entropy and volume, i.e., dU = μdn, 

where dU and dn reflect the change of the internal energy and mole, respectively, of a 

homogeneous system [51]. 

In bulk systems, the contribution of the surface energy to total energy content is 

inconsequential. However, at nanoscale, the surface energy forms a major part of the total 

energy and has to be included in the calculations of chemical potential [52]. This effect is 

governed by Gibbs-Thomson equation (2.1) which states that the surface chemical 

potential is inversely proportional to the radius of curvature of the particle. For a one 

component system the Gibbs-Thomson equation relates the chemical potential μv (r), of 

the vapor in equilibrium with a spherical droplet of radius r to the chemical potential      

μv (∞), of the vapor in equilibrium with a flat surface of the same substance at the same 

temperature through 

                                                                                                                                        (2.1) 

where γ is the (isotropic) specific surface free energy of the droplet (or the surface 

tension) and Ωo is the molecular volume in the condensed phase. This equation is readily 

derived by considering the transport of material from the flat surface to the droplet so as 

to increase the radius of the droplet [53].  

v v 0
2γμ (r)- μ ( )= Ω
r

∞
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On applicability of the thermodynamics to nanoparticles, the size dependence of the 

surface tension has to be taken into account; the effective surface tension (the specific 

excess free energy) [54]. 

2.1.2 Optical properties of NPs 

The optical properties of nanoparticles, in particular metal NPs, are totally different from 

the bulk behavior due to quantum size effects that give rise to extra ordinary spectra of 

electron energy levels which are predicted to be discrete [55]. 

The optical properties of metal nanoparticles have long been of interest starting with 

Faraday's investigations of colloidal gold in the middle 1800s. Later on, Gustav Mie 

presented a solution to Maxwell's equations that describes the extinction (scattering + 

absorption) spectra of spherical particles of arbitrary size. Since then, it has been 

recognized that the interaction of light with free electrons in a gold or silver nanoparticle 

can give rise to collective oscillations commonly known as surface plasmons (SPs) or 

surface plasmon resonance (SPR) [56–58]. 

When light is incident on a colloid of small metal particles the oscillating electric field of 

the light produces a force on the mobile conduction electrons in the metal, which induces 

a dipole moment in the particle as illustrated in Figure 2.2. 

 

Figure 2.2 Schematic of plasmon oscillation for a spherical gold colloid, showing the displacement of the 

conduction electron charge cloud relative to the nuclei, reused with permission from [56], copyright (2005), 

Cambridge University Press 
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The redistribution of charge provides a restoring force on the displaced electrons arises 

from Coulomb attraction between electrons and nuclei which results in oscillations of the 

electron cloud relative to the nuclear framework and results in an associated resonant 

frequency. When the particle is small compared to the incident wavelength (radius r ≈ 5 

nm or less for visible light), a simple analytical formula for the polarizability, a, of the 

particle can be derived 

3 m d

m d

ε - εa = 4πr
ε +2ε                                                                                              (2.2) 

where εm is the relative permittivity of the metal and εd is the relative permittivity of the 

surrounding dielectric [56–58]. 

Understanding the color of different metallic nanoparticles comes from recognizing that 

the relative permittivity (refractive index n; since εm = n2) of metals varies with 

frequency, or equivalently, with wavelength. The optical response of the particle is 

strongest when the denominator in equation (2.2) is closest to zero (εm = -2εd) [58].  

These oscillations are found to depend on the shape, size and the dielectric constants of 

both the metal and the surrounding matrix [59]. Well separated gold and silver 

nanoparticle systems are unique because their densities of free electrons are in the proper 

range to give their NPs a broad, intense absorption band in the visible regime of the 

spectrum [56]. The number, the bandwidth, the position and intensity of SPR bands of 

metal NPs depend on the metal, the shape, the size, the size distribution, the interparticle 

separation, the surface state, the surface coverage and the surrounding environment of the 

nanoparticles [56], [58], [60]. As there is a decrease in the size of the NPs, there is a blue-

shift in the SPR and a narrow size distribution of the particles yields a sharp plasmon 

peak [59]. Shape dependence has also been reported [56]. Different shapes have different 

number of resonance bands according to their shape. In addition, the distance between the 

nanoparticles affects the dipole-dipole interaction between them which affects the SP 

bands. The surface plasmon band broadens and shifts to higher wavelength when the 

interparticle distance gets smaller [61]. Moreover, nanoparticles are often produced on 
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surfaces and there is an interaction with the substrate influences their plasmon resonance 

properties. A detailed study of the effect of substrate index of refraction on the plasmon 

wavelength shows that the SPR wavelength of a silver sphere on a substrate shifts to the 

red as the sphere goes from free to being embedded. Moreover, the surrounding solvent 

affects the plasmon resonance wavelength of spherical nanoparticles as the particle 

plasmon wavelength λp varies with the index of refraction of the surrounding solvent 

[57]. Thus, as different molecules absorb radiation in different wavelengths, and as SPR 

peaks are highly sensitive to the particle size, shape, and environment of surrounding of 

nanoparticles, qualitative information about the status of the nanoparticles can be 

obtained by surface plasmon resonance absorption peak in the spectra [62].  

Because of this high sensitivity, UV-vis technique was used throughout this work to 

study the optical and physical properties of the AgNPs and Ag-Au alloy NPs and changes 

in the optical spectra due to silver dissolution after immersion of samples in water was 

examined.  

2.1.3 The dissolution of AgNPs and silver ion release 

The silver ion release potential of different silver materials can be distributed between the 

silver sulfide (highly insoluble, hence a low potential for silver ion release) and the silver 

nitrate (completely soluble, maximum potential for silver ion release) extremes, as 

illustrated in Figure 2.3. Materials that store discrete silver ions in a matrix show a high 

release potential, a bit less than silver nitrate. Silver salts such as silver chloride show a 

lower release potential than the ion-based materials. At the other extreme, bulk silver 

metal has a potential closer to the silver sulfide. As the size of silver metal decreases, the 

surface availability per mass of silver increases and both the solubility and dissolution 

kinetics of silver vary as a function of size, thus the potential for silver ion release 

increases and moves toward the silver nitrate extreme but the silver salts and silver-ion 

materials still show higher potential than the nanosized silver metal materials [4]. 

The state of the nanoparticles, i.e., whether they present as isolated particles, aggregate, 

or dissolve in aqueous solutions depends on the size and shape of the metal nanoparticles, 

the manufacture's preparation, the capping agent as well as environmental conditions 
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such as pH, ionic strength, ionic composition, presences of dissolved organic matter 

(DOM), etc. [1], [49], [52], [63–65]. High ionic strength promotes NPs aggregation, that 

reduces the effective surface area of the NPs exposed to the solution, thereby decreasing 

silver ion dissolution [49], [52], [63]. 

 

Figure 2.3  Silver ion release and amount of silver required in products for different biocidal silver 

formulations, based on [4] 

The dissolution of a solid in an aqueous solution is considered to take place in two steps: 

(i) a reaction at the solid–liquid interface, the so called 'interfacial transport' and (ii) 

transfer of the dissolved matter away from the reaction site. The slower of these steps 

exercises a dominating influence upon the rate of dissolution [66].  

The dissolution of AgNPs to form Ag ions occurs only after they are oxidized by 

dissolved oxygen, a process that is facilitated by high proton concentration (H+) at low 

pH. As AgNPs are introduced to water solution, the NPs undergo the following redox 

reaction and release Ag ions [9], [11], [67], [68]  
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                                                                                                                                        (2.3) 

From this equation, one can see that removing dissolved oxygen from water completely 

inhibits the release of dissolved Ag ions, which shows the role of oxygen in surface 

oxidation [9], [67]. In the presence of dissolved oxygen, Ag ion solubility is enhanced 

when pH is decreased, demonstrating the importance of protons [7–10], [64], [67–69]. 

Besides, as pH decreases, deagglomeration and dissolution of metal NPs increase [49], 

[70]. 

The dependence of ion release kinetics on the primary particle size and concentration has 

been investigated and it has been revealed that the ion release rate increases with increase 

in the concentration of AgNPs and is inversely proportional to the AgNP radius [27], 

[31]. Moreover, the dissolution of the silver NPs is size-depedent, as the solubility 

increases exponentially as the particle size decreases [49], [67], [70]. Besides, there is a 

size dependence of the redox properties for metal and metal oxides on the nanoscale [49]. 

A negative shift in the peak potential (Ep) for Ag oxidation with size was observed due to 

a negative shift in the standard redox potential (E°) as the size decreases [29], as shown 

previously in equation (2.1).  

The shape of the NPs affect also its potential to oxidize as the NPs in general are not 

spherical but instead have faceted structures with different interaction energies depending 

on shape and different surface planes, and thus, different dissolution tendency [49]. 

The ion release rates were found to increase with temperature in the range 0 - 37 °C [9], 

as temperature leads to an increased degree of dissolution [71]. Other factors that affect 

the silver ion release from silver nanoparticles are the presence of complexing agents and 

natural organic matter as these affect the aggregation and dissolution of the AgNPs [63], 

[69].  

Besides, in the preparation of silver polymeric nanocomposites, crucial parameters such 

as particle shape and size distribution, degree of particle agglomeration, silver content 

and interaction of silver surface with the polymer host have to be considered as they play 

s 2 2
12Ag 2 2
2 aq aq aqO H Ag H O+ ++ + ↔ +
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a major role in the Ag ion release process and they determine the antimicrobial efficiency 

of these polymeric nanocomposites [72]. 

The essential steps of silver ion release from silver/polymer nanocomposites are the 

diffusion of water into the matrix, the formation of silver ions due to the reaction between 

the silver and water molecules, then the migration of these ions through the matrix 

polymer leading to the release into the aqueous environment. Among these three steps, 

the production of silver ions is faster compared to the water diffusion and the Ag ion 

migration processes which can make them be the rate determining stages of the entire 

release mechanisms [16]. Differences in the water uptake of the polymer matrix were 

found to lead to different Ag ion release behavior [8], Water uptake (φ) of polymer films 

increases the dielectric constant of the coating. Dielectric constant, on the other hand, is 

related to the capacitance by the following equation 

                                                                                                                                        (2.4) 

where C is the capacitance, ε is the dielectric constant of the coating, εo is the dielectric 

constant for the vacuum,  A is area and dTOT is total coating thickness. Hence, capacitance 

of the coating increases together with water uptake and thus the coating capacitance (Cp) 

can be estimated from electrochemical impedance spectroscopy (EIS) data at high 

frequency values (f) using the absolute value of impedance (|Z|) 

                                                                                                                                        (2.5) 

The effects of the polymer coatings on the kinetics of silver ion release were also 

demonstrated by plasma polymer coatings with embedded AgNPs [23], [30], [31]. A 

good control over the rate of release of ions was demonstrated by depositing a thin 

plasma polymer overlayer and adjusting its thickness [23], [30].  

So material properties like the crystallinity, cross linking, matrix polarity, and presence of 

additives affect the diffusion of water molecules and Ag ions through the matrix and 

influence the rate of silver ion release. 

TOT

AC
d
εε°=

1
2pC

f Zπ
=



16                                                                                                                      Ch. 2 Theory 
 

2.1.4 The bioavailability and toxicity of AgNPs  

Silver is probably the most powerful antimicrobial agent that exhibits a strong toxicity 

toward a broad spectrum of bacterial strains that are found in industrial processes as well 

as in the human body. Because of these characteristics, silver in various forms is ideally 

suited for a wide range of applications in consumer, industrial, and medical products [1], 

[2], [40], [72], [73]. Although silver salts and complexes are effective antimicrobial 

agents, their use may result in unwanted adsorption of ions in cells [72]. Therefore, silver 

nanoparticles seem to be better candidates in medical applications due to their slower 

dissolution rate compared to silver salts [4], [5] and due to their higher interaction 

efficiency compared to bulk silver as discussed in section 2.1.1.  

It remains unclear if the toxicity of AgNPs is the result of Ag ions or it is either attributed 

to the NPs themselves [1], [7–10], [12–14], [27], [34], [39], [41], [74]. For example, 

Sotiriou and Pratsinis [12] found that when Ag nanoparticles less than about 10 nm in 

average diameter were employed, the antibacterial activity of nanosilver was dominated 

by the high concentration of the released Ag ions, while when relatively larger Ag 

nanoparticles were used, the concentration of the released Ag ions was lower then the 

antibacterial activity of the released Ag ions and silver nanoparticles was comparable. 

Another in vitro study of antibacterial activity of silver nanoparticles revealed high 

antibacterial activity at concentrations that are comparable with concentrations of ionic 

silver revealing same antibacterial effect. However, such low concentrations of silver NPs 

did not show acute cytotoxicity to mammalian cells - this occurs at concentrations higher 

than 60 mg/L of silver, while the cytotoxic level of ionic silver is much more lower (~ 1 

mg/L). Moreover, the silver NPs are toxic to eukaryotic organisms at the concentrations 

higher than 30 mg/L of silver. On contrary, ionic silver retains its cytotoxicity and 

ecotoxicity even at the concentration equal to 1 mg/L [75]. Dhas et al. [76] reported that 

both silver particles and released ions are involved in the toxicity as the bacterial growth 

inhibition caused by the metal ions released from 100 mg/L nanoparticles was nearly     

30 % of the overall growth inhibition caused by the 100 mg/L nanoparticles with an 

effective hydrodynamic diameter of 44.3 nm. On the other hand, Xiu et al. [77] have 

proven that Ag ions are the definitive molecular toxicant as they tested the toxicity of 
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glycol-thiol-coated AgNPs (PEG-AgNPs) with sizes ranging from 3 to 11 nm under 

strictly anaerobic condition.  

This uncertainty has also lead to lack of understanding of the mechanism of the 

antimicrobial activity of silver. The most common proposed mechanisms of the 

antimicrobial activity of silver nanoparticles are: (i) gradual release of free silver ions, 

followed by disruption of adenosine triphosphate (ATP) production and deoxyribonucleic 

acid (DNA) replication, (ii) silver nanoparticles direct damage to cell membranes, and 

(iii) silver nanoparticles and silver ion generation of reactive oxygen species (ROS) [1], 

[39–41], [72]. Definitely, silver has multiple actions against various bacteria. To some 

extent it may be explained why silver seldom gets resisted [41]. Although, a silver 

resistance has been documented [78] and some studies showed that the continuous 

exposure to AgNPs leads to moderate adaptation of bacterial species [76]. 

Several studies reported that AgNPs size [12–14], [79], shape [80], surface charge and 

coating [76], [77], [81], and solution chemistry [63] affect the toxicity of AgNPs. 

Additionally, the antimicrobial activity of AgNPs changes with respect to temperature, 

pH, concentration and time [82], [83]. This can be due to the fact that the bioavailability 

and toxicity of AgNPs are often linked to the stability of the NPs (remaining 

unagglomerated) and their ability to deliver soluble metal ions to the specific biological 

organisms. Accordingly, what affects the AgNPs stability, will indirectly affect its 

toxicity [1], [52], [81], [84]. 

The over use of AgNPs in commercial products leads to its release into the environment 

which is estimated to be 270 tonnes/year [85]. This destabilizes the ecosystem 

functioning as AgNPs and dissolved silver ions in the environment could be persistent 

and toxic to other higher organisms and human cells in different concentrations [1], [3], 

[39], [86]. Therefore, there is a significant interest in optimizing the NPs performance 

and in reducing the negative effects on human cells and environment. Hence, and in view 

of the fact that several practical applications of AgNPs require them to be well dispersed 

into or on the surface of various substrates and matrices without the formation of large 

aggregates, many methods were developed to prepare Ag nanocomposite coatings where 
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the silver ion release and the toxicity of AgNPs were reduced by embedding or coating 

with a polymer or ceramic matrix as the immobilization of silver on these substrates 

seems advantageous since it will not allow the direct uptake of the particles from 

mammalian cells [2], [8], [13], [16–18], [23], [30], [31], [72]. Hrak et al. [28] have 

evaluated the antimicrobial and cytotoxic properties of silver/titania nanocomposite 

coating with special emphasis on the differences between the activities on the surface 

versus in solution and have demonstrated that the therapeutic window of high 

antimicrobial activity without associated cytotoxicity is largely extended at the surface. 

In this work, we are mainly focusing on investigating the silver ion release process from 

silver/PTFE nanocomposites while the antimicrobial activity was previously investigated 

as shown in Figure 2.4.  

 

Figure 2.4 Florescence microscopy images from the growth of E. Coli SAR18 after 1 and 24 hours (h) on 

polymer substrate (POM) with pure PTFE coating, and 25 % Ag/PTFE nanocomposite incubated with 

1×107 bacteria/ml. The glowing color in the images represents the bacteria grown in the respective areas, 

based on [21] 



2.1 Silver nanoparticles                                                                                                      19   

 
 

A Florescence test from the growth of E. Coli SAR18 on Ag/PTFE nanocomposites was 

done showing significant inhibition of the growth of E. Coli over time (1 to 24 hours). To 

compare and remove the effects from the PTFE substrates, the bacterial growth studies 

were performed on the polyoxymethylene (POM) coated with pure PTFE as well. From 

Figure 2.4, the glowing of the bacteria grown can be seen on the POM substrates with 

pure PTFE. As one can clearly observe, the growth of bacteria is not significant for the 

nanocomposites. The antibacterial efficiency of the coatings against different bacteria 

was demonstrated at extremely small silver consumption of ≈ 0.1 g.m-2, and it was found 

that the release of Ag ions correlates with the antibacterial efficiency [21]. 

2.1.5 Ag-Au alloy NPs 

Silver and gold are noble metals in the same group of periodic table with similar atomic 

radii and same crystallographic structures (face-centered cubic; FCC) which make them 

fully miscible in each other in the solid solutions of any composition [87]. 

For an ideal solid solution the energy E may be independent of the arrangement of the 

NνB B atoms in the matrix of NνA A  atoms where N is the number of atoms ,vi is the mole 

fraction of component i, and νA + νB = 1. Then ωM is the number of distinguishable 

arrangements of the themselves indistinguishable A or B atoms on the lattice sites. The 

arrangements are obtained by performing all possible exchanges for the N atoms 

excluding those between the A atoms amongst themselves and between the B atoms 

among themselves. Thus 

                                                                                                                                        (2.6) 

Using Stirling's formula, the entropy of mixing (shown in Figure 2.5) is 

                                                                                                                            (2.7) 

where k is Boltzmann's constant. 
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Figure 2.5 Entropy of mixing of an ideal solution as function of the mole fraction νB, based on  [88]  

A usual phase diagram presents information on the phase stability of silver and gold as 

bulk materials with respect to temperature and composition. However, because the 

properties of nanoscale materials are different from those of bulk materials, a separate 

phase diagram is needed for nanoparticles. Yeo et al. [89] has constructed a phase 

diagram of 2 nm Ag-Au alloy NPs over the entire composition range by molecular 

dynamics simulation combined with other analysis methods. A complete solid-solution 

phase diagram of the binary Ag-Au system similar to the bulk phase was obtained, but 

the details were quite different. The freezing temperature was lower than that of the bulk 

state by several hundred degrees for all compositions and three different solid-state 

structures; amorphous, icosahedron or crystalline (FCC), were proposed in relation to the 

Au composition. The overall shapes of the nanophase diagrams are similar to that of the 

bulk. 

In many publications, the production of bimetallic NPs in the form of layers, core-shell, 

alloys, nanotubes etc. has been reported [90–98]. Ag-Au alloy nanoparticles have been 

synthesized by various reduction techniques [90], [94], by laser-induced alloying [99], 

and by thermal evaporation [26], [91]. 
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On the nanoscale, bimetallic NPs have properties that are different from the particles of 

their constituents not only due to size effects as in pure NPs, but also as a result of the 

composition of different metals [59], [97]. One example is the optical properties as the 

combination of Ag-Au NPs provides continuous adjustments of their localized surface 

plasmonic absorptions with respect to structure, particle size and composition 

distributions. The alloying of Ag-Au NPs results in an optical absorption spectrum which 

shows a single plasmon resonance peak, whereas two bands would be expected for the 

case of phase separated NPs [59], [95]. Alloy formation of Ag-Au NPs caused a plasmon 

maximum in the UV-vis spectrum between the absorption maximum of Ag and Au that 

varies with respect to composition distribution. The plasmon peak position is red shifted 

as a result of an increase in Au composition due to the continuous change of the d-band 

energy level that contributes to the interband transition term in the dielectric function, and 

a damping of the absorbance maxima is seen attributed to the higher electron scattering 

by foreign atoms upon alloying and the gold d-sp interband transition [59], [94], [100]. 

The position of the plasmon absorption peak of these alloy NPs, however, depends 

linearly on the composition of the alloy particles when expressed in terms of the gold 

fraction as previously reported [90], [93], [99], [100] and shown in Figure 2.6 . 

The usage of noble metals with silver has shown different silver dissolution behavior. An 

early study done by Forty [101] examined the oxidation reaction of a bulk silver/gold 

alloy system in aqueous environment under the phenomena of selective dissolution. 

Silver is less noble than gold and releases easily from the gold alloy system, by leaving a 

high content of gold residue behind and creating surface vacancies and disordered areas 

near the surface. When all the surface of alloy is dominated by gold atoms, alloy becomes 

passivated and volume and surface diffusions start to play an important role. 
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Figure 2.6 UV-vis absorption spectra of Au and Au-Ag alloy NPs with varying gold mole fraction XAu. 

The spectra have been normalized at the plasmon absorption maximum. The inset shows how the 

absorption maximum of the plasmon band depends on the composition. The solid line is a linear fit of the 

absorption maximum to the Au mole fraction. The squares correspond to the experimental data while the 

triangle and diamond are two literature values for pure AgNPs, reused with permission from [90], copyright 

(1999), American Chemical Society 

Recently, several bimetallic/polymer nanocomposites were developed showing promising 

properties in the silver ion release studies as it has been demonstrated that galvanic 

coupling of silver with platinum [32], [33] or gold [19] strongly increases the silver ion 

release, as due to different standard oxidation-reduction potentials of the two dissimilar 

noble metals, when they are in contact with each other in an electrolyte, one of the metals 

oxides or corrodes with respect to electron transfer between the metals. This corrosion 

process is called galvanic corrosion (galvanic coupling) [102]. Galvanic coupling within 

an electrolyte enhances the dissolution of less noble metal ion in alloys, thin films or 

sputtered targets [20], [32]. More noble metal acts as a cathode and less noble metal acts 

as an anode in the electrolyte thus it provides ion transfer between anode and cathode. 

Lower difference in standard potential means weaker galvanic effect. Metals that have 

lower reduction potentials can easily oxidized to their ions by loosing electrons and these 
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electrons will reduce the other metal. Barcikowski et al. [103], [104] have examined 

copper/silver and gold/silver nanocomposites containing nanoparticles dispersed in a 

polymer matrix without direct contact generated by laser ablation in liquids. In the Cu/Ag 

system, they found that electrochemical oxidation reaction between the two different 

metals enhanced the ion release of the less noble Cu by the ion mediated electrochemical 

reaction and silver ion release was retarded. Whereas in the case of Au/Ag 

nanocomposite films, no effect on silver ion release was observed due to the absence of 

mobile gold ions. On the other hand, Besner et al. [99] have observed a strong increase in 

the oxidation resistance with the increase in the Au fraction inside the Ag-Au alloy NPs 

which could probably result from significant modifications of the electrochemical 

properties of the NPs. Ag and Au significantly differ in their electronic properties. In this 

respect, colloidal AgNPs are known to act as an electron storage (donor) medium. 

Consequently, they would easily dissociate through an anodic reaction to release an 

electron and an Ag ion. In contrast, Au is known to possess some electron acceptor 

properties. The addition of Au atoms inside the AgNPs would then contribute to the 

formation of internal electron traps, inhibiting the dissolution of the AgNPs and the 

release of Ag ions. Hence, the formation of nanoalloys which exhibit more stability in 

comparison to Ag and higher plasmonic response in comparison to Au could also be 

beneficial for surface-enhanced Raman scattering (SERS) applications.  

In this work, Ag-Au alloy NPs were prepared by simultaneous thermal evaporation 

technique and deposited on top of a sputtered PTFE thin film and silver ion release 

properties of these nanocomposites were investigated and compared to composites with 

only pure AgNPs as will be discussed in the next chapters. 

2.2 Silver/polymer nanocomposites  

Polymer nanocomposites are advanced functional materials composed of nanoparticles 

dispersed inside the polymeric matrix and/or coated by polymer. As a result, the produced 

material combines the suitable properties of both partners [72]. They have attracted 

considerable attention in recent years as a result of their high performance, improved 

properties compared to the constituent's parts, design flexibility, lower costs, high 
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stability, and uniquely large applicability of nanocomposites in various industrial fields 

[2], [72]. 

Numerous practical applications of silver nanoparticles require them to be well dispersed 

into or on the surface of various substrates and matrices without the formation of large 

aggregates. From this point of view, polymers are a good choice because of their 

chemical and structural nature with the long polymeric chains allowing incorporation and 

fine dispersion of nanoparticles [2], [15], [17], [72], [105]. Additionally, the suitable 

functional groups of polymers can be used as targeted reactive sites for the controlled 

one-step synthesis of nanoparticles [72].  

Many methods were developed to prepare Ag/polymer nanocomposite coatings where the 

silver ion release and the antibacterial effect of the nanocomposite were investigated. The 

toxicity of AgNPs was reduced by embedding or coating with a polymer matrix as the 

immobilization of silver on polymer substrates seems advantageous since it will not allow 

the direct uptake of the particles from mammalian cells and reduce the chances of their 

appearance in the environment [2], [8], [13], [15–18], [23], [30], [31], [72]. Lately, our 

group applied different vapor phase deposition techniques to produce AgNPs and other 

noble metals and alloys together with an organic or ceramic component as a method to 

investigate the antimicrobial effect and the silver ion release potential [19–22], [24–26].  

In this work, and through the combination of several vacuum deposition technologies, 

polymer films with metal NPs on top of them were fabricated in what we call it a two 

dimensional model system due to the fact that the particle ensembles are on the surface of 

the polymer and are not embedded inside the matrix (i.e. 3D). The prepared matrix is a 

thin film of RF sputtered PTFE and the coatings are either sputtered PTFE or plasma 

polymerized HMDSO as will be discussed in the following sections.  

2.2.1 Nucleation and growth of noble metals on polymer surface 

Noble metal deposition on polymeric surfaces plays an important role in today's 

industries. Thus, metal-polymer interfaces should be well investigated in order to obtain 

desirable product and process conditions. Polymers and metals have different structures; 
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the building blocks of metals are small and uniformly distributed and the atoms can be 

arranged into densely packed crystalline regular structures by metallic bonding. On the 

other hand, polymers are made up of large covalently bonded repeated units that are held 

together by weak Van der Waals interactions in an open structure. They have high 

entanglement of the chain and because of this they can not have regular structures. 

Cohesive energy of the metals is typically two orders of magnitude higher than that of the 

polymers [106]. Thus these differences cause lower interaction between polymer and 

metal compared to metal-metal interaction. This phenomenon leads to a strong 

aggregation of metal atoms and low solubility of metal atoms in polymer [106].  

In this work, the synthesis of the metal NPs/polymer interfaces by evaporation of the 

metal onto the highly crosslinking sputtered PTFE surface takes place between highly 

cohesive energy metals (Ag and Au) and a low cohesive energy polymer (PTFE) which 

leads to a very low interaction between the metal atoms and the polymer matrix. Figure 

2.7 shows the basic processes that play role in the initial stages of deposition of metal 

atoms onto untreated polymeric surface [107]. In adsorption stage, noble metal atoms are 

initially adsorbed on the polymer surface by the thermal energy gained from evaporation. 

Condensation coefficient (C) of metals on polymer (often also denoted as sticking 

coefficient) is the ratio of the number of adsorbed metal atoms to the total number of 

metal atoms arriving at the surface and it depends on the deposition parameters and 

strongly on the type of the polymer [108]. For PTFE polymer, C is very small even more 

at elevated temperatures [109]. 

After adsorption, metal atoms diffuse on polymer surface for a while until they desorb or 

get trapped at defect site or at a cluster. Defect sites on polymer surface trap the metal 

atoms by binding tightly the atoms themselves. Thus, atoms need higher energies to 

overcome the energy barrier for their release. Because of this, desorption of the metal 

atom can occur only when the atoms diffuse on the free polymer. Surface diffusion 

process can be considered as a random walk process which is also a temperature 

dependent process thus strongly depends on the temperature of the substrate. Diffusion of 

metal atoms into the bulk polymer plays minor role because aggregation tendency of 

metal atoms into clusters are higher than diffusion of atoms. Forming a stable nucleus 
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depends on the total nucleation energy; the free energy change (G) as a function of 

nucleus size (R). Figure 2.8 illustrates that nucleation must occur at a critical size R* and 

that the energy barrier to nucleation G* can be reduced by a decrease in the interfacial 

term or by an increase in the volumetric driving force [88], [110].  

 

Figure 2.7 Basic processes in the initial stages of metal/polymer interface formation within PVD, based on 

[107] 

By definition, critical cluster is the cluster with one atom less than the first stable cluster. 

Once clusters are formed, they grow by capturing the metal atoms that diffuses on 

polymer surface. The agglomeration of the clusters can be seen, if the clusters are mobile 

on polymeric surface. To obtain homogenous nucleation, the number of diffusing 

adatoms on the polymer surface should be increased by using higher deposition rates and 

also, the effects of defect site on the polymer should be considered since they create non-

homogenous nucleation. Small clusters are highly mobile on polymer surface thus they 

have higher aggregation tendency on the polymer than embedding into the polymer. 

However, embedding of metal clusters into the polymer bulk can occur by higher 

mobility of the polymer chains that can be obtained by increasing the temperature to near 

or higher than the glass transition temperature of the polymer. It can be concluded that 

deposition rate, substrate temperature and defect sites play important role in deposition of 
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metal atoms on polymeric substrate. These parameters should be optimized well in order 

to obtain homogenous metal-polymer composites [107]. 

 

Figure 2.8 Free energy contributions associated with the formation of nuclei of different radii, based on  

[88], [110]  

Figure 2.9 shows the growth stage within Au film by the change within structure and the 

importance of the growth by the effect of the deposition method. Deposition of Ag and 

Au films on a dielectric material shows similar growth stages. In the beginning, small 

metal nuclei are formed at certain sites of the substrate and by continuous deposition the 

nuclei grow by surface diffusion and impingements, creating larger irregular metal 

islands. By further deposition, the irregular metal islands undergo large-scale coalescence 

which results in the formation of metallic network. By this, voids between metallic paths 

become smaller and more regular. It can be seen that for large scale coalescence, critical 

thickness around 10 nm is needed for conventional evaporation (c.e.) whereas for ion 

assisted evaporation (which uses simultaneous bombardment of energetic atoms, 

sputtering) critical thickness around 4 nm is needed. Finally, a uniform continuous metal 

film is formed. It can be said that reasonable uniform noble metal films can be formed at 

a thickness higher than 10 nm by conventional evaporation and sputtering [111]. 
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Figure 2.9 Survey over growth  stages, structures, thickness scale for thin Au film deposited on glass by 

c.e. (conventional evaporation) and i.p (ion assisted evaporation), based on [111]  

Depending on the thermodynamic parameters of the deposit and the substrate surface, 

thin films may grow in three different modes described as: (a) Island type, called Volmer-

Weber type, (b) layer type, called Frank-van der Merwe type, or (c) mixed type, called 

Stranski-Krastanov type. In almost all practical cases where nonreactive metals are 

deposited, the growth takes place by island formation [112]. Surface energy plays a 

dominant role in thin film formation and the type of growth mode it takes. We have to 

consider the surface energy of the substrate free surface γs, substrate film interface γi and 

film free surface γf [113]. When there is no strong bonding between film and substrate to 

reduce γi, we will have the island or Volmer-Weber mode which is characterized by three 

dimensional islands as atoms have stronger affinity to each other than to the substrate.  

2.2.2 RF Sputtered polytetrafluoroethylene (PTFE) 

Polytetrafluoroethylene (PTFE) is a synthetic semi-crystalline thermoplastic polymer that 

is composed of carbon (C) and fluorine (F) as shown in Figure 2.10. 
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Figure 2.10 Structural formula of PTFE monomer 

The conventional PTFE is known for having the lowest surface energy and a low 

dielectric constant, being highly hydrophobic, having highest chemical resistance, low 

moisture absorption, high thermal stability among other organic polymers. Due to its 

unique properties it has been used widely in chemical, medical, semiconductor, filtration, 

electrical, aerospace, automotive and petrochemical industries [114]. However, to 

overcome the poor adhesion with other materials problem, it was important to prepare 

PTFE-like films on various substrates using different techniques. Fluorocarbon polymers 

films prepared by RF sputtering of PTFE in different gases or by plasma polymerization 

have attracted attention in the 1970s forward [115–122]. 

The motivation was to prepare good dielectric films, low friction, protective and non-

wettable coatings [116]. The RF sputtering and deposition of PTFE films suggested 

mechanism is via the plasma polymerization of the sputter-generated tetrafluoroethylene 

(TFE) monomer and the rearrangement of the sputter-generated -(CF2)x- oligomeric 

segments [122]. A model of a fluorocarbon plasma polymer film obtained by PTFE RF 

sputtering was suggested by Biederman et al.  in which the C-C bonds are predominantly 

perpendicular to the sample plane and the C-F bonds are predominantly parallel to the 

sample plane [115], [116]. 
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The results showed that the chemical and molecular structure and composition and 

several properties of the deposited films are strongly depending not only on the technique 

employed but also on the specific design of the apparatus in use [121] and the sputtering 

gas in process [122]. The sputtered PTFE films were found to be amorphous and showed 

fluorine (F) deficiency in their composition which resulted in a slight increase in the 

dielectric constant of the films. However, the structure was found to be influenced by the 

substrate temperature and processing gas [115]. The friction coefficient for the sputtered 

films was higher than that of the bulk polymer and the average refractive index of the 

sputtered film was less than that of the bulk PTFE which could be arise if the deposited 

film had a lower density than the bulk polymer [121]. 

The crystallinity of the deposited polymer and the untreated target material are not 

similar. The results from different characterization methods suggest that the partially 

crystalline structure of the chain is destroyed in the sputtering process of PTFE [36], 

[122]. During the adsorption of monomers, molecular fragments and radicals on the 

substrate, they form a crosslinked structure that results in amorphous structure [123]. An 

XPS spectrum of an argon plasma sputtered PTFE films prepared previously by our 

group [36], Figure 2.11, shows that the sputtered polymer films have a completely 

different structure from the pristine PTFE as the C 1s core-level spectrum for pristine 

PTFE has only one peak at the binding energy 292.0 eV due to the CF2 groups in the 

polymer chains. The element ratio of fluorine to carbon is 2:1. After sputtering the 

spectrum shows three additional peaks which are related to CF (290.2 eV, 28.1 % fraction 

of C 1s peak), CF2 (292.0 eV, 31.7 %), CF3 (293.9 eV, 22.6 %), and C-CFx (287.9 eV, 

17.6 %) species. The additional peaks are in agreement with pronounced crosslinking as 

reported earlier [115] for sputtered films. The crosslinking might be seen as an advantage 

in this case as it ensures higher mechanical stability of the polymer around the metal. The 

density of the sputtered PTFE was determined gravimetrically as 2.1 g/cm3, which is 

close to the density given by the pristine polymer supplier (2.2 g/cm3) taking into account 

the measurement error. The resistivity of the sputtered polymer is more than 107 Ω cm 

and the refractive index n of the sputtered polymer measured with ellipsometry is n = 
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1.374, so that we get for the dielectric constant ε∞ = n2 = 1.88, which is close to the 

reported refractive index of PTFE ε∞ = 1.89. 

 

Figure 2.11 XPS C 1s spectrum of sputtered PTFE without Ag, based on [36]  

Further investigations were done by Hassel et al. [124] as uniformity of sputtered PTFE 

films was checked by EDX in the scanning electron microscope by measuring the 

fluorine content of the film. The absence of pinholes was shown by deposition of ion-

enriched water on top of the film. No current could be measured through the film after 

applying a voltage to the droplet and metal. Contact angle measurements were conducted 

and the super hydrophobicity which based on the surface structure and the surface 

functionality was tuned by the RF sputtering of PTFE on different surfaces.  

In this study, thin films of RF sputtered PTFE were chosen as it is possible to be prepared 

using our home-made sputtering chamber which is a good way to produce a highly 

crosslinked polymer that is suitable as a host for the AgNPs. Moreover, since it is a 

hydrophobic polymer matrix, the water uptake is small, so that a quick depletion of the 

AgNPs should be avoided [35]. Besides, PTFE is widely used in metal-polymer 

nanocomposite systems due to its high resistance to chemicals, transparency and very 

good dielectric properties [36]. In the composite studies of PTFE with metal atoms, it was 
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found that PTFE stabilizes the composite, reduces the defects and increases the contact 

angle for water management applications [37]. Moreover, PTFE has been considered by 

many researchers as being biocompatible as its low surface energy results in a poor 

bacteria adhesion, thus the formation of bio-films on the Ag/polymer film could be 

avoided which is an important issue for medical devices [38].  

2.2.3 Plasma polymerized hexamethyldisiloxane (HMDSO)  

In plasma polymerization, organic monomer precursors (vapor or aerosol) are introduced 

into the plasma zone and converted by the plasma into charged or neutral molecular 

fragments and atomic species. All these fragments recombine on the surfaces that confine 

the plasma and form a thin film [125]. Plasma polymerized films are generally 

amorphous, pinhole-free, highly crosslinked and are therefore insoluble, thermally stable, 

chemically inert and mechanically tough. Furthermore, they are very adhesive to different 

substrates [125–127].   

An important example of plasma polymerization is the deposition of polymer-like or 

quartz-like thin films with varying concentration of hydrocarbons (SiOxCyHz) from 

siloxane monomers. Hexamethyldisiloxane (HMDSO, C6H18Si2O); a silicone-oxygen-

silicone core with three methyl groups attached to each silicone as shown in Figure 2.12; 

is often preferred as precursor since it is generally sufficiently volatile near room 

temperature, relatively non-toxic and non-flammable, cheap and available from 

commercial sources, in addition to its highly organic character as well as its high vapor 

pressure [125], [127].  

The chemical composition of the HMDSO plasma-polymerized thin films can be adjusted 

over a wide range from polymer-like properties with various applications as adhesion 

interfaces to glass-like films with applications corrosion protective layers or anti-scratch 

coatings on plastic substrates, coatings for biocompatible materials and low-k dielectric 

layers for microelectronic applications [125–129]. 
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Figure 2.12 Chemical structure of hexamethyldisiloxane (HMDSO) 

In this work, different barriers of a SiOxCyHz-polymer matrix were grown by plasma 

polymerization of HMDSO, with tailoring the composition and properties of the matrix. 

More details about the preparation parameters and the composition of the prepared films 

were investigated by Peter et al. [130]. 





 

 

 

Chapter 3 

Techniques 

 

 

3.1 Deposition techniques 

Thin films are created by the deposition of layers of a material within few nanometers to 

about ten micrometers range onto bulk materials (substrate) to achieve properties 

unattainable or not easily attainable in the substrates alone. Deposition phenomena 

proceed by removal and transportation of the atoms from the source material and then 

deposition onto the substrate forming a film layer [110], [113]. This is carried out in ultra 

high vacuum or a minimum of high vacuum conditions depending on the target material 

and the method. By decreasing the pressure, the mean free path, i.e. the average distance 

that a molecule travels in a gas before encountering collisions with other molecules of the 

evaporated particles within the deposition chamber increases. Higher mean free path 

means lower probability of collision between molecules than the probability of molecule-

wall collision, which can avoid the significant reduction of deposition rate and prevent 

contaminations to deposit on the substrate. In addition, vacuum conditions are necessary 

to prevent oxidation of any reactive metals, e.g., the filament in a thermal evaporator at 

the presence of oxygen [113]. 
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Many techniques have been developed to produce films at nanometer level, namely 

physical vapor deposition (PVD) and chemical vapor deposition (CVD). PVD is based on 

condensation of a vaporized material onto another surface and CVD is based on 

deposition of the desired product resulting from the chemical reaction between the 

substrate and gaseous precursor [110].  

In this work various physical deposition techniques were used: thermal evaporation of 

silver and gold, RF sputtering of PTFE and plasma polymerization of HMDSO.   

3.1.1 Thermal evaporation of silver and gold   

Thermal evaporation is a physical deposition process that consists of evaporation of the 

source material by the heating system and condensation of the vaporized material on to 

the substrate under vacuum. The vapor expands in the chamber under vacuum and 

condenses on the substrate that has lower temperature than the evaporation source [113]. 

Since temperature affects the equilibrium vapor pressure of the materials, there is a strong 

dependence of the evaporation rate on temperature [110]. In thermal evaporation, high 

deposition rates can be obtained due to exponential behavior of the vapor pressure of the 

material to be evaporated and the source temperature [131]. The twisted-wire coil, 

dimpled boat and the heat-shielded crucible are the most common sources for thermal 

evaporation [113]. The geometry of the evaporation source affects the geometry of the 

vapor cloud which results in an angular distribution of the evaporant flux and the film 

thickness uniformity and coverage are govern by the geometric placement of source and 

substrate [110]. 

The advantages of thermal evaporation technique are the easy usage and the low costs 

instrumentation. Also, metals, alloys and large number of compounds can be evaporated 

by this technique and deposition parameters can be independently controlled. On the 

other hand, it is difficult to coat large and irregular shaped substrates because of the non-

uniform deposition and it is hard to maintain stoichiometry [110].  

In this work, a home-made thermal evaporation chamber was used to deposit Ag and Ag-

Au alloy nanoparticles on the surface of a polymer substrate. Figure 3.1 shows a three 
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dimensional view of the glass chamber and the evaporator. Two separated crucibles 

(length = 10 mm, inner diameter = 3 mm) made of alumina (Al2O3) and boron nitride 

(BN) and surrounded by a tungsten (W) heater coil filament were used to evaporate Ag 

and Au separately. They are both positioned at angle 22.5° with respect to the center line 

of the chamber. The distance between the top of the crucible opening and the sample 

holder is 170 mm. The chamber is provided by a rotary pump (Pfeiffer DUO 005 M) 

which generates the pre-vacuum (10-1 mbar) and a turbo molecular pump (Pfeiffer TMU 

260) coupled to the rotary pump to create the end vacuum (10-6 mbar). The power supply 

SM7020-D (Delta Elektronika) was used to heat the evaporation source by increasing the 

current (I) and the voltage (U) slowly which were controlled automatically by the lab 

view 8.6 software (National Instruments). 

 

Figure 3.1 3D view of the home-made thermal evaporation chamber and the evaporator constructed by 

Dipl.-Ing. Stefan Rehders 

http://www.tf.uni-kiel.de/~sr/
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3.1.2 RF Sputtering of PTFE  

Sputtering is a PVD process involving the removal of material from a solid cathode 

(target) by bombarding with positive ions emitted from a gas discharge. When ions with 

high kinetics energy are incident on the cathode, the subsequent collisions remove, or 

sputter, atoms from the material. The process of transferring momentum from impacting 

ions to surface atoms forms the basis of sputtering. The high-energy strike of the ions 

leads atoms at the surface of the substrate to be ejected. After condensation, sputtered 

atoms create a thin film onto the substrate placed in anode. Confinement of the plasma 

near the target can be improved by the magnetic field of the magnetron sputter source 

[110], [113].  

A sputtering chamber, held at high vacuum, consists of a water cooled grounded anode 

and a negatively biased target and an inlet for the sputtering gas. To prevent overheating 

and chemical or thermodynamic changes of the target, the cathode is water cooled Cu 

backing plate. High voltage is used to ignite the plasma, and the positive gas ions are 

accelerated towards the cathode. Upon impact, material is removed from the target and 

deposited onto the substrate placed on the anode. As the target material, PTFE in this 

case, is electrically insulating, radio frequency (RF) power should be used rather than 

direct current (DC) bias. In this way, gas discharge is created by an alternating current 

and the sign of the anode-cathode bias is varied at a high rate so that charge build up on 

insulating targets can be prevented [110]. 

Sputtering technique has unique advantages over other techniques: any material can be 

volatilized by it, compounds are volatilized stoichiometrically, and the film deposition 

rate can be made uniform over very large areas [113]. As disadvantages, sputtering has 

slower deposition rates and it is hard to optimize sputtering parameters in order to obtain 

desired composition within the material [132].  

In this work, PTFE target was sputtered to form highly crosslinked thin films onto 

different substrates using a home-made sputtering chamber shown in Figure 3.2. The 

deposition chamber was evacuated to base pressure of 10-7 mbar, by two different types 

of vacuum pumps: A rotary pump (Pfeiffer DUO 005 M) was used to generate the pre-
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vacuum (10−1 mbar) and a turbo molecular pump (Pfeiffer TMU 260) coupled to the 

rotary pump to create the end vacuum. Monitoring of the deposition rate of the polymer 

material was done in situ by using a quartz crystal monitor. Polymer was deposited by 

using RF planar magnetron source ION’X 2UHV (Thin Film Consulting) to prevent 

charging of the target. 

 

Figure 3.2 Home-made sputtering chamber facility at the Chair for Multicomponent Materials, Kiel 

University, (a) Metal magnetron (DC) (not used) (b) Polymer magnetron (RF), (c) Shutters, (d) Rotatable 

sample holder and (e) Quartz crystal monitors [133] 

3.1.3 Plasma polymerization of HMDSO  

Polymerization of organic monomers in a low pressure plasma results in polymer films 

which are different from those of conventional polymerization. The films formed by this 

technique are usually branched, highly crosslinked, insoluble, pinhole-free and adhere 

well to most substrates [126]. The working principle is the dissociation, ionization and 

excitation of a monomer precursor in plasma, producing polymer-forming intermediates. 

These intermediates then polymerize on a substrate, forming a highly crosslinked plasma 

polymer [134]. The main parameter influencing the processes and by this the deposited 

polymer are the pressure of the precursor, the inert gas and the power density of the 

plasma that is used for activation. Typically, the plasma discharge is run using capacitive 

coupled radio frequency power and a vacuum system, gas flux controllers and matching 

network are needed. In this work HMDSO plasma polymer coatings were prepared using 
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a vacuum chamber designed in our chair. HMDSO, the precursor for plasma 

polymerization, is kept in liquid form in a evacuated glass bottle in an ethanol bath. Using 

a temperature controller the bath is kept at a temperature between -30 and 10 °C. A stop 

valve is mounted connecting the bottle to the pipe that leads to the chamber. At the end of 

the pipe a sensitive needle valve is used to control the flow rate of HMDSO and an 

electronically controlled pulse valve is used to inject the HMDSO in pulses. The nozzle 

of the precursor injection system is mounted in about 15 mm distance to the substrate 

holder. Oxygen (O2) and argon (Ar) from two separate flow controllers are merged with 

the HMDSO flow behind the pulse valve before injection. Ar is injected in order to 

achieve constant plasma polymerization conditions and O2 is injected to chemically 

modify the matrix. This enables full control over the atmosphere for plasma 

polymerization. This mixture of HMDSO, Ar and O2 is then injected through the nozzle 

into the deposition chamber in front of  the magnetron (Thin Film Consulting), which is 

powered using an RF-generator (CESAR 136, 600 W, Dressler) and a matching circuit 

(VM 1000 A, 1 kW, Dressler). The most stable RF-discharge condition was observed 

with a pulsed injection of the HMDSO at 5 Hz and an opening time of 20 ms [130]. 

 

Figure 3.3 Schematic of the experimental setup: the RF power source is mounted next to the grounded 

sample holder and the injection system for O2, Ar and HMDSO 
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3.2 Characterization techniques 

3.2.1 Quartz crystal microbalance (QCM)  

The technique is employed for in situ monitoring of the thickness of films deposited by 

PVD techniques. A crystalline quartz is piezoelectric, initially oscillates at its natural 

frequency which is typically 5 MHz [113]. As a material is deposited on the substrate, it 

is also deposited on the sensor. Depending on the density and the amount of the deposited 

material, the sensor’s frequency will drop from its initial frequency. The rate and 

thickness can be calculated from this frequency shift. A conventional STM−100/MF 

quartz microbalance monitoring system was used in this work for film deposition 

monitor. The calibration procedure is affected by three different parameters, material 

density, material Z-Factor, and tooling factor. The tooling factor is a deposition system 

geometry correction (location of sensor relative to substrates), while density (gm/cc) and 

Z-Factor are material factors. Rate computation is based on the rate of the change of 

thickness readings, updated four times per second, and then filtered for display. Also the 

raw measured frequency of the sensor crystal is available from the instrument [135].  

3.2.2 Profilometer 

Film thickness measurements and calibration processes were carried out using a 

profilometer. In this technique, a diamond stylus is moved vertically in contact with a 

sample and then moved laterally across the sample for a specified distance and specified 

contact force. A typical profilometer can measure small vertical features ranging in height 

from 5 nm to 800 μm [110]. The height position of the diamond stylus generates an 

analog signal which is converted into a digital signal stored, analyzed and displayed. The 

horizontal resolution is controlled by the scan speed and data signal sampling rate. In this 

work a DEKTAK 8000 is used for our measurements. The radius of the diamond stylus is 

12.5 μm and the stylus tracking force is factory-set to 50 mg. 
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3.2.3 UV-vis/NIR Spectroscopy 

Ultraviolet, visible and near infra red (UV-vis/NIR) spectroscopy is the measurement of 

the attenuation of a beam of light after it passes through a sample or after reflection from 

a sample surface. These measurements can be done at single wavelength or over an 

extended spectral range. The spectral range of the instruments is generally from 185 nm 

to 3000 nm. There is a linear relationship between absorbance and absorber, i.e., 

concentration of the absorbing molecules, which makes UV-vis/NIR spectroscopy 

especially attractive for making quantitative measurements and for characterization of 

optical and electronic properties of materials. 

The light source is usually a deuterium lamp for UV measurements and a halogen lamp 

for visible and NIR measurements and the instrument automatically swaps lamps when 

scanning between the UV and visible regions. The light beam is separated into its 

component wavelengths and each monochromatic (single wavelength) beam in turn is 

split into two equal intensity beams. One beam, the sample beam, passes through a small 

hole of a container containing the sample being studied. The other beam, the reference, 

passes through a “blank” sample. The intensities of these light beams are then measured 

by electronic detectors and compared. The detector converts light to a signal that is 

analyzed by the computer and the absorbance is calculated by the change in the intensity 

of the light using the Beer-Lambert law, given in equation (3.9), which tells us 

quantitatively how the amount of attenuation depends on the concentration of the 

absorbing molecules and the path length over which absorption occurs [136]. 

o

IA = - log T = - log ( )
I

                                                                                               (3.8) 

where A is the absorbance of the sample, T is the transmission of the sample, I is the 

intensity of the sample beam, and Io is the intensity of the reference beam. The output 

data is given with respect to absorbance versus wavelength.  

As with other spectroscopy techniques, sample preparation is a very important step to 

obtain good results. Samples are placed in a small masking apparatus in order to examine 
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the specific area. It is important not to smudge or leave fingerprints on the curettes. This 

will cause scattering of the light and lead to falsely high absorption values. A "blank" 

standard should also be examined.  

In this work, the optical properties of the metal-polymer nanocomposites which were 

deposited on quartz substrates were characterized using Perkin Elmer Lambda 900 UV-

vis/NIR, with a deuterium lamp for UV measurements and a halogen lamp for visible and 

near infrared measurements and also two different detection systems: A Photomultiplier 

in the UV and visible range and a lead sulfide detector for near infrared. Because noble 

metals have strong surface plasmon resonances in the visible range of electromagnetic 

spectrum, the absorption spectra of the nanocomposites were recorded between 300-800 

nm with 2 nm resolution in transmission mode and 20 nm PTFE on quartz substrate was 

used as a reference sample to get rid of any effect of the polymer matrix and the 

substrate. All the UV-vis plots are presented in this work after linear background 

correction. Due to the small size of the metal NPs in our model system, the scattering was 

neglected and only absorption was considered.   

3.2.4 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a widely used surface analysis technique that 

can make quantitative chemical state analysis. It can detect all elements except helium 

and hydrogen. The surface sensitivity of XPS arises from relatively short inelastic 

scattering mean free path of the photoelectrons. It can make depth analysis between top 2 

atomic layers up to 20 atomic layers and it is the least destructive technique between 

other spectroscopy techniques [137]. Figure 3.4 shows the principle of XPS process 

which based on the photoelectric effect.  

Initially X-ray photon with energy hν hits the surface of the material and this energy is 

absorbed by an electron with binding energy Eb with respect to the fermi level, resulting 

in emission of a photoelectron from the atom with a kinetic energy Ek and leaving behind 

a core hole. The binding energy of the electron can be calculated by  
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                                                                                                                   (3.9) 

where h is Planck constant, ν is frequency of the radiation, ϕ is the work function of the 

spectrometer and Ek is the kinetic energy of the emitted electron [138].  

 

Figure 3.4 Principle of XPS  

Therefore, each element has its own characteristic peaks in photoelectron spectrum with 

respect to their kinetic energies. The Binding energy of an electron also depends on its 

oxidation state and the local chemical and physical environment which means a 

quantitative analysis about compositions can be obtained from changes in peak intensity 

and position in photoelectron spectrum which change according to chemical environment. 

The intensity of Ag and Au, as well as other elements, were determined in this work by 

XPS Full lab from Omicron Nanotechnology GmbH, under ultra high vacuum analytical 

chamber of a pressure about 10-9 mbar. XPS setup consists of an aluminum anode X-ray 

source (VG Microtech XR3E2), hemispherical electron analyzer (VSW EA 125), a 

detection system and a data analyser. The intensity of the elements (area under the peak) 

in XPS spectra were measured and compared by other typical spectra shown in the 

handbook of X-ray photoelectron spectroscopy [139].  

b kE hv E φ= − −
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3.2.5 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a highly used microscopy technique to 

examine topography, morphology (shape, size), composition and the crystallographic 

structure of the material. It uses highly energetic electrons as a beam to examine the 

materials on a very fine scale. TEM can create resolutions up to point 0.1 nm at 300kV by 

using high resolution TEM. The microscope consists essentially of three parts, the 

electron gun where the beam is generated, electromagnetic lens system, sample holder 

and imaging system. The high resolution of TEM mostly depends on highly focused 

electron beam which is defined as "probe". The probe focuses a very small area on the 

specimen. The source of probe, the electron gun, emits almost monoenergetic electrons 

with small wavelengths that are directly correlated with the spatial resolution. Also, for a 

high resolution sample should be so thin (less than 100 nm) that less scattering can be 

obtained and electrons can travel across the sample [137]. Contrast formation in TEM 

plays important role in the image resolution and it strongly depends on imaging mode 

such as bright field and dark field. In dark field imaging, one or more diffracted beams 

are allowed to pass the objective aperture because the direct beam is blocked by the 

aperture. Since diffracted beams have strongly interacted with the specimen, information 

about planar defects, stacking faults or particle sizes can be obtained. In the bright field 

mode of the TEM, an aperture is placed in the back focal plane of the objective lens that 

allows only the direct beam to pass. In this case, the image results from a weakening of 

the direct beam by its interaction with the sample. By using the occlusion and the 

absorption of the electrons, contrast is formed in the sample image. Regions with lower 

diffracted potential appear dark in bright-field imaging depending on the structure factor 

of the specimen [140].  

The morphology of the metal/PTFE nanocomposites deposited on carbon-coated copper 

TEM grids was analyzed using a Tecnai F30 G2 microscope working at an accelerating 

voltage of 300 kV. Bright-field images were obtained by charged coupled device (CCD) 

and Gatan Image Filter (GIF) cameras.  



46                                                                                                               Ch. 3 Techniques 
 

3.2.6 Inductively coupled plasma-mass spectrometry (ICP-MS) 

ICP-MS is a sensitive method to detect a wide range of elements with a concentration 

down to ng/l (ppt; parts per trillion) and below. The system consists of: sample 

introduction system, inductively coupled plasma (ICP) source, interface/vacuum, ion 

lenses, analyzer, detector, vacuum system and RF generator. The sample aerosol is 

ionized in the plasma and the ions go through the interface, the ion lens, and the 

quadrupole mass filter to the detector. The RF generator supplies RF power to the work 

coil to generate plasma. In this work an Agilent 7500cs instrument was used with liquid 

sample introduction by a PFA micro-nebulizer at the institute for Geosciences/ICP-MS 

Lab, CAU Kiel. Calibration was against aqueous multi-element solutions using indium 

and rhenium for internal standardization. The procedure detection limit was 10 ng/l (ppt; 

parts per trillion) for Ag. All results are blank-subtracted averages of 3 replicate 

measurements. Analytical quality control was monitored by multiple analyses of 

procedural blanks, unknown samples, and certified reference materials NIST 1643e, 

IAEA W4. The analytical error as estimated from replicate sample measurements was 

typically < 2 % RSD (relative standard deviation) for Ag.  

3.2.7 Scanning electron microscopy (SEM) 

SEM is a type of electron microscope that images the sample surface by scanning it with 

a high-energy beam of electrons in a raster scan pattern. The electrons interact with the 

atoms that make up the sample, producing signals that contain information about the 

sample's surface topography, composition and other properties [140]. As a result of the 

interaction between the impinging electrons and the target atoms, X-rays are emitted 

which are characteristic in energy for the constituent chemical elements. Analysis of X-

rays emitted from a sample can be accomplished by an energy dispersive spectrometer 

discriminating X-ray energies which enables not only the identification but also the 

quantification of the chemical elements present in the specimen. In this work SEM 

measurements were performed using SEM (ZEISS Ultra plus/Oxford Instruments) at the 

University of Applied Sciences (Fachhochschule Kiel).  
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3.2.8 Contact angle measurements 

When a liquid droplet interacts with a solid surface, the droplet attains an equilibrium 

shape. The droplet can be characterised by an angle formed at its edge where the liquid 

contacts the solid surface. This angle is called the contact angle. Depending on the type of 

surface and liquid the droplet may take a variety of shapes. The contact angle θ is given 

by the angle between the interface of the droplet and the horizontal surface. The liquid is 

seemed non-wetting when 90° < θ < 180° and wetting when 0° < θ < 90°. A contact angle 

θ = 0° corresponds to perfect wetting and the drop spreads forming a film on the surface. 

In this work we measured the contact angles by the so-called sessile drop technique, 

simply by putting a drop of liquid on the surface, which is the static kind of 

measurements. Drops of deionized (DI) water (~ 1 μL) were used to determine contact 

angles and measurements were conducted on a dataphysics OCA5 contact angle system 

and recorded with a Teli CCD camera. 

3.2.9 Electrochemical Impedance Spectroscopy (EIS)  

EIS or alternating current (ac) impedance methods are applied to the characterization of 

electrode processes and complex interfaces. EIS studies the system response to the 

application of a periodic small amplitude ac signal. These measurements are carried out 

at different ac frequencies. Analysis of the system response contains information about 

the interface, its structure and reactions taking place there [141]. In this work in situ UV-

vis/EIS measurements were performed by our collaborative group in Paderborn 

university using an in-house built cell which was illustrated by K. Yliniemi et al. [35]. 

The cell allows the transmission of light through it for UV-vis spectroscopy 

measurements and had a three-electrode set-up for EIS measurements. After the set-up 

was assembled, the electrolyte was injected between the working electrode and laboratory 

glass used as a window for the UV-vis measurement. The studied sample was used as a 

working electrode, a Pt coil as a counter electrode, and Pt wire as a pseudo-reference 

electrode. UV-vis/EIS measurements were performed in 0.2 M phosphate buffer +0.5 

mM H2O2 (pH = 7.5) solution and commenced after the sample was exposed to the 

solution for different time points. UV-vis spectroscopy (Evolution 600, Thermo 
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Scientific) recorded the absorbance between 350-800 nm in transmission mode and a 

pure ITO glass (in 0.2 M phosphate buffer +0.5 mM H2O2) was used as a background. 

The parameters utilised for the EIS measurements (Compactstat, IVIUM Technologies) 

were the following: potential (open circuit potential, OCP), frequency (100 kHz to 0.1 

Hz), amplitude (0.01 V), equilibrium time (2 s), pre-treatment (OCP, 10 s).  



 

 

 

Chapter 4 

Experiment 

 

 

4.1 Samples preparation 

4.1.1 Ag/PTFE nanocomposites  

20 nm PTFE thin films were deposited on quartz glass (1 x 1 cm2), silicone (0.5 x 0.5 

cm2) and carbon-coated copper TEM grids by magnetron sputtering of the polymer from 

a 50 mm diameter target mounted on a water-cooled magnetron head using an ordinary 

RF discharge. The magnetron was arranged at an angle of 50° to the substrate plane. A 

rotatable sample holder was used to obtain films with a uniform thickness. All 

experiments were carried out in a home-made stainless steel vacuum chamber, which was 

initially evacuated to a pressure below 10-6 mbar by a turbo molecular pump in 

combination with a scroll pump. A conventional QCM monitor was used to control the 

deposition rate of the polymer which was also controlled by variations of the RF power 

applied to the magnetron. An RF power of 30 W providing a deposition rate of 5 nm/min 

was used to give a thickness varied between 10-20 nm which was checked using a 

profilometer. After that, the samples were then mounted in a home-made thermal 

evaporation chamber maintained at pressure of the order of 10-6 mbar and the AgNPs 
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were deposited as a 2D ensembles on top of the polymer film by thermally evaporation of 

silver metal pieces (99.99 %, Goodfellow) filled in a crucible. The voltage input for the 

evaporator was increased in optimum steps of 5 mV per sec till 5.6 V and a current of 2 A 

to prevent the evaporator from thermal shocks. The current was maintained at this level 

for 10 minutes to have a constant deposition rate of 0.3 nm/min. For further studies on the 

barrier effect, an additional layer of PTFE was sputtered on top of these Ag/PTFE 

samples as described earlier*. The PTFE barrier covers the AgNPs from top and lateral 

sides. Films with different thickness ranging from 5 to 50 nm were checked by XPS and 

our collaborative group did atomic force microscopy (AFM) measurements showing a 

good coverage for barrier films thicker than 5 nm, even from lateral sides [35]. Figure 4.1 

shows the model system used in this study, where the thickness of the PTFE barrier and 

the amount of AgNPs were varied to examine how they affect the silver ion release rate. 

AgNPs
PTFE 1st layer

Si or quartz substrate

AgNPs PTFE 2nd layer (barrier)

PTFE 1st layer

Si or quartz substrate

(a)

(b)

AgNPs
PTFE 1st layer

Si or quartz substrate

AgNPs PTFE 2nd layer (barrier)

PTFE 1st layer

Si or quartz substrate

(a)

(b)

 

Figure 4.1 Schematic representation of the fabrication of 2D silver nanoparticles/polymer directly accessed 

(a) or covered with a barrier (b) 

                                                 
* Some researchers claimed that the adhesion of a second layer of PTFE to a previously sputtered PTFE 
layer may not be good, as the free radicals of the first layer get saturated by either forming bonds with each 
other or with other atoms in the atmosphere. For the samples studied here the possible influence of poor 
adhesion of the second layer was checked. In XPS and AFM measurements and in the release behavior of 
sandwiched NPs no indication for an adhesion problem was observed and therefore no influence on the 
present results is expected.      
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4.1.2 Ag-Au alloy/PTFE nanocomposites 

20 nm thin films of PTFE were prepared by RF sputtering technique as explained before. 

Later on, samples were mounted in the thermal evaporation chamber and beads of silver 

and gold (99.99 %, Goodfellow) were loaded into two separated crucibles and the 

chamber was evacuated to a pressure below 10-6 mbar by the vacuum pump system.  

Ag-Au alloy NPs with a 5.5 nm nominal thickness of various compositions were 

deposited on top of the polymer film by simultaneous thermal evaporation from two 

separated crucibles. The silver evaporator current was increased slowly in order to avoid 

thermal shocks by raising the voltage 5 mV/s up to 6.4 V and a current of 2.2 A with a 

deposition rate of 0.5 nm/min. The deposition rate of gold was varied for the different 

compositions. For 10 % Au alloy samples, gold evaporator was heated up to 15.8 V and 

3.5 A and a deposition rate of 0.05 nm/min was achieved. For 30 % Au samples, the 

evaporator was heated up to 18 V and 3.7 A and the deposition rate was 0.25 nm/min, 

while for 50 % Au samples the evaporator was heated up to 18.5 V, 3.8 A  providing a 

deposition rate of 0.5 nm/min. The deposition rate was calibrated and the thickness of the 

films was monitored using a QCM and a profilometer. 

4.1.3 Plasma polymerized HMDSO coatings on Ag/PTFE 

nanocomposites 

Samples of AgNPs on PTFE thin film were produced as already described, then mounted 

in the chamber where we have a HMDSO source to deposit barriers with different 

thicknesses by plasma polymerization of the HMDSO monomer. The chamber was then 

evacuated to a low base pressure (about 10-6 mbar) and the deposition was done using an 

RF generator with 10 W power. The pulse injected HMDSO precursor is mixed with 

oxygen and argon gases. This mixture of HMDSO, Ar and O2 is then injected through the 

nozzle into the plasma. A flow rate of 105 sccm (standard cubic centimeter per minute) of 

Ar leads to a pressure of 8.8 X 10-3 mbar in the main chamber, to which a partial pressure 

of 3 X 10-4 mbar of HMDSO and 1.2 X 10-3 mbar of O2 are added. Different matrices 

were prepared by changing the O2 content, which was realized by varying the O2 flow 
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rate from 0 up to 20 sccm. The thickness of the coatings was also varied by changing the 

deposition time. 

4.2 Silver ion release measurements  

The prepared samples, which were kept in vacuum and darkness, were used to investigate 

the silver ion release potential. This process is illustrated in Figure 4.2 in the presence of 

water which is essential for the dissolution of the Ag ions from the surface of the AgNPs. 

AgNPs PTFE 2nd layer (barrier)

PTFE 1st layer

Si or quartz substrate

water

Ag+Ag+Ag+ Ag+ Ag+Ag+Ag+

AgNPs PTFE 2nd layer (barrier)

PTFE 1st layer

Si or quartz substrate

AgNPs PTFE 2nd layer (barrier)

PTFE 1st layer

Si or quartz substrate

water

Ag+Ag+Ag+ Ag+ Ag+Ag+Ag+

 

Figure 4.2 Schematic representation of silver ion release from 2D 5.5 nm AgNPs on 20 nm PTFE in water 

The silver ion release measurements were performed by observing the changes that occur 

as samples were immersed in 10 ml air saturated deionized water (pH = 7, σ = 0.06 

µS/cm at T = 13 °C) in small bottles made of high density polyethylene (HDPE) at room 

temperature for different time intervals. A control experiment was done with series of 

aqueous solutions (Acetic acid pH 4, 6, 7) on 2D AgNP ensembles samples that showed a 

slight variation in release rates between pH 7 and pH 6 and about ~ 2 times increase in 

release rate at pH 4. Thus, in this work we did our experiments only in water with pH 7. 

Samples which were deposited on quartz glass were used for the UV-vis measurements 

and samples which were prepared on Si were checked by XPS. These measurements were 

carried out on the samples before and during the immersion time of several days starting 

from 40 minutes to check the variations. Additionally, TEM measurements were done 

after immersion of the coated TEM grids in water for several days. The released silver 

ion concentration in water was checked by ICP-MS. This was done by immersion 

samples prepared on Si in water and after a definite period, 5 ml of the water were taken 



4.2 Silver ion release measurements                                                                                  53   

 
 

out of the bottle to be analyzed later by ICP-MS and replaced with new 5 ml for the next 

measuring point of time as shown in Figure 4.3. This procedure has been optimized as we 

found that removing the whole water could affect the sample by exposure to atmosphere 

or could change the starting point conditions for the next time step as there were always 

drops left on the sample or in the bottle. Removing the sample from the water was also 

not a good option as that could damage the coating or the left water drops would dry and 

change the surface conditions, e.g. leaving "water rings" on the sample. The half-water-

change-method is a suitable method to protect the sample; we don't affect the system too 

much and we get enough water to repeat the ICP-MS measurements for several times. 

The calculation of the cumulative ion concentration is mathematically straightforward 

since the remaining 5 ml of water contain the same amount of silver ions as the 5 ml 

water that has been removed. It is important to mention that the ICP-MS technique can 

not distinguish Ag ions from AgNPs. However, since our samples were immersed in 

neutral water; pH 7, then only oxidation of Ag is expected at this pH as mentioned before 

[7–10], [64]. Additionally, TEM images and particle size distribution after immersion of 

samples in water which are shown later in the results chapter showed that especially 

smaller particles disappear from the matrix which indicates dissolution of the particles in 

water and ion release. No mechanical detachment of the particles is expected according to 

our experience with the sample system. Detachment would also mean that larger particles 

would disappear first instead of smaller ones in contrast to our observations. 

 

Figure 4.3 The performed half-water-change-method for ICP-MS measurements  

1. Insert the 
sample in a 
PE bottle 

4. Fill in water again up to 10 ml 
for the next measuring point  

2. Add 10 ml DI water 

3. After certain time, 5 ml water is taken 
out for the ICP-MS measurements (the 
sample remains in the bottle) 
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Furthermore, EIS was performed by our collaborative group to investigate the water 

uptake properties samples of PTFE and the HDMSO thin films deposited on the 

conductive ITO. The measurements were done using a 0.2 M phosphate buffer solution 

with a pH of 7.5 and an in situ cell was used as described previously. The sample was 

connected as working electrode. Reference and Counter electrode consisted of a platinum 

wire. The EIS measurements were done with a Gamry Potentiostat Reference 600 over a 

time period.  



 

 

 

Chapter 5 

Silver ion release properties of Ag/PTFE 

nanocomposites 

 

In this chapter the silver ion release properties of a well defined model system consisting 

of two dimensional silver nanoparticle ensembles with nominal thickness ranging from 

1.3 to 8.3 nm and deposited on a 20 nm PTFE polymer and are either directly accessible 

or covered by another PTFE polymer barrier were investigated. Study of the Ag ion 

release was accompanied with a control of the composite morphology (Ag nanoparticle 

size, concentration, and distribution) to understand the mechanism and the kinetics of the 

interfacial ion transfer reactions of the AgNPs. The surface plasmon resonance of the 

AgNPs and the variation in the morphology of the nanocomposites as well as the time-

dependent release of silver ions after immersion in water were examined by UV-vis, 

TEM, XPS and ICP-MS.   

5.1 Results and discussion 

5.1.1 The morphology and the optical properties 

A series of TEM images in Figure 5.1 shows the growing of AgNPs on top of the PTFE 

polymer surface as the amount of silver deposited is increased. For (a) 1.3 nm and (b) 2.8 
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nm nominal thickness of Ag on PTFE, the formed AgNPs are almost homogenously 

distributed with an average diameter of about 3-4 nm, while proceeding growth leads to 

coalescence and formation of larger and more irregular nanoislands. The density of the 

nanoparticles approximately stays the same but the nanoparticles become bigger and the 

distance between them gets smaller, as one can see in (c) 5.5 nm and (d) 8.3 nm nominal 

thickness of Ag on PTFE. The histograms given in Figure 5.2 show the size distribution 

and the average diameter. As more amount of Ag is deposited, the average diameter 

increases and the particle size distribution gets broader.  

Figure 5.3 presents the optical absorption spectra of the samples deposited on quartz glass 

with Ag content varying from 1.3 to 8.3 nm. AgNPs exhibit a strong SPR indicated in the 

absorption spectra. As the mean size and density of the nanoparticles increase, SPRs 

intensity and optical absorption bands also increase. Since the amplitude of the absorption 

maxima increases with the deposited amount of Ag, this allows an optical probe of the 

amount of loaded AgNPs, taking into account the size dependence of the absorption 

cross-section [142], and the surface density of nanoparticles. The SPR peak is red shifted 

which is correlated with variation of the nanocomposites’ morphology, the changes in the 

particles’ size and shape as well as with decrease of the mean inter-particle distance. The 

position of the maxima between 450 nm and 460 nm for the 1.3 nm and 2.8 nm Ag/PTFE 

indicates almost spherical nanoparticles, and the narrow band width indicates a narrow 

size distribution of AgNPs. Also, the band is symmetric, indicating that negligible 

aggregation occurs for this amount of Ag while for more deposited silver the peak is red-

shifted because the particles become bigger and irregular. Furthermore, the width of the 

plasmon gets larger due to the wide size distribution of the nanoparticles which can be 

clearly seen from the conventional TEM images and histograms of Ag (x)/PTFE upon the 

variation of the amount of Ag (x) shown before in Figure 5.1 and Figure 5.2. Thus, TEM 

and UV-vis techniques correlate the optical spectral response with the number, size, and 

shape of the nanoparticles. This correlation was used for optical monitoring of the 

variation of the amount of loaded Ag due to Ag dissolution after immersion in water and 

it was also used as a quick and simple method to study the kinetics of the Ag dissolution 

process as shown in the next section. 
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Figure 5.1 BF-TEM images of different amounts of Ag with nominal thickness of (a) 1.3 nm, (b) 2.8 nm, 

(c) 5.5 nm, and (d) 8.3 nm on 20 nm PTFE film 
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Figure 5.2 Particle distribution for different amounts of AgNPs on PTFE 

 

Figure 5.3  UV-vis spectra for different amounts of Ag on PTFE  
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5.1.2 The silver ion release studies 

Since the oxidation of Ag to Ag+ is an important step in the release process of silver ions 

from Ag surfaces, this suggests surface area dependence and the potential to control 

release through particle size variation. The macroscopically observed transfer of Ag ions 

into the environment should depend on the particle size distribution. The latter could be 

controlled based on the deposition parameters. Therefore, samples with different amount 

of Ag nanoparticle ensembles were studied by observing the changes that occurred as 

samples were immersed in water for increasing times. TEM images and changes in 

particles distribution of sample 5.5 nm Ag/PTFE before and after 1 day in water are 

shown in Figure 5.4 a, b, and c. Significant changes in the morphology and in the surface 

amount of AgNPs could be observed before and after immersion in water for one day. 

The nanoparticles’ density looks smaller in the TEM image after one day as a result of 

the reduction of the initial Ag amount. From the histogram in Figure 5.4 c, one can see a 

decrease in the amount of the small particles after immersion in water because they are 

more active than the larger particles, so they were preferentially oxidized and ions were 

released into the water. Ostwald ripening process, i.e. growth of large particles by 

dissolution of small particles driven by the particle size dependence of the Ag standard 

electrode potential, has to be taken into account as it could explain the formation of some 

new bigger clusters, but this process is more favorable for conductive surfaces [143].  

Furthermore, the changes in the morphology of the nanocomposite were characterized by 

high resolution SEM (HR-SEM) in order to make sure that the Cu-coated grids have no 

influence on the morphological changes observed, as shown in Figure 5.5 a and b, which 

confirm again that the TEM results are also in line with the other observations. 
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Figure 5.4 BF-TEM images for 5.5 nm Ag/PTFE before immersion in water (a), after 1 day in water (b), 

and change in particle size distribution (c) 
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Figure 5.5 HR-SEM images for 5.5 nm Ag/PTFE before (a) and after 1 day in water (b) 

The changes can be observed more precisely by UV-vis, Figure 5.6, since the absorption 

maxima and the peak position are very sensitive to any change in the particles’ size and 

amount. The SPR peak intensity decreased and a blue-shift was also observed due to 

dissolution of particles after certain time in water. A similar blue-shift was observed in 

our previous aging experiments on Ag/polymer nanocomposites [144] as well as after 

agglomeration of small nanoparticles into large nanoparticles by heating the 2D Ag 

arrangements at 200 °C. This view is also supported in the work of Peng et al. [142] by 

optical measurements and theoretical analysis based on the Mie theory [59] for particles 

with a diameter less then 15-20 nm. The optical results shown in Figure 5.6, support the 

TEM results (variation of particle size distribution, Figure 5.4 a-c) demonstrating that 

small particles dissolved faster than large particles. These observations were supported by 

measuring of the Ag ion release rate for the 2D Ag/PTFE nanocomposites with different 

Ag loadings.  

(a) (b) 
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Figure 5.6 UV-vis spectra for 5.5 nm Ag/PTFE at different immersion times in water  

Figure 5.7 shows the variation of these rates determined from the change in the SPR 

maxima of samples with different amount of AgNPs which were immersed in water for 

different times. Two different phenomena were observed: first of all, the normalized 

release rate (rate normalized on loading) was significantly higher for the samples with 

low Ag loading. Secondly, the release rate decreases with time independent of Ag 

loading, taking into account the nanoparticles' size distribution in Figure 5.2 and 

assuming a first-order rate reaction, the rate constant after 40 min immersion in water for 

the nanoparticles with average sizes from 3 nm to 8 nm range between 22 day-1 (Rav ~ 3 

nm) and 1.3 day-1 (Rav ~ 8 nm). This agrees with the generally accepted assumptions 

based on the modified Kelvin equation that solubility increases exponentially as the 

particle radius decreases [49], [145]. Moreover, the decreasing dissolution with the 

immersion time can also be explained in terms of the initially higher rate constant for 

nanoparticles with smaller radius. This explanation is supported by the variation of the 

nanoparticles' size distribution in Figure 5.4 c, since aggregation reduces the surface area 

of the NPs exposed to the solution. These results prove again that the sample with the 
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smaller particles has the highest and the fastest decrease in the absorbance maxima 

(which indicates decrease in the initial amount of silver) since the dissolution of smaller 

particles is more favorable than that for the larger particles. 

 

Figure 5.7 Change in absorbance maxima for different amounts of silver due to Ag ion release in water 

The concentration of the dissolved Ag in water after dissolution of AgNPs was also 

directly measured by ICP-MS. The results of samples 2.8 and 5.5 nm Ag/PTFE are 

shown in Figure 5.8 a and b. A higher amount of AgNPs on the surface of the polymer 

leads to a higher absolute release (higher ion concentration was detected in the water) as 

shown in Figure 5.8 a. However, if we compare it to the initial amount of silver, then the 

percentage relative ion release (amount of released Ag+/initial amount of Ag X 100 %) 

for 2.8 nm Ag/PTFE is higher than that for 5.5 nm Ag/PTFE, Figure 5.8 b, because it has 

more amount of smaller particles confirming again that the smaller particles' size leads to 

a higher dissolution rate.  



64                                          Ch. 5 Ag ion release properties of Ag/PTFE nanocomposites 
 

 

Figure 5.8 ICP-MS results for 2.8 and 5.5 nm Ag/PTFE after immersion in water: (a) the absolute Ag ions 

concentration in water, (b) the normalized (% relative) release 
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To understand in detail the kinetics of Ag ion release from Ag/polymer nanocomposites, 

we compared the data, which was received by measurements of the concentration of Ag 

ion in water (ICP-MS), with the data from surface loading variation, which was evaluated 

by XPS and UV-vis techniques for our model samples with effective Ag loading of 2.8 

and 5.5 nm. The percentage damping of the plasmon absorption maxima and the change 

in the Ag intensity from the XPS spectra, as well as the percentage of the relative ion 

release of these two samples as they were immersed in water for 3 days showed a strong 

correlation among the different techniques used in this work as shown in Table 5.2. 

Table 5.2 Comparison of the percentage Ag released from two different samples after 3 days immersion in 

water as determined by different techniques 

Sample ICP-MS 

% Ag released  

UV-vis 

% decease in abs. maxima  

XPS 

% decrease in Ag intensity  

2.8 nm Ag/PTFE 93 % 88 % 78 % 

5.5 nm Ag/PTFE 86 % 86 % 69 % 

5.1.3 The barrier effect  

To stabilize the nanoparticles, i.e. to avoid the Ostwald ripening, and to control the rate of 

release of silver ions from the samples, a PTFE barrier was deposited on top of the 

previous system and the effect of the polymer barrier on the Ag ion release rate was 

studied by UV-vis technique and ICP-MS as shown in Figure 5.9 a and b. Figure 5.9 a 

shows that the decrease in the absorption maxima (i.e., due to decrease in the amount of 

Ag) as a result of Ag dissolution after immersion of the samples in water was much less 

for the sample with a 10 nm barrier than that for the sample with the same amount of 

silver (5.5 nm nominal thickness) but with no barrier. Besides, for the two samples with 

the same silver content, Figure 5.9 b shows that the amount of the released Ag ions and 

the kinetics of the silver release process were different. The sample without the barrier 

has a quick Ag dissolution directly after being in contact with water and almost 80 % of 

the initial Ag amount was dissolved in one day and after that the dissolution became 

slowly and a saturation state has been arrived. While for the sample with 10 nm PTFE 
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barrier on top of the AgNPs, there was almost no release of Ag ions till the 1st day 

onwards with only 10 % release of the Ag and the process continues after that linearly but 

at a much lower concentration level.  

 

 
Figure 5.9 % Change in abs. maxima as measured by UV-vis (a) and % relative release as measured by 

ICP-MS (b) for the 5.5 nm Ag/PTFE samples with and without a PTFE barrier 
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This can be explained by the fact that PTFE is a hydrophobic polymer and its water 

uptake and the diffusion coefficient of water in PTFE are very low compared to other 

polymers. Damm et al. [8], [18], for instance, have investigated the silver ion release 

behavior of polyamide 6 (PA6)/Ag and polymethylmethacrylate (PMMA)/Ag 

nanocomposites with the same silver content and morphology. Different silver release 

properties of the two nanocomposites were found which were explained by the difference 

in the water uptake properties of the polymer matrices since PMMA is a rather 

hydrophobic polymer in comparison to PA6. These findings imply that the mobility and 

solubility of water molecules in the polymer must be taken into account to explain the 

silver ion release. Thus, in the case of Ag/PTFE nanocomposites covered with a highly 

crosslinked PTFE barrier, water uptake of the polymer barrier was not sufficient for a 

high Ag ion release rate similar to that for the samples without a polymer barrier. This 

means that only when water reaches the surface of the metallic nanoparticles, the 

oxidation of Ag takes place and the ion release process starts. This explains the slowing 

down of the rate of the ion release process within the 1st day of immersion the Ag/PTFE 

samples with barrier film in water.  

To study the effect of varying the thickness of the PTFE polymer barrier, 3 samples with 

the same Ag content (5.5 nm) but different barrier thicknesses were examined by UV-vis 

as shown in Figure 5.10. One notices that the damping in the intensity of the SPR peak 

gets smaller as the thickness of the barrier increases. For the sample without a barrier, 

about 90 % of the initial absorbance maximum was vanished after 3 days of immersion of 

samples in water due to the Ag dissolution and Ag ion release. Deposition of an 

additional PTFE polymer film of thickness of 10 nm, achieves a reduction in the damping 

in the intensity of the SPR peak compared to the nanocomposite sample without such an 

additional coating. Increasing the thickness of the PTFE overlayer to 20 nm, leads only to 

10 % reduction in the initial absorbance maximum which means that the water 

penetration through the polymer film was retarded due to the high hydrophobicity of the 

highly crosslinked RF sputtered PTFE polymer films and indicates that a huge control 

over the Ag ion release rate can be done with thin PTFE films in short time. In 

comparison with previous studies done by Vasilev et al. [23] using n-heptylamine (HA) 

plasma polymer overlayers of several thicknesses on top of AgNPs loaded films, a 20 % 
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reduction of the rate of the silver ion release (absorbance maximum) was achieved with a 

film thickness of 18 nm after 20 days of immersion of samples in buffer solution. This 

proves again that the properties of the polymer matrix and the thickness of the polymer 

coatings have a crucial role in the silver ion release process as they affect the water 

transport through the polymer barrier to the surface of the metallic AgNPs and the 

subsequent silver ion diffusion through the polymer into the water. This an important 

issue since excessive dosages of Ag ions may have undesired consequences in medical 

applications. Moreover, the additional polymer barriers prevent the direct uptake of the 

AgNPs into the cells and the environment and prevent the bacterial adhesion and the 

formation of biofilms.  

 

Figure 5.10 % decrease in abs. maxima for different PTFE barrier thickness on 5.5 nm Ag/PTFE 

These results are supported by complimentary experiments on similar model samples 

done by our collaborative group using combined in situ UV-vis/EIS [35]. When the 

decrease in absorbance and the increase in the coating capacitance (Cp) are compared to 

each other, Figure 5.11 a and c, the correlation between these two parameters is clear: 

AgNPs dissolution begins when the solution reaches the AgNPs layer of the film. At the 

long exposure times (200-300 min) one can also detect the increase in the coating 

capacitance after a plateau area, which - in turn - is assumed to be a saturation point of 
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the water uptake. However, the polymer barrier film could also delay the silver ion 

transfer from the nanoparticles’ surface into the solution, which also leads to a low rate of 

ion release [18].  

 
Figure 5.11 Absorbance of the SPR peak (a), shift of the SPR peak (b) and capacitance of the coating at f = 

1KHz for PTFE (d)/(5.5 nm) Ag/(75 nm) PTFE/ITO where d = 5, 20 or 50 nm, as a function of exposure 

time to the buffer solution [35] 
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5.2 Conclusions 

A well defined model of two dimensional ensembles of AgNPs on top of a highly 

crosslinked RF sputtered PTFE films was prepared using PVD techniques. Depositing the 

AgNPs on the surface of the PTFE polymer films instead of embedding them in the 

polymer matrix made them directly accessible and easily investigated regarding the 

geometrical arrangements of the nanoparticles and their variations. With increasing the 

amount of the deposited silver with a nominal thickness ranges from 1.3 to 8.3 nm, the 

average diameter of the nanoparticles increased from 4 to 8 nm and the size distribution 

broadened. The change in the Ag content (nominal thickness) from 1.3 to 8.3 nm Ag 

resulted in a SPR shift and a broadening and increasing of the absorbance peak which 

corresponds to an increasing particle size and a decrease in interparticle distance from the 

TEM analysis. 

To understand the time-dependent release of silver ions from Ag containing 

nanocomposites after immersion in water for defined time intervals, the composites’ 

morphology variation was examined by different analytical techniques (TEM, SEM, UV-

vis, and XPS) and the concentration of the released Ag ions in water was measured by 

ICP-MS.  

Changes in the microstructure of the nanocomposite due to the dissolution of the AgNPs 

after immersion in water and to Ostwald ripening phenomena and the corresponding 

changes in its optical properties were good way to study the silver ion release potential. A 

correlation between changes in the morphology and optical properties of the 

nanocomposites and the kinetic of the Ag ion release process was found.  

Moreover, results showed that the silver ion release potential increases with increasing 

the silver content of the nanocomposites, and since the oxidation process takes place on 

the surface of the metallic particles, at a given Ag amount, silver ion release increases 

with an increasing surface-to-bulk ratio of the particles. Therefore, we varied the amount, 

the size of AgNPs by controlling the deposition parameters in order to tune the silver ion 

release properties of Ag/PTFE nanocomposites. It was also shown that the strong 
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dependence of the silver ion release on the particle size leads to a significant 

redistribution of the composites’ morphology and a suppression of the Ag ion release rate 

with time.   

Finally, results showed that PTFE polymer barrier stabilizes the morphology of the 

nanocomposites and can be applied to control the Ag ion release rate since the 

crosslinking and hydrophobic nature of the PTFE polymer reduces its water uptake which 

results in a less amount of the released Ag ions and a slower release rate in comparison to 

that for nanocomposites without PTFE barrier. Besides, by changing the thickness of the 

polymer barrier during the deposition process, the released amount of Ag ions and the 

kinetics of the release process were varied dramatically. This leads to the conclusion that 

covering the AgNPs by a polymeric barrier represents a simple and effective way to 

stabilize a controlled dispersion of protected NPs whilst taking advantage of their 

physical characteristics. 





 

 

 

Chapter 6 

Silver ion release properties of Ag-Au 

alloy/PTFE nanocomposites 

 

In this chapter, nanocomposites containing Ag-Au alloy nanoparticle ensembles with 

various compositions were deposited on PTFE thin films by PVD. After certain time of 

immersion of the samples in water, oxidation and dissolution of the AgNPs occurred and 

changes in the morphology, optical properties and composition of the nanocomposites 

were examined using TEM, UV-vis spectroscopy and XPS, respectively. The 

composition-dependence and the time-dependence of the silver ion release were studied 

and the concentration of the silver ions in water was detected using ICP-MS.  

6.1 Results and discussion 

6.1.1 The morphology and the optical properties  

For Ag-Au alloy NPs, silver and gold were evaporated simultaneously, and a complete 

alloy formation is expected as gold and silver are in the same group of periodic table, 

have similar atomic radius and same structures that make them fully miscible in each 

other in the solid solutions [87]. According to the nucleation and growth model of metal 
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atoms on polymeric surfaces discussed in section 2.2.1, they grow on the polymeric 

surface by forming small nuclei at certain sites which grow by the continued deposition 

of the metal via direct impingement and surface diffusion [107]. Figure 6.1 a and b shows 

a BF-TEM image for 5.5 nm of 70 % Ag - 30 % Au alloy NPs on PTFE and its 

corresponding particle size distribution. A uniform distribution could be observed with an 

average diameter of about 5 nm except for some larger diameter particles having irregular 

shape contribute to coalescence growth of the particles. The 5.5 nm nominal thickness Ag 

and Au alloy NPs have almost a similar size distribution and an average diameter of 

about 5 nm as the pure AgNPs prepared in the same way and same amount as was shown 

in the previous section.  

 

Figure 6.1 BF-TEM image (a) and the corresponding particle size distribution (b) of 5.5 nm 70 % Ag - 30 

% Au alloy NPs on PTFE 

The absorption spectra obtained by UV-vis for 5.5 nm pure Ag and Ag-Au alloy NPs on 

PTFE with various compositions are shown in Figure 6.2. The alloying of Ag-Au NPs on 

PTFE can be concluded from the resulted optical absorption spectra which show a single 

plasmon resonance peak, whereas two bands would be expected for the case of phase 

separated NPs [59], [95]. Alloy formation of Ag-Au NPs caused a plasmon maximum in 
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the UV-vis spectrum between the absorption maximum of Ag and Au that varies with 

respect to composition distribution. One can see that the plasmon peak position is red 

shifted as a result of an increase in Au composition due to the continuous change of the d-

band energy level that contributes to the interband transition term in the dielectric 

function, and a damping of the absorbance maxima is seen attributed to the higher 

electron scattering by foreign atoms upon alloying and the gold d-sp interband transition 

[59], [94], [100] as discussed previously in section 2.1.5. 

 

Figure 6.2 UV-vis spectra for 5.5 nm nominal thickness of various composition of Ag-Au alloy NPs 

The position of the plasmon absorption peak of these alloy NPs, however, depends 

linearly on the composition of the alloy particles when expressed in terms of the gold 

fraction as shown in Figure 6.3, in agreement with what was reported previously [90], 

[93], [99], [100].  



76                           Ch. 6 Ag ion release properties of Ag-Au alloy/PTFE nanocomposites 
 

 

Figure 6.3 The position of the SPR peak (λ) of the alloy NPs with respect to the Au fraction (%)  

6.1.2 The silver ion release studies 

The Ag ion release kinetics was studied by observing the changes as samples were 

immersed in water for different time intervals starting from 40 minutes up to 7 days. The 

concentration of the released silver ions from each sample was measured by ICP-MS 

where results showed a negligible Au ion concentration. Additionally, UV-vis and XPS 

measurements were carried out for all samples after immersion into aqueous medium. 

The cumulative concentrations of the released Ag ions (μg/l.cm2) normalized to the silver 

fraction in the alloy nanocomposites were measured at several time periods as shown in 

Figure 6.4. All silver ion concentrations are the mean values of three ICP-MS 

measurements. 

One notices that the release of the silver ions is not just proportional to the amount of 

silver present in the nanoparticles. In that case all four diagrams should look the same. 

But one notes significant differences for short and long release times. In all systems there 

was a rapid release of Ag ions at the beginning (determined after 40 min) due to the first 
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interaction of the nanoparticles with water and the Ag dissolution from the surface. The 

fastest release of the silver is here observed for the pure silver system and the 50 % alloy, 

while the relative release is smallest for the 70 % alloy system. This can be explained 

with the entropy of mixing which is most favorable for a 50 % alloy and decreases from 

there for higher silver fractions [88]. 

 

Figure 6.4 Cumulative concentration of silver ions released from Ag-Au alloy systems at different 

immersion times in water and different Ag fraction 

Thus the initial silver release of the 50 % alloy is not slowed down so much and the 

initial release of the 70 % and 90 % alloy is even below the 50 % alloy. But after one day 

the relative silver release scales with the amount of silver present and the pure silver 

shows the largest silver release, whereas the release is significantly reduced for the alloys. 

Here the slowing down of the silver release is directly correlated with the gold fraction in 

the alloy. The more gold is present in the alloy the more the release is slowed down. For 

the 90 % alloy system one observes still a big difference between the release after 2 hours 

and 1 day, whereas the change for the 50 % alloy system has become already very small. 

To explain this behavior one has to consider the change in composition caused by the 
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silver release. For the nanoparticles with initially 90 % silver fraction the composition 

will move towards 50 % with still a higher silver than gold fraction. Here entropic 

contributions favor further silver release. The situation is different for the 50 % alloy. 

Here the entropic contribution due to change in composition is not favorable for further 

silver release and thus the silver release will be slowed down. Additionally, increasing the 

Au fraction inside the NPs could lead to a significant change of the electron transfer 

properties of the alloy NPs with the composition. This interaction between Ag-Au causes 

depletion and reduces the silver ion release. Thus, a rapid dissolution of Ag occurred only 

at the first contact of the sample with water and when the composition of the alloy NPs 

becomes Au rich a saturation state is approached. This could be an advantage for 

potential applications where the Ag ion release is required to be rapid and effective at the 

beginning then a slower dissolution rate, leading to a continuous release of Ag ions for 

long term application.  

These results are in agreement with what was shown by Besner et al. [99] as they 

observed a strong increase in the oxidation resistance with the increase in the Au fraction 

inside the Ag-Au alloy NPs which was explained by the idea that addition of Au atoms 

inside the AgNPs would then contribute to the formation of internal electron traps, 

inhibiting the dissolution of the AgNPs and the release of Ag ions. On the other hand, 

several bimetallic/polymer nanocomposites were developed where the galvanic coupling 

of silver with platinum [32], [33] or gold [19] strongly increases the silver ion release. 

And as mentioned earlier in sec. 2.1.5, Barcikowski et al. [103], [104] have found that 

electrochemical oxidation reaction between Cu and Ag enhanced the ion release of the 

less noble metal (Cu) by the ion mediated electrochemical reaction and Ag ion release 

was retarded. Whereas in the case of Au/Ag nanocomposite films, no effect on silver ion 

release was observed due to the absence of mobile gold ions. These results show that the 

way systems with two different noble metals are prepared and whether the noble metals 

are in direct contact, spatially separated or no contact at all, play a role in adjusting the 

dissolution of the less noble metal if the stability of the bimetallic NPs is vital for the 

desired application. 
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Further investigations were performed by XPS to examine changes which occurred for 

the 70 % Ag - 30 % Au alloy NPs on PTFE film deposited on Si substrate after 

immersion in water for several days. Variations in Ag and Au peaks intensities were 

investigated before and after immersion of samples for several days in water. Intensity of 

each element and area under the XPS peaks give quantitative information about the 

elements within the composite. The sensitivity factors of Ag and Au are approximately 

the same i.e. 5.2 [139], so the alloy composition can be determined from the intensity of 

XPS signal which is the area under the Ag and Au peaks. Ag and Au intensities were 

normalized with respect to the carbon intensity in order to eliminate time-dependent 

changes in the intensity of the XPS spectra, as shown in Figure 6.5.  

 

Figure 6.5 Change in the XPS Ag and Au intensities for 5.5 nm  70 % Ag - 30 % Au alloy NPs on PTFE 

after immersion in water 

Before immersion in water, the ratio of Ag to Au was a little larger than the expected 

value. This could be caused by a slightly higher deposition rate of the silver during the 

co-evaporation of the alloy NPs. Note that prior to co-evaporation the deposition rates 

were calibrated independently and no cross influence of the evaporators was taken into 
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account. In addition the deviation from the expected value could be due to systematic 

errors in the determination of the peak areas, in particular for the weaker gold lines. Due 

to dissolution of silver after immersion of samples in water, the Ag/C and Ag/Au 

intensity ratios decrease rapidly at the beginning and after the first day the decrease in the 

ratios becomes slower with time indicating the approach of a saturation state. One could 

speculate that this saturation states occurs because silver ions are released only from the 

outer layers of the nanoparticles and that a gold shell is formed subsequently by the gold 

that is left behind.  

In order to check this possibility energy dependent XPS spectra were measured on one set 

of the 5.5 nm layer of the 70 % Ag - 30 % Au alloy nanoparticles on sputtered PTFE. 

One sample was measured as prepared and the other one after 3 days of immersion in 

water. By varying the photon energy the probing depth is varied. The spectra were 

analyzed by normalizing the Au 4f lines (at 84.0 and 87.6 eV) to the same intensity for all 

spectra and then the decrease of the signal of the Ag 3d lines (at 368.3 and 374.2 eV) due 

to immersion in water was determined for the different photon energies, i.e. for different 

probing depths, see Table 6.1. 

Table 6.1 Summary of energy dependent XPS analysis 

Photon 

energy (eV) 

Kinetic energy at Ag 

3d lines (eV) 

Inelastic mean free path 

(probing depth) (nm)† 

Decrease of Ag 3d signal after 3 

days immersion in water (%) 

500 130 0.43 (0.86) 55.3±3 

650 280 0.61 (1.21) 58.3±3 

900 530 0.89 (1.78) 53.5±3 

1200 830 1.21 (2.41) 52.8±3 

1500 1130 1.50 (3.00) 53.2±3 

The data show no significant variation of the silver depletion with XPS probing depth 

indicating that the silver distribution within the nanoparticles remains essentially 

                                                 
† calculated from the data provided by Tanuma et al. assuming a 70 % Ag and 30 % Au composition [151]  



6.1 Results and discussion                                                                                                 81   
 

 
 

unchanged, i.e. it remains alloy like, as illustrated in Figure 6.6. Therefore the formation 

of a gold shell can be ruled out and the observed slowing down of the silver release of the 

gold containing alloys must be due to a shift of the chemical potential with increasing 

gold fraction as has been suggested above and in different words also by Besner et al. 

[99].  

immersion in water
Ag-Au alloy NPs

with more Au

Ag+

70 % Ag – 30 % Au 

alloy NPs

PTFE thin film

immersion in water
Ag-Au alloy NPs

with more Au

Ag+

70 % Ag – 30 % Au 

alloy NPs

PTFE thin film

 

Figure 6.6 Schematic illustration of the Ag ion release process from Ag-Au alloy NPs where the NPs 

remain alloy-like 

At first glance this result could appear somewhat surprising since for bulk Ag/Au alloy 

systems the dissolution of silver leads to formation of porous gold structures and for 

larger nanoparticles by a galvanic exchange reaction indeed hollow nanoparticles with a 

gold shell can be produced [146]. But as suggested by Shibata et al. [96], the situation is 

different for smaller nanoparticles, in particular if they have defects. Here the vacancies 

created in the alloy nanoparticles by the released silver atoms should allow a fast 

redistribution of the silver in a range of several nanometers thus leading to an always 

almost homogeneous spatial distribution of the silver in the small nanoparticles. 

TEM measurements were also done after 3 days of immersion of the sample deposited on 

the TEM grid in water. Figure 6.7 a and b shows changes in the morphology and in the 

surface amount of the 5.5 nm alloy NPs of 70 % Ag - 30 % Au before and after 

immersion in water. The nanoparticles density looks smaller after three days in water and 

the interparticle distance increases as a result of the reduction of the Ag fraction due to 

Ag ion release which is more favorable from the smaller particles. Additionally, other 

NPs may undergo Ostwald ripening process, i.e. growth of large particles by dissolution 
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of small particles driven by the particle size dependence of its standard electrode 

potential, in way similar to what we observed before for pure AgNPs [22], [35]. 

Moreover, no Au shell formation was observed here either. The change in the particle 

size distribution is shown in Figure 6.8, where the number of particles was normalized to 

the total number of particles for each case.  

 

Figure 6.7 BF-TEM images for 5.5 nm 70 % Ag - 30 % Au alloy NPs on PTFE before immersion in water 

(a) and after 3 days in water (b) 

Further investigations were performed using the UV-vis technique by observing the 

changes in the absorbance spectra of 5.5 nm alloy nanocomposite with various 

compositions as a function of the immersion time in water as shown in Figure 6.9. After 

immersion of the samples in water, SPR peak positions and absorbance maxima values 

were changed due to the oxidation and the release of silver ions into aqueous media. The 

shape of the absorbance peaks for each time period differs from each other too. One 

expects a red shift towards the typical gold plasmon absorption band due to the increase 

of the Au fraction in the nanoalloy [90], [93]. In contrast, a dominant shift to smaller 

wavelength occurred due to changes in the morphology, size distribution, and the 

interparticle distance. These changes are similar to the changes that occurred in the pure 

AgNPs system shown in the previous chapter. However, the rate of the change in the SPR 



6.1 Results and discussion                                                                                                 83   
 

 
 

peak absorbance maxima values and its position after immersion of the samples in water 

is slower than that for the pure silver due to the increase of the Au fraction on the expense 

of Ag in the alloy, in accordance with the results from the ICP-MS and XPS 

measurements. 

 

Figure 6.8 Particle size distribution of the 5.5 nm 70 % Ag - 30 % Au alloy NPs on PTFE before and after 

immersion the TEM grid in water for 3 days 
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Figure 6.9 UV-vis spectra for 5.5 nm of  alloy NPs of 90 % Ag - 10 % Au (a), 70 % Ag - 30 % Au (b), and 

50 % Ag - 50 % Au (c) on PTFE at different immersion times in water
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6.2 Conclusions 

Model systems consisting of two dimensional ensembles of 5.5 nm nominal thickness of 

Ag-Au alloy NPs on a 20 nm highly crosslinked sputtered PTFE substrate were prepared 

using PVD techniques to investigate the effect of gold alloying on the silver ion release 

properties upon immersion in water. The Ag-Au alloy NPs with various compositions 

were prepared by simultaneous thermal evaporation of silver and gold, and a complete 

alloy was formed. A uniform particle distribution was observed with an average diameter 

of about 5 nm. The optical absorption spectra showed a single plasmon resonance peak 

between the absorption maxima of Ag and Au and its position depends linearly on the 

gold fraction in the alloy NPs, confirming the alloy formation of Ag-Au NPs.  

Results showed that alloying of Ag with Au increases the oxidation resistance of the Ag 

nanoparticles and results in a reduced absolute silver ion release rate when compared to 

pure AgNPs. We noticed that the released amount of the silver ions is proportional to the 

amount of silver presents in the alloy nanoparticles with significant differences for short 

and long release times. In all samples with different compositions, a rapid dissolution of 

Ag occurred only at the first contact of the sample with water, and later on a saturation 

state is approached which is also affected by concentration dependent entropic 

contributions.  

XPS and energy dependent XPS spectra analysis were also performed to examine 

changes which occurred for the 70 % Ag - 30 % Au alloy NPs nanocomposites before 

and after immersion of samples in water and results showed that Ag depletion does not 

lead to a concentration gradient but rather to a homogeneous drop in Ag concentration in 

the NPs. 

TEM measurements for the same alloy system showed changes in the morphology and in 

the surface amount of the alloy NPs and no Au shell formation was observed here either. 

UV-vis spectra showed as well that after immersion of the samples in water, the position 

and the intensity of the SPR peak of the alloy NPs changed due to the release of silver 
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ions into aqueous media. A dominant shift to smaller wavelength occurred due to changes 

in the morphology of the nanocomposites, the particle size distribution, and the 

interparticle distance. The rate of the change in the SPR peak absorbance maxima and 

positions slows down with increasing the fraction of Au in the alloy NPs, in agreement 

with the results from the other measurements. The results suggest that Au alloying can be 

made instrumental to tailor silver ion release in silver-based nanocomposites. 

 



 

 

 

Chapter 7 

Silver ion release properties of 

HMDSO/Ag/PTFE nanocomposites 

 

In this chapter, the silver ion release and the water diffusion kinetics through plasma 

polymerized HMDSO barriers with different oxygen contents and different thicknesses 

were investigated. These layers were deposited on top of our previously described model 

system which composed of 2D ensembles of AgNPs with nominal thickness of 2 nm on a 

20 nm sputtered PTFE thin film. The first PTFE layer was not changed since the 

deposition of the AgNPs and their growth on PTFE polymer surface have been already 

well investigated. Therefore, only the second polymer layer on top of the NPs was 

replaced by HMDSO plasma polymerized film for better understanding of the coatings 

properties effect on the ion release process. Morphology and optical properties were 

investigated. Samples were then immersed in water for several time periods and the 

concentration of the silver ions released from the system into the water was measured 

using ICP-MS technique. EIS measurements were also performed to explain the water 

uptake behavior of the plasma polymerized HMDSO thin films. 
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 7.1 Results and discussions 

7.1.1 The morphology and the optical properties 

The TEM micrograph of the sandwiched sample of 20 nm plasma polymerized HMDSO 

barrier on top of a 2 nm nominal thickness AgNPs on 20 nm PTFE film deposited on 

TEM grid is given in Figure 7.1. It shows that the average particle size of the NPs is 

around 5 nm and some aggregates can also be seen. The particles are with almost a 

uniform shape and are well distributed on the surface of the polymer film following the 

same model [107] as discussed previously in sec. 2.2.1. Some fringes can be seen in the 

image which could be due to structural disorders such as twinning or stacking faults, or 

due to superpositioning of multiple grains.  

 

Figure 7.1 BF-TEM image of 2nm Ag/PTFE nanocomposite sample coated by 20 nm HMDSO 

The absorbance spectra of several samples coated by plasma polymerized HMDSO films 

prepared with various O2 flows were measured by UV-vis spectroscopy as shown in 



7.1 Results and discussion                                                                                               89   
 

 
 

Figure 7.2. By adding a barrier with no oxygen, the absorbance maximum increases due 

to the change in the dielectric constant of the surroundings of the nanocomposites [57], 

[59]. While other barriers of the same thickness but with more oxygen content show a 

shift and a damping in the SPR peak that can be explained by the oxidation that AgNPs 

encountered due to the increase in the O2 flow [147]. In order to prove this, a plasma 

polymerized HMDSO barrier was prepared with gradient in the oxygen flow, by 

sputtering the HMDSO without mixing it with O2 (0 sccm; standard cubic centimeter per 

minute) at the beginning of the deposition, and after 5 sec, 10 sccm of O2 was added. The 

optical spectrum of the nanocomposite with this kind of barrier showed a peak at the 

same position as that for the sample without a barrier but with higher absorbance due to 

the dielectric change effect. Therefore, and due to the damping in the absorbance maxima 

of the nanocomposites with increasing the O2 flow during the deposition of the coatings, 

the optical properties were not further investigated after immersion of samples in water 

and the ion release behavior was only studied by measuring the Ag ion concentration in 

water. 

 

Figure 7.2 UV-vis spectrum of 2 nm Ag/PTFE nanocomposites coated by 20 nm HMDSO film of different 

O2 content and compared to a sample without a barrier   
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7.1.2 The silver ion release studies 

In contact with water, the samples release Ag ions over a certain period of time, due to 

the oxidation of the Ag atoms at the surface of the NPs to Ag ions and the diffusion of the 

ions through the interface to the sample surface and then into the water. TEM images 

showing the changes in the morphology of the nanocomposites before and after 

immersion in water for 7 days are given in Figure 7.3 a and b. The nanoparticles density 

looks smaller in the TEM image after 7 days of immersion of the samples in water and 

the interparticle distance increased as a result of the reduction of the initial Ag content 

after immersion in water because they were oxidized and ions were released into the 

water. No growth of large particles took place as the NPs are stabilized by the top layer of 

plasma polymerized HMDSO which prevents the agglomeration. 

 

Figure 7.3 BF-TEM images of 2nm Ag/PTFE nanocomposite sample coated by 20 nm HMDSO before (a) 

and after 7 days in water (b) 

Samples of 2 nm AgNPs/PTFE covered with 20 nm plasma polymerized HMDSO layers 

of different O2 contents and samples without a barrier were then immersed in water for 7 

days and the cumulative concentration of the released Ag ions was directly measured by 

ICP-MS and shown in Figure 7.4. Since the Ag content and the morphology of the 
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AgNPs are the same for all samples, then the strong difference in the Ag ion release 

kinetics after 7 days of immersion of the samples in water proves that the properties of 

the barrier layer play a role in the Ag ion release process. First of all, if we compare 

between the nanocomposites without HMDSO coatings and the other samples with 

coatings, it is clear that the nanocomposites without coating released the highest amount 

of Ag ions as water has a direct contact with the surface of the nanoparticles so they 

oxidize and dissolute into the water. By adding the plasma polymerized HMDSO 

coatings on top of the NPs, a fall in the release has been noticed. However, there were 

significant differences in the amount of the released ions from the coated nanocomposites 

despite the fact that the coatings are all of the same thickness of 20 nm. The samples with 

plasma polymerized HMDSO barrier of no oxygen, released the minimum amount of Ag 

ions compared to the ones with more O2. As the oxygen flow was raised from 0 to 20 

sccm, the amount of the released ions was increasing as we can see for samples with 

plasma polymerized HMDSO coatings with 20 sccm O2.  

Lamendola et al. [148] have found that when HMDSO deposition occurs in an oxygen-

free environment, no C and CH radicals are in the gas phase and there is a low degree of 

monomer fragmentation leading to the condensation of HMDSO-like heavy fragments, 

while when oxygen is utilized, the C, CH and Si radicals are consumed leading to the 

deposition of a silica-like coatings. Not only the chemical structure is affected, but also 

the film morphology as AFM results obtained by Morent et al. [125] showed that with 

increasing the air content in the plasma phase, the roughness of the deposited films 

increases most likely due to the etching of the deposited films by oxygen atoms present in 

the discharge.  

This indicates that the oxygen addition during the plasma polymerization process has 

changed the structure of the plasma polymerized HMDSO coatings and influenced the 

water penetration ability of the HMDSO plasma polymer barrier and thus the silver ion 

release potential of the nanocomposites. Despite the fact that ions diffusion in polymer 

matrices is much faster than in silica-like ones , we see here that the silver ion release rate 

is higher for the silica-like coatings, which indicates that the silver ion diffusion out of 

the sample is not the diffusion rate limiting step and that the water diffusion in the matrix 
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is the dominant process. Besides, we can see that the oxidation of the AgNPs during the 

plasma polymerization process in an oxygen-rich atmosphere did not have an influence 

on the release potential.  

 

Figure 7.4 The cumulative concentration of Ag ions released from 2 nm AgNPs/PTFE without a barrier or 

with 20 nm HMDSO barriers of different O2 content after 7 days of immersion in water 

To check the wettability of the plasma polymerized HMDSO films by water, contact 

angle measurements were performed for 20 nm HMDSO plasma polymer films deposited 

on Si substrate and Table 7.1 shows the average contact angle of water for plasma 

polymerized HMDSO films prepared with various oxygen flows.  

Table 7.1 Contact angle measurements for plasma polymerized HMDSO with various O2 content 

O2 flow 0 sccm 10 sccm 20 sccm 

Contact angle 101.43° 88.15° 80.20° 

It can be seen that for plasma polymerized HMDSO films with no oxygen flow, the water 

contact angle is larger than 90°, which means that the solid surface is hydrophobic. By 

increasing the oxygen flow from 0 to 20 sccm, the value of the water contact angle 
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decreases and becomes smaller than 90°, indicating that the water tendency to wet the 

polymer surface increases and the solid surface is considered hydrophilic. These results 

confirm our conclusions that the oxygen flow during the deposition of the plasma 

polymerized HMDSO films affects their chemical structure and their interaction with 

water. This means that by increasing the oxygen flow during the plasma polymerization 

process, the chemical structure of the plasma polymerized HMDSO matrix tends to 

change from hydrophobic polymer-like coatings to hydrophilic ceramic-like ones. 

For comparison of the kinetics of the Ag ion release from the nanocomposites, samples 

prepared with same barrier thickness but with different oxygen flow were immersed in 

water for longer time and the concentration of the released Ag ions was measured at 

several time periods as shown in Figure 7.5 

 

Figure 7.5 The cumulative concentration of Ag ions released from Ag/PTFE nanocomposites coated by 

HMDSO barrier (20 nm) of different oxygen content versus immersion time in water 

One can see that the sample with 10 sccm O2 plasma polymerized HMDSO barrier 

releases much fewer amount of Ag ions than the one with 20 sccm O2 plasma 

polymerized HMDSO barriers. Moreover, the Ag ion concentration in water increases up 
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to a saturation value with time where it gets slower after 7 days. In contrast, the Ag ion 

concentration in water released from nanocomposites with a plasma polymerized 

HMDSO barrier with more O2 content increases continuously with time. The amount 

released by this nanocomposite sample is about 3 times higher than that released from the 

one with plasma polymerized HMDSO barrier of lower O2 content, even though they are 

containing the same amount of silver. 

For further study of the kinetics behavior, the released Ag ion amount was normalized to 

the initial content of AgNPs and plotted versus the square root of the immersion time, as 

shown in Figure 7.6. The initial amount of AgNPs was found by immersion of the 

samples for several days in (4 %) HNO3 acid, and after that the ion concentration was 

measured by ICP-MS. To check if there is any Ag left after that, the samples were 

checked by XPS and no signal from Ag was detected. 

 

Figure 7.6 The normalized cumulative concentration of Ag ions released from Ag/PTFE nanocomposites 

coated by plasma polymerized HMDSO barriers (20 nm) of different oxygen contents versus the square 

root of the immersion time in water  
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HMDSO plasma polymerized films with more O2 content are more hydrophilic, with 

almost a linear diffusion behavior, so water diffuses through it (polymer is plasticized by 

the water). The deviation from the linear diffusion behavior could be explained by the 

effect of swelling that may occur when the water molecules diffuse into the matrix which 

results in a directional transport of water molecules. The released ion concentration 

increases with time and it took about 1 day for water to diffuse completely from the 

surface of the barrier till it reaches the interface with the NPs when the Ag ion release 

process increases with time and these ions diffuse through the polymer into the 

surrounding immersion water. On the other hand, the samples covered with plasma 

polymerized HMDSO with low O2 content, seems to be rather more hydrophobic. The 

release kinetics rate was very slow at the beginning and the absolute released amount is 

much less than the other barrier type, with a linear relation only till the 7th day then the 

Ag ion release slows down. 

The difference in the release behavior with immersion time can be explained by the 

kinetics of the water uptake of the polymer barrier [8], [149], [150]. Therefore, 

electrochemical impedance measurements were performed over a long time scale (0 to 

4068 min) for ITO substrates covered with 20 nm film of plasma polymerized HMDSO 

with 10 sccm or 20 sccm oxygen, and the capacitance change of the coating together with 

water uptake can be estimated from EIS data at high frequency values. The coating 

capacitance (Cp) was calculated using equation (2.5) and the water ingress into the 

polymer film as a function of exposure time to the buffer solution was also plotted as 

shown in Figure 7.7 and Figure 7.8. In direct comparison it can be seen that at the 

beginning of exposure to the electrolyte, the sample treated with 10 sccm O2 shows 

higher barrier properties than the sample with 20 sccm O2. After a time period of 4068 

min the impedance of the two samples decreases nearly to the same value indicating that 

the water has permeated through the plasma polymerized HMDSO layer. For the sample 

with 10 sccm O2, it can be assumed that after 2500 sec the limit of water uptake is 

reached. The further increase in the coating capacitance (Figure 7.8 a) could be caused by 

delimination of the plasma polymerized HMDSO layer from the ITO substrate. In this 

case the final value of water uptake is reached after 2500 sec of exposure. Thus, the water 

uptake of the sample with 10 sccm O2 shall be approximately 2 % (Figure 7.8 b). When 
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these figures are compared to the increase in the released Ag ion concentration (Figure 

7.5), a relation between these two processes can be seen; AgNPs dissolution starts when 

the solution enters the barrier film and reaches the surface of the particles. At the long 

exposure times one can also detect a saturation point of the water uptake. 

 (a) 

 

(b) 

 

Figure 7.7 Capacitance (a) and water uptake (b) over exposure time to phosphate buffer for plasma 

polymerized HMDSO with 20 sccm O2 
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(a) 

 

(b) 

 
Figure 7.8 Capacitance (a) and water uptake (b) over exposure time to phosphate buffer for plasma 

polymerized HMDSO with 10 sccm O2 

To study the effect of the thickness of the plasma polymerized HMDSO barrier, samples 

of Ag/PTFE nanocomposites were covered by plasma polymerized HMDSO barriers of 

similar oxygen content (20 sccm) but two different barrier thickness (20 and 40 nm). 
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Samples were then immersed in water and the cumulative concentration of the released 

Ag ions in water was measured by ICP-MS as shown in Figure 7.9.  

 

Figure 7.9 Cumulative Ag+ released from Ag/PTFE nanocomposites coated by plasma polymerized 

HMDSO barriers prepared with same O2 flow (20 sccm) but with two different thicknesses 

 One notices that the concentration of the ions in water gets less as the thickness of the 

barrier increases. The main reason is that as the thickness of the top layer increases, the 

water penetration through the barrier into the surface of the NPs gets slower. For the 

samples with 40 nm barrier thickness, water uptake is as high as for the samples with 20 

nm barrier since both coatings were prepared with the same oxygen flow of 20 sccm, so 

they are both highly hydrophilic. However, the water mobility was to some extent 

retarded by increasing the thickness of the coatings. This implies that the diffusion of 

water molecules through the coatings must be taken into account to explain the silver ion 

release potential as we have shown previously for the Ag/PTFE nanocomposites coated 

with barriers of RF sputtered PTFE films.  
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7.2 Conclusions 

The silver ion release kinetics and the water uptake properties of plasma polymerized 

HMDSO coatings were investigated. The technique of plasma polymerization was used 

to deposit HMDSO thin films on top of Ag/PTFE nanocomposites that consist of 2D 

ensembles of AgNPs with nominal thickness of 2 nm deposited on a 20 nm sputtered 

PTFE thin film. The nature of the plasma polymerized HMDSO barrier were varied by 

varying the oxygen flow during the deposition process from 0 to 20 sccm and the 

thickness of the films was varied as well. A strong relation has been found between the 

oxygen flow and the barrier properties of the plasma polymerized HMDSO films. ICP-

MS results showed that the silver ion release potential was depending strongly on the 

oxygen content in the plasma polymerized HMDSO films as the released amount of Ag 

ions and the kinetics of the Ag ion release process increased by increasing the oxygen 

flow. Besides, the contact angle analysis was used to investigate the effect of the oxygen 

flow on the resulting structure of the plasma polymerized HMDSO coatings. Plasma 

polymerization with a high oxygen flow leads to the formation of hydrophilic thin films. 

In contrast, thin films obtained without oxygen flow have a polymeric chemical structure 

and are therefore highly hydrophobic making them exhibit high barrier properties. EIS 

results showed also a water diffusion dependence on the oxygen content in the coating 

films. From this point of view, the capability of controlling the film composition by 

varying the deposition conditions open interesting perspectives. 

Changing the thickness of the barrier showed also another way of tuning the release of 

silver ions from the nanocomposites. By increasing the thickness of the coatings, the 

amount of the released ions decreases and the rate of the release process slows down.  

These results indicate that by tailoring the properties of the plasma polymerized coatings 

film and the thickness, the silver ion release properties of Ag/polymer nanocomposites 

can be tuned. 





 

 

 

Chapter 8 

Summary and outlook 

 

Different nanocomposites were developed using several PVD techniques such as RF 

sputtering of PTFE, thermal evaporation of AgNPs or Ag-Au alloy NPs, and plasma 

polymerization sputtering of HMDSO using home-made deposition chambers under high 

vacuum conditions. The metal NPs were deposited on the surface of the polymer films 

instead of being embedded into the matrix in order to be directly accessible concerning 

their interfacial structure and reactivity. Morphology, composition and optical properties 

of these nanocomposites were studied. Various surface-sensitive analytical methods, such 

as UV-vis spectroscopy, XPS, TEM, and SEM were intensively applied to characterize 

the thin functional films and to study the potential of the silver ion release of the samples 

after immersion in DI water for several periods of time. ICP-MS technique was used to 

measure the concentration of Ag ions in water. 

Well defined ensembles of AgNPs with narrow size distribution were generated by means 

of thermal evaporation of silver on top of RF sputtered crosslinked PTFE thin films in 

chapter 5. The formation of nanoparticles upon evaporation of a metal on top of a 

dielectric matrix can be understood in terms of the high cohesive energy of the metal and 

the low metal-matrix interaction energy which leads to high metal atom mobility on the 

matrix surface and metal aggregation whenever metal atoms encounter each other or a 

metal cluster. The average diameter of the nanoparticles increased from 4 to 8 nm and the 
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size distribution broadened with increasing amount of deposited silver with a nominal 

thickness ranges from 1.3 to 8.3 nm. The change in the Ag content has resulted in a SPR 

shift and a broadening and increasing of the absorbance peak which corresponds to an 

increasing particle size and a decrease in interparticle distance from the TEM analysis. 

Changes in the microstructure of the nanocomposite film upon immersion in water 

allowed demonstrating the kinetics of the silver ion release. Besides, as it was suggested, 

that the SPR depends on the original microstructure, the change in optical properties with 

immersion in water time was also a good way to study the silver ion release potential. 

The change in the morphology was attributed to the dissolution of the AgNPs after 

immersion in water and also to Ostwald ripening phenomena which led to particle 

coarsening. The results indicated that the silver ion release increases with increasing the 

silver content of the nanocomposites and it is faster for smaller particles as a reason of the 

higher surface area to volume ratio and the higher chemical potential which increase their 

tendency to dissolute, which shows the possibility of controlling the silver ion release 

properties of Ag/PTFE nanocomposites by tuning the amount and the particle size of the 

AgNPs. In order to hinder the mobility of the NPs on the polymer surface, the NPs were 

stabilized by a top layer of PTFE and the change in the silver ion release was studied with 

respect to the thickness of the barrier. Results showed that PTFE thin coatings reduce the 

amount of the released Ag ions and the release rate due to the slow water diffusion 

through the polymer layer. Moreover, it was found that tailoring the thickness of the 

polymer barrier, allows tuning of the kinetics of the Ag ion release process. Thus, the 

present geometrical way of either directly accessed 2D ensembles of AgNPs with 

different amount and size on PTFE nanocomposites or the nanocomposites based on the 

sandwich geometry, provides a unique means of tailoring the silver ion release. 

In chapter 6, PTFE based nanocomposites with Ag-Au alloy NPs with various 

compositions have been prepared by simultaneous thermal evaporation of silver and gold 

and a complete alloy was formed. A uniform distribution was observed with an average 

diameter of about 5 nm. The optical absorption spectra showed a single plasmon 

resonance peak between the absorption maximum of Ag and Au whose position depends 

linearly on the composition of the alloy particles when expressed in terms of the gold 

fraction, confirming the alloy formation of Ag-Au NPs. The Ag ion release kinetics was 
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studied by observing the changes as samples were immersed in water for different time 

intervals and ICP-MS results showed a negligible Au ion concentration. and that the 

release of the silver ions for short time is fast for all alloy nanocomposites due to the first 

interaction of the nanoparticles with water and due to the entropic contributions. 

However, for long time, the relative silver release scales with the amount of silver present 

in the alloys and the slowing down of the silver release is directly correlated with the gold 

fraction in the alloy. Therefore, as the composition of the alloy NPs becomes Au rich a 

saturation state is approached. The decrease in the Ag amount in the alloy after 

immersion in water and that no gold shell was formed subsequently by the gold that is 

left behind were confirmed by XPS studies. The results from TEM studies showed also 

less dissolution of Ag along with a slight agglomeration of nanoparticles at higher Au 

fraction comparing to the pure AgNPs, and no Au shell formation was observed here 

either. Additionally, after immersion in water, SPR peak positions and absorbance 

maxima values were changed due to the release of silver ions into aqueous media. 

However, the changes were in a slower rate than that for the pure silver due to the 

increase of the Au fraction on the expense of Ag in the alloy.  

In chapter 7, plasma polymerized HMDSO thin films were deposited on top of the 2D 

Ag/PTFE nanocomposites and the effect of varying the oxygen flow during the 

deposition process on the properties of the HMDSO coatings and the silver ion release 

potential of the nanocomposites was investigated. ICP-MS results showed that the 

concentration of the released ions is less for samples coated by HMDSO prepared with 

less oxygen flow, indicating that the oxygen flow during the plasma polymerization 

process changes the composition and the properties of the formed films as they become 

more hydrophilic by increasing the oxygen flow. This was confirmed by the contact angle 

analysis which showed that plasma polymerization with a high oxygen flow leads to the 

formation of more hydrophilic films. In contrast, thin films obtained without oxygen flow 

have a polymeric chemical structure and are therefore highly hydrophobic making them 

exhibit high barrier properties. The silver release process was connected to measurements 

of water uptake of the films and results were in agreement with the conclusion that the 

water permeability of the HMDSO barrier was altered by changing the oxygen flow. 
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Changing the thickness of the HMDS barriers showed also another way of tuning the 

release of silver ions from the nanocomposites.  

The development of polymer/stabilized AgNPs is considered to be one of the most 

promising solutions to the issue of nanoparticles stability and to reduce the chances of 

their appearance in the environment. Present results obtained here for 2D Ag/PTFE 

nanocomposites provide both good understanding of the key parameters affecting the 

silver ion release and guidelines to produce 3D silver/polymer nanocomposites where the 

filling factor profiles can be tailored to tune the silver ion release behavior so it can be 

adjusted according the desired applications for short or long-term release.  

Additional fine tuning of the initial particle content in order to optimize the parameters 

required for calculating the normalized Ag ion released would be much helpful. The 

changes in the silver ion release properties of the nanocomposites resulting from the 

changes in the morphology of the nanocomposite is an interesting point to investigate not 

only by using TEM but also by using different methods like, e.g., small-angle scattering 

(SAXS) and x-ray absorption spectroscopy where the structure and the dissolution of the 

nanoparticles could be monitored in situ and the ion transfer kinetics could be also 

checked.  

The release of silver ions and the antibacterial properties and the cytocompatibility of the 

thin Ag/polymer nanocomposite films should be studied for their applications in 

household or medical field as antibacterial materials. Especially the quantitative 

determination of the silver release rate during the ageing process in humidity or in water-

based solution would provide more reliable database for the long-term technological 

applications of such silver/fluorocarbon plasma polymer nanocomposite films as 

antibacterial coatings. 

 Finally, as one can see that the fabrication of Ag/polymer nanocomposites by PVD 

techniques requires many sophisticated equipments: a high vacuum chambers, deposition 

materials, a means of evaporating these materials, thermal control, a mechanism for 

monitoring the thickness of the materials deposited and many characterization techniques. 
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Thus, more effective efforts through the application of vapor phase deposition techniques 

should be in practice. 
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